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Advancing the Neuropalliative Care Approach—
A Call to Action

Neuropalliative care has become mainstream
with more neurologists entering the field, a new
specialty society to promote its growth, clinical guide-
lines and curricula to standardize education, condition-
specific triggers to guide referrals, and a growing
number of reviews to apply its principles to specific
neurological diseases.1 While we need the continued
growth of neuropalliative care as a specialty, we more
urgently need a widespread adoption of the neuropal-
liative care approach, given the enormity of unmet
neuropalliative care needs across populations.
Compassionate health care systems of the future
will provide the leadership to innovate and organize
themselves to best support these needs, which
are expected to increase in the years ahead. Here
we provide an overview of this challenge and the ratio-
nale to reimagine our approach and propose a coordi-
nated call to action to address one of the greatest
quality-of-care challenges and opportunities of
our time.

A Silent Endemic of Unmet Patient
and Family Care Needs
A growing body of research shows the basic medical
care needs of patients and families with neurological
disease are not being met. In the short- and long-term
care settings and across multiple countries, we are
often falling short in terms of coordinated communica-
tion about prognosis, guidance with advance care
planning, attention to nonmotor symptoms, emotional
support to manage psychological distress, spiritual
support for existential pain, and social support to alle-
viate high caregiver burden.2 Much of this research is
from the direct reports of the patients and families
themselves.

Viewed with a person-centered quality lens, this
underuse of medical services (eg, consistent commu-
nication; effective goals of care discussions; and psy-
chological, spiritual, and social services) leaves popula-
tions and patients in any setting vulnerable to
unrelieved symptoms and avoidable suffering. In addi-
tion, there is evidence of overuse of aggressive care for
dying patients leading to possible physical, psychologi-
cal, and financial harm to both patients and health care
systems, including high rates of hospital and facility
deaths. As the prevalence of neurological disease
continues to rise, so too will the global, serious health-
related suffering of patients and families before they
die, possibly doubling by the year 2060.3 The neuro-
palliative care approach is well suited to address both
domains of quality (underuse and overuse) and better
align our efforts with the needs of patients and their
families.4

The Neuropalliative Care Approach
to Narrow the Quality Gap
The neuropalliative care approach applies palliative
care principles to improve the lives of all persons living
with neurologic illness. It is a person- and family-
centered approach that provides expert management
of the physical, functional, psychological, and spiritual
aspects of neurological illness. The approach also opti-
mizes communication from diagnosis to death, aligns
treatments with a patient’s goals, and helps patients
andfamiliesplanfor thefuture.Studiesdemonstratethat
palliativecare improvessymptomcontrol, reducescosts,
and, in some cases, increases survival.5 Consequently,
integrating theneuropalliativecareapproach intohealth
systems is an ethical and economic imperative we
cannot ignore.

Only a minority of patients who need palliative
care receive it. There are not enough specialty pallia-
tive health care professionals and even fewer special-
ized neuropalliative health care professionals. The
neuropalliative care approach addresses this work-
force gap by prioritizing primary neuropalliative care—
that is, the integration of palliative care skills into rou-
tine clinical practice and involvement of all members of
the health care team to provide psychological, social,
and spiritual support. While interdisciplinary clinics
exist in neurology, they often occur within disease-
specific silos and focus on patients with advanced dis-
ease. We can do better than this. Prior studies have
shown that patients with different neurological condi-
tions experience similar unmet needs, emphasizing
the universal nature of suffering with threats to
personhood.6 The implications of this are simple.
When planning for clinical services, similar approaches
to psychosocial-spiritual support can apply across
neurological conditions.

A Call to Action to Scale
the Neuropalliative Care Approach
To narrow the quality gap, a continued culture shift is
needed. We must broaden our view from seeing dis-
ease, dying, and death as physiological events man-
agedbyhealth careprofessionals to seeing themaspro-
cesses that are relational and spiritual, managedwith a
senseof shared responsibilitybyall. Asa result, thepath
to improved health and well-being will require an in-
formed and activated citizenry and we provide action-
able tasks for key stakeholders (Table). While the ap-
proach will vary by local context, existing capacity, and
resources, each has a role to play and levers to pull to
advance the neuropalliative care approach.

Ataminimum,werecommendthatneurology lead-
ers and stakeholders within their own health systems
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andcommunities incorporate theneuropalliativecareapproach into
routine care by enhancing the primary neuropalliative care skills of
all neurologists and team members and integrating support ser-
vices so that they are accessible to patients and families. There are
an increasing number of educational resources available to rein-
forceprimary neuropalliative care skills for different learner groups
at various stages of their careers.7 In addition, there are an increas-
ing number of models to assist with integrating behavioral health
andsocial care intomedical care,but fewhavethus farbeenadapted
for neurological programs. The aspirational biopsychosocial-
spiritual home for neurology will also aggressively advance health
equity, cover the lifespan, facilitate early referrals to specialist neu-
ropalliative care, and embrace the practice of positive medicine.

Keeping the Patient and Family at the Center
Weare at a crossroads. Clinicians are emotionally exhausted, there
is declining trust in science and themedical profession, gross ineq-
uities compound the moral distress many are experiencing, and
health systemsare challenging themselves to findabetterway. The
roleof academic andhealth system leaders is to innovate, set direc-
tion, alignpeople, secure resources, andmotivate change. It is time
to lead. There are a growing number of neuropalliative care cham-
pionsprepared to lead, advocate, teach, conduct research, anddis-
seminate the neuropalliative care approach across the globe. The
most important of these are patients and their families. If we have
the courage to lean in and deeply listen to what they are saying,
the challenge and path before us will become crystal clear.
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Table. Actionable Tasks for Stakeholders to Advance
the Neuropalliative Care Approach (continued)

Stakeholder Actionable tasks
Educators • Implement an awareness campaign on the unmet

needs of patients with neurological illness and their
families.

• Educate neurologists, palliative care physicians,
and other interdisciplinary team members on primary
neuropalliative care skills.

• Ensure all training programs teach primary
neuropalliative care skills across the career
continuum.

Researchers • Define and measure underuse and overuse of medical
care to quantify avoidable harm and benefits.

• Test new models of integrated care and become
experts in implementation science.

• Develop research careers and professional pathways
in areas to promote neuropalliative care.

• Build the evidence base needed to improve quality
and advocate for policy and payment reform.

Administrators • Continue to advocate for value-based payments.
• Develop models to demonstrate the value of

neuropalliative care in regard to improved quality of
care and cost savings.

• In partnership with other stakeholders, develop
metrics to measure progress.

Funders • Increase funding opportunities for pilot projects,
career development training, and research networks
to support the field.

• Evaluate the impact and return on investment of
research against progress made.

Table. Actionable Tasks for Stakeholders to Advance
the Neuropalliative Care Approach

Stakeholder Actionable tasks
Health care system
leaders

• Recognize the need for adopting a neuropalliative
care approach and advocate for resources.

• Commit to integrating interdisciplinary team
members specializing in behavioral health
(psychiatrists, psychologists, mental health
counselors), spiritual care (chaplains, faith healers,
doulas), and social care (social workers, case
managers, community health workers, legal and
financial specialists) across neurological populations.

• Have the courage to innovate and test novel models
of care.

• Develop a triage system to trigger specialist
neuropalliative care.

• Increase fellowship funding and develop alternative
pathways to specialist training and certification.

Persons and
families living with
neurological disease

• Join service organizations and advocate for change.
• Demand that behavioral health, spiritual, and social

care be better integrated into neurological services.
• Become a member of integrated teams and share

your lived experiences.
Clinicians and other
members of the
health care
workforce

• Engage in training to improve your primary and
specialist palliative care skills.

• Look for ways to expand palliative care treatments
and services to the patients in your care.

• Identify existing resources and incorporate behavioral
health, spiritual care, and social care professionals
and services into your routine practice.

• Be willing to collaborate in a transformed integrated
practice.

(continued)
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Muhammad Ali and Young-Onset Idiopathic
Parkinson Disease—TheMissing Evidence

Following Muhammad Ali’s death, there has been
persistent dialogue about the degree to which
Parkinson disease vs repetitive boxing-related head
trauma contributed to his progressive motor and cog-
nitive impairments. During one of Ali’s most famous
public moments, the lighting of the 1996 Olympic
torch, Bob Costas from NBC sports commented, “once
the most dynamic figure in sports and now trapped by
a mask created by parkinson syndrome.”1 Ali mani-
fested a classic Parkinson disease left-arm rest tremor,
which was suppressed as he raised his left hand to
steady his right arm in order to light the torch.1 Ali
underwent a series of single medical examinations
during his professional career from 1981 to 1984 at
University of California, Los Angeles, the Mayo Clinic in
Rochester, Minnesota, and at Columbia-Presbyterian
in New York, New York, which raised the possible diag-
noses of both head trauma and Parkinson disease or a
parkinsonian syndrome. Postretirement from 1995
until his death, he received his neurological care largely
at 1 institution, Emory University in Atlanta, Georgia.
He also received local care at the Barrow Neurological
Institute in Phoenix, Arizona.

The recent KenBurns’ documentary on the life and
boxing career of Ali may have inadvertently, by heavily
and graphically focusing on boxing-related trauma, re-
inforced the idea of a primary diagnosis of dementia
pugilistica resulting from repeated head trauma.2 Ken
Burns’ documentary and the recentbookbyEig2 on the
life andcareerofAli both showedandstated thatAli had
strongevidenceofParkinsondisease, anddiscussed the
possibility of a parkinson syndrome resulting from re-
peated head trauma.We providemissing and support-
ive information on Ali’s Parkinson disease diagnosis,
based on 20 years of clinical follow-up, which occurred
between 1995 and 2016. Ali was treated at Emory Uni-
versity with in-person visits, hospitalizations, and test-
ing. These visits collectively informed the nature and
courseof hismedical condition.Here,weadd thismiss-
ing information to thearchivesofhistory.Themainpoint
of our report is that Muhammad Ali indeed had young-
onset levodopa-responsive Parkinson disease with an
emergence during themidphase of his boxing career.

In the late 1970s, Ali’s familymembers noted slow-
ness. On October 2, 1980, prior to his last fight against
Larry Holmes, because of health concerns, Ali was re-
quired to have a prefight medical examination at the
Mayo Clinic. Despite an abnormal examination, he was
allowed to fight and video footage revealed decreased
movement on his left side. In the early 1980s, he was
mildly symptomatic with idiopathic Parkinson disease.
Therewasa suspicionofdecreasedmovement, particu-
larly onhis left side,whichmanifestedduring television

interviews includingoneonMay6, 1981, onNBCwhere
he joined Al Sharpton, James Brown, and reporter Tom
Snyder and one with David Letterman on July 9, 1984.
There also was a left-sided rest tremor in an interview
with Arsenio Hall on June 11, 1991. In the years follow-
ing, his family, friends, and neurologists observed an
intermittent classic parkinsonian rest tremor in the left
hand and a slowing of motor function, including softer
and dysarthric speech. Moreover, his handwriting
became progressively more micrographic, a feature
verifiedbycollectionsof autographspennedovermany
decades.

Muhammad Ali’s disease course, from his late 30s
until his deathat age74years,was chronic andprogres-
sive.Hemanifested fatigue, hypophonia, bradykinesia,
and amasked face, aswell asmany of the visiblemotor
symptomsofParkinsondisease.Hewas clearly respon-
sive to levodopa, as documented in his several exami-
nations in the early 1980s, a feature usually not pre-
sent following traumatic brain injury. He was never
enrolled in a clinical trial and did not undergo formal on
and off medication Unified Parkinson’s Disease Rating
Scale testing. In 1995, he was first evaluated at Emory
University and was followed up there until his death in
2016. A fluorodeoxyglucose positron emission tomog-
raphy (FDG PET) scan performed in 1997 revealed the
Parkinson disease–related pattern of progressive bilat-
eral striatalhyperactivity.AflourodopaF18PETscanper-
formed in 1998 showed classic low striatal uptake and,
like the FDGPET, this studywas consistentwith Parkin-
son disease and not traumatic brain injury. Dopamine
transporter (DAT) scanningwas not performed. DAT as
a diagnostic technology emerged over a decade later
withUSFood andDrugAdministration approval in 2011
for the differentiation of parkinsonism from essential
tremor. Ali’s brainmagnetic resonance imaging scan re-
sults revealed no focal abnormalities andwas nondiag-
nostic beyond thepresenceof brainstematrophy, third
ventricular enlargement, and a cavum septum pelluci-
dum. The Ali hospitalizations were an opportunity to
carefully examine and to document his symptoms. Re-
peatedobservations confirmed that his prominent left-
sided hand tremor, bradykinesia, and rigidity all sub-
stantially improvedwhenonmedications;allkeyfeatures
in thediagnosis of idiopathicParkinson.3Hisbradykine-
sia, rigidity, and tremor progressed gradually and be-
came generalized. Ali showed brisk improvement with
various forms of levodopa. Over the course of many
years, Ali’s face became gradually more masked, his
speechmorehypophonic, andhedeveloped the classic
late-stagesymptomsof idiopathicParkinsondisease, in-
cluding a stooped posture, shuffling steps, postural in-
stability, and falling. Ali developed increasing sleepdys-
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andcommunities incorporate theneuropalliativecareapproach into
routine care by enhancing the primary neuropalliative care skills of
all neurologists and team members and integrating support ser-
vices so that they are accessible to patients and families. There are
an increasing number of educational resources available to rein-
forceprimary neuropalliative care skills for different learner groups
at various stages of their careers.7 In addition, there are an increas-
ing number of models to assist with integrating behavioral health
andsocial care intomedical care,but fewhavethus farbeenadapted
for neurological programs. The aspirational biopsychosocial-
spiritual home for neurology will also aggressively advance health
equity, cover the lifespan, facilitate early referrals to specialist neu-
ropalliative care, and embrace the practice of positive medicine.

Keeping the Patient and Family at the Center
Weare at a crossroads. Clinicians are emotionally exhausted, there
is declining trust in science and themedical profession, gross ineq-
uities compound the moral distress many are experiencing, and
health systemsare challenging themselves to findabetterway. The
roleof academic andhealth system leaders is to innovate, set direc-
tion, alignpeople, secure resources, andmotivate change. It is time
to lead. There are a growing number of neuropalliative care cham-
pionsprepared to lead, advocate, teach, conduct research, anddis-
seminate the neuropalliative care approach across the globe. The
most important of these are patients and their families. If we have
the courage to lean in and deeply listen to what they are saying,
the challenge and path before us will become crystal clear.
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Table. Actionable Tasks for Stakeholders to Advance
the Neuropalliative Care Approach (continued)

Stakeholder Actionable tasks
Educators • Implement an awareness campaign on the unmet

needs of patients with neurological illness and their
families.

• Educate neurologists, palliative care physicians,
and other interdisciplinary team members on primary
neuropalliative care skills.

• Ensure all training programs teach primary
neuropalliative care skills across the career
continuum.

Researchers • Define and measure underuse and overuse of medical
care to quantify avoidable harm and benefits.

• Test new models of integrated care and become
experts in implementation science.

• Develop research careers and professional pathways
in areas to promote neuropalliative care.

• Build the evidence base needed to improve quality
and advocate for policy and payment reform.

Administrators • Continue to advocate for value-based payments.
• Develop models to demonstrate the value of

neuropalliative care in regard to improved quality of
care and cost savings.

• In partnership with other stakeholders, develop
metrics to measure progress.

Funders • Increase funding opportunities for pilot projects,
career development training, and research networks
to support the field.

• Evaluate the impact and return on investment of
research against progress made.

Table. Actionable Tasks for Stakeholders to Advance
the Neuropalliative Care Approach

Stakeholder Actionable tasks
Health care system
leaders

• Recognize the need for adopting a neuropalliative
care approach and advocate for resources.

• Commit to integrating interdisciplinary team
members specializing in behavioral health
(psychiatrists, psychologists, mental health
counselors), spiritual care (chaplains, faith healers,
doulas), and social care (social workers, case
managers, community health workers, legal and
financial specialists) across neurological populations.

• Have the courage to innovate and test novel models
of care.

• Develop a triage system to trigger specialist
neuropalliative care.

• Increase fellowship funding and develop alternative
pathways to specialist training and certification.

Persons and
families living with
neurological disease

• Join service organizations and advocate for change.
• Demand that behavioral health, spiritual, and social

care be better integrated into neurological services.
• Become a member of integrated teams and share

your lived experiences.
Clinicians and other
members of the
health care
workforce

• Engage in training to improve your primary and
specialist palliative care skills.

• Look for ways to expand palliative care treatments
and services to the patients in your care.

• Identify existing resources and incorporate behavioral
health, spiritual care, and social care professionals
and services into your routine practice.

• Be willing to collaborate in a transformed integrated
practice.
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Opinion Viewpoint

Muhammad Ali and Young-Onset Idiopathic
Parkinson Disease—TheMissing Evidence

Following Muhammad Ali’s death, there has been
persistent dialogue about the degree to which
Parkinson disease vs repetitive boxing-related head
trauma contributed to his progressive motor and cog-
nitive impairments. During one of Ali’s most famous
public moments, the lighting of the 1996 Olympic
torch, Bob Costas from NBC sports commented, “once
the most dynamic figure in sports and now trapped by
a mask created by parkinson syndrome.”1 Ali mani-
fested a classic Parkinson disease left-arm rest tremor,
which was suppressed as he raised his left hand to
steady his right arm in order to light the torch.1 Ali
underwent a series of single medical examinations
during his professional career from 1981 to 1984 at
University of California, Los Angeles, the Mayo Clinic in
Rochester, Minnesota, and at Columbia-Presbyterian
in New York, New York, which raised the possible diag-
noses of both head trauma and Parkinson disease or a
parkinsonian syndrome. Postretirement from 1995
until his death, he received his neurological care largely
at 1 institution, Emory University in Atlanta, Georgia.
He also received local care at the Barrow Neurological
Institute in Phoenix, Arizona.

The recent KenBurns’ documentary on the life and
boxing career of Ali may have inadvertently, by heavily
and graphically focusing on boxing-related trauma, re-
inforced the idea of a primary diagnosis of dementia
pugilistica resulting from repeated head trauma.2 Ken
Burns’ documentary and the recentbookbyEig2 on the
life andcareerofAli both showedandstated thatAli had
strongevidenceofParkinsondisease, anddiscussed the
possibility of a parkinson syndrome resulting from re-
peated head trauma.We providemissing and support-
ive information on Ali’s Parkinson disease diagnosis,
based on 20 years of clinical follow-up, which occurred
between 1995 and 2016. Ali was treated at Emory Uni-
versity with in-person visits, hospitalizations, and test-
ing. These visits collectively informed the nature and
courseof hismedical condition.Here,weadd thismiss-
ing information to thearchivesofhistory.Themainpoint
of our report is that Muhammad Ali indeed had young-
onset levodopa-responsive Parkinson disease with an
emergence during themidphase of his boxing career.

In the late 1970s, Ali’s familymembers noted slow-
ness. On October 2, 1980, prior to his last fight against
Larry Holmes, because of health concerns, Ali was re-
quired to have a prefight medical examination at the
Mayo Clinic. Despite an abnormal examination, he was
allowed to fight and video footage revealed decreased
movement on his left side. In the early 1980s, he was
mildly symptomatic with idiopathic Parkinson disease.
Therewasa suspicionofdecreasedmovement, particu-
larly onhis left side,whichmanifestedduring television

interviews includingoneonMay6, 1981, onNBCwhere
he joined Al Sharpton, James Brown, and reporter Tom
Snyder and one with David Letterman on July 9, 1984.
There also was a left-sided rest tremor in an interview
with Arsenio Hall on June 11, 1991. In the years follow-
ing, his family, friends, and neurologists observed an
intermittent classic parkinsonian rest tremor in the left
hand and a slowing of motor function, including softer
and dysarthric speech. Moreover, his handwriting
became progressively more micrographic, a feature
verifiedbycollectionsof autographspennedovermany
decades.

Muhammad Ali’s disease course, from his late 30s
until his deathat age74years,was chronic andprogres-
sive.Hemanifested fatigue, hypophonia, bradykinesia,
and amasked face, aswell asmany of the visiblemotor
symptomsofParkinsondisease.Hewas clearly respon-
sive to levodopa, as documented in his several exami-
nations in the early 1980s, a feature usually not pre-
sent following traumatic brain injury. He was never
enrolled in a clinical trial and did not undergo formal on
and off medication Unified Parkinson’s Disease Rating
Scale testing. In 1995, he was first evaluated at Emory
University and was followed up there until his death in
2016. A fluorodeoxyglucose positron emission tomog-
raphy (FDG PET) scan performed in 1997 revealed the
Parkinson disease–related pattern of progressive bilat-
eral striatalhyperactivity.AflourodopaF18PETscanper-
formed in 1998 showed classic low striatal uptake and,
like the FDGPET, this studywas consistentwith Parkin-
son disease and not traumatic brain injury. Dopamine
transporter (DAT) scanningwas not performed. DAT as
a diagnostic technology emerged over a decade later
withUSFood andDrugAdministration approval in 2011
for the differentiation of parkinsonism from essential
tremor. Ali’s brainmagnetic resonance imaging scan re-
sults revealed no focal abnormalities andwas nondiag-
nostic beyond thepresenceof brainstematrophy, third
ventricular enlargement, and a cavum septum pelluci-
dum. The Ali hospitalizations were an opportunity to
carefully examine and to document his symptoms. Re-
peatedobservations confirmed that his prominent left-
sided hand tremor, bradykinesia, and rigidity all sub-
stantially improvedwhenonmedications;allkeyfeatures
in thediagnosis of idiopathicParkinson.3Hisbradykine-
sia, rigidity, and tremor progressed gradually and be-
came generalized. Ali showed brisk improvement with
various forms of levodopa. Over the course of many
years, Ali’s face became gradually more masked, his
speechmorehypophonic, andhedeveloped the classic
late-stagesymptomsof idiopathicParkinsondisease, in-
cluding a stooped posture, shuffling steps, postural in-
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function and eventually had diagnostic polysomnography, which
confirmed rapid-eye movement sleep behavioral disorder. Ali’s
weight slowly and gradually declined, another common feature of
idiopathic Parkinson disease. His serial neuropsychological testing
results showed progressive frontal andmemory impairments con-
sistent with classic Parkinson disease. He had mild occasional de-
pression. Ali remainedgenerally positive andembracedhis diagno-
sis,despite therealization itwaschronicandprogressive.Heenjoyed
companyduringhisvisits,watchingvideos,performingmagic tricks,
and mentoring trainees and staff. His disease course also revealed
thecommonreality in tremor-dominantParkinsondiseaseofahigh-
functioning and productive life, as evidenced by his many appear-
ancesandevenby the lightingof theOlympic torch in 1996(Figure).

He died of sepsis on June 3, 2016, a common fate inmany patients
with Parkinson disease.3

His medical team discussed autopsy with him. Ali declined a
postmortem examination, because Islam forbade the disfigure-
ment or desecration of a dead body. Given the lack of a final tissue
diagnosis, we rely on the detailed clinical follow-up and serial PET
imaging studies to understand Ali’s medical condition. A 34-year
chronic progressive presentation with asymmetric levodopa re-
sponsive resting tremor, accompanied by other classical features,
provides strongevidence for adiagnosisof idiopathicParkinsondis-
ease. In contrast, posttraumatic tremor is commonly transitory, and
manifests as a postural and/or kinetic tremor. In addition, posttrau-
matic tremor is not accompanied by progressive cogwheel rigidity
andbradykinesia,bothobserved inAli.3Head trauma is aknownrisk
factor for the later onset of idiopathic Parkinson disease; however,
a causative association in the Ali case cannot be determined.3,4

The Muhammad Ali case reinforces the dangers of the press,
public, and health care professionals in speculating on medical di-
agnoses in theabsenceof an in-personexamination. This casehigh-
lights the importance of the American Psychiatric Society Goldwa-
ter rule;medicalprofessionals shouldnotofferaprofessionalopinion
unlessanexamination isconductedandproperauthorizationgranted
for suchastatement. In thisViewpoint,we fulfill bothGoldwater cri-
teria.Manypatientswith young-onset idiopathicParkinsondisease
presenting like Muhammad Ali have been misdiagnosed or have
experiencedadelayeddiagnosis.3Basedonextensive long-termclini-
cal andcinematic follow-up, it is clear thatMuhammadAlihadyoung-
onset tremor-dominant idiopathic Parkinson disease. The clinical
pattern of his symptoms revealed his disease was prolonged, pro-
gressive, bilateral but asymmetric, dopa responsive, and was ac-
companied by serial and classic FDG and DOPA PET imaging. The
greater emphasisof thepublic onhisobviousboxing-related sequa-
lae frequently overshadowed the diagnosis of an early-onset case
of Parkinsondisease. It remains uncertain, as discussedbyEig2 and
others, the extent to which his early onset of Parkinson disease
contributed to the progressive impairment in his boxing skills.
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Figure. Ali and Parkinson Disease Symptoms

Typical features of tremor-
predominant Parkinson disease

A Adjustment for severe left-sided
resting tremor

B

A, Ali withmany of the typical features of tremor-predominant Parkinson
disease (masked face, resting tremor, stooped posture, and short steps). B, Ali in
1996, overcoming his severe left-sided resting tremor to light theOlympic torch.
The video1 shows a classic unilateral resting Parkinson disease tremor in the left
hand and arm,which disappeared as he grabbed onto the bottomof the torch.
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companyduringhisvisits,watchingvideos,performingmagic tricks,
and mentoring trainees and staff. His disease course also revealed
thecommonreality in tremor-dominantParkinsondiseaseofahigh-
functioning and productive life, as evidenced by his many appear-
ancesandevenby the lightingof theOlympic torch in 1996(Figure).

He died of sepsis on June 3, 2016, a common fate inmany patients
with Parkinson disease.3

His medical team discussed autopsy with him. Ali declined a
postmortem examination, because Islam forbade the disfigure-
ment or desecration of a dead body. Given the lack of a final tissue
diagnosis, we rely on the detailed clinical follow-up and serial PET
imaging studies to understand Ali’s medical condition. A 34-year
chronic progressive presentation with asymmetric levodopa re-
sponsive resting tremor, accompanied by other classical features,
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ease. In contrast, posttraumatic tremor is commonly transitory, and
manifests as a postural and/or kinetic tremor. In addition, posttrau-
matic tremor is not accompanied by progressive cogwheel rigidity
andbradykinesia,bothobserved inAli.3Head trauma is aknownrisk
factor for the later onset of idiopathic Parkinson disease; however,
a causative association in the Ali case cannot be determined.3,4
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public, and health care professionals in speculating on medical di-
agnoses in theabsenceof an in-personexamination. This casehigh-
lights the importance of the American Psychiatric Society Goldwa-
ter rule;medicalprofessionals shouldnotofferaprofessionalopinion
unlessanexamination isconductedandproperauthorizationgranted
for suchastatement. In thisViewpoint,we fulfill bothGoldwater cri-
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presenting like Muhammad Ali have been misdiagnosed or have
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cal andcinematic follow-up, it is clear thatMuhammadAlihadyoung-
onset tremor-dominant idiopathic Parkinson disease. The clinical
pattern of his symptoms revealed his disease was prolonged, pro-
gressive, bilateral but asymmetric, dopa responsive, and was ac-
companied by serial and classic FDG and DOPA PET imaging. The
greater emphasisof thepublic onhisobviousboxing-related sequa-
lae frequently overshadowed the diagnosis of an early-onset case
of Parkinsondisease. It remains uncertain, as discussedbyEig2 and
others, the extent to which his early onset of Parkinson disease
contributed to the progressive impairment in his boxing skills.

Conflict of Interest Disclosures:Dr Okun reported
grants from the National Institutes of Health (R01,
U01, and R21), the Michael J. Fox Foundation, the
Parkinson Alliance, the Smallwood Foundation,
the Bachmann-Strauss Foundation, the
University-Florida Foundation, and the Tourette
Association of America; fees from Parkinson's
Foundation for being amedical advisor outside the
submitted work; and serving as medical advisor for
the Parkinson’s Foundation; receiving royalties for
publications with Demos, Manson, Amazon,
Smashwords, Books4Patients, Perseus, Robert
Rose, Oxford, and Cambridge; being an associate
editor forNew England Journal of Medicine Journal

Watch Neurology; participating in continuing
medical education and educational activities on
movement disorders sponsored byWebMD/
Medscape, RMEI Medical Education, American
Academy of Neurology, Movement Disorders
Society, and Vanderbilt University; and participating
as a site primary investigator and/or co-investigator
for several National Institutes of Health,
foundation, and industry-sponsored trials over the
years but has not received honoraria. Dr Mayberg
reported grants from the National Institutes of
Health, Wellcome Leap, and Hope for Depression
Research Foundation, and personal fees from
Klingenstein Foundation, Abbott Labs
Neuromodulation, Blackrock Neurotech, and
Cogwear, outside the submitted work; in addition,
Dr Mayberg had a patent (US9931500B2) licensed

to Abbott Labs, outside of the submitted work.
No other disclosures were reported.

REFERENCES

1. Ali lights torch at 1996 Olympics (June 19, 1996).
Accessed Sept 2, 2022. https://www.youtube.
com/watch?v=uklmvMYaMk0

2. Eig J. Ali: A Life. Mariner Books; 2018.

3. Kalia LV, Lang AE. Parkinson’s disease. Lancet.
2015;386(9996):896-912. doi:10.1016/S0140-6736
(14)61393-3

4. Krauss JK, Jankovic J. Head injury and
posttraumatic movement disorders. Neurosurgery.
2002;50(5):927-939. doi:10.1097/00006123-
200205000-00003

Figure. Ali and Parkinson Disease Symptoms

Typical features of tremor-
predominant Parkinson disease

A Adjustment for severe left-sided
resting tremor

B

A, Ali withmany of the typical features of tremor-predominant Parkinson
disease (masked face, resting tremor, stooped posture, and short steps). B, Ali in
1996, overcoming his severe left-sided resting tremor to light theOlympic torch.
The video1 shows a classic unilateral resting Parkinson disease tremor in the left
hand and arm,which disappeared as he grabbed onto the bottomof the torch.

Opinion Viewpoint

Long-termOutcomes in Use of Opioids, Nonpharmacologic
Pain Interventions, and Total Costs of Spinal Cord Stimulators
ComparedWith Conventional Medical Therapy for Chronic Pain
Sanket S. Dhruva, MD, MHS; JaimeMurillo, MD; Omid Ameli, MD, DrPH; Pamela E. Morin, MBA;
Donna L. Spencer, PhD; Rita F. Redberg, MD, MSc; Ken Cohen, MD

IMPORTANCE Spinal cord stimulators (SCSs) are increasingly used for the treatment
of chronic pain. There is a need for studies with long-term follow-up.

OBJECTIVE To determine the comparative effectiveness and costs of SCSs compared with
conventional medical management (CMM) in a large cohort of patients with chronic pain.

DESIGN, SETTING, AND PARTICIPANTS This was a 1:5 propensity-matched retrospective
comparative effectiveness research analysis of insured individuals from April 1, 2016,
to August 31, 2018. This study used administrative claims data, including longitudinal medical
and pharmacy claims, from US commercial andMedicare Advantage enrollees 18 years or
older in Optum Labs DataWarehouse. Patients with incident diagnosis codes for failed back
surgery syndrome, complex regional pain syndrome, chronic pain syndrome, and other
chronic postsurgical back and extremity pain were included in this study. Data were analyzed
from February 1, 2021, to August 31, 2022.

EXPOSURES SCSs or CMM.

MAIN OUTCOMES ANDMEASURES Surrogatemeasures for primary chronic pain treatment
modalities, including pharmacologic and nonpharmacologic pain interventions (epidural
and facet corticosteroid injections, radiofrequency ablation, and spine surgery),
as well as total costs.

RESULTS In the propensity-matched population of 7560 patients, mean (SD) age was 63.5
(12.5) years, 3080 (40.7%) weremale, and 4480 (59.3%) were female. Amongmatched
patients, during the first 12 months, patients treated with SCSs had higher odds of chronic
opioid use (adjusted odds ratio [aOR], 1.14; 95% CI, 1.01-1.29) compared with patients treated
with CMM but lower odds of epidural and facet corticosteroid injections (aOR, 0.44; 95% CI,
0.39-0.51), radiofrequency ablation (aOR, 0.57; 95% CI, 0.44-0.72), and spine surgery
(aOR, 0.72; 95% CI, 0.61-0.85). During months 13 to 24, there was no significant difference in
chronic opioid use (aOR, 1.06; 95% CI, 0.94-1.20), epidural and facet corticosteroid injections
(aOR, 1.00; 95% CI, 0.87-1.14), radiofrequency ablation (aOR, 0.84; 95% CI, 0.66-1.09),
or spine surgery (aOR, 0.91; 95% CI, 0.75-1.09) with SCS use compared with CMM.
Overall, 226 of 1260 patients (17.9%) treated with SCS experienced SCS-related
complications within 2 years, and 279 of 1260 patients (22.1%) had device revisions and/or
removals, which were not always for complications. Total costs of care in the first year were
$39000 higher with SCS than CMM and similar between SCS and CMM in the second year.

CONCLUSIONS AND RELEVANCE In this large, real-world, comparative effectiveness research
study comparing SCS and CMM for chronic pain, SCS placement was not associated with a
reduction in opioid use or nonpharmacologic pain interventions at 2 years. SCS was
associated with higher costs, and SCS-related complications were common.

Author Affiliations:University of
California, San Francisco School of
Medicine, San Francisco (Dhruva);
Philip R. Lee Institute for Health
Policy Studies, University of
California, San Francisco,
San Francisco (Dhruva, Redberg);
Department of Medicine,
San Francisco Veterans Affairs
Medical Center, San Francisco,
California (Dhruva); Optum Labs,
UnitedHealth Group, Eden Prairie,
Minnesota (Murillo, Morin, Spencer);
Optum Center for Research and
Innovation (Ameli, Cohen);
Department of Medicine, University
of California, San Francisco School of
Medicine, San Francisco (Redberg).

Corresponding Author: Sanket S. 
Dhruva, MD, MHS, University of 
California, San Francisco School of 
Medicine, San Francisco Veterans 
Affairs Medical Center, 4150 Clement 
St, 111C, San Francisco, CA 94121.

Research

JAMANeurology | Original Investigation



6 jamaneurology.comJAMA Neurology

© 2023 American Medical Association. All rights reserved.

S pinal cord stimulators (SCSs) are neuromodulation de-
vices implanted in the epidural space with the goal of
treating chronic pain that fails to respond to conven-

tional treatment. SCSs have been increasingly used in recent
years1,2; approximately 50000 are implanted annually in the
US3 at a cost of approximately $3.5 billion.4 Some have advo-
cated for greater use of SCSs to reduce risks of medications,
including opioids and gabapentinoids.5

Despite the increasing utilization of SCSs, there are limi-
tations to the evidence supporting its superiority over usual
care, which includes conventional medical management
(CMM).6 Most SCS have been authorized by the US Food
and Drug Administration (FDA) without clinical data.7 Ap-
proximately 85% of large studies of SCSs (ie, >100 patients)
are industry funded.8 Independent evaluations have gener-
ally been small, single-center, and nonrandomized.9 A recent
Cochrane systematic reviewof randomized trials of SCS found
just 1 study (44 patients) examining pain intensity at 1 year or
longer follow-up.10 Although some studies have found ben-
efit in pain relief at 6 months from SCSs compared to CMM,
benefits often dissipate after 12 to 24months.11 The compara-
tor group inmany SCS trials has not adequatelymasked a pla-
cebo effect; when a placebo control is used, treatment effects
are smaller.12

SCSs have potential complications.13 In September 2020,
the FDA published a letter to health care professionals stat-
ing that more than 107 000 medical device adverse-event
reports related to SCSs had been filed between July 2016 and
July 2020, including patient injury, device malfunction, and
497 deaths.3 Among 4000 types of medical devices tracked
by the FDA, SCSs had the third highest number of adverse
events.14

Given the limitations in available data, there is a need for
data in a larger, contemporary patient cohort to compare the
long-term risks, benefits, and cost-effectiveness of SCSswith
CMM. Accordingly, we compared the long-term clinical and
health care utilization outcomes amongpatients treatedwith
permanent SCSs compared with CMM.

Methods
Study Design and Data Source
This was a retrospective comparative effectiveness research
study using Optum Labs Data Warehouse (OLDW) data from
October 1, 2015, throughAugust 31, 2020.OLDWcontainsdei-
dentified administrative claims data, including longitudinal
medical andpharmacy claims, fromUScommercial andMedi-
careAdvantage enrollees.15 Becausedataweredeidentified in
compliancewith theHealth InsurancePortabilityandAccount-
ability Act, institutional review board approval or waiver of
authorization was not required. This study followed the
Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) reporting guidelines.

Cohort Selection
Eligible individuals were 18 years or older with an incident
diagnosis of failed back surgery syndrome, complex regional

pain syndrome, chronic pain syndrome, and other chronic
postsurgical back and extremity pain (for the latter diagno-
sis, history of spine surgery within 6 months of diagnosis
was required) between April 1, 2016, and August 31, 2019
(eTable 1 in the Supplement for codes reviewed by multiple
authors).9,16-18 The cohort entry date was defined as the
first diagnosis claim meeting any of these criteria after a
diagnosis-free clean period of 6 months. If individuals had
more than 1 qualifying diagnosis, cohort entry diagnosis and
date was based on the following hierarchy: (1) failed back
surgery syndrome, (2) complex regional pain syndrome,
(3) chronic pain syndrome, and (4) other chronic postsurgi-
cal back and extremity pain. Individuals without 6 months
of contiguous pharmacy and medical coverage before and
12 months after cohort entry were excluded to ensure
consistent ascertainment of treatment patterns. Individuals
from the all race and ethnicity groups were included
and categorized as the following: Asian, Black, Hispanic,
White, and unknown or multiple (refers to patients with
unknown race or ethnicity or those included in multiple
categories).

Treatments
The exposure of interest was permanent (not trial) SCS
implantation within 12 months of cohort entry. Patients were
assigned 1 of 2 mutually exclusive treatment cohorts (eFig-
ure 1 in the Supplement): (1) a permanent SCS and (2) CMM
only, consisting of pain medications, spine surgery, radio-
frequency ablation, epidural and facet corticosteroid injec-
tions, and conservative nonpharmacologic therapies (physi-
cal therapy, chiropractic treatment, and acupuncture)
(eTable 1 in the Supplement). Individuals who received both
an SCS and CMM in the 12 months after cohort entry were
assigned to the SCS group and baseline use of CMM treat-
ments were evaluated as binary covariates. Individuals with
no evidence of an SCS or CMMwithin 12 months after cohort
entry were excluded.

For the SCS group, the index date, ie, treatment initia-
tion, was the date of permanent SCS insertion. Individuals in
theCMMgroupwere randomly imputedan indexdatematch-
ing the distribution of index dates in the SCS group.

Key Points
Question What are the outcomes among real-world patients
with chronic pain who are treated with spinal cord stimulators
compared with conventional medical management?

Findings In this propensity-matched comparative effectiveness
research analysis of 7560 insured individuals, treatment with a
spinal cord stimulator was not associated with a reduction in use of
opioids, pain injections, radiofrequency ablation, or spine surgery
at 2 years. Approximately one-fifth of patients treated with spinal
cord stimulators experienced complications and required device
revision or removal.

Meaning Study results suggest that use of spinal cord stimulators
is not associated with reductions in opioid use or
nonpharmacologic pain interventions.

Use of Opioids, Nonpharmacologic Pain Interventions, and Total Costs of Spinal Cord Stimulators for Chronic Pain Original Investigation Research

Six months of continuous pharmacy and medical cover-
age preindex (baseline) and 24 months of continuous cover-
age postindex datewere required for outcome ascertainment
in theprimaryanalysis,with all indexdates in the final sample
between April 1, 2016, and August 31, 2018 (eFigure 2 in the
Supplement). Twelvemonths of continuous enrollmentwere
allowed to increase sample size for propensity score estima-
tion. From both treatment groups, individuals who received
an SCS or care for an SCS, diagnosis of malignancy, possible
indications for deep brain stimulation (Parkinson disease) or
sacralneuromodulation (urinaryor fecal incontinence) toavoid
including any non-SCS neuromodulation, disabling neuro-
logicdeficits including footdrop, andneurogenic bladderdur-
ing thebaselineperiodwere excluded (eTable 2 in the Supple-
ment). Patients without conversion to permanent SCSwithin
12 months of trial were excluded.

Outcomes
The primary outcomes were chronic opioid use and epidural
and facet corticosteroid injection use, surrogates for primary
chronic pain treatment modalities, 1 to 12 months and 13 to
24 months after the index date. Chronic opioid use was
defined as a binary outcome during each time window if the
total length of opioid possession was 90 days or longer and
included either (1) greater than or equal to 120 days’ supply
or (2) 10 or more fills.19,20 Other outcomes included long-
acting opioid use; greater than 50 morphine milligram
equivalent (MME) per day; radiofrequency ablations; new
spine surgeries; and any fills for nonsteroidal anti-
inflammatory drugs (NSAIDs), systemic corticosteroids, anti-
depressants, gabapentinoids, and benzodiazepines (eTable 3
in the Supplement). Healthcare utilization, including emer-
gency department visits, hospitalizations, and office visits,
were examined. Total costs of care (actual) were also
assessed; medical costs included both surgical and medical
procedures (and represent approximately 75% of total costs),
and pharmacy costs were based on outpatient pharmacy
claims. Among patients treated with an SCS, postprocedure
complications (lead/generator breakdown, displacement,
infection or inflammation, and other mechanical complica-
tions), SCS revision, and removal were examined (eTable 4
in the Supplement).

PropensityMatching
To balance baseline characteristics between the treatment
groups, the probability of receiving a permanent SCS vs CMM
was modeled as a function of 65 baseline predictors among
patientswith 12months or longer of follow-up. The following
variables were assessed for association with SCS treatment:
CMM, which included a comprehensive list of surrogates of
baselinepain (totalnumberof filledopioidprescriptions,mean
opioidMME,days in possessionof opioids, epidural and facet
corticosteroid injections, radiofrequency ablation, spine sur-
gery, and nonpharmacologic treatments of painful condi-
tions); index calendar year; demographic characteristics, in-
cluding race andethnicity, as assessed in thedata sourceused
by the investigators21 (because these are important demo-
graphic variables and studies have showndifferences in treat-

ment of pain by race); clinician specialty for cohort entry;
31 medical and mental health comorbidities using the Elix-
hauser index22; andadditional pain-related andmusculoskel-
etal conditions using Chronic Conditions Data Warehouse
algorithm.23Agreedymatchingalgorithmwitha caliperwidth
of20%of theSDof the logitof thepropensity scorewasused.24

To balance cohort entry diagnosis, matching was performed
separately within patients with or without failed back sur-
gerysyndrome.RatioofSCStoCMMmatcheswas1:5 toachieve
optimal power while retaining as many SCS patients as pos-
sible. Standardized mean differences were used to evaluate
postmatching balance, with values less than 10% considered
acceptable.

Statistical Analyses
Patient characteristics for prematch and matched SCS and
CMM groups were compared. Using the propensity-matched
cohort, outcomes were modeled as a binary variable using
generalized linear models with a binomial distribution and a
logit link. Total costs of care were modeled using generalized
linear models with a gamma distribution and log link.
Counts of emergency department visits, hospitalizations,
and office visits were modeled using generalized linear mod-
els with a Poisson distribution. A generalized estimating
equation was used to account for correlation of outcomes
within matched clusters during follow-up. Both empirical
and robust SEs were examined; as they did not differ,
empirical SEs are reported. Outcomes were examined among
patients with only either complex regional pain syndrome or
chronic pain syndrome at baseline, by patients receiving 7 or
fewer days opioids at baseline, and by sex and insurance
type. Characteristics of patients excluded due to insufficient
post-index follow-up were compared to those included. We
also examined the proportion of patients taking opioids at
baseline who discontinued these medications at 2 years.
All analyses were performed with SAS, version 9.4 (SAS
Institute). Significance was considered to be a 2-sided
P value <.05. Data were analyzed from February 1, 2021, to
August 31, 2022.

Results
Study Cohort
There were 6202 patients in the SCS and 215686 in the CMM
group with a diagnosis of failed back surgery syndrome,
complex regional pain syndrome, chronic pain syndrome,
and other postsurgical extremity or back pain diagnosis and
an adequate diagnosis-free clean period and postincident
diagnosis continuous enrollment (eFigure 1 in the Supple-
ment). Overall, 1510 of 4731 patients (32%) who had an SCS
within 12 months of the cohort entry date were excluded
because they received a trial, but not permanent, SCS within
12 months of cohort entry. After excluding patients with
indications for other neuromodulation devices, malignancy-
related pain, and without 24months continuous enrollment,
1419 patients in the SCS and 91 307 in the CMM groups com-
posed the final prepropensity score–matched sample. Using
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S pinal cord stimulators (SCSs) are neuromodulation de-
vices implanted in the epidural space with the goal of
treating chronic pain that fails to respond to conven-

tional treatment. SCSs have been increasingly used in recent
years1,2; approximately 50000 are implanted annually in the
US3 at a cost of approximately $3.5 billion.4 Some have advo-
cated for greater use of SCSs to reduce risks of medications,
including opioids and gabapentinoids.5

Despite the increasing utilization of SCSs, there are limi-
tations to the evidence supporting its superiority over usual
care, which includes conventional medical management
(CMM).6 Most SCS have been authorized by the US Food
and Drug Administration (FDA) without clinical data.7 Ap-
proximately 85% of large studies of SCSs (ie, >100 patients)
are industry funded.8 Independent evaluations have gener-
ally been small, single-center, and nonrandomized.9 A recent
Cochrane systematic reviewof randomized trials of SCS found
just 1 study (44 patients) examining pain intensity at 1 year or
longer follow-up.10 Although some studies have found ben-
efit in pain relief at 6 months from SCSs compared to CMM,
benefits often dissipate after 12 to 24months.11 The compara-
tor group inmany SCS trials has not adequatelymasked a pla-
cebo effect; when a placebo control is used, treatment effects
are smaller.12

SCSs have potential complications.13 In September 2020,
the FDA published a letter to health care professionals stat-
ing that more than 107 000 medical device adverse-event
reports related to SCSs had been filed between July 2016 and
July 2020, including patient injury, device malfunction, and
497 deaths.3 Among 4000 types of medical devices tracked
by the FDA, SCSs had the third highest number of adverse
events.14

Given the limitations in available data, there is a need for
data in a larger, contemporary patient cohort to compare the
long-term risks, benefits, and cost-effectiveness of SCSswith
CMM. Accordingly, we compared the long-term clinical and
health care utilization outcomes amongpatients treatedwith
permanent SCSs compared with CMM.

Methods
Study Design and Data Source
This was a retrospective comparative effectiveness research
study using Optum Labs Data Warehouse (OLDW) data from
October 1, 2015, throughAugust 31, 2020.OLDWcontainsdei-
dentified administrative claims data, including longitudinal
medical andpharmacy claims, fromUScommercial andMedi-
careAdvantage enrollees.15 Becausedataweredeidentified in
compliancewith theHealth InsurancePortabilityandAccount-
ability Act, institutional review board approval or waiver of
authorization was not required. This study followed the
Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) reporting guidelines.

Cohort Selection
Eligible individuals were 18 years or older with an incident
diagnosis of failed back surgery syndrome, complex regional

pain syndrome, chronic pain syndrome, and other chronic
postsurgical back and extremity pain (for the latter diagno-
sis, history of spine surgery within 6 months of diagnosis
was required) between April 1, 2016, and August 31, 2019
(eTable 1 in the Supplement for codes reviewed by multiple
authors).9,16-18 The cohort entry date was defined as the
first diagnosis claim meeting any of these criteria after a
diagnosis-free clean period of 6 months. If individuals had
more than 1 qualifying diagnosis, cohort entry diagnosis and
date was based on the following hierarchy: (1) failed back
surgery syndrome, (2) complex regional pain syndrome,
(3) chronic pain syndrome, and (4) other chronic postsurgi-
cal back and extremity pain. Individuals without 6 months
of contiguous pharmacy and medical coverage before and
12 months after cohort entry were excluded to ensure
consistent ascertainment of treatment patterns. Individuals
from the all race and ethnicity groups were included
and categorized as the following: Asian, Black, Hispanic,
White, and unknown or multiple (refers to patients with
unknown race or ethnicity or those included in multiple
categories).

Treatments
The exposure of interest was permanent (not trial) SCS
implantation within 12 months of cohort entry. Patients were
assigned 1 of 2 mutually exclusive treatment cohorts (eFig-
ure 1 in the Supplement): (1) a permanent SCS and (2) CMM
only, consisting of pain medications, spine surgery, radio-
frequency ablation, epidural and facet corticosteroid injec-
tions, and conservative nonpharmacologic therapies (physi-
cal therapy, chiropractic treatment, and acupuncture)
(eTable 1 in the Supplement). Individuals who received both
an SCS and CMM in the 12 months after cohort entry were
assigned to the SCS group and baseline use of CMM treat-
ments were evaluated as binary covariates. Individuals with
no evidence of an SCS or CMMwithin 12 months after cohort
entry were excluded.

For the SCS group, the index date, ie, treatment initia-
tion, was the date of permanent SCS insertion. Individuals in
theCMMgroupwere randomly imputedan indexdatematch-
ing the distribution of index dates in the SCS group.

Key Points
Question What are the outcomes among real-world patients
with chronic pain who are treated with spinal cord stimulators
compared with conventional medical management?

Findings In this propensity-matched comparative effectiveness
research analysis of 7560 insured individuals, treatment with a
spinal cord stimulator was not associated with a reduction in use of
opioids, pain injections, radiofrequency ablation, or spine surgery
at 2 years. Approximately one-fifth of patients treated with spinal
cord stimulators experienced complications and required device
revision or removal.

Meaning Study results suggest that use of spinal cord stimulators
is not associated with reductions in opioid use or
nonpharmacologic pain interventions.
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Six months of continuous pharmacy and medical cover-
age preindex (baseline) and 24 months of continuous cover-
age postindex datewere required for outcome ascertainment
in theprimaryanalysis,with all indexdates in the final sample
between April 1, 2016, and August 31, 2018 (eFigure 2 in the
Supplement). Twelvemonths of continuous enrollmentwere
allowed to increase sample size for propensity score estima-
tion. From both treatment groups, individuals who received
an SCS or care for an SCS, diagnosis of malignancy, possible
indications for deep brain stimulation (Parkinson disease) or
sacralneuromodulation (urinaryor fecal incontinence) toavoid
including any non-SCS neuromodulation, disabling neuro-
logicdeficits including footdrop, andneurogenic bladderdur-
ing thebaselineperiodwere excluded (eTable 2 in the Supple-
ment). Patients without conversion to permanent SCSwithin
12 months of trial were excluded.

Outcomes
The primary outcomes were chronic opioid use and epidural
and facet corticosteroid injection use, surrogates for primary
chronic pain treatment modalities, 1 to 12 months and 13 to
24 months after the index date. Chronic opioid use was
defined as a binary outcome during each time window if the
total length of opioid possession was 90 days or longer and
included either (1) greater than or equal to 120 days’ supply
or (2) 10 or more fills.19,20 Other outcomes included long-
acting opioid use; greater than 50 morphine milligram
equivalent (MME) per day; radiofrequency ablations; new
spine surgeries; and any fills for nonsteroidal anti-
inflammatory drugs (NSAIDs), systemic corticosteroids, anti-
depressants, gabapentinoids, and benzodiazepines (eTable 3
in the Supplement). Healthcare utilization, including emer-
gency department visits, hospitalizations, and office visits,
were examined. Total costs of care (actual) were also
assessed; medical costs included both surgical and medical
procedures (and represent approximately 75% of total costs),
and pharmacy costs were based on outpatient pharmacy
claims. Among patients treated with an SCS, postprocedure
complications (lead/generator breakdown, displacement,
infection or inflammation, and other mechanical complica-
tions), SCS revision, and removal were examined (eTable 4
in the Supplement).

PropensityMatching
To balance baseline characteristics between the treatment
groups, the probability of receiving a permanent SCS vs CMM
was modeled as a function of 65 baseline predictors among
patientswith 12months or longer of follow-up. The following
variables were assessed for association with SCS treatment:
CMM, which included a comprehensive list of surrogates of
baselinepain (totalnumberof filledopioidprescriptions,mean
opioidMME,days in possessionof opioids, epidural and facet
corticosteroid injections, radiofrequency ablation, spine sur-
gery, and nonpharmacologic treatments of painful condi-
tions); index calendar year; demographic characteristics, in-
cluding race andethnicity, as assessed in thedata sourceused
by the investigators21 (because these are important demo-
graphic variables and studies have showndifferences in treat-

ment of pain by race); clinician specialty for cohort entry;
31 medical and mental health comorbidities using the Elix-
hauser index22; andadditional pain-related andmusculoskel-
etal conditions using Chronic Conditions Data Warehouse
algorithm.23Agreedymatchingalgorithmwitha caliperwidth
of20%of theSDof the logitof thepropensity scorewasused.24

To balance cohort entry diagnosis, matching was performed
separately within patients with or without failed back sur-
gerysyndrome.RatioofSCStoCMMmatcheswas1:5 toachieve
optimal power while retaining as many SCS patients as pos-
sible. Standardized mean differences were used to evaluate
postmatching balance, with values less than 10% considered
acceptable.

Statistical Analyses
Patient characteristics for prematch and matched SCS and
CMM groups were compared. Using the propensity-matched
cohort, outcomes were modeled as a binary variable using
generalized linear models with a binomial distribution and a
logit link. Total costs of care were modeled using generalized
linear models with a gamma distribution and log link.
Counts of emergency department visits, hospitalizations,
and office visits were modeled using generalized linear mod-
els with a Poisson distribution. A generalized estimating
equation was used to account for correlation of outcomes
within matched clusters during follow-up. Both empirical
and robust SEs were examined; as they did not differ,
empirical SEs are reported. Outcomes were examined among
patients with only either complex regional pain syndrome or
chronic pain syndrome at baseline, by patients receiving 7 or
fewer days opioids at baseline, and by sex and insurance
type. Characteristics of patients excluded due to insufficient
post-index follow-up were compared to those included. We
also examined the proportion of patients taking opioids at
baseline who discontinued these medications at 2 years.
All analyses were performed with SAS, version 9.4 (SAS
Institute). Significance was considered to be a 2-sided
P value <.05. Data were analyzed from February 1, 2021, to
August 31, 2022.

Results
Study Cohort
There were 6202 patients in the SCS and 215686 in the CMM
group with a diagnosis of failed back surgery syndrome,
complex regional pain syndrome, chronic pain syndrome,
and other postsurgical extremity or back pain diagnosis and
an adequate diagnosis-free clean period and postincident
diagnosis continuous enrollment (eFigure 1 in the Supple-
ment). Overall, 1510 of 4731 patients (32%) who had an SCS
within 12 months of the cohort entry date were excluded
because they received a trial, but not permanent, SCS within
12 months of cohort entry. After excluding patients with
indications for other neuromodulation devices, malignancy-
related pain, and without 24months continuous enrollment,
1419 patients in the SCS and 91 307 in the CMM groups com-
posed the final prepropensity score–matched sample. Using
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1:5 matching, the final study cohort included 1260 patients
who received an SCS and 6300 CMM. Baseline characteris-
tics of retained patients vs those excluded for disenrollment
were similar with clinically insignificant differences
(eTable 5 in the Supplement). Similarly, patients with perma-
nent SCS did not differ significantly from those with trial SCS
only (eTable 6 in the Supplement). At baseline, 1128 of all
patients (79%) treated with an SCS also received opioids, and
219 (15.4%) were receiving rehabilitative therapies. Factors
associated with SCS treatment are presented in eTable 7 in
the Supplement.

Baseline Patient Characteristics
In the matched population of 7560 total patients, all stan-
dardized mean differences between patients receiving SCS
and CMM were less than 0.1 (eFigure 3 in the Supplement).
The mean (SD) age of patients was 63.5 (12.5) years, 3080
(40.7%) were male, and 4480 (59.3%) were female (Table 1).
Patients belonged to the following race and ethnicity groups:
56 Asian (0.7%), 901 Black (11.9%), 484 Hispanic (6.4%),
5888 White (77.9%), and 231 unknown/multiple (3.1%).
Diagnosis at cohort entry included 5352 patients (70.8%)
with failed back surgery syndrome, 760 patients (10.1%)
with complex regional pain syndrome, 1938 patients (25.6%)
with chronic pain syndrome, and 63 patients (0.8%) other
postsurgical back or extremity pain. Within 6 months before
the index date, 5854 of 7560 patients (77.4%) had received
opioids. One-third of patients filled prescriptions for each of
NSAIDs, muscle relaxants, and benzodiazepines and half for
gabapentinoids. Of the 7560 patients, 3003 (39.7%) received
epidural and facet corticosteroid injections, and 1235 (16.3%)
received any nonpharmacologic, nonintervention therapy.
Only 80 of 1260 patients (6.3%) in the postmatch SCS group
did not receive any of the CMM treatments during the
6-month baseline period.

Outcomes of SCS vs CMM
Pharmacologic Treatments for Pain
After achieving baseline balance, during the first 12 months,
patients treated with SCSs filled a higher number of opioid
prescriptions, were more likely to have chronic opioid use
(54.9%vs 51.8%; adjusted odds ratio [aOR], 1.14; 95%CI, 1.01-
1.29) (Table 2 and Table 3) and long-acting opioid use (22.5%
vs 18.5%; aOR, 1.28; 95% CI, 1.11-1.49) compared with those
treatedwith CMM.Duringmonths 13 to 24, therewere no sig-
nificant reductions across pharmacologic treatments for pain
among patients treated with SCS; patients treated with SCS
had similar adjusted odds of chronic opioid use (49.0% vs
47.6%; aOR, 1.06; 95% CI, 0.94-1.20) and long-acting opioid
use (18.3%vs 16.3%; aOR, 1.16; 95%CI, 0.99-1.36). Amongpa-
tients taking opioids during the6-monthbaseline period, SCS
was not associated with a higher rate of opioid discontinua-
tion during months 13 to 24 (eTable 8 in the Supplement).

During the first 12 months, there were no significant dif-
ferences in theuseofNSAIDs,muscle relaxants, steroids,TCA/
SNRI antidepressants, gabapentinoids, or benzodiazepines.
Duringmonths 13 to 24, patients treatedwith SCSshadnodif-
ference in the likelihood of receivingNSAIDs ormuscle relax-

ants. However, these patients were more likely to fill a pre-
scription forTCA/SNRI antidepressants (33.3%vs29.9%; aOR,
1.16; 95% CI, 1.02-1.32) and gabapentinoids (53.3% vs 48.3%;
aOR, 1.22; 95% CI, 1.08-1.37), although less likely to fill a
benzodiazepine prescription (29.4% vs 32.3%; aOR, 0.87;
95% CI, 0.76-1.00). Results were generally consistent among
propensity-matched comparisons by sex and type of insur-
ance coverage (commercial andMedicareAdvantage). Results
were also consistent when limited to patientsmatched based
on chronic regional pain syndrome or chronic pain syndrome
diagnoses (eTable 9 in the Supplement) and when limited to
patients who had received opioids for 7 or fewer days during
the 6-month baseline period (eTable 10 in the Supplement).

Nonpharmacologic Pain Interventions
Fewer patients with SCSs received epidural and facet cortico-
steroid injections within the first 12 months compared with
CMM (21.7% vs 38.4%; aOR, 0.44; 95%CI, 0.39-0.51) (Table 2
and Table 3), but this difference was not present by months
13 to 24 (24.9% vs 25.1%; aOR, 1.00; 95% CI, 0.87-1.14). Simi-
larly, fewerpatientswith SCSunderwent a radiofrequency ab-
lation within the first 12 months compared with CMM (5.3%
vs 9.2%; aOR, 0.57; 95% CI, 0.44-0.72), with no significant
difference during months 13 to 24 (5.7% vs 6.7%; aOR, 0.84;
95% CI, 0.66-1.09). Results were consistent by sex and insur-
ance type.

Health Care Utilization and Cost Outcomes
There were no significant differences between patients
treated with SCSs or CMM in emergency department visits or
hospitalizations in either the first or second year of
follow-up (Table 2). The mean (SD) total cost of care per
member per month during the first year was $5531 ($4188)
for patients treated with SCS vs CMM $2240 ($4008)
(P < .001); this difference was driven entirely by significantly
higher medical costs for patients treated with SCS. Over 12
months, this represents over $39000 in higher health care
costs within the first year post-SCS placement (Figure).
Stratified by type of insurance coverage, total costs were
approximately $60 000 and $33 000 higher for commer-
cially insured and Medicare Advantage enrollees, respec-
tively. During months 13 to 24, the total costs were similar
between the 2 groups ($2171 SCS vs $2109 CMM; P = .51) and
adjusted cost ratios were also similar. Among all patients
receiving SCS, out-of-pocket medical (ie, nonpharmacy)
costs were approximately $2215 at baseline, increasing to
$3695 in the first 12 months after SCS placement, and $1781
in the second year after device placement.

SCS-Related Complications and Removal
Among the 1260 patients treated with SCS, 226 (17.9%) expe-
rienced complications within the first 2 years after place-
ment (Table4). These complications includedbreakdown,dis-
placement, othermechanical complications, and infection of
the lead and/or generator. During the first 2 years, 279 pa-
tients (22.1%) had an SCS removal and/or revision; 126 (10%)
of thesewere in theabsenceof a complication, suggesting lack
of effectiveness.
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Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Age, mean (SD), y 61.9 (13.3) 64.3 (11.9) 61.9 (13.3) 0.19 63.5 (12.5) 64.0 (12.1) 63.4 (12.5) 0.05
Age category

18-54 25 048 (27.0) 288 (20.3) 24 760 (27.1) −0.16 1715 (22.7) 263 (20.9) 1452 (23.1) −0.05
55-64 25 953 (28.0) 379 (26.7) 25 574 (28.0) −0.03 2033 (26.9) 342 (27.1) 1691 (26.8) 0.01
65-74 25 321 (27.3) 463 (32.6) 24 858 (27.2) 0.12 2270 (30.0) 400 (31.8) 1870 (29.7) 0.04
75+ 16 404 (17.7) 289 (20.4) 16 115 (17.7) 0.07 1542 (20.4) 255 (20.2) 1287 (20.4) −0.00

Sex
Male 36 379 (39.2) 561 (39.5) 35 818 (39.2) 0.01 3080 (40.7) 493 (39.1) 2587 (41.1) −0.04
Female 56 347 (60.8) 858 (60.5) 55 489 (60.8) −0.01 4480 (59.3) 767 (60.9) 3713 (58.9) 0.04

Insurance type
Commercially insured 29 417 (31.7) 353 (24.9) 29 064 (31.8) −0.15 2101 (27.8) 315 (25.0) 1786 (28.4) −0.08
Medicare Advantage 63 309 (68.3) 1066 (75.1) 62 243 (68.2) 0.15 5459 (72.2) 945 (75) 4514 (71.7) 0.08

Geographic location
Northeast 7565 (8.2) 76 (5.4) 7489 (8.2) −0.11 489 (6.5) 74 (5.9) 415 (6.6) −0.03
Midwest 18 153 (19.6) 411 (29.0) 17 742 (19.4) 0.22 2073 (27.4) 342 (27.1) 1731 (27.5) −0.01
South 55 794 (60.2) 729 (51.4) 55 065 (60.3) −0.18 3971 (52.5) 671 (53.3) 3300 (52.4) 0.02
West 11 214 (12.1) 203 (14.3) 11 011 (12.1) 0.07 1027 (13.6) 173 (13.7) 854 (13.6) 0.01

Race and ethnicity
Asian 1329 (1.4) <11 (NA)a >1318 (NA) −0.08 56 (0.7) <11 (NA) >45 (NA) −0.02
Black 15 148 (16.3) 157 (11.1) 14 991 (16.4) −0.16 901 (11.9) 150 (11.9) 751 (11.9) −0.00
Hispanic 8016 (8.6) >90 (NA) >7926 (NA) −0.08 484 (6.4) >85 (NA) >399 (NA) 0.03
White 65 513 (70.7) 1114 (78.5) 64 399 (70.5) 0.18 5888 (77.9) 973 (77.2) 4915 (78.0) −0.02
Unknown/multipleb 2720 (2.9) 47 (3.3) 2673 (2.9) 0.02 231 (3.1) 41 (3.3) 190 (3.0) 0.01

Index year
2016 23 689 (25.6) 282 (19.9) 23 407 (25.6) −0.14 1637 (21.7) 261 (20.7) 1376 (21.8) −0.03
2017 42 662 (46.0) 664 (46.8) 41 998 (46) 0.02 3553 (47) 595 (47.2) 2958 (47.0) 0.01
2018 26 375 (28.4) 473 (33.3) 25 902 (28.4) 0.11 2370 (31.4) 404 (32.1) 1966 (31.2) 0.02

Cohort entry diagnosis
Failed back surgery 22 739 (24.5) 1028 (72.5) 21 711 (23.8) 1.12 5352 (70.8) 892 (70.8) 4460 (70.8) 0.00
Complex regional pain 5239 (5.7) 123 (8.7) 5116 (5.6) 0.12 760 (10.1) 94 (7.5) 666 (10.6) −0.11
Chronic pain 63 790 (68.8) 398 (28.1) 63 392 (69.4) −0.91 1938 (25.6) 365 (29.0) 1573 (25.0) 0.09
Other chronic
back/extremity pain

2775 (3.0) 13 (0.9) 2762 (3.0) −0.15 63 (0.8) 12 (1.0) 51 (0.8) 0.02

Clinician type on day of
cohort entry

Primary care 41 097 (44.3) 222 (15.6) 40 875 (44.8) −0.67 1299 (17.2) 207 (16.4) 1092 (17.3) −0.02
Anesthesiologist 32 020 (34.5) 991 (69.8) 31 029 (34.0) 0.77 4890 (64.7) 847 (67.2) 4043 (64.2) 0.06
Neurosurgeon 4808 (5.2) 141 (9.9) 4667 (5.1) 0.18 745 (9.9) 115 (9.1) 630 (10) −0.03
Orthopedic surgeon 4600 (5.0) 70 (4.9) 4530 (5.0) −0.00 394 (5.2) 67 (5.3) 327 (5.2) 0.01
Physiatrist 8317 (9.0) 157 (11.1) 8160 (8.9) 0.07 908 (12.0) 144 (11.4) 764 (12.1) −0.02
Other medical physician 10 720 (11.6) 65 (4.6) 10 655 (11.7) −0.26 344 (4.6) 58 (4.6) 286 (4.5) 0.00
Non–medical physician 3973 (4.3) 51 (3.6) 3922 (4.3) −0.04 305 (4.0) 48 (3.8) 257 (4.1) −0.01

Surrogates of baseline pain
Total baseline filled
prescriptions for opioids

Mean (SD) 4.2 (4.2) 4.7 (4.2) 4.2 (4.2) 0.12 4.5 (4.3) 4.6 (4.1) 4.5 (4.3) 0.02
Median (IQR) 3 (1-6) 4 (1-7) 3 (1-6) 4 (1-7) 4 (1-7) 4 (1-7)

Average opioid MME baseline
Mean (SD) 29.9 (62.6) 35.5 (68.2) 29.8 (62.5) 0.09 34.9 (69.1) 35.5 (69.7) 34.8 (69.0) 0.01
Median (IQR) 8.0 (0.4-30.7) 12.7 (1.1-38.9) 7.9 (0.4-30.6) 10.1 (0.7-38.0) 12.2 (1.1-38.6) 9.9 (0.6-37.8)

Baseline opioid days
Mean (SD) 76.5 (68.3) 85.8 (67.8) 76.3 (68.3) 0.14 81.1 (68.8) 84.3 (67.7) 80.4 (69.0) 0.06
Median (IQR) 61 (3-150) 90 (9-155) 61 (3-150) 76 (5-154) 90 (8-155) 74 (4-154)

Baseline quartile of days
supply of opioids

Quartile 1 21 980 (23.7) 291 (20.5) 21 689 (23.8) −0.08 1706 (22.6) 264 (21.0) 1442 (22.9) −0.05
Quartile 2 22 421 (24.2) 296 (20.9) 22 125 (24.2) −0.08 1699 (22.5) 270 (21.4) 1429 (22.7) −0.03
Quartile 3 24 502 (26.4) 406 (28.6) 24 096 (26.4) 0.05 2006 (26.5) 355 (28.2) 1651 (26.2) 0.04
Quartile 4 23 823 (25.7) 426 (30.0) 23 397 (25.6) 0.10 2149 (28.4) 371 (29.4) 1778 (28.2) 0.03

(continued)
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1:5 matching, the final study cohort included 1260 patients
who received an SCS and 6300 CMM. Baseline characteris-
tics of retained patients vs those excluded for disenrollment
were similar with clinically insignificant differences
(eTable 5 in the Supplement). Similarly, patients with perma-
nent SCS did not differ significantly from those with trial SCS
only (eTable 6 in the Supplement). At baseline, 1128 of all
patients (79%) treated with an SCS also received opioids, and
219 (15.4%) were receiving rehabilitative therapies. Factors
associated with SCS treatment are presented in eTable 7 in
the Supplement.

Baseline Patient Characteristics
In the matched population of 7560 total patients, all stan-
dardized mean differences between patients receiving SCS
and CMM were less than 0.1 (eFigure 3 in the Supplement).
The mean (SD) age of patients was 63.5 (12.5) years, 3080
(40.7%) were male, and 4480 (59.3%) were female (Table 1).
Patients belonged to the following race and ethnicity groups:
56 Asian (0.7%), 901 Black (11.9%), 484 Hispanic (6.4%),
5888 White (77.9%), and 231 unknown/multiple (3.1%).
Diagnosis at cohort entry included 5352 patients (70.8%)
with failed back surgery syndrome, 760 patients (10.1%)
with complex regional pain syndrome, 1938 patients (25.6%)
with chronic pain syndrome, and 63 patients (0.8%) other
postsurgical back or extremity pain. Within 6 months before
the index date, 5854 of 7560 patients (77.4%) had received
opioids. One-third of patients filled prescriptions for each of
NSAIDs, muscle relaxants, and benzodiazepines and half for
gabapentinoids. Of the 7560 patients, 3003 (39.7%) received
epidural and facet corticosteroid injections, and 1235 (16.3%)
received any nonpharmacologic, nonintervention therapy.
Only 80 of 1260 patients (6.3%) in the postmatch SCS group
did not receive any of the CMM treatments during the
6-month baseline period.

Outcomes of SCS vs CMM
Pharmacologic Treatments for Pain
After achieving baseline balance, during the first 12 months,
patients treated with SCSs filled a higher number of opioid
prescriptions, were more likely to have chronic opioid use
(54.9%vs 51.8%; adjusted odds ratio [aOR], 1.14; 95%CI, 1.01-
1.29) (Table 2 and Table 3) and long-acting opioid use (22.5%
vs 18.5%; aOR, 1.28; 95% CI, 1.11-1.49) compared with those
treatedwith CMM.Duringmonths 13 to 24, therewere no sig-
nificant reductions across pharmacologic treatments for pain
among patients treated with SCS; patients treated with SCS
had similar adjusted odds of chronic opioid use (49.0% vs
47.6%; aOR, 1.06; 95% CI, 0.94-1.20) and long-acting opioid
use (18.3%vs 16.3%; aOR, 1.16; 95%CI, 0.99-1.36). Amongpa-
tients taking opioids during the6-monthbaseline period, SCS
was not associated with a higher rate of opioid discontinua-
tion during months 13 to 24 (eTable 8 in the Supplement).

During the first 12 months, there were no significant dif-
ferences in theuseofNSAIDs,muscle relaxants, steroids,TCA/
SNRI antidepressants, gabapentinoids, or benzodiazepines.
Duringmonths 13 to 24, patients treatedwith SCSshadnodif-
ference in the likelihood of receivingNSAIDs ormuscle relax-

ants. However, these patients were more likely to fill a pre-
scription forTCA/SNRI antidepressants (33.3%vs29.9%; aOR,
1.16; 95% CI, 1.02-1.32) and gabapentinoids (53.3% vs 48.3%;
aOR, 1.22; 95% CI, 1.08-1.37), although less likely to fill a
benzodiazepine prescription (29.4% vs 32.3%; aOR, 0.87;
95% CI, 0.76-1.00). Results were generally consistent among
propensity-matched comparisons by sex and type of insur-
ance coverage (commercial andMedicareAdvantage). Results
were also consistent when limited to patientsmatched based
on chronic regional pain syndrome or chronic pain syndrome
diagnoses (eTable 9 in the Supplement) and when limited to
patients who had received opioids for 7 or fewer days during
the 6-month baseline period (eTable 10 in the Supplement).

Nonpharmacologic Pain Interventions
Fewer patients with SCSs received epidural and facet cortico-
steroid injections within the first 12 months compared with
CMM (21.7% vs 38.4%; aOR, 0.44; 95%CI, 0.39-0.51) (Table 2
and Table 3), but this difference was not present by months
13 to 24 (24.9% vs 25.1%; aOR, 1.00; 95% CI, 0.87-1.14). Simi-
larly, fewerpatientswith SCSunderwent a radiofrequency ab-
lation within the first 12 months compared with CMM (5.3%
vs 9.2%; aOR, 0.57; 95% CI, 0.44-0.72), with no significant
difference during months 13 to 24 (5.7% vs 6.7%; aOR, 0.84;
95% CI, 0.66-1.09). Results were consistent by sex and insur-
ance type.

Health Care Utilization and Cost Outcomes
There were no significant differences between patients
treated with SCSs or CMM in emergency department visits or
hospitalizations in either the first or second year of
follow-up (Table 2). The mean (SD) total cost of care per
member per month during the first year was $5531 ($4188)
for patients treated with SCS vs CMM $2240 ($4008)
(P < .001); this difference was driven entirely by significantly
higher medical costs for patients treated with SCS. Over 12
months, this represents over $39000 in higher health care
costs within the first year post-SCS placement (Figure).
Stratified by type of insurance coverage, total costs were
approximately $60 000 and $33 000 higher for commer-
cially insured and Medicare Advantage enrollees, respec-
tively. During months 13 to 24, the total costs were similar
between the 2 groups ($2171 SCS vs $2109 CMM; P = .51) and
adjusted cost ratios were also similar. Among all patients
receiving SCS, out-of-pocket medical (ie, nonpharmacy)
costs were approximately $2215 at baseline, increasing to
$3695 in the first 12 months after SCS placement, and $1781
in the second year after device placement.

SCS-Related Complications and Removal
Among the 1260 patients treated with SCS, 226 (17.9%) expe-
rienced complications within the first 2 years after place-
ment (Table4). These complications includedbreakdown,dis-
placement, othermechanical complications, and infection of
the lead and/or generator. During the first 2 years, 279 pa-
tients (22.1%) had an SCS removal and/or revision; 126 (10%)
of thesewere in theabsenceof a complication, suggesting lack
of effectiveness.
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Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Age, mean (SD), y 61.9 (13.3) 64.3 (11.9) 61.9 (13.3) 0.19 63.5 (12.5) 64.0 (12.1) 63.4 (12.5) 0.05
Age category

18-54 25 048 (27.0) 288 (20.3) 24 760 (27.1) −0.16 1715 (22.7) 263 (20.9) 1452 (23.1) −0.05
55-64 25 953 (28.0) 379 (26.7) 25 574 (28.0) −0.03 2033 (26.9) 342 (27.1) 1691 (26.8) 0.01
65-74 25 321 (27.3) 463 (32.6) 24 858 (27.2) 0.12 2270 (30.0) 400 (31.8) 1870 (29.7) 0.04
75+ 16 404 (17.7) 289 (20.4) 16 115 (17.7) 0.07 1542 (20.4) 255 (20.2) 1287 (20.4) −0.00

Sex
Male 36 379 (39.2) 561 (39.5) 35 818 (39.2) 0.01 3080 (40.7) 493 (39.1) 2587 (41.1) −0.04
Female 56 347 (60.8) 858 (60.5) 55 489 (60.8) −0.01 4480 (59.3) 767 (60.9) 3713 (58.9) 0.04

Insurance type
Commercially insured 29 417 (31.7) 353 (24.9) 29 064 (31.8) −0.15 2101 (27.8) 315 (25.0) 1786 (28.4) −0.08
Medicare Advantage 63 309 (68.3) 1066 (75.1) 62 243 (68.2) 0.15 5459 (72.2) 945 (75) 4514 (71.7) 0.08

Geographic location
Northeast 7565 (8.2) 76 (5.4) 7489 (8.2) −0.11 489 (6.5) 74 (5.9) 415 (6.6) −0.03
Midwest 18 153 (19.6) 411 (29.0) 17 742 (19.4) 0.22 2073 (27.4) 342 (27.1) 1731 (27.5) −0.01
South 55 794 (60.2) 729 (51.4) 55 065 (60.3) −0.18 3971 (52.5) 671 (53.3) 3300 (52.4) 0.02
West 11 214 (12.1) 203 (14.3) 11 011 (12.1) 0.07 1027 (13.6) 173 (13.7) 854 (13.6) 0.01

Race and ethnicity
Asian 1329 (1.4) <11 (NA)a >1318 (NA) −0.08 56 (0.7) <11 (NA) >45 (NA) −0.02
Black 15 148 (16.3) 157 (11.1) 14 991 (16.4) −0.16 901 (11.9) 150 (11.9) 751 (11.9) −0.00
Hispanic 8016 (8.6) >90 (NA) >7926 (NA) −0.08 484 (6.4) >85 (NA) >399 (NA) 0.03
White 65 513 (70.7) 1114 (78.5) 64 399 (70.5) 0.18 5888 (77.9) 973 (77.2) 4915 (78.0) −0.02
Unknown/multipleb 2720 (2.9) 47 (3.3) 2673 (2.9) 0.02 231 (3.1) 41 (3.3) 190 (3.0) 0.01

Index year
2016 23 689 (25.6) 282 (19.9) 23 407 (25.6) −0.14 1637 (21.7) 261 (20.7) 1376 (21.8) −0.03
2017 42 662 (46.0) 664 (46.8) 41 998 (46) 0.02 3553 (47) 595 (47.2) 2958 (47.0) 0.01
2018 26 375 (28.4) 473 (33.3) 25 902 (28.4) 0.11 2370 (31.4) 404 (32.1) 1966 (31.2) 0.02

Cohort entry diagnosis
Failed back surgery 22 739 (24.5) 1028 (72.5) 21 711 (23.8) 1.12 5352 (70.8) 892 (70.8) 4460 (70.8) 0.00
Complex regional pain 5239 (5.7) 123 (8.7) 5116 (5.6) 0.12 760 (10.1) 94 (7.5) 666 (10.6) −0.11
Chronic pain 63 790 (68.8) 398 (28.1) 63 392 (69.4) −0.91 1938 (25.6) 365 (29.0) 1573 (25.0) 0.09
Other chronic
back/extremity pain

2775 (3.0) 13 (0.9) 2762 (3.0) −0.15 63 (0.8) 12 (1.0) 51 (0.8) 0.02

Clinician type on day of
cohort entry

Primary care 41 097 (44.3) 222 (15.6) 40 875 (44.8) −0.67 1299 (17.2) 207 (16.4) 1092 (17.3) −0.02
Anesthesiologist 32 020 (34.5) 991 (69.8) 31 029 (34.0) 0.77 4890 (64.7) 847 (67.2) 4043 (64.2) 0.06
Neurosurgeon 4808 (5.2) 141 (9.9) 4667 (5.1) 0.18 745 (9.9) 115 (9.1) 630 (10) −0.03
Orthopedic surgeon 4600 (5.0) 70 (4.9) 4530 (5.0) −0.00 394 (5.2) 67 (5.3) 327 (5.2) 0.01
Physiatrist 8317 (9.0) 157 (11.1) 8160 (8.9) 0.07 908 (12.0) 144 (11.4) 764 (12.1) −0.02
Other medical physician 10 720 (11.6) 65 (4.6) 10 655 (11.7) −0.26 344 (4.6) 58 (4.6) 286 (4.5) 0.00
Non–medical physician 3973 (4.3) 51 (3.6) 3922 (4.3) −0.04 305 (4.0) 48 (3.8) 257 (4.1) −0.01

Surrogates of baseline pain
Total baseline filled
prescriptions for opioids

Mean (SD) 4.2 (4.2) 4.7 (4.2) 4.2 (4.2) 0.12 4.5 (4.3) 4.6 (4.1) 4.5 (4.3) 0.02
Median (IQR) 3 (1-6) 4 (1-7) 3 (1-6) 4 (1-7) 4 (1-7) 4 (1-7)

Average opioid MME baseline
Mean (SD) 29.9 (62.6) 35.5 (68.2) 29.8 (62.5) 0.09 34.9 (69.1) 35.5 (69.7) 34.8 (69.0) 0.01
Median (IQR) 8.0 (0.4-30.7) 12.7 (1.1-38.9) 7.9 (0.4-30.6) 10.1 (0.7-38.0) 12.2 (1.1-38.6) 9.9 (0.6-37.8)

Baseline opioid days
Mean (SD) 76.5 (68.3) 85.8 (67.8) 76.3 (68.3) 0.14 81.1 (68.8) 84.3 (67.7) 80.4 (69.0) 0.06
Median (IQR) 61 (3-150) 90 (9-155) 61 (3-150) 76 (5-154) 90 (8-155) 74 (4-154)

Baseline quartile of days
supply of opioids

Quartile 1 21 980 (23.7) 291 (20.5) 21 689 (23.8) −0.08 1706 (22.6) 264 (21.0) 1442 (22.9) −0.05
Quartile 2 22 421 (24.2) 296 (20.9) 22 125 (24.2) −0.08 1699 (22.5) 270 (21.4) 1429 (22.7) −0.03
Quartile 3 24 502 (26.4) 406 (28.6) 24 096 (26.4) 0.05 2006 (26.5) 355 (28.2) 1651 (26.2) 0.04
Quartile 4 23 823 (25.7) 426 (30.0) 23 397 (25.6) 0.10 2149 (28.4) 371 (29.4) 1778 (28.2) 0.03

(continued)
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Discussion

In this large, real-world, comparative effectiveness re-
search study comparing well-matched SCS and CMM
patients, permanent SCS placement was not associated
with a meaningful reduction in use of pharmacologic
(including opioids) or nonpharmacologic interventions
used for chronic pain at 2 years. Although patients treated
with SCS received fewer epidural and facet cortico-
steroid injections and radiofrequency ablations within
the first year after permanent device placement, perhaps
due to time spent on efforts to establish SCS effectiveness
for pain treatment, these differences were not present in
the second year. SCS was also associated with risk, in-
cluding device removal or revision in more than one-fifth
of patients.

The lack of reduction in pharmacotherapy, epidural and
facet corticosteroid injections, and radiofrequency ablations
at 2 years among patients receiving SCS compared with
those receiving CMM suggests that SCS was providing insuf-

ficient pain relief to forego other therapies or improve rates
of depression or anxiety, as prescriptions for these drug
classes did not decline. There is often a significant placebo
effect to pain management procedures,25 including SCS.12

A systematic review of RCTs of SCS vs placebo found low to
very low certainty of benefits on pain intensity.10 Because
most patients still had their permanent SCS in place at 2
years, some may receive prolonged benefit from this modal-
ity, although we were not able to identify this through reduc-
tions in opioid use or nonpharmacologic pain interventions.
Future research should seek to identify these possible sub-
groups and examine other endpoints that may be important
to patients.

These findings also suggest that, despite recommenda-
tions that SCS be placed to reduce the need for opioids,5

this may not occur successfully in most patients who
are receiving a contemporary SCS. In May 2018, the FDA
announced an initiative to encourage device innovation
to target pain26; however, all but a single SCS within the
past 20 years have been approved based on literature
reviews and not original clinical trials7; this means limited

Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts (continued)

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Epidural and facet
corticosteroid injections

18 178 (19.6) 610 (43.0) 17 568 (19.2) 0.53 3003 (39.7) 507 (40.2) 2496 (39.6) 0.01

Radiofrequency ablation 3325 (3.6) 126 (8.9) 3199 (3.5) 0.22 495 (6.6) 92 (7.3) 403 (6.4) 0.04
Spine surgery 8645 (9.3) 193 (13.6) 8452 (9.3) 0.14 853 (11.3) 159 (12.6) 694 (11.0) 0.05
Other nonpharmacologic,
nonintervention treatments
during baseline

Physical therapy 10 170 (11.0) 152 (10.7) 10 018 (11.0) −0.01 874 (11.6) 139 (11.0) 735 (11.7) −0.02
Acupuncture 595 (0.6) <11 (NA) >584 (NA) −0.04 27 (0.36) <11 (NA) >16 (NA) 0.01
Chiropractor 5672 (6.1) 76 (5.4) 5596 (6.1) −0.03 422 (5.6) 69 (5.5) 353 (5.6) −0.01
Any nonpharmacologic,
nonintervention treatment

15 047 (16.2) 219 (15.4) 14 828 (16.2) −0.02 1235 (16.3) 199 (15.8) 1036 (16.4) −0.02

Pharmacologic treatment
during baseline

Opioids 70 746 (76.3) 1128 (79.5) 69 618 (76.2) 0.08 5854 (77.4) 996 (79.1) 4858 (77.1) 0.05
NSAIDs 29 921 (32.3) 458 (32.3) 29 463 (32.3) 0.00 2507 (33.2) 416 (33.0) 2091 (33.2) −0.00
Muscle relaxants 27 975 (30.2) 463 (32.6) 27 512 (30.1) 0.05 2526 (33.4) 413 (32.8) 2113 (33.5) −0.02
TCA/SNRI antidepressants 19 536 (21.1) 446 (31.4) 19 090 (20.9) 0.24 2141 (28.3) 370 (29.4) 1771 (28.1) 0.03
Gabapentinoids 34 732 (37.5) 786 (55.4) 33 946 (37.2) 0.37 3891 (51.5) 674 (53.5) 3217 (51.1) 0.05
Benzodiazepines 29 721 (32.1) 512 (36.1) 29 209 (32.0) 0.09 2615 (34.6) 457 (36.3) 2158 (34.3) 0.04
Oral steroids 22 849 (24.6) 344 (24.2) 22 505 (24.7) −0.01 1824 (24.1) 316 (25.1) 1508 (23.9) 0.03

Musculoskeletal
comorbidities

Fibromyalgia 7199 (7.8) 114 (8.0) 7085 (7.8) 0.01 542 (7.2) 101 (8.0) 441 (7) 0.04
Spine disk disease 66 987 (72.2) 1339 (94.4) 65 648 (71.9) 0.63 7074 (93.6) 1181 (93.7) 5893 (93.5) 0.01
Traumatic spine injury 6057 (6.5) 129 (9.1) 5928 (6.5) 0.10 595 (7.9) 111 (8.8) 484 (7.7) 0.04
Osteoporosis 5544 (6.0) 89 (6.3) 5455 (6.0) 0.01 486 (6.4) 76 (6.0) 410 (6.5) −0.02
Osteoarthritis 14 182 (15.3) 320 (22.6) 13 862 (15.2) 0.19 1579 (20.9) 275 (21.8) 1304 (20.7) 0.03

Mental health comorbidities
Anxiety 23 530 (25.4) 406 (28.6) 23 124 (25.3) 0.07 2124 (28.1) 359 (28.5) 1765 (28.0) 0.01
History of benzodiazepine
use disorder

538 (0.6) 11 (0.8) 527 (0.6) 0.02 43 (0.6) 11 (0.9) 32 (0.5) 0.04

Alcohol use disorder 2090 (2.3) 21 (1.5) 2069 (2.3) −0.06 132 (1.75) 20 (1.59) 112 (1.78) −0.01
Depression 22 706 (24.5) 660 (46.5) 22 046 (24.1) 0.48 2999 (39.7) 515 (40.9) 2484 (39.4) 0.03
Psychosis 1466 (1.6) 13 (0.9) 1453 (1.6) −0.06 73 (1.0) 13 (1.0) 60 (1.0) 0.01
Substance abuse disorder 9168 (9.9) 156 (11.0) 9012 (9.9) 0.04 797 (10.5) 136 (10.8) 661 (10.5) 0.01

(continued)
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Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts (continued)

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Other comorbidities
Pregnancy 264 (0.3) 0 (0.0) 264 (0.3) −0.08 NA (NA) NA (NA) NA (NA) −0.02
Blood loss anemia 1097 (1.2) 12 (0.9) 1085 (1.2) −0.03 58 (0.8) 11 (0.9) 47 (0.8) 0.01
Cardiac arrhythmias 13 024 (14.1) 222 (15.6) 12 802 (14.0) 0.05 1069 (14.1) 198 (15.7) 871 (13.8) 0.05
Congestive heart failure 8112 (8.8) 114 (8.0) 7998 (8.8) −0.03 507 (6.7) 107 (8.5) 400 (6.4) 0.08
Coagulopathy 2401 (2.6) 44 (3.1) 2357 (2.6) 0.03 189 (2.5) 37 (2.9) 152 (2.4) 0.03
Chronic pulmonary disease 22 193 (23.9) 341 (24.0) 21 852 (23.9) 0.00 1768 (23.4) 311 (24.7) 1457 (23.1) 0.04
Deficiency anemia 5795 (6.3) 81 (5.7) 5714 (6.3) −0.02 396 (5.2) 77 (6.1) 319 (5.1) 0.05
Diabetes, uncomplicated 23 380 (25.2) 371 (26.2) 23 009 (25.2) 0.02 1923 (25.4) 336 (26.7) 1587 (25.2) 0.03
Diabetes, complicated 17 133 (18.5) 267 (18.8) 16 866 (18.5) 0.01 1407 (18.6) 243 (19.3) 1164 (18.5) 0.02
Diabetes 27 257 (29.4) 432 (30.4) 26 825 (29.4) 0.02 2227 (29.5) 390 (31.0) 1837 (29.2) 0.04
Fluid and electrolyte
disorders

9125 (9.8) 106 (7.5) 9019 (9.9) −0.09 555 (7.3) 98 (7.8) 457 (7.3) 0.02

HIV 379 (0.4) <11 (NA) >368 (NA) −0.02 21 (0.3) <11 (NA) >10 (NA) −0.01
Hypertension,
uncomplicated

55 671 (60.0) 913 (64.3) 54 758 (60.0) 0.09 4684 (62.0) 811 (64.4) 3873 (61.5) 0.06

Hypertension, complicated 9503 (10.3) 126 (8.9) 9377 (10.3) −0.05 626 (8.3) 116 (9.2) 510 (8.1) 0.04
Hypertension 56 886 (61.4) 934 (65.8) 55 952 (61.3) 0.09 4766 (63.0) 830 (65.9) 3936 (62.5) 0.07
Hypothyroidism 15 392 (16.6) 259 (18.3) 15 133 (16.6) 0.04 1294 (17.1) 230 (18.3) 1064 (16.9) 0.04
Liver disease 4602 (5.0) 73 (5.1) 4529 (5.0) 0.01 382 (5.1) 63 (5) 319 (5.1) −0.00
Obesity 15 034 (16.2) 251 (17.7) 14 783 (16.2) 0.04 1276 (16.9) 221 (17.5) 1055 (16.8) 0.02
Other neurological deficits 5950 (6.4) 88 (6.2) 5862 (6.4) −0.01 428 (5.7) 77 (6.1) 351 (5.6) 0.02
Pulmonary circulation
disorders

2383 (2.6) 31 (2.2) 2352 (2.6) −0.03 146 (1.9) 29 (2.3) 117 (1.9) 0.03

Peptic ulcer disease 1091 (1.2) 18 (1.3) 1073 (1.2) 0.01 93 (1.2) 16 (1.3) 77 (1.2) 0.00
Peripheral vascular disease 9948 (10.7) 152 (10.7) 9796 (10.7) −0.00 733 (9.7) 135 (10.7) 598 (9.5) 0.04
Paralysis 1012 (1.1) <11 (NA) >1001 (NA) −0.06 41 (0.54) <11 (NA) >30 (NA) 0.01
Kidney failure 9377 (10.1) 142 (10.0) 9235 (10.1) −0.00 698 (9.2) 129 (10.2) 569 (9.0) 0.04
Valvular disease 5981 (6.5) 85 (6.0) 5896 (6.5) −0.02 457 (6.0) 74 (5.9) 383 (6.1) −0.01
Weight loss 2771 (3.0) 31 (2.2) 2740 (3) −0.05 166 (2.2) 28 (2.2) 138 (2.2) 0.00

Health care utilization and costs
All-cause cost of care, $

Baseline total costs, PMPM
Mean (SD) 2261 (4639) 2003 (3513) 2265 (4654) −0.06 2138 (4241) 1993 (3487) 2167 (4376) −0.04
Median (IQR) 958

(436-2312)
1162
(646-2181)

954
(433-2316)

1060
(557-2253)

1139
(619-2142)

1045
(544-2283)

Baseline medical costs,
PMPM

Mean (SD) 1718 (4292) 1406 (3288) 1723 (4306) −0.08 1550 (3570) 1389 (3242) 1582 (3632) −0.06
Median (IQR) 542

(222-1496)
691
(371-1324)

539
(221-1501)

625
(310-1429)

679
(363-1300)

613
(300-1464)

Baseline outpatient
pharmacy costs, PMPM

Mean (SD) 543 (1595) 597 (1031) 542 (1603) 0.04 588 (2215) 604 (1064) 585 (2379) 0.01
Median (IQR) 193 (71-532) 275 (107-662) 192 (70-530) 229 (86-602) 281 (102-665) 219 (83-590)

All-cause health care
resource utilization

Baseline emergency
department stays

Mean (SD) 0.6 (1.4) 0.5 (1.2) 0.6 (1.4) −0.09 0.5 (1.3) 0.5 (1.2) 0.5 (1.3) −0.04
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1)

Baseline emergency
department days

Mean (SD) 0.7 (3.4) 0.6 (1.5) 0.7 (3.4) −0.07 0.6 (1.7) 0.5 (1.5) 0.6 (1.8) −0.06
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1)

Baseline inpatient stays
Mean (SD) 0.2 (0.6) 0.1 (0.4) 0.2 (0.6) −0.20 0.1 (0.4) 0.1 (0.4) 0.2 (0.4) −0.09
Median (IQR) 0 0 0 0 0 0

Abbreviations: MME, morphinemilligram equivalent; NA, not available; NSAID, nonsteroidal anti-inflammatory drug; PMPM, per member per month;
SMD, standardizedmean difference; SNRI, serotonin and norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant.
a Small numbers (n <11) cannot be reported according to the Optum Labs cell size suppression policy.
bUnknown/multiple refers to patients with unknown race or ethnicity or included in multiple categories.
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Discussion

In this large, real-world, comparative effectiveness re-
search study comparing well-matched SCS and CMM
patients, permanent SCS placement was not associated
with a meaningful reduction in use of pharmacologic
(including opioids) or nonpharmacologic interventions
used for chronic pain at 2 years. Although patients treated
with SCS received fewer epidural and facet cortico-
steroid injections and radiofrequency ablations within
the first year after permanent device placement, perhaps
due to time spent on efforts to establish SCS effectiveness
for pain treatment, these differences were not present in
the second year. SCS was also associated with risk, in-
cluding device removal or revision in more than one-fifth
of patients.

The lack of reduction in pharmacotherapy, epidural and
facet corticosteroid injections, and radiofrequency ablations
at 2 years among patients receiving SCS compared with
those receiving CMM suggests that SCS was providing insuf-

ficient pain relief to forego other therapies or improve rates
of depression or anxiety, as prescriptions for these drug
classes did not decline. There is often a significant placebo
effect to pain management procedures,25 including SCS.12

A systematic review of RCTs of SCS vs placebo found low to
very low certainty of benefits on pain intensity.10 Because
most patients still had their permanent SCS in place at 2
years, some may receive prolonged benefit from this modal-
ity, although we were not able to identify this through reduc-
tions in opioid use or nonpharmacologic pain interventions.
Future research should seek to identify these possible sub-
groups and examine other endpoints that may be important
to patients.

These findings also suggest that, despite recommenda-
tions that SCS be placed to reduce the need for opioids,5

this may not occur successfully in most patients who
are receiving a contemporary SCS. In May 2018, the FDA
announced an initiative to encourage device innovation
to target pain26; however, all but a single SCS within the
past 20 years have been approved based on literature
reviews and not original clinical trials7; this means limited

Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts (continued)

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Epidural and facet
corticosteroid injections

18 178 (19.6) 610 (43.0) 17 568 (19.2) 0.53 3003 (39.7) 507 (40.2) 2496 (39.6) 0.01

Radiofrequency ablation 3325 (3.6) 126 (8.9) 3199 (3.5) 0.22 495 (6.6) 92 (7.3) 403 (6.4) 0.04
Spine surgery 8645 (9.3) 193 (13.6) 8452 (9.3) 0.14 853 (11.3) 159 (12.6) 694 (11.0) 0.05
Other nonpharmacologic,
nonintervention treatments
during baseline

Physical therapy 10 170 (11.0) 152 (10.7) 10 018 (11.0) −0.01 874 (11.6) 139 (11.0) 735 (11.7) −0.02
Acupuncture 595 (0.6) <11 (NA) >584 (NA) −0.04 27 (0.36) <11 (NA) >16 (NA) 0.01
Chiropractor 5672 (6.1) 76 (5.4) 5596 (6.1) −0.03 422 (5.6) 69 (5.5) 353 (5.6) −0.01
Any nonpharmacologic,
nonintervention treatment

15 047 (16.2) 219 (15.4) 14 828 (16.2) −0.02 1235 (16.3) 199 (15.8) 1036 (16.4) −0.02

Pharmacologic treatment
during baseline

Opioids 70 746 (76.3) 1128 (79.5) 69 618 (76.2) 0.08 5854 (77.4) 996 (79.1) 4858 (77.1) 0.05
NSAIDs 29 921 (32.3) 458 (32.3) 29 463 (32.3) 0.00 2507 (33.2) 416 (33.0) 2091 (33.2) −0.00
Muscle relaxants 27 975 (30.2) 463 (32.6) 27 512 (30.1) 0.05 2526 (33.4) 413 (32.8) 2113 (33.5) −0.02
TCA/SNRI antidepressants 19 536 (21.1) 446 (31.4) 19 090 (20.9) 0.24 2141 (28.3) 370 (29.4) 1771 (28.1) 0.03
Gabapentinoids 34 732 (37.5) 786 (55.4) 33 946 (37.2) 0.37 3891 (51.5) 674 (53.5) 3217 (51.1) 0.05
Benzodiazepines 29 721 (32.1) 512 (36.1) 29 209 (32.0) 0.09 2615 (34.6) 457 (36.3) 2158 (34.3) 0.04
Oral steroids 22 849 (24.6) 344 (24.2) 22 505 (24.7) −0.01 1824 (24.1) 316 (25.1) 1508 (23.9) 0.03

Musculoskeletal
comorbidities

Fibromyalgia 7199 (7.8) 114 (8.0) 7085 (7.8) 0.01 542 (7.2) 101 (8.0) 441 (7) 0.04
Spine disk disease 66 987 (72.2) 1339 (94.4) 65 648 (71.9) 0.63 7074 (93.6) 1181 (93.7) 5893 (93.5) 0.01
Traumatic spine injury 6057 (6.5) 129 (9.1) 5928 (6.5) 0.10 595 (7.9) 111 (8.8) 484 (7.7) 0.04
Osteoporosis 5544 (6.0) 89 (6.3) 5455 (6.0) 0.01 486 (6.4) 76 (6.0) 410 (6.5) −0.02
Osteoarthritis 14 182 (15.3) 320 (22.6) 13 862 (15.2) 0.19 1579 (20.9) 275 (21.8) 1304 (20.7) 0.03

Mental health comorbidities
Anxiety 23 530 (25.4) 406 (28.6) 23 124 (25.3) 0.07 2124 (28.1) 359 (28.5) 1765 (28.0) 0.01
History of benzodiazepine
use disorder

538 (0.6) 11 (0.8) 527 (0.6) 0.02 43 (0.6) 11 (0.9) 32 (0.5) 0.04

Alcohol use disorder 2090 (2.3) 21 (1.5) 2069 (2.3) −0.06 132 (1.75) 20 (1.59) 112 (1.78) −0.01
Depression 22 706 (24.5) 660 (46.5) 22 046 (24.1) 0.48 2999 (39.7) 515 (40.9) 2484 (39.4) 0.03
Psychosis 1466 (1.6) 13 (0.9) 1453 (1.6) −0.06 73 (1.0) 13 (1.0) 60 (1.0) 0.01
Substance abuse disorder 9168 (9.9) 156 (11.0) 9012 (9.9) 0.04 797 (10.5) 136 (10.8) 661 (10.5) 0.01
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Table 1. Patient Characteristics for Prematch and Postmatched Patient Cohorts (continued)

Characteristic

Final prematch cohort 24 mo Final postmatch cohort 24 mo
No. (%)

SMD

No. (%)

SMD
Total
(n = 92 726)

SCS
(n = 1419)

CMM
(n = 91 307)

Total
(n = 7560)

SCS
(n = 1260)

CMM
(n = 6300)

Other comorbidities
Pregnancy 264 (0.3) 0 (0.0) 264 (0.3) −0.08 NA (NA) NA (NA) NA (NA) −0.02
Blood loss anemia 1097 (1.2) 12 (0.9) 1085 (1.2) −0.03 58 (0.8) 11 (0.9) 47 (0.8) 0.01
Cardiac arrhythmias 13 024 (14.1) 222 (15.6) 12 802 (14.0) 0.05 1069 (14.1) 198 (15.7) 871 (13.8) 0.05
Congestive heart failure 8112 (8.8) 114 (8.0) 7998 (8.8) −0.03 507 (6.7) 107 (8.5) 400 (6.4) 0.08
Coagulopathy 2401 (2.6) 44 (3.1) 2357 (2.6) 0.03 189 (2.5) 37 (2.9) 152 (2.4) 0.03
Chronic pulmonary disease 22 193 (23.9) 341 (24.0) 21 852 (23.9) 0.00 1768 (23.4) 311 (24.7) 1457 (23.1) 0.04
Deficiency anemia 5795 (6.3) 81 (5.7) 5714 (6.3) −0.02 396 (5.2) 77 (6.1) 319 (5.1) 0.05
Diabetes, uncomplicated 23 380 (25.2) 371 (26.2) 23 009 (25.2) 0.02 1923 (25.4) 336 (26.7) 1587 (25.2) 0.03
Diabetes, complicated 17 133 (18.5) 267 (18.8) 16 866 (18.5) 0.01 1407 (18.6) 243 (19.3) 1164 (18.5) 0.02
Diabetes 27 257 (29.4) 432 (30.4) 26 825 (29.4) 0.02 2227 (29.5) 390 (31.0) 1837 (29.2) 0.04
Fluid and electrolyte
disorders

9125 (9.8) 106 (7.5) 9019 (9.9) −0.09 555 (7.3) 98 (7.8) 457 (7.3) 0.02

HIV 379 (0.4) <11 (NA) >368 (NA) −0.02 21 (0.3) <11 (NA) >10 (NA) −0.01
Hypertension,
uncomplicated

55 671 (60.0) 913 (64.3) 54 758 (60.0) 0.09 4684 (62.0) 811 (64.4) 3873 (61.5) 0.06

Hypertension, complicated 9503 (10.3) 126 (8.9) 9377 (10.3) −0.05 626 (8.3) 116 (9.2) 510 (8.1) 0.04
Hypertension 56 886 (61.4) 934 (65.8) 55 952 (61.3) 0.09 4766 (63.0) 830 (65.9) 3936 (62.5) 0.07
Hypothyroidism 15 392 (16.6) 259 (18.3) 15 133 (16.6) 0.04 1294 (17.1) 230 (18.3) 1064 (16.9) 0.04
Liver disease 4602 (5.0) 73 (5.1) 4529 (5.0) 0.01 382 (5.1) 63 (5) 319 (5.1) −0.00
Obesity 15 034 (16.2) 251 (17.7) 14 783 (16.2) 0.04 1276 (16.9) 221 (17.5) 1055 (16.8) 0.02
Other neurological deficits 5950 (6.4) 88 (6.2) 5862 (6.4) −0.01 428 (5.7) 77 (6.1) 351 (5.6) 0.02
Pulmonary circulation
disorders

2383 (2.6) 31 (2.2) 2352 (2.6) −0.03 146 (1.9) 29 (2.3) 117 (1.9) 0.03

Peptic ulcer disease 1091 (1.2) 18 (1.3) 1073 (1.2) 0.01 93 (1.2) 16 (1.3) 77 (1.2) 0.00
Peripheral vascular disease 9948 (10.7) 152 (10.7) 9796 (10.7) −0.00 733 (9.7) 135 (10.7) 598 (9.5) 0.04
Paralysis 1012 (1.1) <11 (NA) >1001 (NA) −0.06 41 (0.54) <11 (NA) >30 (NA) 0.01
Kidney failure 9377 (10.1) 142 (10.0) 9235 (10.1) −0.00 698 (9.2) 129 (10.2) 569 (9.0) 0.04
Valvular disease 5981 (6.5) 85 (6.0) 5896 (6.5) −0.02 457 (6.0) 74 (5.9) 383 (6.1) −0.01
Weight loss 2771 (3.0) 31 (2.2) 2740 (3) −0.05 166 (2.2) 28 (2.2) 138 (2.2) 0.00

Health care utilization and costs
All-cause cost of care, $

Baseline total costs, PMPM
Mean (SD) 2261 (4639) 2003 (3513) 2265 (4654) −0.06 2138 (4241) 1993 (3487) 2167 (4376) −0.04
Median (IQR) 958

(436-2312)
1162
(646-2181)

954
(433-2316)

1060
(557-2253)

1139
(619-2142)

1045
(544-2283)

Baseline medical costs,
PMPM

Mean (SD) 1718 (4292) 1406 (3288) 1723 (4306) −0.08 1550 (3570) 1389 (3242) 1582 (3632) −0.06
Median (IQR) 542

(222-1496)
691
(371-1324)

539
(221-1501)

625
(310-1429)

679
(363-1300)

613
(300-1464)

Baseline outpatient
pharmacy costs, PMPM

Mean (SD) 543 (1595) 597 (1031) 542 (1603) 0.04 588 (2215) 604 (1064) 585 (2379) 0.01
Median (IQR) 193 (71-532) 275 (107-662) 192 (70-530) 229 (86-602) 281 (102-665) 219 (83-590)

All-cause health care
resource utilization

Baseline emergency
department stays

Mean (SD) 0.6 (1.4) 0.5 (1.2) 0.6 (1.4) −0.09 0.5 (1.3) 0.5 (1.2) 0.5 (1.3) −0.04
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1)

Baseline emergency
department days

Mean (SD) 0.7 (3.4) 0.6 (1.5) 0.7 (3.4) −0.07 0.6 (1.7) 0.5 (1.5) 0.6 (1.8) −0.06
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1)

Baseline inpatient stays
Mean (SD) 0.2 (0.6) 0.1 (0.4) 0.2 (0.6) −0.20 0.1 (0.4) 0.1 (0.4) 0.2 (0.4) −0.09
Median (IQR) 0 0 0 0 0 0

Abbreviations: MME, morphinemilligram equivalent; NA, not available; NSAID, nonsteroidal anti-inflammatory drug; PMPM, per member per month;
SMD, standardizedmean difference; SNRI, serotonin and norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant.
a Small numbers (n <11) cannot be reported according to the Optum Labs cell size suppression policy.
bUnknown/multiple refers to patients with unknown race or ethnicity or included in multiple categories.
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data support SCS that are used in clinical practice.
A prior meta-analysis of 5 clinical trials, 4 of which were
industry funded, found a minor reduction in opioid use
after SCSs compared with CMM.27 In contrast, a recent
independent study with 1-year follow-up of patients
postlaminectomy found small, clinically questionable
opioid discontinuation associated with SCSs.28 We ex-
tend these findings to 2 years and several additional
endpoints among a broader population receiving SCS
for multiple indications.

SCSs may also be associated with harm in some pa-
tients. Nearly one-fifth of patients treated with SCSs experi-
enced device-related complications within 2 years.
Even more had their devices removed or revised. More
than two-fifths of SCS explants are for lack of pain relief.29 In
this context, the greater than 100 000 adverse event re-

ports filed with FDA over the past 4 years3 and 49 SCS-
related recalls in the past 20 years7 indicate significant risks
to patients.

SCS also have high costs: $39000 more in the first year
among patients treated with SCS than CMM. This additional
spendingwasnot recouped in the secondyear after SCSplace-
ment because patients continued to receive similar amounts
of both pharmacologic and nonpharmacologic treatment.
Althoughwedidnotconducta formalcost-effectivenessanaly-
sis, someprior research (primarily industry-funded)has found
these devices to be cost-effective,30-32 whereas those con-
ducted by independent investigators have found SCSs to not
be cost-effective.33

Back pain, with or without extremity pain, has high
prevalence: more than one-fourth of patients report
back pain within the past 3 months.34 With more than

Table 2. Pain andHealthCareUtilization24MonthsAfter Permanent Spinal CordStimulator (SCS)
ImplantationvsConventionalMedicalManagement (CMM)

Variable Follow-up, mo Total(n = 7560) SCS (n = 1260) CMM (n = 6300)
Surrogates of pain
Average MME 1-12

Mean (SD) 33.5 (65.5) 33.0 (60.7) 33.6 (66.4)
Median (IQR) 9.6 (0.7-39.1) 11.8 (1.9-38.2) 9.0 (0.5-39.2)

Average MME 13-24
Mean (SD) 28.3 (55.6) 27.1 (49.2) 28.5 (56.8)
Median (IQR) 5.3 (0.0-35.1) 6.0 (0.0-34.4) 5.2 (0.0-35.1)

No. of opioid scripts 1-12
Mean (SD) 8.3 (8.2) 8.9 (7.8) 8.2 (8.2)
Median (IQR) 7 (1-13) 7 (2-13) 6 (1-13)

No. of opioid scripts 13-24
Mean (SD) 7.4 (8.0) 7.4 (7.6) 7.4 (8.0)
Median (IQR) 5 (0-12) 5 (0-12) 5 (0-12)

Chronic opioid use 1-12 3952 (52.3) 692 (54.9) 3260 (51.8)
13-24 3615 (47.8) 617 (49.0) 2998 (47.6)

Long-acting opioid use 1-12 1449 (19.2) 284 (22.5) 1165 (18.5)
13-24 1259 (16.7) 231 (18.3) 1028 (16.3)

High MME 1-12 3984 (52.7) 815 (64.7) 3169 (50.3)
13-24 3318 (43.9) 563 (44.7) 2755 (43.7)

Epidural and facet corticosteroid injections 1-12 2693 (35.6) 273 (21.7) 2420 (38.4)
13-24 1895 (25.1) 314 (24.9) 1581 (25.1)

Radiofrequency ablation 1-12 644 (8.5) 67 (5.3) 577 (9.2)
13-24 494 (6.5) 72 (5.7) 422 (6.7)

Advanced imaging 1-12 2440 (32.3) 367 (29.1) 2073 (32.9)
13-24 2194 (29.0) 357 (28.3) 1837 (29.2)

Spine surgery 1-12 1364 (18.0) 179 (14.2) 1185 (18.8)
13-24 957 (12.7) 148 (11.8) 809 (12.8)

Pharmacologic treatment during follow-up
NSAIDs 1-12 2944 (38.9) 476 (37.8) 2468 (39.2)

13-24 2674 (35.4) 442 (35.1) 2232 (35.4)
Muscle relaxants 1-12 3158 (41.8) 558 (44.3) 2600 (41.3)

13-24 2909 (38.5) 495 (39.3) 2414 (38.3)
Systemic steroids 1-12 2614 (34.6) 422 (33.5) 2192 (34.8)

13-24 2532 (33.5) 444 (35.2) 2088 (33.1)
TCA/SNRI antidepressants 1-12 2397 (31.7) 412 (32.7) 1985 (31.5)

13-24 2305 (30.5) 419 (33.3) 1886 (29.9)
Gabapentinoids 1-12 3996 (52.9) 681 (54.1) 3315 (52.6)

13-24 3714 (49.1) 671 (53.3) 3043 (48.3)
Benzodiazepines 1-12 2702 (35.7) 451 (35.8) 2251 (35.7)

13-24 2407 (31.8) 371 (29.4) 2036 (32.3)

(continued)
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Table 2. Pain and Health Care Utilization 24Months After Permanent Spinal Cord Stimulator (SCS)
Implantation vs Conventional Medical Management (CMM) (continued)

Variable Follow-up, mo Total(n = 7560) SCS (n = 1260) CMM (n = 6300)
Health care utilization and costs, $
All-cause cost of care

Total costs, PMPM Baseline
Mean (SD) 2138 (4241) 1993 (3487) 2167 (4376)
Median (IQR) 1060 (557-2253) 1139 (619-2142) 1045 (544-2283)

Follow-up total costs, PMPM 1-12
Mean (SD) 2789 (4220) 5531 (4188) 2240 (4008)
Median (IQR) 1500 (649-3641) 4488 (3319-6436) 1182 (559-2552)

Follow-up total costs, PMPM 13-24
Mean (SD) 2120 (3682) 2171 (2845) 2109 (3827)
Median (IQR) 1070 (479-2434) 1263 (548-2638) 1035 (464-2398)

Medical costs, PMPM Baseline
Mean (SD) 1550 (3571) 1389 (3242) 1582 (3632)
Median (IQR) 625 (310-1429) 679

(363-1300)
613 (300-1464)

Follow-up medical costs, PMPM 1-12
Mean (SD) 2184 (3492) 4916 (3917) 1638 (3127)
Median (IQR) 921 (362-2932) 3910 (2987-5616) 690 (307-1738)

Follow-up medical costs, PMPM 13-24
Mean (SD) 1498 (2785) 1557 (2487) 1486 (2840)
Median (IQR) 595 (253-1618) 695

(278-1786)
579 (247-1583)

Outpatient pharmacy costs, PMPM Baseline
Mean (SD) 588 (2215) 604 (1064) 585 (2379)
Median (IQR) 229 (86-602) 281 (102-665) 219 (83-590)

Follow-up outpatient pharmacy costs, PMPM 1-12
Mean (SD) 604 (2249) 615.1 (1120) 602 (2412)
Median (IQR) 240 (93-610) 290 (111-648) 231 (90-601)

Follow-up outpatient pharmacy costs, PMPM 13-24
Mean (SD) 622 (2282) 614 (1097) 623.6 (2451)
Median (IQR) 232 (87-604) 283 (108-662) 223 (85-590)

All-cause health care resource utilization
Follow-up inpatient stays 1-12

Mean (SD) 0.3 (0.8) 0.3 (0.7) 0.3 (0.8)
Median (IQR) 0 (0-0) 0 (0-0) 0 (0-0)

Follow-up inpatient stays 13-24
Mean (SD) 0.3 (0.8) 0.3 (0.7) 0.3 (0.8)
Median (IQR) 0 (0-0) 0 (0-0) 0 (0-0)

Follow-up ED stays 1-12
Mean (SD) 1.0 (2.2) 0.9 (2.0) 1.0 (2.2)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED stays 13-24
Mean (SD) 0.9 (2.0) 0.9 (1.8) 0.9 (2.1)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED, d 1-12
Mean (SD) 1.2 (3.0) 1.2 (2.7) 1.2 (3.0)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED, d 13-24
Mean (SD) 1.2 (3.0) 1.1 (2.4) 1.2 (3.1)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Office visits Baseline
Mean (SD) 12.1 (9.0) 13.3 (8.7) 11.9 (9.0)
Median (IQR) 10 (6-16) 11 (7-17) 10 (6-15)

Follow-up office visits 1-12
Mean (SD) 22.5 (16.6) 23.0 (16.2) 22.5 (16.7)
Median (IQR) 19 (11-29) 20 (12-30) 19 (11-29)

Follow-up office visits 13-24
Mean (SD) 21.1 (16.8) 22.4 (18.0) 20.8 (16.5)
Median (IQR) 17 (10-27) 18 (11-29) 17 (10-27)

Abbreviations: ED, emergency department; MME, morphinemilligram equivalent; NSAID, nonsteroidal anti-inflammatory drug; PMPM, per member per month;
SNRI, serotonin and norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant.
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data support SCS that are used in clinical practice.
A prior meta-analysis of 5 clinical trials, 4 of which were
industry funded, found a minor reduction in opioid use
after SCSs compared with CMM.27 In contrast, a recent
independent study with 1-year follow-up of patients
postlaminectomy found small, clinically questionable
opioid discontinuation associated with SCSs.28 We ex-
tend these findings to 2 years and several additional
endpoints among a broader population receiving SCS
for multiple indications.

SCSs may also be associated with harm in some pa-
tients. Nearly one-fifth of patients treated with SCSs experi-
enced device-related complications within 2 years.
Even more had their devices removed or revised. More
than two-fifths of SCS explants are for lack of pain relief.29 In
this context, the greater than 100 000 adverse event re-

ports filed with FDA over the past 4 years3 and 49 SCS-
related recalls in the past 20 years7 indicate significant risks
to patients.

SCS also have high costs: $39000 more in the first year
among patients treated with SCS than CMM. This additional
spendingwasnot recouped in the secondyear after SCSplace-
ment because patients continued to receive similar amounts
of both pharmacologic and nonpharmacologic treatment.
Althoughwedidnotconducta formalcost-effectivenessanaly-
sis, someprior research (primarily industry-funded)has found
these devices to be cost-effective,30-32 whereas those con-
ducted by independent investigators have found SCSs to not
be cost-effective.33

Back pain, with or without extremity pain, has high
prevalence: more than one-fourth of patients report
back pain within the past 3 months.34 With more than

Table 2. Pain andHealthCareUtilization24MonthsAfter Permanent Spinal CordStimulator (SCS)
ImplantationvsConventionalMedicalManagement (CMM)

Variable Follow-up, mo Total(n = 7560) SCS (n = 1260) CMM (n = 6300)
Surrogates of pain
Average MME 1-12

Mean (SD) 33.5 (65.5) 33.0 (60.7) 33.6 (66.4)
Median (IQR) 9.6 (0.7-39.1) 11.8 (1.9-38.2) 9.0 (0.5-39.2)

Average MME 13-24
Mean (SD) 28.3 (55.6) 27.1 (49.2) 28.5 (56.8)
Median (IQR) 5.3 (0.0-35.1) 6.0 (0.0-34.4) 5.2 (0.0-35.1)

No. of opioid scripts 1-12
Mean (SD) 8.3 (8.2) 8.9 (7.8) 8.2 (8.2)
Median (IQR) 7 (1-13) 7 (2-13) 6 (1-13)

No. of opioid scripts 13-24
Mean (SD) 7.4 (8.0) 7.4 (7.6) 7.4 (8.0)
Median (IQR) 5 (0-12) 5 (0-12) 5 (0-12)

Chronic opioid use 1-12 3952 (52.3) 692 (54.9) 3260 (51.8)
13-24 3615 (47.8) 617 (49.0) 2998 (47.6)

Long-acting opioid use 1-12 1449 (19.2) 284 (22.5) 1165 (18.5)
13-24 1259 (16.7) 231 (18.3) 1028 (16.3)

High MME 1-12 3984 (52.7) 815 (64.7) 3169 (50.3)
13-24 3318 (43.9) 563 (44.7) 2755 (43.7)

Epidural and facet corticosteroid injections 1-12 2693 (35.6) 273 (21.7) 2420 (38.4)
13-24 1895 (25.1) 314 (24.9) 1581 (25.1)

Radiofrequency ablation 1-12 644 (8.5) 67 (5.3) 577 (9.2)
13-24 494 (6.5) 72 (5.7) 422 (6.7)

Advanced imaging 1-12 2440 (32.3) 367 (29.1) 2073 (32.9)
13-24 2194 (29.0) 357 (28.3) 1837 (29.2)

Spine surgery 1-12 1364 (18.0) 179 (14.2) 1185 (18.8)
13-24 957 (12.7) 148 (11.8) 809 (12.8)

Pharmacologic treatment during follow-up
NSAIDs 1-12 2944 (38.9) 476 (37.8) 2468 (39.2)

13-24 2674 (35.4) 442 (35.1) 2232 (35.4)
Muscle relaxants 1-12 3158 (41.8) 558 (44.3) 2600 (41.3)

13-24 2909 (38.5) 495 (39.3) 2414 (38.3)
Systemic steroids 1-12 2614 (34.6) 422 (33.5) 2192 (34.8)

13-24 2532 (33.5) 444 (35.2) 2088 (33.1)
TCA/SNRI antidepressants 1-12 2397 (31.7) 412 (32.7) 1985 (31.5)

13-24 2305 (30.5) 419 (33.3) 1886 (29.9)
Gabapentinoids 1-12 3996 (52.9) 681 (54.1) 3315 (52.6)

13-24 3714 (49.1) 671 (53.3) 3043 (48.3)
Benzodiazepines 1-12 2702 (35.7) 451 (35.8) 2251 (35.7)

13-24 2407 (31.8) 371 (29.4) 2036 (32.3)

(continued)
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Table 2. Pain and Health Care Utilization 24Months After Permanent Spinal Cord Stimulator (SCS)
Implantation vs Conventional Medical Management (CMM) (continued)

Variable Follow-up, mo Total(n = 7560) SCS (n = 1260) CMM (n = 6300)
Health care utilization and costs, $
All-cause cost of care

Total costs, PMPM Baseline
Mean (SD) 2138 (4241) 1993 (3487) 2167 (4376)
Median (IQR) 1060 (557-2253) 1139 (619-2142) 1045 (544-2283)

Follow-up total costs, PMPM 1-12
Mean (SD) 2789 (4220) 5531 (4188) 2240 (4008)
Median (IQR) 1500 (649-3641) 4488 (3319-6436) 1182 (559-2552)

Follow-up total costs, PMPM 13-24
Mean (SD) 2120 (3682) 2171 (2845) 2109 (3827)
Median (IQR) 1070 (479-2434) 1263 (548-2638) 1035 (464-2398)

Medical costs, PMPM Baseline
Mean (SD) 1550 (3571) 1389 (3242) 1582 (3632)
Median (IQR) 625 (310-1429) 679

(363-1300)
613 (300-1464)

Follow-up medical costs, PMPM 1-12
Mean (SD) 2184 (3492) 4916 (3917) 1638 (3127)
Median (IQR) 921 (362-2932) 3910 (2987-5616) 690 (307-1738)

Follow-up medical costs, PMPM 13-24
Mean (SD) 1498 (2785) 1557 (2487) 1486 (2840)
Median (IQR) 595 (253-1618) 695

(278-1786)
579 (247-1583)

Outpatient pharmacy costs, PMPM Baseline
Mean (SD) 588 (2215) 604 (1064) 585 (2379)
Median (IQR) 229 (86-602) 281 (102-665) 219 (83-590)

Follow-up outpatient pharmacy costs, PMPM 1-12
Mean (SD) 604 (2249) 615.1 (1120) 602 (2412)
Median (IQR) 240 (93-610) 290 (111-648) 231 (90-601)

Follow-up outpatient pharmacy costs, PMPM 13-24
Mean (SD) 622 (2282) 614 (1097) 623.6 (2451)
Median (IQR) 232 (87-604) 283 (108-662) 223 (85-590)

All-cause health care resource utilization
Follow-up inpatient stays 1-12

Mean (SD) 0.3 (0.8) 0.3 (0.7) 0.3 (0.8)
Median (IQR) 0 (0-0) 0 (0-0) 0 (0-0)

Follow-up inpatient stays 13-24
Mean (SD) 0.3 (0.8) 0.3 (0.7) 0.3 (0.8)
Median (IQR) 0 (0-0) 0 (0-0) 0 (0-0)

Follow-up ED stays 1-12
Mean (SD) 1.0 (2.2) 0.9 (2.0) 1.0 (2.2)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED stays 13-24
Mean (SD) 0.9 (2.0) 0.9 (1.8) 0.9 (2.1)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED, d 1-12
Mean (SD) 1.2 (3.0) 1.2 (2.7) 1.2 (3.0)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Follow-up ED, d 13-24
Mean (SD) 1.2 (3.0) 1.1 (2.4) 1.2 (3.1)
Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Office visits Baseline
Mean (SD) 12.1 (9.0) 13.3 (8.7) 11.9 (9.0)
Median (IQR) 10 (6-16) 11 (7-17) 10 (6-15)

Follow-up office visits 1-12
Mean (SD) 22.5 (16.6) 23.0 (16.2) 22.5 (16.7)
Median (IQR) 19 (11-29) 20 (12-30) 19 (11-29)

Follow-up office visits 13-24
Mean (SD) 21.1 (16.8) 22.4 (18.0) 20.8 (16.5)
Median (IQR) 17 (10-27) 18 (11-29) 17 (10-27)

Abbreviations: ED, emergency department; MME, morphinemilligram equivalent; NSAID, nonsteroidal anti-inflammatory drug; PMPM, per member per month;
SNRI, serotonin and norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant.
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$100 billion in annual total costs,35 health plans must
support use of safe and benefic ial evidence-based
therapies.6,36,37 The higher total costs of care that we
observed associated with SCSs were primarily borne by
health plans, particularly commercial insurance, and
could result in higher premiums for all beneficiaries.
Clinical practice guidelines provide strong recommendations
that patients with chronic low back pain should initially
use nonpharmacologic therapies such as exercise, re-
habilitation, and cognitive behavioral therapy and then
carefully selected pharmacologic treatment.38 Treatment of
concurrent conditions, such as anxiety and depression,
is also essential to effective pain treatment. A recent
investigation by the US Department of Health and
Human Services Office of Inspector General found that
Medicare had overpaid by more than $600 million for
neurostimulator implantation procedures, primarily be-
cause other treatments had not been trialed and a multidis-
ciplinary approach to pain management had not been
used.39

Limitations
Our findings should be considered in the context of study
limitations. First, as with any observational study, results
could be subject to residual confounding; patients receiving
SCSs were a small group overall and may differ in unmea-
sured ways from patients who did not receive SCS. However,
we used 65 variables for propensity matching. Although we
were unable to account for pain scores within the matching
process, we did include both pharmacologic and nonphar-
macologic treatments that are strong surrogates for pain,
with small standardized mean differences indicating a
robust match, including by underlying pain diagnosis.
Observational studies will be the sole source of long-term
comparative data because SCS are widely available, and
the FDA has not required new clinical trials for SCS approv-
als. Second, there is a movement toward ascertaining more
holistic outcomes as a composite of multiple factors to
evaluate success of SCS.40 Although these outcomes could

Table 3. Propensity Score–Matched Generalized Estimating
EquationModel for Clinical OutcomesWithin 24Months
After Permanent Spinal Cord Stimulator Placement
vs Conventional Medical Management

Outcome Follow-up, mo
Odds ratio
(95% CI)

Chronic opioid use 1-12 1.14 (1.01-1.29)

13-24 1.06 (0.94-1.20)

Long-acting opioid use 1-12 1.28 (1.11-1.49)

13-24 1.16 (0.99-1.36)

High MME 1-12 1.81 (1.60-2.04)

13-24 1.04 (0.92-1.18)

Epidural and facet corticosteroid
injections

1-12 0.44 (0.39-0.51)

13-24 1.00 (0.87-1.14)

Radiofrequency ablation 1-12 0.57 (0.44-0.72)

13-24 0.84 (0.66-1.09)

Advanced imaging 1-12 0.84 (0.74-0.96)

13-24 0.97 (0.85-1.11)

Spine surgery 1-12 0.72 (0.61-0.85)

13-24 0.91 (0.75-1.09)

NSAIDs 1-12 0.95 (0.83-1.07)

13-24 0.99 (0.87-1.13)

Muscle relaxants 1-12 1.13 (0.99-1.28)

13-24 1.03 (0.91-1.17)

Systemic steroids 1-12 0.94 (0.83-1.07)

13-24 1.09 (0.97-1.24)

TCA/SNRI antidepressants 1-12 1.05 (0.92-1.20)

13-24 1.16 (1.02-1.32)

Gabapentinoids 1-12 1.06 (0.94-1.20)

13-24 1.22 (1.08-1.37)

Benzodiazepines 1-12 1.01 (0.88-1.14)

13-24 0.87 (0.76-1.00)

Abbreviations: MME, morphinemilligram equivalents; NSAID, nonsteroidal
anti-inflammatory drug; SNRI, serotonin and norepinephrine reuptake inhibitor;
TCA, tricyclic antidepressant.

Figure. Costs of Care Among Propensity-Matched Patients TreatedWith Spinal Cord Stimulators (SCSs)
vs Conventional Medical Management (CMM)
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not be evaluated using our data source, prospective studies
should evaluate the benefits of SCS on holistic outcomes.40

Third, it is possible that patients with chronic pain could
have received benefit from SCS but required medications
and procedures for other areas of pain. Fourth, our data
set did not include functional measures such as quality
of life or ability to return to work, nor the impact of mea-
sured complications on patients. However, ascertainment of
these outcomes is only possible for prospective studies
that have dedicated mechanisms to ascertain these data.
Fifth, our study population did not include individuals with
Medicare fee-for-service or Medicaid insurance. Sixth,
chronic pain is a diagnosis that often lasts longer than
the 6-month clean period that we used and some patients
were excluded because of insufficient longitudinal data,
which may limit study generalizability; however, character-
istics between included and excluded patients were not
clinically different.

Conclusions
In conclusion, results of this large comparative effectiveness
research study examining SCSs compared with CMM for
chronic pain suggest a lack of clinical benefit for most pa-
tients and possible harm to some. There may be opportuni-
ties to redeploy the high—and increasing—use and spending
associated with SCS toward more evidence-based interven-
tions for chronic pain relief.
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Table 4. Spinal Cord Stimulator (SCS)–Related Complications
and Revisions or Removals Among 1260 PatientsWithin 24Months
After Permanent Device Implantation

Complications/revisions or removals
No. of months after
SCS placement No. (%)

Complications

Breakdown of lead/generator 1-12 56 (4.4)

13-24 16 (1.3)

Displacement of lead/generator 1-12 22 (1.8)

13-24 NA (NA)a

Infection/inflammation of
lead/generator

1-12 26 (2.1)

13-24 NA (NA)

Other mechanical complications
of lead/generator

1-12 117 (9.3)

13-24 51 (4.1)

Any complication of lead/generator 1-12 176 (14.0)

1-24 226 (17.9)

Revision or removals

Revision of lead/generator 1-12 184 (14.6)

13-24 75 (6.0)

Lead removal 1-12 95 (7.5)

13-24 50 (4.0)

Generator removal 1-12 23 (1.8)

13-24 NA (NA)

Any removal/revision
of lead/generator

1-12 217 (17.2)

1-24 279 (22.1)

Abbreviation: NA, not applicable.
a Small numbers (n <11) cannot be reported according to the Optum Labs cell
size suppression policy.
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$100 billion in annual total costs,35 health plans must
support use of safe and benefic ial evidence-based
therapies.6,36,37 The higher total costs of care that we
observed associated with SCSs were primarily borne by
health plans, particularly commercial insurance, and
could result in higher premiums for all beneficiaries.
Clinical practice guidelines provide strong recommendations
that patients with chronic low back pain should initially
use nonpharmacologic therapies such as exercise, re-
habilitation, and cognitive behavioral therapy and then
carefully selected pharmacologic treatment.38 Treatment of
concurrent conditions, such as anxiety and depression,
is also essential to effective pain treatment. A recent
investigation by the US Department of Health and
Human Services Office of Inspector General found that
Medicare had overpaid by more than $600 million for
neurostimulator implantation procedures, primarily be-
cause other treatments had not been trialed and a multidis-
ciplinary approach to pain management had not been
used.39

Limitations
Our findings should be considered in the context of study
limitations. First, as with any observational study, results
could be subject to residual confounding; patients receiving
SCSs were a small group overall and may differ in unmea-
sured ways from patients who did not receive SCS. However,
we used 65 variables for propensity matching. Although we
were unable to account for pain scores within the matching
process, we did include both pharmacologic and nonphar-
macologic treatments that are strong surrogates for pain,
with small standardized mean differences indicating a
robust match, including by underlying pain diagnosis.
Observational studies will be the sole source of long-term
comparative data because SCS are widely available, and
the FDA has not required new clinical trials for SCS approv-
als. Second, there is a movement toward ascertaining more
holistic outcomes as a composite of multiple factors to
evaluate success of SCS.40 Although these outcomes could

Table 3. Propensity Score–Matched Generalized Estimating
EquationModel for Clinical OutcomesWithin 24Months
After Permanent Spinal Cord Stimulator Placement
vs Conventional Medical Management

Outcome Follow-up, mo
Odds ratio
(95% CI)

Chronic opioid use 1-12 1.14 (1.01-1.29)

13-24 1.06 (0.94-1.20)

Long-acting opioid use 1-12 1.28 (1.11-1.49)

13-24 1.16 (0.99-1.36)

High MME 1-12 1.81 (1.60-2.04)

13-24 1.04 (0.92-1.18)

Epidural and facet corticosteroid
injections

1-12 0.44 (0.39-0.51)

13-24 1.00 (0.87-1.14)

Radiofrequency ablation 1-12 0.57 (0.44-0.72)

13-24 0.84 (0.66-1.09)

Advanced imaging 1-12 0.84 (0.74-0.96)

13-24 0.97 (0.85-1.11)

Spine surgery 1-12 0.72 (0.61-0.85)

13-24 0.91 (0.75-1.09)

NSAIDs 1-12 0.95 (0.83-1.07)

13-24 0.99 (0.87-1.13)

Muscle relaxants 1-12 1.13 (0.99-1.28)

13-24 1.03 (0.91-1.17)

Systemic steroids 1-12 0.94 (0.83-1.07)

13-24 1.09 (0.97-1.24)

TCA/SNRI antidepressants 1-12 1.05 (0.92-1.20)

13-24 1.16 (1.02-1.32)

Gabapentinoids 1-12 1.06 (0.94-1.20)

13-24 1.22 (1.08-1.37)

Benzodiazepines 1-12 1.01 (0.88-1.14)

13-24 0.87 (0.76-1.00)

Abbreviations: MME, morphinemilligram equivalents; NSAID, nonsteroidal
anti-inflammatory drug; SNRI, serotonin and norepinephrine reuptake inhibitor;
TCA, tricyclic antidepressant.

Figure. Costs of Care Among Propensity-Matched Patients TreatedWith Spinal Cord Stimulators (SCSs)
vs Conventional Medical Management (CMM)
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not be evaluated using our data source, prospective studies
should evaluate the benefits of SCS on holistic outcomes.40

Third, it is possible that patients with chronic pain could
have received benefit from SCS but required medications
and procedures for other areas of pain. Fourth, our data
set did not include functional measures such as quality
of life or ability to return to work, nor the impact of mea-
sured complications on patients. However, ascertainment of
these outcomes is only possible for prospective studies
that have dedicated mechanisms to ascertain these data.
Fifth, our study population did not include individuals with
Medicare fee-for-service or Medicaid insurance. Sixth,
chronic pain is a diagnosis that often lasts longer than
the 6-month clean period that we used and some patients
were excluded because of insufficient longitudinal data,
which may limit study generalizability; however, character-
istics between included and excluded patients were not
clinically different.

Conclusions
In conclusion, results of this large comparative effectiveness
research study examining SCSs compared with CMM for
chronic pain suggest a lack of clinical benefit for most pa-
tients and possible harm to some. There may be opportuni-
ties to redeploy the high—and increasing—use and spending
associated with SCS toward more evidence-based interven-
tions for chronic pain relief.
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Table 4. Spinal Cord Stimulator (SCS)–Related Complications
and Revisions or Removals Among 1260 PatientsWithin 24Months
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IMPORTANCE Autoimmune encephalitis misdiagnosis can lead to harm.

OBJECTIVE To determine the diseases misdiagnosed as autoimmune encephalitis
and potential reasons for misdiagnosis.

DESIGN, SETTING, AND PARTICIPANTS This retrospectivemulticenter study took place from
January 1, 2014, to December 31, 2020, at autoimmune encephalitis subspecialty outpatient
clinics including Mayo Clinic (n = 44), University of Oxford (n = 18), University of Texas
Southwestern (n = 18), University of California, San Francisco (n = 17), Washington University
in St Louis (n = 6), and University of Utah (n = 4). Inclusion criteria were adults (age �18
years) with a prior autoimmune encephalitis diagnosis at a participating center or other
medical facility and a subsequent alternative diagnosis at a participating center.
A total of 393 patients were referred with an autoimmune encephalitis diagnosis,
and of those, 286 patients with true autoimmune encephalitis were excluded.

MAIN OUTCOMES ANDMEASURES Data were collected on clinical features, investigations,
fulfillment of autoimmune encephalitis criteria, alternative diagnoses, potential contributors
to misdiagnosis, and immunotherapy adverse reactions.

RESULTS A total of 107 patients were misdiagnosed with autoimmune encephalitis, and 77
(72%) did not fulfill diagnostic criteria for autoimmune encephalitis. Themedian (IQR) age
was 48 (35.5-60.5) years and 65 (61%) were female. Correct diagnoses included functional
neurologic disorder (27 [25%]), neurodegenerative disease (22 [20.5%]), primary psychiatric
disease (19 [18%]), cognitive deficits from comorbidities (11 [10%]), cerebral neoplasm
(10 [9.5%]), and other (18 [17%]). Onset was acute/subacute in 56 (52%) or insidious
(>3months) in 51 (48%). Magnetic resonance imaging of the brain was suggestive of
encephalitis in 19 of 104 patients (18%) and cerebrospinal fluid (CSF) pleocytosis occurred in
16 of 84 patients (19%). Thyroid peroxidase antibodies were elevated in 24 of 62 patients
(39%). Positive neural autoantibodies were more frequent in serum than CSF (48 of 105
[46%] vs 7 of 91 [8%]) and included 1 or more of GAD65 (n = 14), voltage-gated potassium
channel complex (LGI1 and CASPR2 negative) (n = 10), N-methyl-D-aspartate receptor by
cell-based assay only (n = 10; 6 negative in CSF), and other (n = 18). Adverse reactions from
immunotherapies occurred in 17 of 84 patients (20%). Potential contributors to misdiagnosis
included overinterpretation of positive serum antibodies (53 [50%]), misinterpretation of
functional/psychiatric, or nonspecific cognitive dysfunction as encephalopathy (41 [38%]).

CONCLUSIONS AND RELEVANCEWhen evaluating for autoimmune encephalitis, a broad
differential diagnosis should be considered andmisdiagnosis occurs in many settings
including at specialized centers. In this study, red flags suggesting alternative diagnoses
included an insidious onset, positive nonspecific serum antibody, and failure to fulfill
autoimmune encephalitis diagnostic criteria. Autoimmune encephalitis misdiagnosis
leads to morbidity from unnecessary immunotherapies and delayed treatment of
the correct diagnosis.
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IMPORTANCE Autoimmune encephalitis misdiagnosis can lead to harm.

OBJECTIVE To determine the diseases misdiagnosed as autoimmune encephalitis
and potential reasons for misdiagnosis.

DESIGN, SETTING, AND PARTICIPANTS This retrospectivemulticenter study took place from
January 1, 2014, to December 31, 2020, at autoimmune encephalitis subspecialty outpatient
clinics including Mayo Clinic (n = 44), University of Oxford (n = 18), University of Texas
Southwestern (n = 18), University of California, San Francisco (n = 17), Washington University
in St Louis (n = 6), and University of Utah (n = 4). Inclusion criteria were adults (age �18
years) with a prior autoimmune encephalitis diagnosis at a participating center or other
medical facility and a subsequent alternative diagnosis at a participating center.
A total of 393 patients were referred with an autoimmune encephalitis diagnosis,
and of those, 286 patients with true autoimmune encephalitis were excluded.

MAIN OUTCOMES ANDMEASURES Data were collected on clinical features, investigations,
fulfillment of autoimmune encephalitis criteria, alternative diagnoses, potential contributors
to misdiagnosis, and immunotherapy adverse reactions.

RESULTS A total of 107 patients were misdiagnosed with autoimmune encephalitis, and 77
(72%) did not fulfill diagnostic criteria for autoimmune encephalitis. Themedian (IQR) age
was 48 (35.5-60.5) years and 65 (61%) were female. Correct diagnoses included functional
neurologic disorder (27 [25%]), neurodegenerative disease (22 [20.5%]), primary psychiatric
disease (19 [18%]), cognitive deficits from comorbidities (11 [10%]), cerebral neoplasm
(10 [9.5%]), and other (18 [17%]). Onset was acute/subacute in 56 (52%) or insidious
(>3months) in 51 (48%). Magnetic resonance imaging of the brain was suggestive of
encephalitis in 19 of 104 patients (18%) and cerebrospinal fluid (CSF) pleocytosis occurred in
16 of 84 patients (19%). Thyroid peroxidase antibodies were elevated in 24 of 62 patients
(39%). Positive neural autoantibodies were more frequent in serum than CSF (48 of 105
[46%] vs 7 of 91 [8%]) and included 1 or more of GAD65 (n = 14), voltage-gated potassium
channel complex (LGI1 and CASPR2 negative) (n = 10), N-methyl-D-aspartate receptor by
cell-based assay only (n = 10; 6 negative in CSF), and other (n = 18). Adverse reactions from
immunotherapies occurred in 17 of 84 patients (20%). Potential contributors to misdiagnosis
included overinterpretation of positive serum antibodies (53 [50%]), misinterpretation of
functional/psychiatric, or nonspecific cognitive dysfunction as encephalopathy (41 [38%]).

CONCLUSIONS AND RELEVANCEWhen evaluating for autoimmune encephalitis, a broad
differential diagnosis should be considered andmisdiagnosis occurs in many settings
including at specialized centers. In this study, red flags suggesting alternative diagnoses
included an insidious onset, positive nonspecific serum antibody, and failure to fulfill
autoimmune encephalitis diagnostic criteria. Autoimmune encephalitis misdiagnosis
leads to morbidity from unnecessary immunotherapies and delayed treatment of
the correct diagnosis.
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A utoimmune encephalitis is increasingly a diagnostic
consideration in patients with subacute onset of
memory loss, altered mental status, and/or psychiat-

ric symptoms—core features of proposed diagnostic criteria.1

Detectionof autoimmuneencephalitis is increasing over time
withnewneuralautoantibodybiomarkerdiscoveryandgreater
awareness among clinicians, although the diagnosis remains
rare overall.2 Diagnostic mimics of autoimmune encephalitis
are farmoreprevalent thanautoimmuneencephalitis, includ-
ing toxic/metabolic encephalopathies, functional neurologi-
cal disorders, primary psychiatric disease, neurodegenera-
tivedisorders, neoplasms, andepilepsy.2,3Althoughdiscovery
of novel antineuronal and antiglial autoantibodies has im-
proved diagnostic sensitivity for autoimmune encephalitis,
specificityvariesbyantibody type, testmethodology, andpre-
test probability.4 Thus, there is a potential for false-positive
autoantibody results in patients with diseases other than
autoimmune encephalitis, which can contribute to
misdiagnosis.5-7 Inmuch of the autoimmune encephalitis lit-
erature, there is emphasis on patients in whom the diagnosis
of autoimmune encephalitis was initially erroneously over-
looked. Yet, there are limited data concerning patients ini-
tially incorrectly diagnosed with autoimmune encephalitis
and their subsequent correct diagnosis. This is an important
topic given the risk of patient harm associated with misdiag-
nosis, including morbidity from adverse effects of immuno-
therapies anddelay of appropriate treatment.8We report data
from an international multicenter study of autoimmune en-
cephalitis misdiagnosis across 6 subspecialty centers to ana-
lyzepatientsmisdiagnosedwithautoimmuneencephalitis and
identify possible contributors to misdiagnosis.

Methods
TheMayoClinic institutional reviewboardapproved thismul-
ticenter study (#19-004926), and institutional review board
approval also occurred at each respective site with all pa-
tients either providing written consent or patients included
under an institutional reviewboard approved consentwaiver
forminimal risk retrospective studies. This studywas a retro-
spective multicenter observational study that followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline for reporting
observational studies.

Inclusion Criteria
Inclusion criteria were adult patients (18 years or older) at
the time of neurologic evaluation at a participating site with
(1) a prior autoimmune encephalitis diagnosis assigned at
another medical center or at the participating site and occur-
ring in the inpatient or outpatient setting and (2) a subse-
quent alternative diagnosis made at an in-person visit at
one of the participating outpatient autoimmune neurology
clinics. Alternative diagnoses were defined as a definite
alternative diagnosis when diagnostic testing confirmed
the diagnosis (eg, brain biopsy revealing tumor) or as a
clinical alternative diagnosis when definitive confirmation

(eg, biopsy) was not available or it was a purely clinical diag-
nosis (eg, primary psychiatric disease).

Patient Identification at Participating Centers
and Frequency ofMisdiagnosis
vs Actual Autoimmune Encephalitis Diagnosis
Six academic medical centers with subspecialty expertise in
autoimmune neurology participated. These included Mayo
Clinic inRochester,Minnesota (autoimmuneneurologyclinic);
University of Oxford in Oxford, United Kingdom (autoim-
mune neurology clinic); University of Texas Southwestern in
Dallas (autoimmune neurology clinic); University of Califor-
nia, San Francisco in San Francisco (Department of Neurol-
ogyMultiple Sclerosis/Neuroinflammationclinic, theMemory
and Aging Center clinic or through the Memory and Aging
Center rapidlyprogressivedementia researchprogram);Wash-
ingtonUniversity inStLouis,Missouri (rapidlyprogressivede-
mentia/autoimmuneencephalitisclinic);andUniversityofUtah
inSaltLakeCity (autoimmuneneurologyclinic).Patientsevalu-
ated clinicallybetween January 1, 2014, toDecember 31, 2020,
were considered for study enrollment. Data on 2 patients in-
cluded in the study were previously published in case
reports.9,10 At theUniversity of California San Fransisco, only
patientswho received immunotherapy for their presumedau-
toimmune encephalitis diagnosis were included. Details on
numbersof trueautoimmuneencephalitisover thesamestudy
time frame, when available, were also collected to assess its
frequency.

Data Collection
Participating centers provideddeidentifieddatadetailing age,
sex, clinical, and paraclinical variables from patients misdi-
agnosedwith autoimmuneencephalitis.Dataon race andeth-
nicity were not collected. Data on the requirements for part 1
and part 2 of the diagnostic criteria for possible autoimmune
encephalitis (a requirement for diagnosis of any autoimmune
encephalitis category) were also specifically collected and
include1 (1) subacute onset (rapid progression of <3 months)
of working memory deficits (short-term memory loss), al-
tered mental status, or psychiatric symptoms and (2) at least
one of the following: new focal central nervous system find-
ings, seizures not explained by a previously known seizure

Key Points
Question What diseases are misdiagnosed as autoimmune
encephalitis and which factors contribute to misdiagnosis?

Findings In this case series of 107 outpatients misdiagnosed
with autoimmune encephalitis, approximately half had functional
neurologic or psychiatric disorders. An insidious rather than
subacute onset and lack of magnetic resonance imaging or
cerebrospinal fluid findings suggestive of inflammation
were clues to misdiagnosis; overinterpretation of serum
nonspecific antibodies was a major contributor to misdiagnosis.

Meaning A broad range of disorders are misdiagnosed as
autoimmune encephalitis andmisdiagnosis occurs in many
settings including at specialized centers participating in this study.
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disorder, cerebrospinal fluid (CSF)pleocytosis (whitebloodcell
count of >5 cells/mm3), or magnetic resonance imaging
(MRI) brain features of encephalitis with either hyperintense
signal on T2-weighted fluid-attenuated inversion recovery
sequenceshighly restricted to 1 or bothmedial temporal lobes
(limbic encephalitis) or inmultifocal areas involvinggraymat-
ter, white matter, or both compatible with demyelination or
inflammation.

Failure to fulfill both part 1 and 2 of the criteria precludes
a diagnosis of any category of autoimmune encephalitis. Part
3 of the autoimmune encephalitis diagnostic criteria was not
analyzed as this component specifies reasonable exclusion of
alternative diagnoses, which by design of the present study
would be difficult to quantify retrospectively.

Data collected included age at symptom onset, sex, and
time fromdiseaseonset to correct diagnosis, insidious (symp-
tomsdevelopingover ≥3months) vs subacute (<3months) on-
set, cancer history, thyroid autoimmunity, or other autoim-
mune disorders. Results of neuropsychological testing were
classified as normal (for age and education) or abnormal.
We collecteddata on elevated IgG index, CSF-restrictedoligo-
clonal bands, electroencephalogram (categorized as normal,
showing epileptiform activity [clinical or subclinical sei-
zures, spikes, or sharpwaves], slowingor other findings), thy-
roid peroxidase antibodies, other serologic evidence of
systemicautoimmunity, andserumandCSFanti-neuralorglial
antibodies (including informationon titer andassay typewhen
available). Brainbiopsyor autopsydetailswereobtainedwhen
applicable. Information on immunotherapies and adverse
reactions were also collected.

Participatingsitesselectedfromthefollowingpotential rea-
sons formisdiagnosis in eachpatient: (1) overinterpretationof
a nonspecific positive antibody; (2) failure to accept an alter-
native psychiatric diagnosis; (3) misclassification of func-
tional neurologic symptoms as true neurologic abnormali-
ties; (4) overinterpretationofnonspecific cognitive symptoms
as encephalitis; or (5) other. Therewas also a free text section
for additional reasons for misdiagnosis.

Statistical Analysis
Descriptive statistics were used. For categorical variables,
frequency and percent were used, whereas for continuous
variables, median and range or interquartile range were
used. JMP Pro, version 14.1.0 (JMP Statistical Discovery LLC)
was used.

Results
Demographics and Clinical Characteristics
We included 107 patients misdiagnosed as having autoim-
mune encephalitis at the 6 participating centers. Themedian
(IQR) age at symptom onset was 48 (35.5-60.5) years and 65
(61%) were female. The median (IQR) time from onset to the
correct diagnosis was 16 (7-40)months. A history of any type
of autoimmune disease was noted in 44 individuals (41%), of
whom 34 (77%) had thyroid autoimmunity. Six patients (6%)
had a history of cancer outside of the nervous system. Symp-

tom onset was insidious in 51 of 107 patients (48%), although
some had superimposed subacute worsening.

Frequency ofMisdiagnosis Compared
With Confirmed Diagnoses of Autoimmune Encephalitis
Autoimmune encephalitismisdiagnosis occurred in 107 indi-
viduals during a period over which 286 were correctly diag-
nosedashavingautoimmuneencephalitis.This includedMayo
Clinic (misdiagnosis, 44; true diagnosis, 100); University of
Oxford (misdiagnosis, 18; true diagnosis, 125); University of
Texas Southwestern (misdiagnosis, 18; true diagnosis, 19);
University of California, SanFrancisco (misdiagnosis, 17; true
diagnosis, not available); Washington University in St Louis
(misdiagnosis, 6; true diagnosis, 42); and University of Utah
(misdiagnosis, 4; true diagnosis, not available).

DisordersMisdiagnosed as Autoimmune Encephalitis
Alternativediagnoses are detailed inTable 1,with imaging ex-
amples in the Figure. Of 107 patients, 17 (16%) had a definite
alternative diagnosis confirmed on biopsy (astrocytoma, 6;
lymphoma, 2; medulloblastoma, 1; neuronal intranuclear in-
clusiondisease, 1), autopsy (Creutzfeldt-Jakobdisease, 1; Alz-
heimer disease, 1), with genetic testing (mitochondrial en-
cephalomyopathy lactic acidosis and strokelike episodes, 2;
behavioral variant frontotemporal dementiawithgenetic con-
firmation of a valosin containing protein variant, 1), infec-
tious testing (HIVpositive, 1) andother laboratory testing (thia-
mine deficiency, 1). The remaining 90 alternative clinical
diagnoses were often supported by laboratory testing and
imaging and are demonstrated by the cases highlighted in
Figure E and F.

Fulfillment of Diagnostic Criteria
for Possible Autoimmune Encephalitis
Those fulfilling part 1 of the criteria had 1 ormore of a clinical
presentation of a subacute onset (rapid progression of
<3months)with 1 ormore ofworkingmemorydeficits (short-
termmemory loss) (36 [34%]), alteredmental status (43 [40%]),
or psychiatric symptoms (42 [39%]).

Those fulfilling part 2 of the criteria had 1 or more of the
following: (1) focal central nervous system findings in 31
patients (29%); (2) seizures not explained by a previously
known seizure disorder in 26 patients (24%); (3) CSF pleocy-
tosis in 16 of 84 patients (19%); or (4) MRI brain features sug-
gestive of encephalitis in 19 of 104 patients (18%) with either
features of limbic encephalitis in 10 (Figure A) or multifocal
abnormalities compatible with demyelination or inflamma-
tion in 9 (Figure B-D).

In total, 77 patients (72%) did not fulfill autoimmune
encephalitisdiagnostic criteria as they lacked requirements for
possible autoimmune encephalitis diagnosis, which is a
prerequisite for any other autoimmune encephalitis diagnos-
tic category.

Antibody Testing
Thyroid peroxidase antibodies were positive in 24 of 62 indi-
viduals (39%).Nineteenpatients had coexisting serologic evi-
dence of systemic autoimmunity with antinuclear antibody
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A utoimmune encephalitis is increasingly a diagnostic
consideration in patients with subacute onset of
memory loss, altered mental status, and/or psychiat-

ric symptoms—core features of proposed diagnostic criteria.1

Detectionof autoimmuneencephalitis is increasing over time
withnewneuralautoantibodybiomarkerdiscoveryandgreater
awareness among clinicians, although the diagnosis remains
rare overall.2 Diagnostic mimics of autoimmune encephalitis
are farmoreprevalent thanautoimmuneencephalitis, includ-
ing toxic/metabolic encephalopathies, functional neurologi-
cal disorders, primary psychiatric disease, neurodegenera-
tivedisorders, neoplasms, andepilepsy.2,3Althoughdiscovery
of novel antineuronal and antiglial autoantibodies has im-
proved diagnostic sensitivity for autoimmune encephalitis,
specificityvariesbyantibody type, testmethodology, andpre-
test probability.4 Thus, there is a potential for false-positive
autoantibody results in patients with diseases other than
autoimmune encephalitis, which can contribute to
misdiagnosis.5-7 Inmuch of the autoimmune encephalitis lit-
erature, there is emphasis on patients in whom the diagnosis
of autoimmune encephalitis was initially erroneously over-
looked. Yet, there are limited data concerning patients ini-
tially incorrectly diagnosed with autoimmune encephalitis
and their subsequent correct diagnosis. This is an important
topic given the risk of patient harm associated with misdiag-
nosis, including morbidity from adverse effects of immuno-
therapies anddelay of appropriate treatment.8We report data
from an international multicenter study of autoimmune en-
cephalitis misdiagnosis across 6 subspecialty centers to ana-
lyzepatientsmisdiagnosedwithautoimmuneencephalitis and
identify possible contributors to misdiagnosis.

Methods
TheMayoClinic institutional reviewboardapproved thismul-
ticenter study (#19-004926), and institutional review board
approval also occurred at each respective site with all pa-
tients either providing written consent or patients included
under an institutional reviewboard approved consentwaiver
forminimal risk retrospective studies. This studywas a retro-
spective multicenter observational study that followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline for reporting
observational studies.

Inclusion Criteria
Inclusion criteria were adult patients (18 years or older) at
the time of neurologic evaluation at a participating site with
(1) a prior autoimmune encephalitis diagnosis assigned at
another medical center or at the participating site and occur-
ring in the inpatient or outpatient setting and (2) a subse-
quent alternative diagnosis made at an in-person visit at
one of the participating outpatient autoimmune neurology
clinics. Alternative diagnoses were defined as a definite
alternative diagnosis when diagnostic testing confirmed
the diagnosis (eg, brain biopsy revealing tumor) or as a
clinical alternative diagnosis when definitive confirmation

(eg, biopsy) was not available or it was a purely clinical diag-
nosis (eg, primary psychiatric disease).

Patient Identification at Participating Centers
and Frequency ofMisdiagnosis
vs Actual Autoimmune Encephalitis Diagnosis
Six academic medical centers with subspecialty expertise in
autoimmune neurology participated. These included Mayo
Clinic inRochester,Minnesota (autoimmuneneurologyclinic);
University of Oxford in Oxford, United Kingdom (autoim-
mune neurology clinic); University of Texas Southwestern in
Dallas (autoimmune neurology clinic); University of Califor-
nia, San Francisco in San Francisco (Department of Neurol-
ogyMultiple Sclerosis/Neuroinflammationclinic, theMemory
and Aging Center clinic or through the Memory and Aging
Center rapidlyprogressivedementia researchprogram);Wash-
ingtonUniversity inStLouis,Missouri (rapidlyprogressivede-
mentia/autoimmuneencephalitisclinic);andUniversityofUtah
inSaltLakeCity (autoimmuneneurologyclinic).Patientsevalu-
ated clinicallybetween January 1, 2014, toDecember 31, 2020,
were considered for study enrollment. Data on 2 patients in-
cluded in the study were previously published in case
reports.9,10 At theUniversity of California San Fransisco, only
patientswho received immunotherapy for their presumedau-
toimmune encephalitis diagnosis were included. Details on
numbersof trueautoimmuneencephalitisover thesamestudy
time frame, when available, were also collected to assess its
frequency.

Data Collection
Participating centers provideddeidentifieddatadetailing age,
sex, clinical, and paraclinical variables from patients misdi-
agnosedwith autoimmuneencephalitis.Dataon race andeth-
nicity were not collected. Data on the requirements for part 1
and part 2 of the diagnostic criteria for possible autoimmune
encephalitis (a requirement for diagnosis of any autoimmune
encephalitis category) were also specifically collected and
include1 (1) subacute onset (rapid progression of <3 months)
of working memory deficits (short-term memory loss), al-
tered mental status, or psychiatric symptoms and (2) at least
one of the following: new focal central nervous system find-
ings, seizures not explained by a previously known seizure

Key Points
Question What diseases are misdiagnosed as autoimmune
encephalitis and which factors contribute to misdiagnosis?

Findings In this case series of 107 outpatients misdiagnosed
with autoimmune encephalitis, approximately half had functional
neurologic or psychiatric disorders. An insidious rather than
subacute onset and lack of magnetic resonance imaging or
cerebrospinal fluid findings suggestive of inflammation
were clues to misdiagnosis; overinterpretation of serum
nonspecific antibodies was a major contributor to misdiagnosis.

Meaning A broad range of disorders are misdiagnosed as
autoimmune encephalitis andmisdiagnosis occurs in many
settings including at specialized centers participating in this study.
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disorder, cerebrospinal fluid (CSF)pleocytosis (whitebloodcell
count of >5 cells/mm3), or magnetic resonance imaging
(MRI) brain features of encephalitis with either hyperintense
signal on T2-weighted fluid-attenuated inversion recovery
sequenceshighly restricted to 1 or bothmedial temporal lobes
(limbic encephalitis) or inmultifocal areas involvinggraymat-
ter, white matter, or both compatible with demyelination or
inflammation.

Failure to fulfill both part 1 and 2 of the criteria precludes
a diagnosis of any category of autoimmune encephalitis. Part
3 of the autoimmune encephalitis diagnostic criteria was not
analyzed as this component specifies reasonable exclusion of
alternative diagnoses, which by design of the present study
would be difficult to quantify retrospectively.

Data collected included age at symptom onset, sex, and
time fromdiseaseonset to correct diagnosis, insidious (symp-
tomsdevelopingover ≥3months) vs subacute (<3months) on-
set, cancer history, thyroid autoimmunity, or other autoim-
mune disorders. Results of neuropsychological testing were
classified as normal (for age and education) or abnormal.
We collecteddata on elevated IgG index, CSF-restrictedoligo-
clonal bands, electroencephalogram (categorized as normal,
showing epileptiform activity [clinical or subclinical sei-
zures, spikes, or sharpwaves], slowingor other findings), thy-
roid peroxidase antibodies, other serologic evidence of
systemicautoimmunity, andserumandCSFanti-neuralorglial
antibodies (including informationon titer andassay typewhen
available). Brainbiopsyor autopsydetailswereobtainedwhen
applicable. Information on immunotherapies and adverse
reactions were also collected.

Participatingsitesselectedfromthefollowingpotential rea-
sons formisdiagnosis in eachpatient: (1) overinterpretationof
a nonspecific positive antibody; (2) failure to accept an alter-
native psychiatric diagnosis; (3) misclassification of func-
tional neurologic symptoms as true neurologic abnormali-
ties; (4) overinterpretationofnonspecific cognitive symptoms
as encephalitis; or (5) other. Therewas also a free text section
for additional reasons for misdiagnosis.

Statistical Analysis
Descriptive statistics were used. For categorical variables,
frequency and percent were used, whereas for continuous
variables, median and range or interquartile range were
used. JMP Pro, version 14.1.0 (JMP Statistical Discovery LLC)
was used.

Results
Demographics and Clinical Characteristics
We included 107 patients misdiagnosed as having autoim-
mune encephalitis at the 6 participating centers. Themedian
(IQR) age at symptom onset was 48 (35.5-60.5) years and 65
(61%) were female. The median (IQR) time from onset to the
correct diagnosis was 16 (7-40)months. A history of any type
of autoimmune disease was noted in 44 individuals (41%), of
whom 34 (77%) had thyroid autoimmunity. Six patients (6%)
had a history of cancer outside of the nervous system. Symp-

tom onset was insidious in 51 of 107 patients (48%), although
some had superimposed subacute worsening.

Frequency ofMisdiagnosis Compared
With Confirmed Diagnoses of Autoimmune Encephalitis
Autoimmune encephalitismisdiagnosis occurred in 107 indi-
viduals during a period over which 286 were correctly diag-
nosedashavingautoimmuneencephalitis.This includedMayo
Clinic (misdiagnosis, 44; true diagnosis, 100); University of
Oxford (misdiagnosis, 18; true diagnosis, 125); University of
Texas Southwestern (misdiagnosis, 18; true diagnosis, 19);
University of California, SanFrancisco (misdiagnosis, 17; true
diagnosis, not available); Washington University in St Louis
(misdiagnosis, 6; true diagnosis, 42); and University of Utah
(misdiagnosis, 4; true diagnosis, not available).

DisordersMisdiagnosed as Autoimmune Encephalitis
Alternativediagnoses are detailed inTable 1,with imaging ex-
amples in the Figure. Of 107 patients, 17 (16%) had a definite
alternative diagnosis confirmed on biopsy (astrocytoma, 6;
lymphoma, 2; medulloblastoma, 1; neuronal intranuclear in-
clusiondisease, 1), autopsy (Creutzfeldt-Jakobdisease, 1; Alz-
heimer disease, 1), with genetic testing (mitochondrial en-
cephalomyopathy lactic acidosis and strokelike episodes, 2;
behavioral variant frontotemporal dementiawithgenetic con-
firmation of a valosin containing protein variant, 1), infec-
tious testing (HIVpositive, 1) andother laboratory testing (thia-
mine deficiency, 1). The remaining 90 alternative clinical
diagnoses were often supported by laboratory testing and
imaging and are demonstrated by the cases highlighted in
Figure E and F.

Fulfillment of Diagnostic Criteria
for Possible Autoimmune Encephalitis
Those fulfilling part 1 of the criteria had 1 ormore of a clinical
presentation of a subacute onset (rapid progression of
<3months)with 1 ormore ofworkingmemorydeficits (short-
termmemory loss) (36 [34%]), alteredmental status (43 [40%]),
or psychiatric symptoms (42 [39%]).

Those fulfilling part 2 of the criteria had 1 or more of the
following: (1) focal central nervous system findings in 31
patients (29%); (2) seizures not explained by a previously
known seizure disorder in 26 patients (24%); (3) CSF pleocy-
tosis in 16 of 84 patients (19%); or (4) MRI brain features sug-
gestive of encephalitis in 19 of 104 patients (18%) with either
features of limbic encephalitis in 10 (Figure A) or multifocal
abnormalities compatible with demyelination or inflamma-
tion in 9 (Figure B-D).

In total, 77 patients (72%) did not fulfill autoimmune
encephalitisdiagnostic criteria as they lacked requirements for
possible autoimmune encephalitis diagnosis, which is a
prerequisite for any other autoimmune encephalitis diagnos-
tic category.

Antibody Testing
Thyroid peroxidase antibodies were positive in 24 of 62 indi-
viduals (39%).Nineteenpatients had coexisting serologic evi-
dence of systemic autoimmunity with antinuclear antibody
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positivity most common. Neural autoantibodies were
identified more often in serum (48 of 105 [46%]) than CSF
(7 of 91 [8%]) and are outlined in Table 2.

Additional Investigations
Neuropsychological test results were abnormal in 38 of 54
patients (70%). Electroencephalogram findings were abnor-
mal in 31 of 79 (39%) and revealed epileptiformabnormalities
in 16 and slowing in 9; details of abnormalitieswere not avail-
able in 6 patients. CSF-restricted oligoclonal bandings or IgG
index positivity occurred in 7 of 82 (9%) tested.

Additional Clinical Details on PatientsWith a CSF Antibody
The 4 patients with N-methyl-D-aspartate receptor (NMDAR)
antibodies in the CSF without evidence on mouse tissue-
based indirect immunofluorescence had HIV-associated leu-
koencephalopathy (Figure C), pathologically confirmed ana-
plastic astrocytoma, functional neurologic disorder, and
behavioral variant frontotemporal dementia, respectively. In
all 4 patients, NMDAR antibodies were also detected in
serum. One patient with an unclassified CSF antibody on
immunohistochemistry had a progressively enlarging brain
mass without immunotherapy response with imaging con-

Table 1. Alternative Final Diagnoses in Those Initially Misdiagnosed as Autoimmune Encephalitis

Alternative diagnosis

No. (%)

Individuals with initial
diagnosis (n = 107)

Individuals who fulfilled
possible autoimmune
encephalitis criteria (n = 30)

Functional neurologic disorder 27 (25) 6 (22)

Neurodegenerative dementia 22 (20.5) 5 (23)

Alzheimer diseasea 6 0

Dementia with Lewy bodiesb 4 1

Behavioral variant frontotemporal dementia 4 2

Creutzfeldt-Jakob disease 2 1

Vascular cognitive impairment 1 0

Otherc 5 1c

Psychiatric disease 19 (18) 2 (11)

Depressiond 7 2

Anxiety 3 0

Schizophrenia 2 0

Bipolar 2 0

Othere 5 0

Nonspecific cognitive syndrome in the setting of ≥1 of
fibromyalgia, chronic fatigue, sleep disorder,
medication adverse reaction, or other comorbidityf

11 (10) 1 (9)f

Neoplasm 10 (9.5) 7 (70)

Glioma (glioblastoma, astrocytoma,
or not otherwise specified)g

7 5

Primary central nervous system lymphoma 2 2

Cerebellar medulloblastoma with cerebellar
cognitive syndrome

1 0

Seizure disorder, nonimmune-mediatedh 5 (4.5) 3 (60)

Infectious 3 (2.5) 1 (33)

Residua of prior viral encephalitis 2 1

HIV leukoencephalopathy 1 0

Mitochondrial encephalomyopathy lactic acidosis
and strokelike episodes

2 (2) 1 (50)

Other metabolic 2 (2) 1 (50)

Adrenal insufficiency 1 0

Wernicke encephalopathy 1 1

Other 6 (6) 3 (50)

Small vessel vasculitis 2 0

Klein Levin syndrome 1 0

Nonimmunotherapy responsive progressive cerebellar
degeneration with cerebellar cognitive syndrome

1 1

Multiple sclerosis and depression 1 1

Nonimmune encephalopathy without further
classification

1 1

a One individual had coexisting
vascular cognitive impairment;
1 patient with prior typical anti-LGI1
encephalitis developed an insidious
dementia in follow-up that was
suspected to be recurrent
autoimmune encephalitis,
but repeat LGI1 antibodies testing
results were negative (and thus we
categorized as antibody negative for
this study), and the patient did not
respond to immunotherapy and
autopsy later confirmed Alzheimer
disease as the cause of the insidious
dementia.

b Two individuals were suspected to
have comorbid Alzheimer disease.

c Progressive supranuclear palsy, 1;
neuronal intranuclear inclusion
disease, 1 (this patient fulfilled
criteria for possible autoimmune
encephalitis); primary lateral
sclerosis with cognitive impairment,
1; amnestic mild cognitive
impairment, 1; neurodegenerative
unclassifiable, 1.

d Two individuals had psychosis,
one of which also had catatonia.

e Depression and anxiety in
combination, 1; developmental
delay with regression, 1; psychiatric
disease without classification, 3.

f Other contributors included
migraine headaches, insomnia,
and psychiatric comorbidity; in this
category, there were oftenmultiple
combinations of these factors
contributing.

g In 1 patient, biopsy confirmation
was not available.

hOne frommultiple cavernous
malformations.
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sistent with glioma (final pathology was not available). One
patient with CSF GAD65 antibodies (titer, 3.01 nmol/L; nor-
mal, ≤0.02 nmol/L) had mixed vascular cognitive impair-
ment and symptomatic Alzheimer disease (CSF biomarker
confirmed). Finally, 1 patient with VGKC autoantibodies
(LGI1 and CASPR2 negative) had cryptogenic epilepsy (not
immune-related).

Treatment Details
Oneormore immunotherapieswereused in84of 107patients
(79%) with treatment-related adverse reactions documented
in 17 of 84 patients (20%) (Table 3).

Reasons forMisdiagnosis
The reasons formisdiagnosis included 1 ormore of overinter-
pretation of a nonspecific positive antibody result (53 [50%]);
misinterpretation of nonspecific symptoms as neurologic

(19 [18%]); imaging findings felt to be consistentwith autoim-
mune encephalitis (15 [14%]); functional neurologic features
mistaken for true neurologic symptoms (14 [13%]); abnormal
cerebrospinal fluid findings (9 [8%]); psychiatric manifesta-
tions thought to be from autoimmune encephalitis (8 [7%]);
failure to accept a psychiatric diagnosis (5 [5%]); or subacute
onset or fluctuating course (4 [4%]).

Discussion
This study highlights that misdiagnosis of autoimmune en-
cephalitis is an important and frequent clinical problem.
Autoimmuneencephalitismisdiagnosiswas identified at par-
ticipating subspecialty outpatient clinics, but the initial incor-
rect autoimmune encephalitis diagnosis occurred at both
outside facilitiesandparticipatingcenters.This showsthatmis-

Figure. Imaging Examples of PatientsWhoWere Initially Thought to Have Autoimmune Encephalitis but Later Had an Alternative Diagnosis Made

Patient with an anaplastic
astrocytoma

A Patient with primary CNS lymphomaB Patient with HIV-associated
leukoencephalopathy

C Patient with genetically
confirmed MELAS

D

Patient with a suspected
neurodegenerative dementia

E Patient with an insidious
onset of dementia

F Patient with autopsy-confirmed Creutzfeldt-Jakob diseaseG

A T2-weighted axial fluid-attenuated inversion recovery (T2-FLAIR) image reveals a left mesial temporal lobe T2-hyperintensity and swelling (A, arrowhead) in a
patient with an anaplastic astrocytoma. Note in retrospect the fullness/enlargement of the affected region, possibly suggesting somemass effect. Axial T2-FLAIR
image reveals bilateral splenium T2-hyperintensity (B, left panel, arrowheads) with multifocal punctate enhancement (B, right panel, arrowheads) in a patient
with primary central nervous system (CNS) lymphoma. An axial T2-FLAIR image reveals bilateral confluent T2-hyperintensity in the subcortical white matter
(C, arrowheads) in a patient with HIV-associated leukoencephalopathy. Axial T2-FLAIR image reveals right temporal cortical swelling and T2-hyperintensity
(D, arrowheads) in a patient with genetically confirmedmitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS). An axial T2-FLAIR
image shows disproportionate bilateral hippocampal atrophy (E, arrowheads) in a patient with a suspected neurodegenerative dementia with features potentially
consistent with mixed Alzheimer disease and dementia with Lewy bodies. 18F-Fluorodeoxyglucose positron emission tomography reveals reduced uptake of glucose
(normal, dark blue/black; mildly reduced, green; moderately reduced, yellow; severely reduced, red) in the frontotemporoparietal region, precuneus and posterior
cingulate (F) most suspicious for underlying Alzheimer disease in a patient with an insidious onset of dementia and elevated cerebrospinal fluid phospho-Tau
and low cerebrospinal fluid amyloid-β 42 also suggestive of this diagnosis. Axial diffusion weighted hyperintensity (G, left panel) and apparent diffusion
coefficient hypointensity (G, right panel) consistent with restricted diffusion in the right caudate and putamen in a patient in whom autopsy later confirmed
Creutzfeldt-Jakob disease.
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positivity most common. Neural autoantibodies were
identified more often in serum (48 of 105 [46%]) than CSF
(7 of 91 [8%]) and are outlined in Table 2.

Additional Investigations
Neuropsychological test results were abnormal in 38 of 54
patients (70%). Electroencephalogram findings were abnor-
mal in 31 of 79 (39%) and revealed epileptiformabnormalities
in 16 and slowing in 9; details of abnormalitieswere not avail-
able in 6 patients. CSF-restricted oligoclonal bandings or IgG
index positivity occurred in 7 of 82 (9%) tested.

Additional Clinical Details on PatientsWith a CSF Antibody
The 4 patients with N-methyl-D-aspartate receptor (NMDAR)
antibodies in the CSF without evidence on mouse tissue-
based indirect immunofluorescence had HIV-associated leu-
koencephalopathy (Figure C), pathologically confirmed ana-
plastic astrocytoma, functional neurologic disorder, and
behavioral variant frontotemporal dementia, respectively. In
all 4 patients, NMDAR antibodies were also detected in
serum. One patient with an unclassified CSF antibody on
immunohistochemistry had a progressively enlarging brain
mass without immunotherapy response with imaging con-

Table 1. Alternative Final Diagnoses in Those Initially Misdiagnosed as Autoimmune Encephalitis

Alternative diagnosis

No. (%)

Individuals with initial
diagnosis (n = 107)

Individuals who fulfilled
possible autoimmune
encephalitis criteria (n = 30)

Functional neurologic disorder 27 (25) 6 (22)

Neurodegenerative dementia 22 (20.5) 5 (23)

Alzheimer diseasea 6 0

Dementia with Lewy bodiesb 4 1

Behavioral variant frontotemporal dementia 4 2

Creutzfeldt-Jakob disease 2 1

Vascular cognitive impairment 1 0

Otherc 5 1c

Psychiatric disease 19 (18) 2 (11)

Depressiond 7 2

Anxiety 3 0

Schizophrenia 2 0

Bipolar 2 0

Othere 5 0

Nonspecific cognitive syndrome in the setting of ≥1 of
fibromyalgia, chronic fatigue, sleep disorder,
medication adverse reaction, or other comorbidityf

11 (10) 1 (9)f

Neoplasm 10 (9.5) 7 (70)

Glioma (glioblastoma, astrocytoma,
or not otherwise specified)g

7 5

Primary central nervous system lymphoma 2 2

Cerebellar medulloblastoma with cerebellar
cognitive syndrome

1 0

Seizure disorder, nonimmune-mediatedh 5 (4.5) 3 (60)

Infectious 3 (2.5) 1 (33)

Residua of prior viral encephalitis 2 1

HIV leukoencephalopathy 1 0

Mitochondrial encephalomyopathy lactic acidosis
and strokelike episodes

2 (2) 1 (50)

Other metabolic 2 (2) 1 (50)

Adrenal insufficiency 1 0

Wernicke encephalopathy 1 1

Other 6 (6) 3 (50)

Small vessel vasculitis 2 0

Klein Levin syndrome 1 0

Nonimmunotherapy responsive progressive cerebellar
degeneration with cerebellar cognitive syndrome

1 1

Multiple sclerosis and depression 1 1

Nonimmune encephalopathy without further
classification

1 1

a One individual had coexisting
vascular cognitive impairment;
1 patient with prior typical anti-LGI1
encephalitis developed an insidious
dementia in follow-up that was
suspected to be recurrent
autoimmune encephalitis,
but repeat LGI1 antibodies testing
results were negative (and thus we
categorized as antibody negative for
this study), and the patient did not
respond to immunotherapy and
autopsy later confirmed Alzheimer
disease as the cause of the insidious
dementia.

b Two individuals were suspected to
have comorbid Alzheimer disease.

c Progressive supranuclear palsy, 1;
neuronal intranuclear inclusion
disease, 1 (this patient fulfilled
criteria for possible autoimmune
encephalitis); primary lateral
sclerosis with cognitive impairment,
1; amnestic mild cognitive
impairment, 1; neurodegenerative
unclassifiable, 1.

d Two individuals had psychosis,
one of which also had catatonia.

e Depression and anxiety in
combination, 1; developmental
delay with regression, 1; psychiatric
disease without classification, 3.

f Other contributors included
migraine headaches, insomnia,
and psychiatric comorbidity; in this
category, there were oftenmultiple
combinations of these factors
contributing.

g In 1 patient, biopsy confirmation
was not available.

hOne frommultiple cavernous
malformations.
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sistent with glioma (final pathology was not available). One
patient with CSF GAD65 antibodies (titer, 3.01 nmol/L; nor-
mal, ≤0.02 nmol/L) had mixed vascular cognitive impair-
ment and symptomatic Alzheimer disease (CSF biomarker
confirmed). Finally, 1 patient with VGKC autoantibodies
(LGI1 and CASPR2 negative) had cryptogenic epilepsy (not
immune-related).

Treatment Details
Oneormore immunotherapieswereused in84of 107patients
(79%) with treatment-related adverse reactions documented
in 17 of 84 patients (20%) (Table 3).

Reasons forMisdiagnosis
The reasons formisdiagnosis included 1 ormore of overinter-
pretation of a nonspecific positive antibody result (53 [50%]);
misinterpretation of nonspecific symptoms as neurologic

(19 [18%]); imaging findings felt to be consistentwith autoim-
mune encephalitis (15 [14%]); functional neurologic features
mistaken for true neurologic symptoms (14 [13%]); abnormal
cerebrospinal fluid findings (9 [8%]); psychiatric manifesta-
tions thought to be from autoimmune encephalitis (8 [7%]);
failure to accept a psychiatric diagnosis (5 [5%]); or subacute
onset or fluctuating course (4 [4%]).

Discussion
This study highlights that misdiagnosis of autoimmune en-
cephalitis is an important and frequent clinical problem.
Autoimmuneencephalitismisdiagnosiswas identified at par-
ticipating subspecialty outpatient clinics, but the initial incor-
rect autoimmune encephalitis diagnosis occurred at both
outside facilitiesandparticipatingcenters.This showsthatmis-

Figure. Imaging Examples of PatientsWhoWere Initially Thought to Have Autoimmune Encephalitis but Later Had an Alternative Diagnosis Made

Patient with an anaplastic
astrocytoma

A Patient with primary CNS lymphomaB Patient with HIV-associated
leukoencephalopathy

C Patient with genetically
confirmed MELAS

D

Patient with a suspected
neurodegenerative dementia

E Patient with an insidious
onset of dementia

F Patient with autopsy-confirmed Creutzfeldt-Jakob diseaseG

A T2-weighted axial fluid-attenuated inversion recovery (T2-FLAIR) image reveals a left mesial temporal lobe T2-hyperintensity and swelling (A, arrowhead) in a
patient with an anaplastic astrocytoma. Note in retrospect the fullness/enlargement of the affected region, possibly suggesting somemass effect. Axial T2-FLAIR
image reveals bilateral splenium T2-hyperintensity (B, left panel, arrowheads) with multifocal punctate enhancement (B, right panel, arrowheads) in a patient
with primary central nervous system (CNS) lymphoma. An axial T2-FLAIR image reveals bilateral confluent T2-hyperintensity in the subcortical white matter
(C, arrowheads) in a patient with HIV-associated leukoencephalopathy. Axial T2-FLAIR image reveals right temporal cortical swelling and T2-hyperintensity
(D, arrowheads) in a patient with genetically confirmedmitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS). An axial T2-FLAIR
image shows disproportionate bilateral hippocampal atrophy (E, arrowheads) in a patient with a suspected neurodegenerative dementia with features potentially
consistent with mixed Alzheimer disease and dementia with Lewy bodies. 18F-Fluorodeoxyglucose positron emission tomography reveals reduced uptake of glucose
(normal, dark blue/black; mildly reduced, green; moderately reduced, yellow; severely reduced, red) in the frontotemporoparietal region, precuneus and posterior
cingulate (F) most suspicious for underlying Alzheimer disease in a patient with an insidious onset of dementia and elevated cerebrospinal fluid phospho-Tau
and low cerebrospinal fluid amyloid-β 42 also suggestive of this diagnosis. Axial diffusion weighted hyperintensity (G, left panel) and apparent diffusion
coefficient hypointensity (G, right panel) consistent with restricted diffusion in the right caudate and putamen in a patient in whom autopsy later confirmed
Creutzfeldt-Jakob disease.
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diagnosis of autoimmune encephalitis can be encountered in
multiple settings, including at autoimmune neurology sub-
speciality clinics with focused expertise. Many of these pa-
tients enduredadelay to their correctdiagnosis for longer than
a year, and one-fifth experiencedmorbidity related to unnec-
essary immunotherapy. Overinterpretation of a nonspecific
autoantibody was a frequent contributor to misdiagnosis.
In 72% of patients, they did not fulfill autoimmune encepha-
litis diagnostic criteria, suggesting more stringent adherence
to these criteria may prevent misdiagnoses. In particular, an
insidious onset of symptoms and absence ofMRI or CSF find-
ings suggestive of neuroinflammation should raise suspicion
for an alternative diagnosis. Yet, patients with LGI1 (themost
commonformofautoimmuneencephalitis), CASPR2mand Ig-
LON5 antibodies can present over long durations with mini-
mal evidenceofparaclinical investigationabnormalities, other
than the autoantibody itself.11-14

Autoimmune encephalitis is a rare condition, with a cu-
mulative incidenceof approximately 3 to9permillionperson-
years and common conditions accounted for a high propor-
tion of cases mistaken for autoimmune encephalitis.2,15,16

This is similar to recent data concerning multiple sclerosis
misdiagnosis.17 Functional neurologic disorders and psychi-
atricdiseasesarehighlyprevalent alternativediagnoseswhose

Table 3. Treatments Used for Autoimmune Encephalitis
and Associated Adverse Reactions

Type of
treatment used

No. of patients
who received
≥1 of each
treatment
(n = 84)

Types and frequency
of documented adverse reactionsa

Corticosteroids
(intravenous, oral,
or both)

78 Steroid-related psychosis or
agitation, 5; mania, 1; depression, 1;
gastritis, 1; avascular necrosis of the
hip, 1; insomnia, 1; heart failure, 1;
colonic fistula, 1; myopathy, 1

Intravenous
immunoglobulin

30 Aseptic meningitis, 2; alopecia, 1;
confusion, 1

Plasma exchange 16 NA

Mycophenolate
mofetil

11 NA

Rituximab 10 Headache, 1

Azathioprine 2 Nausea, 1

Cyclophosphamide 2 NA

Methotrexate 1 NA

Adrenocorticotropic
hormone

1 NA

Abbreviation: NA, not applicable.
a Given the details were obtained frommedical record review at the time of
misdiagnosis, this could underestimate the number of adverse reactions.

Table 2. Positive Neural Antibodies That Contributed toMisdiagnosis of Autoimmune Encephalitis

Positive neural antibody No.a
Assay detection
method Quantitative results with median (range)b Reference rangeb

Serum

GAD65 14 RIA 0.10 (0.07-45.6) nmol/Lc ≤0.02 nmol/L

Voltage-gated potassium-channel-complex
(negative for LGI1 & CASPR2)

10 RIA 0.11 (0.07-1.03) nmol/Lc ≤0.02 nmol/L

NMDARd 10 CBA High titer in 4; moderate titer in 1;
low titer in 1; unavailable titer in 4

Negative

Ganglionic acetylcholine receptor 5 RIA 0.1 (0.05-0.12) nmol/Le ≤0.02 nmol/L

CASPR2f 2 CBA Low titer in both Negative

LGI1f 2 CBA Low titer in both Negative

Muscle acetylcholine receptor 2 RIA 0.27 and 0.44 nmol/L ≤0.02 nmol/L

Voltage-gated calcium channel (N type) 2 RIA 0.16 and 0.27 nmol/L ≤0.03 nmol/L

Striated muscle 2 ELISA 1:480 <1:240

Glycine receptor 1 CBA NA Negative

Amphiphysind 1 WB NA Negative

Multiple positive neural antibodies
in noncertified laboratory

1 Uncertain NA Negative

CSF

NMDARd 4 CBA Low titer in 1; unavailable titer in 3 Negative

Voltage-gated potassium-channel-complex
(Negative for LGI1, CASPR2)

1 RIA Not available ≤0.02 nmol/L

GAD65 1 RIA 3.01 nmol/L ≤0.02 nmol/L

Unclassified neural antibody 1 TIFA Not available Negative

Abbreviations: CASPR2, contactin-associated protein-like 2; CBA, cell-based
assay; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay;
GAD65, glutamic acid decarboxylase 65; LGI1, leucine-rich-glioma-inactivated-1;
NA, not applicable; NMDAR, N-methyl-D-aspartate receptor;
RIA, radioimmunoprecipitation assay; TIFA, tissue-based immunofluorescence
assay; WB, western blot.
a As the exact details of what antibodies were tested in each patient were not
always available, no denominator or percentage is given here and some
patients hadmore than 1 antibody detected.

b For antibodies detected by RIA and ELISA, only values and reference ranges

from theMayo Clinic neuroimmunology laboratory were used; for CBA, the
standard reference range of negative is similar across all laboratories, although
for the quantitative result, some report a binary result of positive or negative
and others quantify by low, moderate, or high positive, which were provided
when available.

c Available in 5 individuals.
dNot evident onmouse tissue-based immunofluorescence assay.
e Available in 3 individuals.
f Both patients had final diagnoses of functional neurologic disorder.

Autoimmune Encephalitis Misdiagnosis in Adults Original Investigation Research

distinction from autoimmune encephalitis can be chal-
lenging.18-21 Autoimmuneencephalitis is increasingly consid-
ered in patientswith psychiatric symptoms as it is potentially
treatable with immunotherapy, but autoimmune encephali-
tis ismuch less common thanprimarypsychiatric disease, for
instance, accounting for less than 1% presenting with a typi-
cal first episode of psychosis.22,23 Psychiatric disease com-
bined with other contributors to cognitive deficits such as
chronic pain, sleep disturbance, and medication adverse re-
actions also led tomisdiagnosis. Such patients often had nor-
mal neuropsychological testing and did not fulfill autoim-
mune encephalitis diagnostic criteria due to absence of MRI
and CSF findings suggesting classic neuroinflammation.

Neurodegenerative disorders accounted for 20% of mis-
diagnoses and the insidious onset and absence of neuroin-
flammation on testing help discriminate from autoimmune
encephalitis.However, fluctuations inpatientswithLewybody
disease and rapid progression with overlappingMRI findings
in Creutzfeldt-Jakob disease can make this distinction
challenging.24 Imaging and CSF analysis for amyloid and tau
andCSFpriondetectionwith real-timequaking-induced con-

version are novel biomarkers that aid diagnosis of Alzheimer
disease and Creutzfeldt-Jakob disease, respectively.25,26

We found28%ofpatients fulfilled autoimmuneencepha-
litis criteria and suchpatients usually had overlappingMRI or
CSF findings with autoimmune encephalitis. Temporal lobe
glioma may mimic autoimmune encephalitis; however, the
absence of sustained response to immunotherapy, presence
of mass effect on MRI (Figure, A) and lack of CSF inflamma-
tion may inform the correct diagnosis.8 The multifocal MRI
abnormalities, CSFpleocytosis, and steroid responsiveness of
centralnervous systemlymphomamimickedautoimmuneen-
cephalitis here and previously.27 The subacute encephalopa-
thy, cortical swelling, and signal abnormality onMRIwithmi-
tochondrial encephalomyopathy lactic acidosis and strokelike
episodesmimicked autoimmune encephalitis similar to prior
reports.28 Seizure-relatedMRI signal abnormalities can over-
lap with autoimmune encephalitis MRI findings and lead to
misdiagnosis.29 Thiamine deficiency and HIV infection are
important treatable mimics identified here and reported
previously.30,31 Taken together, theaforementionedcasespose
a particular challenge given the paraclinical features in com-
mon with autoimmune encephalitis.

Overinterpretationof anonspecific antibodywas the larg-
est potential contributor to autoimmune encephalitis misdi-
agnosis and a list of themoreproblematic antibodies are sum-
marized in theBox.Thyroidperoxidaseantibodiesoccur in 13%
of people and 20% older than 60 years, which drastically di-
minishes their diagnostic utility in autoimmune encephalitis
orHashimoto encephalopathy andpositive results often con-
tribute tomisdiagnosis.5,32Withneural autoantibodybiomark-
ers thediagnosticaccuracyvariesbypretestprobability, sample
assessed (serum or CSF), antibody type, assay methodology,
and antibody titer.6 Asup to 5%of patientsmayharbor a posi-
tiveneuronal antibody, clinically irrelevant resultsmaybe fre-
quent if many patients are serologically assessed.6,33 Indeed,
in this study, some positives (eg, ganglionic acetylcholine re-
ceptor antibodies) were misinterpreted as being relevant de-
spite autoimmune encephalitis not being the typical pheno-
type, suggesting that removing problematic antibodies with
low specificity from autoimmune encephalitis autoantibody
panels could reduce misdiagnosis.34-37 Low-end titer serum
GAD65 antibody positiveswere often overinterpreted as sup-
portingautoimmuneencephalitis butoccur in8%of thepopu-
lation (particularly individualswithdiabetes)andtypicallyonly
high titer (>10000 IU/mL using enzyme-linked immunosor-
bent assay or >20 nmol/L using radioimmunoassay)38,39 se-
rumpositivesorCSFdetectionareneurologically relevant.40-42

Laboratories offering serumGAD65 antibody testing for neu-
rologic indications should consider using thesehigher cutoffs
for neurologically relevant positivity. Voltage-gated potas-
sium channel complex antibody positivity without LGI1 or
CASPR2 reactivity are not useful for autoimmune encephali-
tis diagnosis,43,44 while low-titer CASPR2 antibodies are also
problematic and only high titers support autoimmune
encephalitis.45-47 SerumNMDARantibodieswithnegativeCSF
resultswere a red flaghere, as notedpreviously.48Rarely, CSF
NMDAR antibodies by cell-based assay alone led to misdiag-
nosis. Despite its high specificity, thesepositive results inCSF

Box. Summary of Red Flags in Autoimmune
Encephalitis Diagnosis

Clinical
• Insidious onset
• Multiple comorbidities that cause cognitive deficits
such as polypharmacy, chronic pain, fibromyalgia,
sleep disorders

• Examination results consistent with functional neurologic
disorder

• Features of mitochondrial disease present
• Normal neuropsychological test results

Magnetic Resonance Imaging of theHead
• Normal
• Progressive atrophy without signal abnormalities
or enhancement

• Lesion(s) continuing to expand despite immunotherapy

Cerebrospinal Fluid
• Noninflammatorya

Serology
• TPO antibodies of any titer
• Low titer–positive GAD65 antibodies
• Voltage-gated potassium channel complex antibodies negative
for LGI1/CASPR2

• Low-titer antibody positives by older generation techniques
(eg, RIA)

• Isolated serumNMDAR antibody negative in CSF
• Immunoblot or line blot antibody positivity in isolation
• Low titer positive–CASPR2 antibodies
• Antibody detection in noncertified laboratories

Abbreviations: CASPR2, contactin-associated protein-like 2; CSF,
cerebrospinal fluid; GAD65, glutamic acid decarboxylase 65; LGI1,
leucine-rich-glioma-inactivated-1; NMDAR, N-methyl-D-aspartate receptor;
RIA, radioimmunoprecipitation assay; TPO, thyroid peroxidase.

a Normal white blood cell count and absence of CSF unique oligoclonal
bands.
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diagnosis of autoimmune encephalitis can be encountered in
multiple settings, including at autoimmune neurology sub-
speciality clinics with focused expertise. Many of these pa-
tients enduredadelay to their correctdiagnosis for longer than
a year, and one-fifth experiencedmorbidity related to unnec-
essary immunotherapy. Overinterpretation of a nonspecific
autoantibody was a frequent contributor to misdiagnosis.
In 72% of patients, they did not fulfill autoimmune encepha-
litis diagnostic criteria, suggesting more stringent adherence
to these criteria may prevent misdiagnoses. In particular, an
insidious onset of symptoms and absence ofMRI or CSF find-
ings suggestive of neuroinflammation should raise suspicion
for an alternative diagnosis. Yet, patients with LGI1 (themost
commonformofautoimmuneencephalitis), CASPR2mand Ig-
LON5 antibodies can present over long durations with mini-
mal evidenceofparaclinical investigationabnormalities, other
than the autoantibody itself.11-14

Autoimmune encephalitis is a rare condition, with a cu-
mulative incidenceof approximately 3 to9permillionperson-
years and common conditions accounted for a high propor-
tion of cases mistaken for autoimmune encephalitis.2,15,16

This is similar to recent data concerning multiple sclerosis
misdiagnosis.17 Functional neurologic disorders and psychi-
atricdiseasesarehighlyprevalent alternativediagnoseswhose

Table 3. Treatments Used for Autoimmune Encephalitis
and Associated Adverse Reactions

Type of
treatment used

No. of patients
who received
≥1 of each
treatment
(n = 84)

Types and frequency
of documented adverse reactionsa

Corticosteroids
(intravenous, oral,
or both)

78 Steroid-related psychosis or
agitation, 5; mania, 1; depression, 1;
gastritis, 1; avascular necrosis of the
hip, 1; insomnia, 1; heart failure, 1;
colonic fistula, 1; myopathy, 1

Intravenous
immunoglobulin

30 Aseptic meningitis, 2; alopecia, 1;
confusion, 1

Plasma exchange 16 NA

Mycophenolate
mofetil

11 NA

Rituximab 10 Headache, 1

Azathioprine 2 Nausea, 1

Cyclophosphamide 2 NA

Methotrexate 1 NA

Adrenocorticotropic
hormone

1 NA

Abbreviation: NA, not applicable.
a Given the details were obtained frommedical record review at the time of
misdiagnosis, this could underestimate the number of adverse reactions.

Table 2. Positive Neural Antibodies That Contributed toMisdiagnosis of Autoimmune Encephalitis

Positive neural antibody No.a
Assay detection
method Quantitative results with median (range)b Reference rangeb

Serum

GAD65 14 RIA 0.10 (0.07-45.6) nmol/Lc ≤0.02 nmol/L

Voltage-gated potassium-channel-complex
(negative for LGI1 & CASPR2)

10 RIA 0.11 (0.07-1.03) nmol/Lc ≤0.02 nmol/L

NMDARd 10 CBA High titer in 4; moderate titer in 1;
low titer in 1; unavailable titer in 4

Negative

Ganglionic acetylcholine receptor 5 RIA 0.1 (0.05-0.12) nmol/Le ≤0.02 nmol/L

CASPR2f 2 CBA Low titer in both Negative

LGI1f 2 CBA Low titer in both Negative

Muscle acetylcholine receptor 2 RIA 0.27 and 0.44 nmol/L ≤0.02 nmol/L

Voltage-gated calcium channel (N type) 2 RIA 0.16 and 0.27 nmol/L ≤0.03 nmol/L

Striated muscle 2 ELISA 1:480 <1:240

Glycine receptor 1 CBA NA Negative

Amphiphysind 1 WB NA Negative

Multiple positive neural antibodies
in noncertified laboratory

1 Uncertain NA Negative

CSF

NMDARd 4 CBA Low titer in 1; unavailable titer in 3 Negative

Voltage-gated potassium-channel-complex
(Negative for LGI1, CASPR2)

1 RIA Not available ≤0.02 nmol/L

GAD65 1 RIA 3.01 nmol/L ≤0.02 nmol/L

Unclassified neural antibody 1 TIFA Not available Negative

Abbreviations: CASPR2, contactin-associated protein-like 2; CBA, cell-based
assay; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay;
GAD65, glutamic acid decarboxylase 65; LGI1, leucine-rich-glioma-inactivated-1;
NA, not applicable; NMDAR, N-methyl-D-aspartate receptor;
RIA, radioimmunoprecipitation assay; TIFA, tissue-based immunofluorescence
assay; WB, western blot.
a As the exact details of what antibodies were tested in each patient were not
always available, no denominator or percentage is given here and some
patients hadmore than 1 antibody detected.

b For antibodies detected by RIA and ELISA, only values and reference ranges

from theMayo Clinic neuroimmunology laboratory were used; for CBA, the
standard reference range of negative is similar across all laboratories, although
for the quantitative result, some report a binary result of positive or negative
and others quantify by low, moderate, or high positive, which were provided
when available.

c Available in 5 individuals.
dNot evident onmouse tissue-based immunofluorescence assay.
e Available in 3 individuals.
f Both patients had final diagnoses of functional neurologic disorder.
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distinction from autoimmune encephalitis can be chal-
lenging.18-21 Autoimmuneencephalitis is increasingly consid-
ered in patientswith psychiatric symptoms as it is potentially
treatable with immunotherapy, but autoimmune encephali-
tis ismuch less common thanprimarypsychiatric disease, for
instance, accounting for less than 1% presenting with a typi-
cal first episode of psychosis.22,23 Psychiatric disease com-
bined with other contributors to cognitive deficits such as
chronic pain, sleep disturbance, and medication adverse re-
actions also led tomisdiagnosis. Such patients often had nor-
mal neuropsychological testing and did not fulfill autoim-
mune encephalitis diagnostic criteria due to absence of MRI
and CSF findings suggesting classic neuroinflammation.

Neurodegenerative disorders accounted for 20% of mis-
diagnoses and the insidious onset and absence of neuroin-
flammation on testing help discriminate from autoimmune
encephalitis.However, fluctuations inpatientswithLewybody
disease and rapid progression with overlappingMRI findings
in Creutzfeldt-Jakob disease can make this distinction
challenging.24 Imaging and CSF analysis for amyloid and tau
andCSFpriondetectionwith real-timequaking-induced con-

version are novel biomarkers that aid diagnosis of Alzheimer
disease and Creutzfeldt-Jakob disease, respectively.25,26

We found28%ofpatients fulfilled autoimmuneencepha-
litis criteria and suchpatients usually had overlappingMRI or
CSF findings with autoimmune encephalitis. Temporal lobe
glioma may mimic autoimmune encephalitis; however, the
absence of sustained response to immunotherapy, presence
of mass effect on MRI (Figure, A) and lack of CSF inflamma-
tion may inform the correct diagnosis.8 The multifocal MRI
abnormalities, CSFpleocytosis, and steroid responsiveness of
centralnervous systemlymphomamimickedautoimmuneen-
cephalitis here and previously.27 The subacute encephalopa-
thy, cortical swelling, and signal abnormality onMRIwithmi-
tochondrial encephalomyopathy lactic acidosis and strokelike
episodesmimicked autoimmune encephalitis similar to prior
reports.28 Seizure-relatedMRI signal abnormalities can over-
lap with autoimmune encephalitis MRI findings and lead to
misdiagnosis.29 Thiamine deficiency and HIV infection are
important treatable mimics identified here and reported
previously.30,31 Taken together, theaforementionedcasespose
a particular challenge given the paraclinical features in com-
mon with autoimmune encephalitis.

Overinterpretationof anonspecific antibodywas the larg-
est potential contributor to autoimmune encephalitis misdi-
agnosis and a list of themoreproblematic antibodies are sum-
marized in theBox.Thyroidperoxidaseantibodiesoccur in 13%
of people and 20% older than 60 years, which drastically di-
minishes their diagnostic utility in autoimmune encephalitis
orHashimoto encephalopathy andpositive results often con-
tribute tomisdiagnosis.5,32Withneural autoantibodybiomark-
ers thediagnosticaccuracyvariesbypretestprobability, sample
assessed (serum or CSF), antibody type, assay methodology,
and antibody titer.6 Asup to 5%of patientsmayharbor a posi-
tiveneuronal antibody, clinically irrelevant resultsmaybe fre-
quent if many patients are serologically assessed.6,33 Indeed,
in this study, some positives (eg, ganglionic acetylcholine re-
ceptor antibodies) were misinterpreted as being relevant de-
spite autoimmune encephalitis not being the typical pheno-
type, suggesting that removing problematic antibodies with
low specificity from autoimmune encephalitis autoantibody
panels could reduce misdiagnosis.34-37 Low-end titer serum
GAD65 antibody positiveswere often overinterpreted as sup-
portingautoimmuneencephalitis butoccur in8%of thepopu-
lation (particularly individualswithdiabetes)andtypicallyonly
high titer (>10000 IU/mL using enzyme-linked immunosor-
bent assay or >20 nmol/L using radioimmunoassay)38,39 se-
rumpositivesorCSFdetectionareneurologically relevant.40-42

Laboratories offering serumGAD65 antibody testing for neu-
rologic indications should consider using thesehigher cutoffs
for neurologically relevant positivity. Voltage-gated potas-
sium channel complex antibody positivity without LGI1 or
CASPR2 reactivity are not useful for autoimmune encephali-
tis diagnosis,43,44 while low-titer CASPR2 antibodies are also
problematic and only high titers support autoimmune
encephalitis.45-47 SerumNMDARantibodieswithnegativeCSF
resultswere a red flaghere, as notedpreviously.48Rarely, CSF
NMDAR antibodies by cell-based assay alone led to misdiag-
nosis. Despite its high specificity, thesepositive results inCSF

Box. Summary of Red Flags in Autoimmune
Encephalitis Diagnosis

Clinical
• Insidious onset
• Multiple comorbidities that cause cognitive deficits
such as polypharmacy, chronic pain, fibromyalgia,
sleep disorders

• Examination results consistent with functional neurologic
disorder

• Features of mitochondrial disease present
• Normal neuropsychological test results

Magnetic Resonance Imaging of theHead
• Normal
• Progressive atrophy without signal abnormalities
or enhancement

• Lesion(s) continuing to expand despite immunotherapy

Cerebrospinal Fluid
• Noninflammatorya

Serology
• TPO antibodies of any titer
• Low titer–positive GAD65 antibodies
• Voltage-gated potassium channel complex antibodies negative
for LGI1/CASPR2

• Low-titer antibody positives by older generation techniques
(eg, RIA)

• Isolated serumNMDAR antibody negative in CSF
• Immunoblot or line blot antibody positivity in isolation
• Low titer positive–CASPR2 antibodies
• Antibody detection in noncertified laboratories

Abbreviations: CASPR2, contactin-associated protein-like 2; CSF,
cerebrospinal fluid; GAD65, glutamic acid decarboxylase 65; LGI1,
leucine-rich-glioma-inactivated-1; NMDAR, N-methyl-D-aspartate receptor;
RIA, radioimmunoprecipitation assay; TPO, thyroid peroxidase.

a Normal white blood cell count and absence of CSF unique oligoclonal
bands.
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may relate to diffusion of high serum levels, rather than in-
trathecal synthesis. Detection using a second rodent tissue-
based assay enhances CSF NMDAR antibody specificity
further.48Antibodiesdetectedbywesternblot/lineblot or im-
munoblot in isolation often yield false positives and require
cautious interpretation.49,50Moreover, detectionofneural an-
tibodies in noncertified laboratories require extreme cau-
tion.While this study focusedonly on autoimmune encepha-
litis, overinterpretation of nonspecific antibodies is also
problematic in other neurologic syndromes inwhich antibod-
ies are tested (eg, ataxia, myelopathy, stiff person syndrome,
peripheral nervous systemdisorders). Increased educationof
neurologists onwhen toorder neural autoantibodies andhow
to interpret positive results is needed to reduce the risk of
misdiagnosis and interpretative comments provided by labo-
ratories reporting results can be helpful in this regard.4,51,52

Autoimmuneencephalitismisdiagnosis is problematic for
multiple reasons.First,misdiagnosisof autoimmuneencepha-
litis increases morbidity from failure to treat the actual diag-
nosis. Second, immunosuppressant treatments commonly
have adverse reactions that may be serious, and in this study
included infection, psychosis, avascular necrosis of the hip,
and heart failure. Moreover, there are many less severe, yet
common and bothersome, adverse reactions of corticoste-
roids including insomnia,weight gain and irritability, someof
whichmaynothavebeencaptured in this analysis. Third, dur-
ing the COVID-19 pandemic, immunotherapies may increase
riskof severeCOVID-19 infectionandhindervaccineandnatu-
ral infection responses.53,54Finally, increasedhealthcare costs
may arise from the use of expensive immunosuppressants or
unnecessaryevaluation for anunderlying cancerpromptedby
nonspecific antibody detection.

Limitations
Theretrospectivedesignwasa limitationandprospectivestud-
ies areneeded to assess autoimmuneencephalitismisdiagno-

sis frequency and characteristics among new referrals to sub-
specialty clinics with presumed autoimmune encephalitis.
Such studies could incorporate probable and definite catego-
ries of autoimmune encephalitis diagnostic criteria to better
discriminate true autoimmune encephalitis from autoim-
mune encephalitis misdiagnosis.1 The selection bias of ana-
lyzingautoimmuneencephalitismisdiagnosis identifiedatsub-
specialty autoimmuneneurology clinics couldunderestimate
the rate of autoimmune encephalitismisdiagnosis and itmay
exceed true autoimmune encephalitis diagnosis in the gen-
eral population. There aremany potential contributors to un-
derrepresentation of autoimmune encephalitis misdiagnosis
including our requirement for an in-person visit as autoim-
muneencephalitismisdiagnosis canbe identified inother set-
tings (eg, video visit, electronic medical record review, other
communication between physicians). Moreover, during tri-
age for appointments, true autoimmune encephalitis may be
favoredover cases suspected to bemisdiagnosed.Also, infec-
tious mimics of autoimmune encephalitis are more likely to
be encountered in hospitalized patients and our study fo-
cused on those identified at outpatient clinics.55 Finally, dif-
ferences in rates of autoimmune encephalitis misdiagnosis
across centers likely reflect variation in referral patterns.
Further studies are needed to better capture autoimmune
encephalitis misdiagnosis rates across other settings.

Conclusions
In summary, neurologists should be aware of thepotential for
autoimmune encephalitis misdiagnosis and consider a broad
differentialdiagnosis includingcommondisorderswhenevalu-
ating suspected cases. Improved recognition of the clinical,
imaging, and serologic red flags in the evaluation of autoim-
mune encephalitis summarized in the Box may lessen the
burden of misdiagnosis in the future.
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may relate to diffusion of high serum levels, rather than in-
trathecal synthesis. Detection using a second rodent tissue-
based assay enhances CSF NMDAR antibody specificity
further.48Antibodiesdetectedbywesternblot/lineblot or im-
munoblot in isolation often yield false positives and require
cautious interpretation.49,50Moreover, detectionofneural an-
tibodies in noncertified laboratories require extreme cau-
tion.While this study focusedonly on autoimmune encepha-
litis, overinterpretation of nonspecific antibodies is also
problematic in other neurologic syndromes inwhich antibod-
ies are tested (eg, ataxia, myelopathy, stiff person syndrome,
peripheral nervous systemdisorders). Increased educationof
neurologists onwhen toorder neural autoantibodies andhow
to interpret positive results is needed to reduce the risk of
misdiagnosis and interpretative comments provided by labo-
ratories reporting results can be helpful in this regard.4,51,52

Autoimmuneencephalitismisdiagnosis is problematic for
multiple reasons.First,misdiagnosisof autoimmuneencepha-
litis increases morbidity from failure to treat the actual diag-
nosis. Second, immunosuppressant treatments commonly
have adverse reactions that may be serious, and in this study
included infection, psychosis, avascular necrosis of the hip,
and heart failure. Moreover, there are many less severe, yet
common and bothersome, adverse reactions of corticoste-
roids including insomnia,weight gain and irritability, someof
whichmaynothavebeencaptured in this analysis. Third, dur-
ing the COVID-19 pandemic, immunotherapies may increase
riskof severeCOVID-19 infectionandhindervaccineandnatu-
ral infection responses.53,54Finally, increasedhealthcare costs
may arise from the use of expensive immunosuppressants or
unnecessaryevaluation for anunderlying cancerpromptedby
nonspecific antibody detection.

Limitations
Theretrospectivedesignwasa limitationandprospectivestud-
ies areneeded to assess autoimmuneencephalitismisdiagno-

sis frequency and characteristics among new referrals to sub-
specialty clinics with presumed autoimmune encephalitis.
Such studies could incorporate probable and definite catego-
ries of autoimmune encephalitis diagnostic criteria to better
discriminate true autoimmune encephalitis from autoim-
mune encephalitis misdiagnosis.1 The selection bias of ana-
lyzingautoimmuneencephalitismisdiagnosis identifiedatsub-
specialty autoimmuneneurology clinics couldunderestimate
the rate of autoimmune encephalitismisdiagnosis and itmay
exceed true autoimmune encephalitis diagnosis in the gen-
eral population. There aremany potential contributors to un-
derrepresentation of autoimmune encephalitis misdiagnosis
including our requirement for an in-person visit as autoim-
muneencephalitismisdiagnosis canbe identified inother set-
tings (eg, video visit, electronic medical record review, other
communication between physicians). Moreover, during tri-
age for appointments, true autoimmune encephalitis may be
favoredover cases suspected to bemisdiagnosed.Also, infec-
tious mimics of autoimmune encephalitis are more likely to
be encountered in hospitalized patients and our study fo-
cused on those identified at outpatient clinics.55 Finally, dif-
ferences in rates of autoimmune encephalitis misdiagnosis
across centers likely reflect variation in referral patterns.
Further studies are needed to better capture autoimmune
encephalitis misdiagnosis rates across other settings.

Conclusions
In summary, neurologists should be aware of thepotential for
autoimmune encephalitis misdiagnosis and consider a broad
differentialdiagnosis includingcommondisorderswhenevalu-
ating suspected cases. Improved recognition of the clinical,
imaging, and serologic red flags in the evaluation of autoim-
mune encephalitis summarized in the Box may lessen the
burden of misdiagnosis in the future.
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IMPORTANCE Scam susceptibility is associated with adverse financial and health outcomes,
including an increased risk of cognitive decline and dementia. Very little is known about the
role of cerebrovascular pathologies with scam susceptibility.

OBJECTIVE To examine the association of diverse cerebrovascular pathologies (globally and
regionally) with scam susceptibility.

DESIGN, SETTING, AND PARTICIPANTS This clinical-pathological cohort study included
participants from 2 ongoing studies of aging that began enrollment in 1994 and 1997. In 2010,
participants were enrolled in the decision-making and behavioral economics substudy and
were followed up for a mean (SD) of 3.4 (2.6) years prior to death. From 1365 older persons
with clinical evaluations, 69 were excluded for having dementia at baseline. From 538 older
persons who died, 408 had annual assessments for scam susceptibility, cardiovascular risk
burden, and cognitive function and consented to brain donation for detailed neuropathologic
examination. Data were analyzed from June 2021 through September 2022.

EXPOSURES Neuropathologic examination identified the presence of macroscopic and
microscopic infarcts, atherosclerosis, arteriolosclerosis, cerebral amyloid angiopathy, and
common neurodegenerative pathologies (Alzheimer disease, limbic-predominant age-related
transactive response DNA-binding protein 43 encephalopathy, and Lewy bodies).

RESULTS There was a total of 408 participants. Themean (SD) age at death was 91 (6.1) years,
the mean (SD) amount of education was 15.6 (3.1) years, and 297 (73%) were women.
Participants included 4 Latino individuals (1%), 7 non-Latino Black individuals (2%), and 397
non-LatinoWhite individuals (97%). The frequency of participants with macroscopic infarcts
was 38% (n = 154), microinfarcts was 40% (n = 163), andmoderate to severe vessel disease;
specifically, atherosclerosis was 20% (n = 83), arteriolosclerosis was 25% (n = 100),
and cerebral amyloid angiopathy was 35% (n = 143). In linear regressionmodels adjusted
for demographics and neurodegenerative pathologies, macroscopic infarcts were associated
with greater scam susceptibility (estimate [SE], 0.18 [0.07]; P = .009). This association
persisted after adjusting for cardiovascular risk burden and global cognition. Regionally,
infarcts localized to the frontal, temporal, and occipital lobes and thalamus were associated
with greater scam susceptibility. Neither arteriosclerosis, atherosclerosis, cerebral amyloid
angiopathy, nor microinfarcts were associated with scam susceptibility.

CONCLUSIONS AND RELEVANCE Cerebrovascular pathologies, specifically cerebral infarcts,
is linked with greater scam susceptibility in older adults, independent of common
neurodegenerative diseases such as Alzheimer disease. Future studies examining in vivo
magnetic resonance imagingmarkers of cerebrovascular pathologies with scam susceptibility
and related decision-making outcomes will be important.
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IMPORTANCE Scam susceptibility is associated with adverse financial and health outcomes,
including an increased risk of cognitive decline and dementia. Very little is known about the
role of cerebrovascular pathologies with scam susceptibility.

OBJECTIVE To examine the association of diverse cerebrovascular pathologies (globally and
regionally) with scam susceptibility.

DESIGN, SETTING, AND PARTICIPANTS This clinical-pathological cohort study included
participants from 2 ongoing studies of aging that began enrollment in 1994 and 1997. In 2010,
participants were enrolled in the decision-making and behavioral economics substudy and
were followed up for a mean (SD) of 3.4 (2.6) years prior to death. From 1365 older persons
with clinical evaluations, 69 were excluded for having dementia at baseline. From 538 older
persons who died, 408 had annual assessments for scam susceptibility, cardiovascular risk
burden, and cognitive function and consented to brain donation for detailed neuropathologic
examination. Data were analyzed from June 2021 through September 2022.

EXPOSURES Neuropathologic examination identified the presence of macroscopic and
microscopic infarcts, atherosclerosis, arteriolosclerosis, cerebral amyloid angiopathy, and
common neurodegenerative pathologies (Alzheimer disease, limbic-predominant age-related
transactive response DNA-binding protein 43 encephalopathy, and Lewy bodies).

RESULTS There was a total of 408 participants. Themean (SD) age at death was 91 (6.1) years,
the mean (SD) amount of education was 15.6 (3.1) years, and 297 (73%) were women.
Participants included 4 Latino individuals (1%), 7 non-Latino Black individuals (2%), and 397
non-LatinoWhite individuals (97%). The frequency of participants with macroscopic infarcts
was 38% (n = 154), microinfarcts was 40% (n = 163), andmoderate to severe vessel disease;
specifically, atherosclerosis was 20% (n = 83), arteriolosclerosis was 25% (n = 100),
and cerebral amyloid angiopathy was 35% (n = 143). In linear regressionmodels adjusted
for demographics and neurodegenerative pathologies, macroscopic infarcts were associated
with greater scam susceptibility (estimate [SE], 0.18 [0.07]; P = .009). This association
persisted after adjusting for cardiovascular risk burden and global cognition. Regionally,
infarcts localized to the frontal, temporal, and occipital lobes and thalamus were associated
with greater scam susceptibility. Neither arteriosclerosis, atherosclerosis, cerebral amyloid
angiopathy, nor microinfarcts were associated with scam susceptibility.

CONCLUSIONS AND RELEVANCE Cerebrovascular pathologies, specifically cerebral infarcts,
is linked with greater scam susceptibility in older adults, independent of common
neurodegenerative diseases such as Alzheimer disease. Future studies examining in vivo
magnetic resonance imagingmarkers of cerebrovascular pathologies with scam susceptibility
and related decision-making outcomes will be important.
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E ach year, millions of individuals in the US devastat-
ingly experience financial exploitations and fraud,
with elderly individuals being at a disproportionate

risk. Financial exploitation has a direct negative impact on
an individual’s financial independence, mental and physical
well-being, self-esteem, and relationship with others.1-4 For
the older population, recovery from such financial losses can
be almost impossible. The enormity of this public health cri-
sis has been further exposed during the COVID-19 pandemic
and economic fallout, with a dramatic rise in fraud attempts
targeted toward vulnerable at-risk older individuals.5 In
2020, the US Federal Trade Commission estimated that
older adults lost $100 million to COVID-19–related fraud
alone.6 To raise public awareness, the US Senate Special
Committee on Aging publishes an annual report on fighting
fraud.6 Further, to combat this problem, the US Department
of Justice coordinates efforts to provide support to older
individuals who experience fraud and enhance state and
local justice efforts.7

From a public health perspective, understanding the fac-
tors and mechanisms associated with the risk of financial
exploitation is of particular interest. Prior studies from our
group have shown that susceptibility to scams and in general
decision-making are complex behaviors that require mul-
tiple resources and that age-associated factors, including
cognition,8-10 psychosocial and contextual factors,11,12 and
personality,13,14 are important correlates. Further, we show
that even among individuals who are cognitively intact,
subtle changes in cognition can increase susceptibility to
scams.10 There are very few studies, especially autopsy
studies, examining the biological basis for susceptibility to
financial exploitation in elderly individuals; however,
despite increased awareness that aging increases our vulner-
ability to financial exploitation3,15 and now widespread rec-
ognition that the aging brain is particularly vulnerable to
accumulating Alzheimer disease (AD) pathologic changes
and other neurodegenerative processes, such as transactive
response DNA-binding protein 43 (TDP-43) and α-synuclein
proteinopathies.16-18

In recentwork,we showed that the accumulation of neu-
rodegenerative pathology, specifically β-amyloid pathology,
was associated with greater scam susceptibility, including
among persons without dementia.19 These findings support
the notion that age-related changes in the aging brainmay be
associated with early behavioral changes. Strikingly, almost
90% of postmortem brains from persons older than 65 years
harbor cerebrovascular pathologies, with more than 70%
having mixed AD with cerebrovascular pathologies17; how-
ever, the role of vascular pathologies with scam susceptibil-
ity has yet to be studied.

In this study, we build on our prior work by examining
theassociationofdiverse cerebrovascularpathologies, includ-
ingmacroinfarcts andmicroinfarcts, atherosclerosis, arterio-
losclerosis, and cerebral amyloid angiopathy (CAA)with scam
susceptibility among older adults who underwent brain
autopsy. Additionally, we further explored regional associa-
tions between cerebrovascular pathologies in cortical, sub-
cortical, and watershed-specific brain regions.

Methods

Participants
Participantswere from1of 2ongoing clinical-pathologic stud-
ies of aging, the Religions Orders Study or the Rush Memory
andAgingProject. Uponenrollment,whichbegan in 1994and
1997,participants consented toannual clinical evaluationsand
brain donation at the time of death. Data on race and ethnic-
ity were collected by self-report. A decision-making sub-
study, which includes annual assessments scam susceptibil-
ity,wasadded to theReligionsOrders StudyandRushMemory
and Aging Project in 2010. Studies were approved by the In-
stitutional Review Board of Rush University Medical Center.
All participants signed an informed consent and an Anatomi-
cal Gift Act for brain donation.20 Details of studies and inclu-
sion of participants is included in eMethods 1 in the Supple-
ment. Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelinewas followed.

Scam Susceptibility
Participants rated statements that were carefully designed to
assess behaviors associated with vulnerability to fraud and
scams along a 7-point Likert-type scale ranging from strongly
agree (1) to strongly disagree (7). Statements were developed
based on findings from theAARP4 and the Financial Industry
Regulatory Authority risk meter,21 regarding the behaviors
commonlyassociatedwithexploitation.Forexample,one item
asks participants if they feel like theyneed to answer the tele-
phone even if they do not know who is calling, and another
item asks participants if they usually listen when a telemar-
keter calls. Participants rated their level of agreement with
each itemand scamsusceptibilitywas quantified as themean
rating across the 5 items,withhigher scores indicating greater
susceptibility. For analyses, the mean score for scam suscep-
tibility was derived from all assessments over time (the
mean number of visits was 4). Details of scam susceptibility
validity is included in eMethods 2 and the eFigure in the
Supplement.

Psychosocial Factors
Psychosocial factors include measures of psychological
well-being,14depressive symptoms,22neuroticism,purpose in

Key Points
Question Are cerebrovascular pathologies associated
with scam susceptibility in older adults?

Findings In this cohort study, older persons from the community
with cerebral infarcts pathologically were found to have a higher
susceptibility to scams during life, even after adjusting for
common neurodegenerative pathologies and other
cerebrovascular pathologies, vascular risk factors,
and cognitive function.

Meaning Vascular brain health may play an important role
in scam susceptibility.

Research Original Investigation Association of Stroke and Cerebrovascular PathologiesWith Scam Susceptibility in Older Adults

life,23anxiety,andextraversion.24Details included ineMethods
3 in the Supplement.

Global Cognitive Assessment
Scores fromabatteryof 19neuropsychological testswereused
to create summary indices of global cognitive function,which
included assessment in 5 specific cognitive domains:
episodic memory, semantic memory, working memory,
perceptual speed, and visuospatial ability. Scores were
z-transformed and averaged to obtain the summary scores
for global cognitive function (all 19 tests) and for each indi-
vidual domain, as previously described.25,26 For analyses,
last valid annual visit scores were used.

Cerebrovascular Pathology
Cerebral Infarcts
Location, age, and size ofmacroscopic infarcts27-29 visible on
gross examination were documented (Figure 1). Subse-
quently, the age of infarct was confirmed by microscopy and
documented as acute, subacute, or chronic. Macroscopic in-
farcts were categorized into the following regional locations
(regions are not mutually exclusive): frontal, temporal, pari-
etal, occipital, basal ganglia, and thalamus.Cortical infarcts in-
cluded those located in the cortical gray and typically the
underlyingwhitematter. Basal ganglia included infarcts in the
caudate, putamen, globus pallidus, and internal capsule.
Subcortical infarcts (present in subcortical gray or deepwhite

Figure 1. Cerebrovascular Pathologies

A Infarct involving the frontal lobe B Lacunar infarct in the subcortical frontal 
white matter

D Atherosclerosis plaques in the basilar 
and cerebral arteries

C Lacunar infarct in the caudate

E Chronic microscopic infarct F Severe arteriolosclerosis pathology G Cerebral amyloid angiopathy

Representative images showing amacroscopic infarct involving the frontal lobe (A), a lacunar infarct in the subcortical frontal white matter (B), a lacunar infarct in
the caudate (C), atherosclerosis plaques in the basilar and associated cerebral arteries (D), a chronic microscopic infarct (E), severe arteriolosclerosis pathology (F),
and cerebral amyloid angiopathy (G). Scale bar represents 200 μm (E), 50 μm (F), and 500 μm (G).
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E ach year, millions of individuals in the US devastat-
ingly experience financial exploitations and fraud,
with elderly individuals being at a disproportionate

risk. Financial exploitation has a direct negative impact on
an individual’s financial independence, mental and physical
well-being, self-esteem, and relationship with others.1-4 For
the older population, recovery from such financial losses can
be almost impossible. The enormity of this public health cri-
sis has been further exposed during the COVID-19 pandemic
and economic fallout, with a dramatic rise in fraud attempts
targeted toward vulnerable at-risk older individuals.5 In
2020, the US Federal Trade Commission estimated that
older adults lost $100 million to COVID-19–related fraud
alone.6 To raise public awareness, the US Senate Special
Committee on Aging publishes an annual report on fighting
fraud.6 Further, to combat this problem, the US Department
of Justice coordinates efforts to provide support to older
individuals who experience fraud and enhance state and
local justice efforts.7

From a public health perspective, understanding the fac-
tors and mechanisms associated with the risk of financial
exploitation is of particular interest. Prior studies from our
group have shown that susceptibility to scams and in general
decision-making are complex behaviors that require mul-
tiple resources and that age-associated factors, including
cognition,8-10 psychosocial and contextual factors,11,12 and
personality,13,14 are important correlates. Further, we show
that even among individuals who are cognitively intact,
subtle changes in cognition can increase susceptibility to
scams.10 There are very few studies, especially autopsy
studies, examining the biological basis for susceptibility to
financial exploitation in elderly individuals; however,
despite increased awareness that aging increases our vulner-
ability to financial exploitation3,15 and now widespread rec-
ognition that the aging brain is particularly vulnerable to
accumulating Alzheimer disease (AD) pathologic changes
and other neurodegenerative processes, such as transactive
response DNA-binding protein 43 (TDP-43) and α-synuclein
proteinopathies.16-18

In recentwork,we showed that the accumulation of neu-
rodegenerative pathology, specifically β-amyloid pathology,
was associated with greater scam susceptibility, including
among persons without dementia.19 These findings support
the notion that age-related changes in the aging brainmay be
associated with early behavioral changes. Strikingly, almost
90% of postmortem brains from persons older than 65 years
harbor cerebrovascular pathologies, with more than 70%
having mixed AD with cerebrovascular pathologies17; how-
ever, the role of vascular pathologies with scam susceptibil-
ity has yet to be studied.

In this study, we build on our prior work by examining
theassociationofdiverse cerebrovascularpathologies, includ-
ingmacroinfarcts andmicroinfarcts, atherosclerosis, arterio-
losclerosis, and cerebral amyloid angiopathy (CAA)with scam
susceptibility among older adults who underwent brain
autopsy. Additionally, we further explored regional associa-
tions between cerebrovascular pathologies in cortical, sub-
cortical, and watershed-specific brain regions.

Methods

Participants
Participantswere from1of 2ongoing clinical-pathologic stud-
ies of aging, the Religions Orders Study or the Rush Memory
andAgingProject. Uponenrollment,whichbegan in 1994and
1997,participants consented toannual clinical evaluationsand
brain donation at the time of death. Data on race and ethnic-
ity were collected by self-report. A decision-making sub-
study, which includes annual assessments scam susceptibil-
ity,wasadded to theReligionsOrders StudyandRushMemory
and Aging Project in 2010. Studies were approved by the In-
stitutional Review Board of Rush University Medical Center.
All participants signed an informed consent and an Anatomi-
cal Gift Act for brain donation.20 Details of studies and inclu-
sion of participants is included in eMethods 1 in the Supple-
ment. Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelinewas followed.

Scam Susceptibility
Participants rated statements that were carefully designed to
assess behaviors associated with vulnerability to fraud and
scams along a 7-point Likert-type scale ranging from strongly
agree (1) to strongly disagree (7). Statements were developed
based on findings from theAARP4 and the Financial Industry
Regulatory Authority risk meter,21 regarding the behaviors
commonlyassociatedwithexploitation.Forexample,one item
asks participants if they feel like theyneed to answer the tele-
phone even if they do not know who is calling, and another
item asks participants if they usually listen when a telemar-
keter calls. Participants rated their level of agreement with
each itemand scamsusceptibilitywas quantified as themean
rating across the 5 items,withhigher scores indicating greater
susceptibility. For analyses, the mean score for scam suscep-
tibility was derived from all assessments over time (the
mean number of visits was 4). Details of scam susceptibility
validity is included in eMethods 2 and the eFigure in the
Supplement.

Psychosocial Factors
Psychosocial factors include measures of psychological
well-being,14depressive symptoms,22neuroticism,purpose in

Key Points
Question Are cerebrovascular pathologies associated
with scam susceptibility in older adults?

Findings In this cohort study, older persons from the community
with cerebral infarcts pathologically were found to have a higher
susceptibility to scams during life, even after adjusting for
common neurodegenerative pathologies and other
cerebrovascular pathologies, vascular risk factors,
and cognitive function.

Meaning Vascular brain health may play an important role
in scam susceptibility.
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life,23anxiety,andextraversion.24Details included ineMethods
3 in the Supplement.

Global Cognitive Assessment
Scores fromabatteryof 19neuropsychological testswereused
to create summary indices of global cognitive function,which
included assessment in 5 specific cognitive domains:
episodic memory, semantic memory, working memory,
perceptual speed, and visuospatial ability. Scores were
z-transformed and averaged to obtain the summary scores
for global cognitive function (all 19 tests) and for each indi-
vidual domain, as previously described.25,26 For analyses,
last valid annual visit scores were used.

Cerebrovascular Pathology
Cerebral Infarcts
Location, age, and size ofmacroscopic infarcts27-29 visible on
gross examination were documented (Figure 1). Subse-
quently, the age of infarct was confirmed by microscopy and
documented as acute, subacute, or chronic. Macroscopic in-
farcts were categorized into the following regional locations
(regions are not mutually exclusive): frontal, temporal, pari-
etal, occipital, basal ganglia, and thalamus.Cortical infarcts in-
cluded those located in the cortical gray and typically the
underlyingwhitematter. Basal ganglia included infarcts in the
caudate, putamen, globus pallidus, and internal capsule.
Subcortical infarcts (present in subcortical gray or deepwhite

Figure 1. Cerebrovascular Pathologies

A Infarct involving the frontal lobe B Lacunar infarct in the subcortical frontal 
white matter

D Atherosclerosis plaques in the basilar 
and cerebral arteries

C Lacunar infarct in the caudate

E Chronic microscopic infarct F Severe arteriolosclerosis pathology G Cerebral amyloid angiopathy

Representative images showing amacroscopic infarct involving the frontal lobe (A), a lacunar infarct in the subcortical frontal white matter (B), a lacunar infarct in
the caudate (C), atherosclerosis plaques in the basilar and associated cerebral arteries (D), a chronic microscopic infarct (E), severe arteriolosclerosis pathology (F),
and cerebral amyloid angiopathy (G). Scale bar represents 200 μm (E), 50 μm (F), and 500 μm (G).
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matter) were further categorized into lacunes (defined as ≤10
mm in size) and nonlacunes (defined as ≥11 mm in size).
Microscopic infarctswerenotvisible to thenakedeyeand iden-
tified by microscopy. Microscopic infarcts were further cat-
egorized into watershed microinfarcts if present in water-
shed brain regions (midfrontal gyrus, anterior watershed,
and posterior watershed). For analyses, only chronic infarcts
were considered, and all infarct variables categorized into
absent vs present.

Arteriolosclerosis
Small vessels in thebasal ganglia, anteriorwatershed, andpos-
terior watershed regionswere evaluated on hematoxylin and
eosin-stained sections.30 For analyses, grading used a semi-
quantitative4-level ratingsystem(0 = none, 1 = mild,2 = mod-
erate, and 3 = severe) based on the histological changes
of the small arterioles, including intimaldeterioration, smooth
muscle degeneration, and hyaline concentric thickening
with narrowing of the vascular lumen.

CAA
Meningeal and parenchymal vessels from 4 neocortical re-
gions (midfrontal,midtemporal, inferiorparietal, andcalcarine
cortices) were semiquantitatively evaluated on sections im-
munostainedwithmonoclonal antibodiesagainstβ-amyloid.31

Atherosclerosis
Large vessel atherosclerosiswas semiquantitatively evaluated
at thecircleofWillis at thebaseof thebrainand includedevalu-
ation of the vertebral, basilar, posterior, middle, and anterior
cerebral arteries, and their proximal branches.32 Visual exami-
nation included the number of atherosclerotic plaques, extent
of vessel involvement, and the degree of vessel occlusion.

Neurodegenerative Pathologies
Wequantified4neurodegenerativepathologies28,33-36, includ-
ing pathologic diagnostic assessment for AD, LATE-NC, de-
mentia with Lewy body disease, and Parkinson disease
(eMethods 4 in the Supplement).

Statistical Analyses
We first examined bivariate correlations of demographics,
cognitive function, psychosocial factors, vascular risk bur-
den, and neuropathologic characteristics with scam suscep-
tibility. Primary analyses included a single multivariable lin-
ear regression model with terms for demographics (age at
death, sex, and education) and common age-related neuro-
pathologies (8 neuropathologic indices in total including AD
pathology, Lewy bodies, limbic-predominant age-related
TDP-43 encephalopathy [LATE-NC],macroscopic andmicro-
scopic infarcts, arteriolosclerosis, atherosclerosis, andCAA) to
examine vascular pathologic associations with scam suscep-
tibility. Sensitivity analyses included terms for the presence
of vascular risk burden (which includes history of smoking,
diabetes, and hypertension), global cognition, each indi-
vidual cognitive domain,well-being, andneuroticism. In sec-
ondary analyses, linear regressionmodels examined regional
associations ofmacroscopic infarcts with scam susceptibility

that included terms for demographics and AD pathology,
as well as watershedmicrovascular pathology (ie, watershed
arteriolosclerosis, watershed microinfarcts, and nonwater-
shed microinfarcts) with scam susceptibility that included
terms for demographics, AD pathology, and macroscopic
infarcts. Statistical significance for all analyses was deter-
minedatα levelof0.05.Analysis tookplacebetweenJune2021
and September 2022.

Results
Characteristics of 408 participants are presented in Table 1.
The mean (SD) age at death was 91 (6.1) years (range, 69.3-
104.6 years), the mean (SD) level of education was 15.5 (3.1)
years, and 297 (73%) were women. Participants included 4
Latino individuals (1%), 7 non-Latino Black individuals (2%),
and 397 non-Latino White individuals (97%). Vascular risk
factorswere common,with92 (23%) reportingahistoryofdia-
betes, 285 (70%) reporting hypertension, and 162 (40%) re-
porting being past or current smokers. Presence of cerebro-
vascular pathologies were common, with the most common
vascular pathology being macroscopic and microscopic in-
farcts. Participants with macroscopic infarcts were more
likely to have arteriolosclerosis (odds ratio [OR], 2.3; 95% CI,
1.6-3.4), microinfarcts (OR, 2.2; 95% CI, 1.5-3.4), and athero-
sclerosis pathology (OR, 3.4; 95% CI, 2.3-5.1).

Scam Susceptibility
Bivariate analyses revealed that older age but not education
was correlated with greater scam susceptibility. Men and
women did not differ in scam susceptibility. Lower cognitive
scores inglobal cognitionand inall 5 cognitivedomains, aswell
as poorer well-being and higher neuroticism, was associated
with greater scamsusceptibility. Among thevascular risk bur-
den, only smoking was correlated with higher scam. Pres-
ence of multiple neuropathologies, including macroscopic
andmicroscopic infarcts, arteriolosclerosis, atherosclerosis, a
pathologic diagnosis of AD, and LATE-NC (stage 2 or higher)
was correlated with higher scam susceptibility (Table 1).

Cerebrovascular PathologiesWith Scam Susceptibility
Linear regression models were used to examine whether
cerebrovascular pathologies were associated with scam sus-
ceptibility; all models adjusted for demographics and com-
mon neurodegenerative pathologies, including AD, TDP-43,
and Lewy body pathology. We found that macroscopic in-
farctswere associatedwith greater scamsusceptibility. There
was a positive association between arteriolosclerosis pathol-
ogyand scamsusceptibility, but itwasnot significant (Table 2,
model 1). By contrast, we did not find an association
of scamsusceptibilitywithother cerebrovascular pathologies,
includingmicroscopic infarcts,CAA,oratherosclerosis. In these
analyses, AD pathology was associated with scam suscepti-
bility (as previously reported; eTables 3 and 4 in the Supple-
ment). To assess the robustness of the association, sensitivity
analyses adjusted for overall vascular risk burden, global
cognition (Table 2, models 2 and 3), and specific cognitive
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Table 2. Association of Cerebrovascular PathologiesWith Scam Susceptibility

Variable

Scam susceptibility

Model 1a Model 2b Model 3c

Estimate (SE) P value Estimate (SE) P value Estimate (SE) P value
Macroscopic infarcts 0.18 (0.07) .009 0.21 (0.07) .004 0.16 (0.07) .02

Arteriolosclerosis (basal ganglia) 0.07 (0.04) .06 0.08 (0.04) .05 0.07 (0.03) .05

CAA –0.04 (0.03) .25 –0.05 (0.03) .15 –0.04 (0.03) .20

Microinfarcts 0.04 (0.07) .52 0.04 (0.07) .58 0.04 (0.06) .52

Atherosclerosis –0.003 (0.05) .96 –0.002 (0.05) .96 –0.03 (0.04) .50

AD pathology 0.24 (0.06) <.001 0.24 (0.06) <.001 0.12 (0.06) .06

TDP-43 0.04 (0.03) .15 0.04 (0.03) 15 0.02 (0.02) .52

Lewy bodies 0.10 (0.07) .18 0.11 (0.07) .15 0.04 (0.07) .56

Abbreviations: AD, Alzheimer disease; CAA, cerebral amyloid angiopathy;
TDP-43, transactive response DNA-binding protein 43.
a β Co-efficient estimates in each cell were obtained from a single linear
regressionmodel adjusted for age at death, sex, education, and all
neuropathologic indices (11 terms in total).

b Regressionmodel further adjusted for vascular risk factor burden (12 terms
in total).

c Regressionmodel further adjusted for global cognition (13 terms in total).

Table 1. Demographics, Clinical, Psychosocial, and Neuropathologic Characteristics and Correlations
With Scam Susceptibility

Factor Mean (SD)
Correlation with scam
susceptibilitya P value

Demographics

Age at death, y 91.3 (6.1) 0.28 <.001

Men, No. (%) 111 (27)
–0.29 .77

Women, No. (%) 297 (73)

Education 15.6 (3.1) 0.05 .27

Cognition

Global cognition –0.7 (1.0) –0.35 <.001

Episodic memory –0.6 (1.2) –0.34 <.001

Semantic memory –0.5 (1.1) –0.35 <.001

Working memory –0.5 (1.0) –0.25 <.001

Visuospatial ability –0.2 (1.0) –0.28 <.001

Perceptual speed –1.0 (0.9) –0.37 <.001

Psychosocial factors

Depression 1.6 (1.9) –0.01 .78

Neuroticism 15.0 (6.5) 0.13 .01

Well-being 5.2 (0.6) –0.25 <.001

Purpose 3.4 (0.5) –0.06 .21

Anxiety 1.3 (1.5) 0.04 .42

Extraversion 15.7 (3.1) 0.01 .87

Vascular risk burden, No. (%)

Diabetes 92 (23) 1.39 .17

Hypertension 285 (70) –0.33 .74

Smoking 162 (40) 3.00 .003

Neuropathology, No. (%)

Macroscopic infarcts 154 (38) –2.79 .006

Microinfarcts 163 (40) –2.03 .04

Arteriolosclerosis (basal ganglia) 100 (25) –2.97 .003

CAA 143 (35) –0.79 .43

Atherosclerosis 83 (20) –2.41 .02

AD pathologic diagnosis 256 (63) –3.65 .0003

LATE-NC (stage 2/3) 135 (33) –3.05 .002

Lewy bodies 104 (25) –1.82 .07

Abbreviations:
AD, Alzheimer disease;
CAA, cerebral amyloid angiopathy;
LATE-NC, limbic-predominant
age-related transactive response
DNA-binding protein 43
encephalopathy.
a Correlations derived from Spearman
or t tests.
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matter) were further categorized into lacunes (defined as ≤10
mm in size) and nonlacunes (defined as ≥11 mm in size).
Microscopic infarctswerenotvisible to thenakedeyeand iden-
tified by microscopy. Microscopic infarcts were further cat-
egorized into watershed microinfarcts if present in water-
shed brain regions (midfrontal gyrus, anterior watershed,
and posterior watershed). For analyses, only chronic infarcts
were considered, and all infarct variables categorized into
absent vs present.

Arteriolosclerosis
Small vessels in thebasal ganglia, anteriorwatershed, andpos-
terior watershed regionswere evaluated on hematoxylin and
eosin-stained sections.30 For analyses, grading used a semi-
quantitative4-level ratingsystem(0 = none, 1 = mild,2 = mod-
erate, and 3 = severe) based on the histological changes
of the small arterioles, including intimaldeterioration, smooth
muscle degeneration, and hyaline concentric thickening
with narrowing of the vascular lumen.

CAA
Meningeal and parenchymal vessels from 4 neocortical re-
gions (midfrontal,midtemporal, inferiorparietal, andcalcarine
cortices) were semiquantitatively evaluated on sections im-
munostainedwithmonoclonal antibodiesagainstβ-amyloid.31

Atherosclerosis
Large vessel atherosclerosiswas semiquantitatively evaluated
at thecircleofWillis at thebaseof thebrainand includedevalu-
ation of the vertebral, basilar, posterior, middle, and anterior
cerebral arteries, and their proximal branches.32 Visual exami-
nation included the number of atherosclerotic plaques, extent
of vessel involvement, and the degree of vessel occlusion.

Neurodegenerative Pathologies
Wequantified4neurodegenerativepathologies28,33-36, includ-
ing pathologic diagnostic assessment for AD, LATE-NC, de-
mentia with Lewy body disease, and Parkinson disease
(eMethods 4 in the Supplement).

Statistical Analyses
We first examined bivariate correlations of demographics,
cognitive function, psychosocial factors, vascular risk bur-
den, and neuropathologic characteristics with scam suscep-
tibility. Primary analyses included a single multivariable lin-
ear regression model with terms for demographics (age at
death, sex, and education) and common age-related neuro-
pathologies (8 neuropathologic indices in total including AD
pathology, Lewy bodies, limbic-predominant age-related
TDP-43 encephalopathy [LATE-NC],macroscopic andmicro-
scopic infarcts, arteriolosclerosis, atherosclerosis, andCAA) to
examine vascular pathologic associations with scam suscep-
tibility. Sensitivity analyses included terms for the presence
of vascular risk burden (which includes history of smoking,
diabetes, and hypertension), global cognition, each indi-
vidual cognitive domain,well-being, andneuroticism. In sec-
ondary analyses, linear regressionmodels examined regional
associations ofmacroscopic infarcts with scam susceptibility

that included terms for demographics and AD pathology,
as well as watershedmicrovascular pathology (ie, watershed
arteriolosclerosis, watershed microinfarcts, and nonwater-
shed microinfarcts) with scam susceptibility that included
terms for demographics, AD pathology, and macroscopic
infarcts. Statistical significance for all analyses was deter-
minedatα levelof0.05.Analysis tookplacebetweenJune2021
and September 2022.

Results
Characteristics of 408 participants are presented in Table 1.
The mean (SD) age at death was 91 (6.1) years (range, 69.3-
104.6 years), the mean (SD) level of education was 15.5 (3.1)
years, and 297 (73%) were women. Participants included 4
Latino individuals (1%), 7 non-Latino Black individuals (2%),
and 397 non-Latino White individuals (97%). Vascular risk
factorswere common,with92 (23%) reportingahistoryofdia-
betes, 285 (70%) reporting hypertension, and 162 (40%) re-
porting being past or current smokers. Presence of cerebro-
vascular pathologies were common, with the most common
vascular pathology being macroscopic and microscopic in-
farcts. Participants with macroscopic infarcts were more
likely to have arteriolosclerosis (odds ratio [OR], 2.3; 95% CI,
1.6-3.4), microinfarcts (OR, 2.2; 95% CI, 1.5-3.4), and athero-
sclerosis pathology (OR, 3.4; 95% CI, 2.3-5.1).

Scam Susceptibility
Bivariate analyses revealed that older age but not education
was correlated with greater scam susceptibility. Men and
women did not differ in scam susceptibility. Lower cognitive
scores inglobal cognitionand inall 5 cognitivedomains, aswell
as poorer well-being and higher neuroticism, was associated
with greater scamsusceptibility. Among thevascular risk bur-
den, only smoking was correlated with higher scam. Pres-
ence of multiple neuropathologies, including macroscopic
andmicroscopic infarcts, arteriolosclerosis, atherosclerosis, a
pathologic diagnosis of AD, and LATE-NC (stage 2 or higher)
was correlated with higher scam susceptibility (Table 1).

Cerebrovascular PathologiesWith Scam Susceptibility
Linear regression models were used to examine whether
cerebrovascular pathologies were associated with scam sus-
ceptibility; all models adjusted for demographics and com-
mon neurodegenerative pathologies, including AD, TDP-43,
and Lewy body pathology. We found that macroscopic in-
farctswere associatedwith greater scamsusceptibility. There
was a positive association between arteriolosclerosis pathol-
ogyand scamsusceptibility, but itwasnot significant (Table 2,
model 1). By contrast, we did not find an association
of scamsusceptibilitywithother cerebrovascular pathologies,
includingmicroscopic infarcts,CAA,oratherosclerosis. In these
analyses, AD pathology was associated with scam suscepti-
bility (as previously reported; eTables 3 and 4 in the Supple-
ment). To assess the robustness of the association, sensitivity
analyses adjusted for overall vascular risk burden, global
cognition (Table 2, models 2 and 3), and specific cognitive
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Table 2. Association of Cerebrovascular PathologiesWith Scam Susceptibility

Variable

Scam susceptibility

Model 1a Model 2b Model 3c

Estimate (SE) P value Estimate (SE) P value Estimate (SE) P value
Macroscopic infarcts 0.18 (0.07) .009 0.21 (0.07) .004 0.16 (0.07) .02

Arteriolosclerosis (basal ganglia) 0.07 (0.04) .06 0.08 (0.04) .05 0.07 (0.03) .05

CAA –0.04 (0.03) .25 –0.05 (0.03) .15 –0.04 (0.03) .20

Microinfarcts 0.04 (0.07) .52 0.04 (0.07) .58 0.04 (0.06) .52

Atherosclerosis –0.003 (0.05) .96 –0.002 (0.05) .96 –0.03 (0.04) .50

AD pathology 0.24 (0.06) <.001 0.24 (0.06) <.001 0.12 (0.06) .06

TDP-43 0.04 (0.03) .15 0.04 (0.03) 15 0.02 (0.02) .52

Lewy bodies 0.10 (0.07) .18 0.11 (0.07) .15 0.04 (0.07) .56

Abbreviations: AD, Alzheimer disease; CAA, cerebral amyloid angiopathy;
TDP-43, transactive response DNA-binding protein 43.
a β Co-efficient estimates in each cell were obtained from a single linear
regressionmodel adjusted for age at death, sex, education, and all
neuropathologic indices (11 terms in total).

b Regressionmodel further adjusted for vascular risk factor burden (12 terms
in total).

c Regressionmodel further adjusted for global cognition (13 terms in total).

Table 1. Demographics, Clinical, Psychosocial, and Neuropathologic Characteristics and Correlations
With Scam Susceptibility

Factor Mean (SD)
Correlation with scam
susceptibilitya P value

Demographics

Age at death, y 91.3 (6.1) 0.28 <.001

Men, No. (%) 111 (27)
–0.29 .77

Women, No. (%) 297 (73)

Education 15.6 (3.1) 0.05 .27

Cognition

Global cognition –0.7 (1.0) –0.35 <.001

Episodic memory –0.6 (1.2) –0.34 <.001

Semantic memory –0.5 (1.1) –0.35 <.001

Working memory –0.5 (1.0) –0.25 <.001

Visuospatial ability –0.2 (1.0) –0.28 <.001

Perceptual speed –1.0 (0.9) –0.37 <.001

Psychosocial factors

Depression 1.6 (1.9) –0.01 .78

Neuroticism 15.0 (6.5) 0.13 .01

Well-being 5.2 (0.6) –0.25 <.001

Purpose 3.4 (0.5) –0.06 .21

Anxiety 1.3 (1.5) 0.04 .42

Extraversion 15.7 (3.1) 0.01 .87

Vascular risk burden, No. (%)

Diabetes 92 (23) 1.39 .17

Hypertension 285 (70) –0.33 .74

Smoking 162 (40) 3.00 .003

Neuropathology, No. (%)

Macroscopic infarcts 154 (38) –2.79 .006

Microinfarcts 163 (40) –2.03 .04

Arteriolosclerosis (basal ganglia) 100 (25) –2.97 .003

CAA 143 (35) –0.79 .43

Atherosclerosis 83 (20) –2.41 .02

AD pathologic diagnosis 256 (63) –3.65 .0003

LATE-NC (stage 2/3) 135 (33) –3.05 .002

Lewy bodies 104 (25) –1.82 .07

Abbreviations:
AD, Alzheimer disease;
CAA, cerebral amyloid angiopathy;
LATE-NC, limbic-predominant
age-related transactive response
DNA-binding protein 43
encephalopathy.
a Correlations derived from Spearman
or t tests.
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domains, as well as well-being and neuroticism (eTable 2 in
the Supplement). Notably, the associations between macro-
scopic infarctswith scamsusceptibility remainedunchanged.

Regional Macroinfarcts
With Scam Susceptibility and Cognition
Among those that hadmacroscopic infarcts, 21% had a single
infarct and 17% had multiple (≥2 infarcts). Those who had 2
or more infarcts had a higher scam susceptibility score
(Figure2).Macroinfarctsweremore frequent in the frontal lobe
followed by the basal ganglia, parietal lobe, and thalamus
(Table 3). Among those with subcortical infarcts (either in
subcortical gray or white matter), 119 (82%) had lacunes
defined as 10 mm or smaller in size.

Secondary analyses examined the association of regional
macroscopic infarcts with scam susceptibility and separately
with global cognition. In linear regressionmodels adjusted for
demographics and AD pathology, we found that infarcts lo-
calized to the frontal, temporal, andoccipital lobes and thala-
mus were related to scam susceptibility. Specifically, infarcts
in the thalamus were associated with both scam susceptibil-
ity and global cognition, while infarcts in the frontal and oc-
cipital lobes were associated with greater scam susceptibil-
ity, but notwith global cognition nor to any cognitive domain
(Table 3 and eTable 1 in the Supplement). Next, we examined
whether the associationof infarcts differedby size, ie, total la-
cunes vsnonlacunes.We found that lacunes (<10mmin size),
but not nonlacunes, were associated with both greater scam
susceptibility and global cognition (Table 3).

WatershedMicrovascular Pathology
With Scam Susceptibility
Priorwork fromour grouphas shown thatwatershedbrain re-
gions, which lie at the arterial border zones, aremore vulner-
able to microvascular pathologies.29,30 In linear regression
models adjusted for demographics, macroscopic infarcts,
and AD pathology, we found a positive association between
arteriolosclerosis pathology in the anterior watershed region
and scam susceptibility, but it was not significant.We did not
find an association between arteriolosclerosis in the poste-

rior watershed region or betweenwatershedmicroinfarcts or
nonwatershedmicroinfarctswithscamsusceptibility (eTable5
in the Supplement).

Discussion
To our knowledge, this is the first study examining multiple
cerebrovascular pathologieswith scamsusceptibility in older
persons. We found that cerebral infarcts are associated with
greater scam susceptibility above and beyond accumulating
ADandotherneurodegenerativepathologies. Importantly, this
associationpersists after adjusting forvascular riskburdenand
cognition. Together, our findings suggest that vascular brain
health may play an important role in scam susceptibility.

Scam susceptibility is associated with adverse financial
and health outcomes, including cognitive decline and
dementia.10,14,37 Understanding brain health in the context of
scam susceptibility is a novel area. There are extremely lim-
ited data that offer insight into the neurobiological basis un-
derlying scam susceptibility, and in general decision-making
processes, in older persons. In a recent study,we showed that
accumulating neurodegenerative pathology, specifically
β-amyloid, is associated with scam susceptibility, highlight-
ingaspecificneurodegenerative-biological footprintwithscam
susceptibility.19 Our current study extends these findings in
several importantways. First,we examined the associationof
diverse cerebrovascular pathologies that are commonly found
in the aging brain with scam susceptibility, expanding an
extremely limited literature regarding vascular brain health
as it is associatedwith scam susceptibility. Second, we found
that theassociationbetweencerebrovascularpathologies,par-
ticularly macroscopic infarcts, is independent of accumulat-
ing AD and non-AD proteinopathies. Third, regional vascular
changes, including frontal brain regions,maybe important for
scam susceptibility. Lastly, we observed an association be-
tween cerebrovascular pathologies with scam susceptibility
independent of cognition, fostering the notion that neural
factors may be involved relatively independent of cognition.

The reasons why scam susceptibility (and in general
decision-making)are sensitive tospecificneuropathologiesare
unclear. Previouswork fromourgroupandothershave shown
that different neuropathologies in the aging brain can have
varying impacts on related behaviors such as cognition.38-40

Moreover, we have shown that the functional impact of vari-
ous pathologies depends on combination, severity, and pat-
tern of accumulation of brain pathologies.41 Decision-
making, in particular scam susceptibility, are complex
behaviors that involve integration and coordination of di-
verse cognitive, affective, and socioemotional resources that
rely on distributed neural networks.5,14,42,43 We conceptual-
ize that the presence of macroscopic infarcts (as well as
AD pathology) impacts these brain networks and degrades
specific abilities that may heighten vulnerability to scams.
Neuroimaging studieshave identified several interactingbrain
regionswithin, or highly connected to the frontal lobe, a brain
regionparticularly vulnerable to infarcts (strokes) andβ-amy-
loid pathology in early stages ofAD, are likely involved in eco-

Figure 2. Scam Susceptibility Across None, Single,
andMultipleMacroscropic Infarcts
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nomicdecision-makingandsocioemotionalabilities.44,45Find-
ings from the current study also provides support for a frontal
lobe involvement towarddecision-making.Accumulatingevi-
dence indicates that vascular brain injury is common in older
individualswithout overt cognitive impairment,17,46,47which
may impact socio-cognitive and -emotional abilities in early
stagesof thediseaseprocess.Additionally,weandothershave
shownmultiplepathologiescoexist in theagingbrain.Ourprior
work shows thatmixed pathologies are common and that the
combinations/profiles of mixed pathologies,41 including the
combinations of cerebrovascular pathologies, are complex.48

In the current study, individuals with macroscopic infarcts
were more likely to have arteriolosclerosis pathology, micro-
infarcts, and large vessel disease, and it may be the case that
certain combinations of pathologies have stronger impact on
scam susceptibility.Whilewe do not have sufficient power to
address this now, future studieswill examine associations be-
tween the specific groups of mixed pathologies with scam
susceptibility and decision-making.

Regarding biological and mechanistic pathways, cere-
brovascular stress may induce damage to a myriad of white
matter networks,49 disrupt white matter integrity,50 and ini-
tiate inflammatory pathways,51,52 which in turn can result in
brain structural alterations53,54 and numerous long-term
behavioral/decision-making deficits. A robust factor
associated with vascular brain injury is inflammation, with
evidence to suggest that systemic inflammation triggers a
neuroinflammatory response in the brain.55,56 Chronic
inflammation may play a negative role in health outcomes,
especially in those with increased vulnerability to vascular
brain injuries and has been linked with psychosocial factors
and personality traits,57,58 critical factors that contribute to
an individual’s decision-making processes. Our current
study complements and extends our prior work showing an
association between white matter integrity59 and gray
matter volume,45 detected with in vivo magnetic resonance
imaging, with scam susceptibility in the same cohort.
Together, these findings pave the way to develop a frame-
work for future longitudinal studies that include in vivo
cerebrovascular markers and inflammatory biomarkers with
scam susceptibility.

These findings have important clinical implications and
suggest that individuals with poor vascular brain health (or
numerous strokes) may have a heightened vulnerability to
scams. Further, these findings suggest that cerebrovascular
disease, specifically cerebral infarcts, impact a broader spec-
trum of behavior that extends beyond cognition, including
decision-making.While the scamsusceptibilitymeasureused
in this studywasdeveloped for an epidemiologic study and is
not suitable to predict those individuals with macroscopic
infarcts, an appropriately validated measures to assess scam
susceptibility in clinical settingsmay offer very important di-
agnostic tools. This is the first study, to our knowledge, to link
vascular brain injuries with scam susceptibility. Data came
from a group of well-characterized, community-based, older
persons.We used awell-validatedmeasure of scam suscepti-
bility derived from statements that are widely used in fi-
nance studies regarding the behaviors that make individuals
more susceptible to scams. Further, we examined a diverse
portfolio of cerebrovascular pathologies, including both cere-
bral infarcts and small- and large-vessel diseases, as well as
regional pathologies, revealing nuanced vascular pathologic
associations with scam susceptibility.

Limitations
There are some limitations to this work. First, the study co-
hort consisted of a highly selective group of older adults who
wereprimarilywell educatedandnon-HispanicWhite. For the
study results to be generalized, the findings should be repli-
cated inamorediverse sample. Second,pathologies are evalu-
ated on small, sampled brain regions; thus,wemay beunder-
estimating the burden of specific pathologies. Third, findings
from this study are observational and therefore does not
infer causality.

Conclusions
Future work exploringmechanistic factors associated vascu-
lar brain injury in the context of decision-making will be
important to unravel pathways that contribute to decision-
making and scams in older persons.

Table 3. Regional Macroscopic InfarctsWith Scam Susceptibility and Global Cognitiona

Brain regionb No. (%)

Scam susceptibility Global cognition

β (SE) P value β (SE) P value
Frontal lobe 65 (16) 0.24 (0.09) .006 –0.09 (0.12) .43

Parietal lobe 31 (7.6) –0.004 (0.12) .97 –0.39 (0.16) .02

Temporal lobe 26 (6.4) 0.36 (0.13) .006 –0.29 (0.18) .17

Occipital lobe 19 (4.6) 0.47 (0.15) .002 –0.28 (0.21) .17

Basal ganglia 61 (15) 0.15 (0.09) .10 –0.14 (0.12) .25

Thalamus 30 (7.4) 0.36 (0.12) .003 –0.33 (0.17) .04

Lacunar 97 (24) 0.24 (0.07) .001 –0.25 (0.10) .02

Nonlacunar 22 (5) 0.04 (0.10) .67 –0.07 (0.13) .57

a The estimates are derived from
linear regressionmodels with scam
susceptibility or global cognition as
separate outcomes and each
individual brain region as the
predictor. All models adjusted for
age at death, sex, education, and
Alzheimer disease pathology.

bBrain region(s) are not mutually
exclusive.
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domains, as well as well-being and neuroticism (eTable 2 in
the Supplement). Notably, the associations between macro-
scopic infarctswith scamsusceptibility remainedunchanged.

Regional Macroinfarcts
With Scam Susceptibility and Cognition
Among those that hadmacroscopic infarcts, 21% had a single
infarct and 17% had multiple (≥2 infarcts). Those who had 2
or more infarcts had a higher scam susceptibility score
(Figure2).Macroinfarctsweremore frequent in the frontal lobe
followed by the basal ganglia, parietal lobe, and thalamus
(Table 3). Among those with subcortical infarcts (either in
subcortical gray or white matter), 119 (82%) had lacunes
defined as 10 mm or smaller in size.

Secondary analyses examined the association of regional
macroscopic infarcts with scam susceptibility and separately
with global cognition. In linear regressionmodels adjusted for
demographics and AD pathology, we found that infarcts lo-
calized to the frontal, temporal, andoccipital lobes and thala-
mus were related to scam susceptibility. Specifically, infarcts
in the thalamus were associated with both scam susceptibil-
ity and global cognition, while infarcts in the frontal and oc-
cipital lobes were associated with greater scam susceptibil-
ity, but notwith global cognition nor to any cognitive domain
(Table 3 and eTable 1 in the Supplement). Next, we examined
whether the associationof infarcts differedby size, ie, total la-
cunes vsnonlacunes.We found that lacunes (<10mmin size),
but not nonlacunes, were associated with both greater scam
susceptibility and global cognition (Table 3).

WatershedMicrovascular Pathology
With Scam Susceptibility
Priorwork fromour grouphas shown thatwatershedbrain re-
gions, which lie at the arterial border zones, aremore vulner-
able to microvascular pathologies.29,30 In linear regression
models adjusted for demographics, macroscopic infarcts,
and AD pathology, we found a positive association between
arteriolosclerosis pathology in the anterior watershed region
and scam susceptibility, but it was not significant.We did not
find an association between arteriolosclerosis in the poste-

rior watershed region or betweenwatershedmicroinfarcts or
nonwatershedmicroinfarctswithscamsusceptibility (eTable5
in the Supplement).

Discussion
To our knowledge, this is the first study examining multiple
cerebrovascular pathologieswith scamsusceptibility in older
persons. We found that cerebral infarcts are associated with
greater scam susceptibility above and beyond accumulating
ADandotherneurodegenerativepathologies. Importantly, this
associationpersists after adjusting forvascular riskburdenand
cognition. Together, our findings suggest that vascular brain
health may play an important role in scam susceptibility.

Scam susceptibility is associated with adverse financial
and health outcomes, including cognitive decline and
dementia.10,14,37 Understanding brain health in the context of
scam susceptibility is a novel area. There are extremely lim-
ited data that offer insight into the neurobiological basis un-
derlying scam susceptibility, and in general decision-making
processes, in older persons. In a recent study,we showed that
accumulating neurodegenerative pathology, specifically
β-amyloid, is associated with scam susceptibility, highlight-
ingaspecificneurodegenerative-biological footprintwithscam
susceptibility.19 Our current study extends these findings in
several importantways. First,we examined the associationof
diverse cerebrovascular pathologies that are commonly found
in the aging brain with scam susceptibility, expanding an
extremely limited literature regarding vascular brain health
as it is associatedwith scam susceptibility. Second, we found
that theassociationbetweencerebrovascularpathologies,par-
ticularly macroscopic infarcts, is independent of accumulat-
ing AD and non-AD proteinopathies. Third, regional vascular
changes, including frontal brain regions,maybe important for
scam susceptibility. Lastly, we observed an association be-
tween cerebrovascular pathologies with scam susceptibility
independent of cognition, fostering the notion that neural
factors may be involved relatively independent of cognition.

The reasons why scam susceptibility (and in general
decision-making)are sensitive tospecificneuropathologiesare
unclear. Previouswork fromourgroupandothershave shown
that different neuropathologies in the aging brain can have
varying impacts on related behaviors such as cognition.38-40

Moreover, we have shown that the functional impact of vari-
ous pathologies depends on combination, severity, and pat-
tern of accumulation of brain pathologies.41 Decision-
making, in particular scam susceptibility, are complex
behaviors that involve integration and coordination of di-
verse cognitive, affective, and socioemotional resources that
rely on distributed neural networks.5,14,42,43 We conceptual-
ize that the presence of macroscopic infarcts (as well as
AD pathology) impacts these brain networks and degrades
specific abilities that may heighten vulnerability to scams.
Neuroimaging studieshave identified several interactingbrain
regionswithin, or highly connected to the frontal lobe, a brain
regionparticularly vulnerable to infarcts (strokes) andβ-amy-
loid pathology in early stages ofAD, are likely involved in eco-
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nomicdecision-makingandsocioemotionalabilities.44,45Find-
ings from the current study also provides support for a frontal
lobe involvement towarddecision-making.Accumulatingevi-
dence indicates that vascular brain injury is common in older
individualswithout overt cognitive impairment,17,46,47which
may impact socio-cognitive and -emotional abilities in early
stagesof thediseaseprocess.Additionally,weandothershave
shownmultiplepathologiescoexist in theagingbrain.Ourprior
work shows thatmixed pathologies are common and that the
combinations/profiles of mixed pathologies,41 including the
combinations of cerebrovascular pathologies, are complex.48

In the current study, individuals with macroscopic infarcts
were more likely to have arteriolosclerosis pathology, micro-
infarcts, and large vessel disease, and it may be the case that
certain combinations of pathologies have stronger impact on
scam susceptibility.Whilewe do not have sufficient power to
address this now, future studieswill examine associations be-
tween the specific groups of mixed pathologies with scam
susceptibility and decision-making.

Regarding biological and mechanistic pathways, cere-
brovascular stress may induce damage to a myriad of white
matter networks,49 disrupt white matter integrity,50 and ini-
tiate inflammatory pathways,51,52 which in turn can result in
brain structural alterations53,54 and numerous long-term
behavioral/decision-making deficits. A robust factor
associated with vascular brain injury is inflammation, with
evidence to suggest that systemic inflammation triggers a
neuroinflammatory response in the brain.55,56 Chronic
inflammation may play a negative role in health outcomes,
especially in those with increased vulnerability to vascular
brain injuries and has been linked with psychosocial factors
and personality traits,57,58 critical factors that contribute to
an individual’s decision-making processes. Our current
study complements and extends our prior work showing an
association between white matter integrity59 and gray
matter volume,45 detected with in vivo magnetic resonance
imaging, with scam susceptibility in the same cohort.
Together, these findings pave the way to develop a frame-
work for future longitudinal studies that include in vivo
cerebrovascular markers and inflammatory biomarkers with
scam susceptibility.

These findings have important clinical implications and
suggest that individuals with poor vascular brain health (or
numerous strokes) may have a heightened vulnerability to
scams. Further, these findings suggest that cerebrovascular
disease, specifically cerebral infarcts, impact a broader spec-
trum of behavior that extends beyond cognition, including
decision-making.While the scamsusceptibilitymeasureused
in this studywasdeveloped for an epidemiologic study and is
not suitable to predict those individuals with macroscopic
infarcts, an appropriately validated measures to assess scam
susceptibility in clinical settingsmay offer very important di-
agnostic tools. This is the first study, to our knowledge, to link
vascular brain injuries with scam susceptibility. Data came
from a group of well-characterized, community-based, older
persons.We used awell-validatedmeasure of scam suscepti-
bility derived from statements that are widely used in fi-
nance studies regarding the behaviors that make individuals
more susceptible to scams. Further, we examined a diverse
portfolio of cerebrovascular pathologies, including both cere-
bral infarcts and small- and large-vessel diseases, as well as
regional pathologies, revealing nuanced vascular pathologic
associations with scam susceptibility.

Limitations
There are some limitations to this work. First, the study co-
hort consisted of a highly selective group of older adults who
wereprimarilywell educatedandnon-HispanicWhite. For the
study results to be generalized, the findings should be repli-
cated inamorediverse sample. Second,pathologies are evalu-
ated on small, sampled brain regions; thus,wemay beunder-
estimating the burden of specific pathologies. Third, findings
from this study are observational and therefore does not
infer causality.

Conclusions
Future work exploringmechanistic factors associated vascu-
lar brain injury in the context of decision-making will be
important to unravel pathways that contribute to decision-
making and scams in older persons.

Table 3. Regional Macroscopic InfarctsWith Scam Susceptibility and Global Cognitiona

Brain regionb No. (%)

Scam susceptibility Global cognition

β (SE) P value β (SE) P value
Frontal lobe 65 (16) 0.24 (0.09) .006 –0.09 (0.12) .43

Parietal lobe 31 (7.6) –0.004 (0.12) .97 –0.39 (0.16) .02

Temporal lobe 26 (6.4) 0.36 (0.13) .006 –0.29 (0.18) .17

Occipital lobe 19 (4.6) 0.47 (0.15) .002 –0.28 (0.21) .17

Basal ganglia 61 (15) 0.15 (0.09) .10 –0.14 (0.12) .25

Thalamus 30 (7.4) 0.36 (0.12) .003 –0.33 (0.17) .04

Lacunar 97 (24) 0.24 (0.07) .001 –0.25 (0.10) .02

Nonlacunar 22 (5) 0.04 (0.10) .67 –0.07 (0.13) .57

a The estimates are derived from
linear regressionmodels with scam
susceptibility or global cognition as
separate outcomes and each
individual brain region as the
predictor. All models adjusted for
age at death, sex, education, and
Alzheimer disease pathology.

bBrain region(s) are not mutually
exclusive.
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IMPORTANCE Although consumption of ultraprocessed food has been linked to higher risk of
cardiovascular disease, metabolic syndrome, and obesity, little is known about the association
of consumption of ultraprocessed foods with cognitive decline.

OBJECTIVE To investigate the association between ultraprocessed food consumption and
cognitive decline in the Brazilian Longitudinal Study of Adult Health.

DESIGN, SETTING, AND PARTICIPANTS This was amulticenter, prospective cohort studywith 3
waves, approximately 4 years apart, from 2008 to 2017. Data were analyzed fromDecember
2021 to May 2022. Participants were public servants aged 35 to 74 years old recruited in 6
Brazilian cities. Participants who, at baseline, had incomplete food frequency questionnaire,
cognitive, or covariate data were excluded. Participants who reported extreme calorie intake
(<600 kcal/day or >6000 kcal/day) and those taking medication that could negatively
interfere with cognitive performance were also excluded.

EXPOSURES Daily ultraprocessed food consumption as a percentage of total energy divided
into quartiles.

MAIN OUTCOMES ANDMEASURES Changes in cognitive performance over time evaluated by
the immediate and delayed word recall, word recognition, phonemic and semantic verbal
fluency tests, and Trail-Making Test B version.

RESULTS A total of 15 105 individuals were recruited and 4330were excluded, leaving 10 775
participants whose data were analyzed. Themean (SD) age at the baseline was 51.6 (8.9)
years, 5880 participants (54.6%) were women, 5723 (53.1%) wereWhite, and 6106 (56.6%)
had at least a college degree. During a median (range) follow-up of 8 (6-10) years, individuals
with ultraprocessed food consumption above the first quartile showed a 28% faster rate of
global cognitive decline (β = −0.004; 95% CI, −0.006 to −0.001; P = .003) and a 25% faster
rate of executive function decline (β = −0.003, 95% CI, −0.005 to 0.000; P = .01) compared
with those in the first quartile.

CONCLUSIONS AND RELEVANCE A higher percentage of daily energy consumption of
ultraprocessed foods was associated with cognitive decline among adults from an ethnically
diverse sample. These findings support current public health recommendations on limiting
ultraprocessed food consumption because of their potential harm to cognitive function.
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JAMANeurology | Original Investigation T heprevalenceofdementia is estimated to increase from
57million cases in 2019 to 153million in 2050owing to
the increase in life expectancy worldwide.1,2 Demen-

tia is the most important cause of disability in high-income
countries, and it is among the 10most important causes in low-
incomeandmiddle-incomecountries.3 The limitedefficacyof
available treatments for dementia highlights the importance
of identifying interventions that are capable of preventing or
delayingdementiaonset todecrease theburdencausedby this
disorder.4,5 Lifestylemodifications, such as physical activity,
healthy dietary habits, and smoking cessation, have been re-
lated to dementia prevention.6 Healthy eating habits, which
include a high intake of whole grains, vegetables, fruit, nuts,
and fish,7-11 have been linked to increased brain volume and
decreased risk of cognitive decline over time.8,9,11,12

In the last 40 years, the food supply industries have in-
creased the commercialization of ultraprocessed foods
(UPFs).13 Such UPFs are formulations of processed food sub-
stances (oils, fats, sugars, starch, andprotein isolates) that con-
tain little or no whole foods and typically include flavorings,
colorings, emulsifiers, and other cosmetic additives.14 Ex-
amples of UPFs are sweet and savory snacks, confectionery,
breakfast cereals, ice cream, sugar-sweetenedbeverages, pro-
cessedmeats, and ready-to-eat frozenmeals. Fifty-eight per-
cent of the calories consumedbyUS citizens, 57%of the calo-
ries consumed by British citizens, and 48% of the calories
consumed by Canadian citizens come from UPFs.15-17 In
Brazil, this group of foods contributes to 30% of total calorie
intake.18 Consumption of UPFs has been linked to an in-
creased risk of cardiovascular disease, metabolic syndrome,
and obesity.19,20 However, few studies have investigated the
associationbetweenUPFandcognitivedecline insamples from
high-income countries.21-23 Therefore, we aimed to prospec-
tively investigate the association between UPF consumption
at baseline and cognitive decline in the Brazilian Longitudi-
nal Study of Adult Health (ELSA-Brasil).

Methods
Participants
The ELSA-Brasil is a multicenter cohort study that comprises
public servants aged 35 to 74 years at baseline from 6 Brazil-
ian cities (BeloHorizonte, Porto Alegre, Rio de Janeiro, Salva-
dor, São Paulo, and Vitoria). Data were collected in 3 waves,
approximately4years apart, starting in2008 to2010.The sec-
ond wave took place in 2012 to 2014, and the third wave was
in2017 to2019. Inclusioncriteria for theELSA-Brasil studywere
active or retired employees of the participating institutions.
Exclusion criteria were pregnancy, intention to quit working
at the institution, cognitiveor communication impairment, or,
for those retired, residences outside of the study center area.
A detailed description of the ELSA-Brasil cohort can be found
elsewhere.24,25

The current study excluded participants who, at base-
line, did not have dietary data, had extreme amounts of en-
ergy intake (<600 kcal/day or >6000 kcal/day), had missing
data on cognitive tests or covariates, or reported taking

medication that couldnegatively interferewith cognitiveper-
formance (Figure 1). A comparison between those who were
included and excluded from this study analysis can be found
in the eAppendix and eTable 1 in the Supplement.

This study was approved by the local ethics committees.
TheELSA-Brasil studywas conducted according to the guide-
lines of theDeclarationofHelsinki,26 theprocedureswere ap-
provedby the ethics committees of all study centers, andpar-
ticipants signedan informedconsentbeforeparticipation.This
study followed the Strengthening the Reporting of Observa-
tional Studies inEpidemiology (STROBE) reporting guideline.

Dietary Assessment
Food and drink consumption in the last 12 months was
assessed at baseline using a validated Food Frequency

Figure 1. Flowchart of the Study Sample

15 105 Participants eligible for inclusion
in ELSA wave 1 (2008-2010)

10 775 Included in ELSA wave 1

4330 Excluded
1769 Missing data for covariates at baseline
1357 Missing cognitive test data
 764 Taking drugs that could interfere

with cognition
412 With extreme calorie intake
 28 With incomplete dietary data

5992 Excluded
5074 Aged <55 y at start of wave 2

603 Lost to follow-up
205 Missing cognitive test data
110 Died

4783 Included in ELSA wave 2 (2012-2014)

8170 Included in ELSA wave 3 (2017-2019)

1687 Excluded
844 Lost to follow-up
623 Missing cognitive test data
220 Died

5074 Included who were aged <55 y at start of wave 2

ELSA indicates Brazilian Longitudinal Study of Adult Health.

Key Points
Question Is the consumption of ultraprocessed foods associated
with cognitive decline?

Findings In a cohort study of 10 775 individuals, higher
consumption of ultraprocessed foods was associated with a higher
rate of global and executive function decline after a median
follow-up of 8 years.

Meaning These findings suggest that limiting consumption of
ultraprocessed food could be associated with reduced cognitive
decline in middle-aged and older adults.
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Questionnaire (FFQ) with 114 items.27 The frequency of con-
sumptionof each itemwas transformed into gramsper dayby
multiplying the frequencyof consumptionby theweightof the
portion in grams (further details can be found in the eAppen-
dix in the Supplement). Foodswere classified according to the
extent of industrial processing using the Nova classification
system.14 Nova includes 4 food groups. Group 1 includes
unprocessedorminimallyprocessed foods, suchas fresh, dry,
or frozen fruits or vegetables, grains, legumes,meat, fish, and
milk, which have undergone minimal processing like grind-
ing, roasting,pasteurization,or freezing.Group2 includespro-
cessed culinary ingredients, such as table sugar, oils, salt, and
other substances that have been extracted, pressed, or centri-
fuged fromgroup 1 foodsor fromnature, andareused tomake
culinarypreparations.Group3 includesprocessedfoods,which
aremanufacturedusing unprocessed orminimally processed
foods, and ingredients from group 2 are used to prolong the
durability of foods andmodify their palatability. Examples of
foods in group 3 include canned fruits, artisanal bread and
cheese, and salted, smoked, or curedmeat or fish. Group4 in-
cludesUPFs,whichare formulationsofseveral ingredients from
group 2 with food additives not used in home preparations,
suchas flavors, colors, sweeteners, emulsifiers, andother sub-
stancesused todisguiseundesirablequalitiesof the finalprod-
uct or imitate the sensorial qualities of culinary preparations
fromgroup 1.14 In the current study, foodswere classified in 3
groups (eTable 2 in the Supplement): (1) unprocessedormini-
mally processed foods and processed culinary ingredients
(Nova groups 1 and2), (2) processed foods (Nova group3), and
(3) UPFs (Nova group 4). We calculated the daily energy con-
sumptionofUPFbysumming theenergyconsumption incalo-
riesofall the foods in thatgroup.ConsumptionofUPFwas then
expressed as a percentage of total daily energy consumption
because a relative measure can capture the degree to which
UPF composes a participant’s diet while accounting for indi-
vidual differences in caloric intake.

Cognitive Assessment
In this longitudinal study, individualswere testedup to3 times
every 4 years (mean [SD] timebetweenvisits, 3.3 [0.5] years).
The memory domain included the immediate recall, late re-
call, and recognition word list tests from the Consortium to
Establish a Registry for Alzheimer Disease.28,29 The execu-
tive function domain included the semantic and the phone-
mic verbal fluency tests,30 and the Trail-Making Test B
version.31Wecalculatedz scoresstandardizedtowave1 tocom-
pare results fromdifferent cognitive tests. Adetaileddescrip-
tion of each test and the z score calculation can be found in
the eAppendix in the Supplement.

Covariates
Covariates thatmight confound the association betweenUPF
consumption and cognitive decline included sociodemo-
graphic, clinical, and lifestyle variables. The sociodemo-
graphic variableswere age, sex,monthly incomeper capita in
USdollars, self-reportedraceandethnicity (withcategoriesself-
reportedby theparticipants asBlackormixed [ie,mixedBlack
andWhite], White, and other races, which include Asian and

Indigenous), and education (less than college and college de-
gree or more). Race and ethnicity were assessed in this study
because they are important social determinants of health that
could influence cognitive performance and UPF consump-
tion. Clinical variables included bodymass index (calculated
as weight in kilograms divided by height in meters squared)
categories (underweight, normal weight, overweight, and
obese),diabetes,hypertension, cardiovasculardisease, andde-
pression. Lifestyle factors included physical activity (light,
moderate, or vigorous), smoking (never, former, or current
smoker), alcohol consumption (never, former, or current al-
cohol use), total energy intake (in kilocalories), and adhesion
to a healthy diet. Details about the covariates can be found in
the eAppendix in the Supplement.

Statistical Analysis
Datawereanalyzed fromDecember2021 toMay2022.Descrip-
tive analyseswerepresentedasmean (SD) for continuousvari-
ables and as percentages for categorical variables.We grouped
thedailyenergypercentagecontributionofUPFinquartiles (0%-
19.9%,20.0%-26.7%,26.8%-34.1%,and34.2%-72.7%).Our ini-
tial analysis compared eachof thequartileswith the first quar-
tile (referencegroup).Subsequentanalysisgroupedthe3highest
quartiles andcompared themwith the first quartile.32Weused
linearmixed-effectsmodelswith randominterceptsandslopes
to assess the association between quartiles of UPF consump-
tion at baseline and change in cognition over time. The time-
scale was the participant’s age in each wave. The longitudinal
association between UPF consumption and cognitive decline
was evaluated by the interaction of theUPF and the timescale.
The linear mixed models were adjusted for sociodemo-
graphic, clinical, and lifestyle variables. To calculate the per-
centage of cognitive decline rate, we subtracted each quartile
slope fromthe firstquartile slope,dividedthisdifferenceby the
slope of the first quartile, andmultiplied it by 100.We also in-
vestigated the modifying effect of age and healthy diet scores
on theassociationbetweenthepercentageofdailyenergy from
UPFandcognitivedeclinebyaddinga3-way interactionamong
thepercentageofdailyenergyfromUPF,thetimescale,andeach
modifieronourmainmodels.Thesignificant interactionswere
assessed in stratified analyses. Inverse probability weighting
(IPW) was used to account for nonresponse across waves.33,34

Details about the IPWcalculation can be found in the eAppen-
dix in the Supplement.

We performed 2 sets of sensitivity analyses. First, we re-
peated theanalysis byexcludingparticipantswho reportedca-
loric intakes above the 95th percentile (5831 kcal formen and
4607 kcal forwomen) andwithout excluding participants be-
cause of caloric intake. Moreover, we verified the robustness
of our findings despite themissing cognitive data bydesign in
wave2by imputing cognitivedatausingnext observation car-
riedbackwardusing the scores fromwave3 inwave2 for those
who were younger than 55 years in wave 2. We assumed this
approach is conservative since cognitive performance is ex-
pected todeclineover time.35Theα levelwassetat the5%level
in 2-sided tests. Statistical analyses were performed using R
statistical softwareversion3.6.3 (RProject for Statistical Com-
puting) using the lme4 package.36,37
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Results

Sample Characteristics
A total of 15 105 individuals were recruited and 4330 were
excluded, leaving 10 775 participants. The median (range)
duration of follow-up was 8 (6-10) years. At baseline,
the mean (SD) age of the participants was 51.6 (8.9) years,
5880 participants (54.6%) were women, 5723 (53.1%) were
White, and 6106 (56.6%) had at least a college education.
The mean (SD) BMI was 26.9 (4.7), and the mean (SD) total

daily calorie intake was 2856 (992) kcal, 27% of which came
from UPF (mean [SD], 785.0 [419.1] kcal/day). Compared
with the lower quartile of the percentage of daily energy
from UPF, those in the fourth quartile (ie, highest UPF con-
sumption) were more likely to be younger, women, White,
had higher education and income, were more likely to be
nonsmokers, and less likely to be current alcohol consum-
ers. The highest quartile also had a higher total energy
intake, lower physical activity, and lower frequency of
comorbidities, but a higher frequency of depressive symp-
toms (Table 1).

Table 1. Baseline Characteristics of the Study Sample by Quartiles of the Percentage of Daily Energy FromUPFs

Characteristic

Participants, No. (%)

P value
Total
(N = 10 775)

UPF consumption quartilea

1 (0%-19.9%)
(n = 2694)

2 (20.0%-26.7%)
(n = 2694)

3 (26.8%-34.1%)
(n = 2694)

4 (34.2%-72.7%)
(n = 2693)

Age, mean (SD), y 51.6 (8.9) 54.2 (8.6) 52.0 (9.0) 50.8 (9.0) 49.6 (9.0) <.001

Sex

Female 5880 (54.6) 1392 (51.6) 1443 (53.5) 1501 (55.7) 1544 (57.3)
<.001

Male 4895 (45.4) 1302 (48.4) 1251 (46.5) 1193 (44.3) 1149 (42.7)

Self-reported race

Black or mixedb 4685 (43.5) 1404 (52.1) 1215 (45.3) 1069 (39.7) 1047 (36.9)

<.001White 5723 (53.1) 1168 (43.3) 1384 (51.4) 1542 (57.2) 1542 (60.5)

Otherc 367 (3.4) 122 (4.6) 95 (3.8) 83 (3.1) 67 (2.6)

Education (less than college degree) 4669 (43.4) 1390 (51.6) 1154 (42.9) 1037 (38.5) 1088 (40.4) <.001

Monthly income, mean (SD), $US 983.6 (788.1) 953.5 (797.8) 974.3 (785.8) 997.8 (776.5) 1010.4 (791.8) .004

Body mass index, mean (SD)d 26.9 (4.7) 26.9 (4.6) 27.0 (4.6) 27.0 (4.8) 27.0 (4.8) .25

Total calorie intake, mean (SD), kcal 2855.9 (991.7) 2813.0 (977.0) 2858.0 (999.0) 2860.0 (993.0) 2894.0 (997.0) .004

Calories from ultraprocessed foods,
mean (SD), kcal

785.0 (419.1) 416.0 (185.0) 667.0 (241.0) 865.0 (308.0) 1192.0 (440.0) <.001

Calories from Nova groups,
% of total caloriese

Groups 1 and 2 1873.5 (65.6) 2194.1 (78.0) 1986.3 (69.5) 1790.3 (62.6) 1522.2 (52.6)

<.001Group 3 197.4 (7.0) 202.9 (7.4) 208.7 (7.3) 203.2 (7.3) 179.8 (6.2)

Group 4 785.0 (27.4) 416.0 (14.8) 663.0 (23.3) 866.5 (30.3) 1192.0 (41.2)

Physical activity

None or light 8197 (76.1) 1968 (73.0) 1996 (74.1) 2062 (76.5) 2171 (80.6)

<.001Moderate 1539 (14.3) 458 (17.0) 406 (15.1) 383 (14.2) 292 (11.0)

Vigorous 1039 (9.6) 268 (10.0) 292 (10.8) 249 (9.3) 230 (8.4)

Hypertension, yes 3704 (34.4) 1100 (41.0) 969 (36.0) 813 (30.2) 822 (30.5) <.001

Diabetes, yes 2016 (18.7) 701 (26.0) 508 (19.0) 424 (15.7) 383 (14.2) <.001

Cardiovascular disease, yes 578 (5.3) 165 (6.1) 153 (5.7) 139 (5.1) 121 (4.5) .04

Depressive symptoms, yes 1263 (11.7) 295 (11.0) 306 (11.3) 285 (10.6) 377 (14.0) <.001

Alcohol consumption

Never 1061 (9.8) 301 (11.2) 248 (9.2) 259 (9.6) 253 (9.3)

<.001Former 1967 (18.3) 467 (17.3) 439 (16.3) 475 (17.7) 586 (21.7)

Current 7747 (71.9) 1926 (71.5) 2007 (74.5) 1960 (72.7) 1854 (69.0)

Smoking

Never 6297 (58.4) 1474 (54.7) 1527 (56.7) 1633 (60.6) 1663 (61.7)

<.001Former 3165 (29.4) 847 (31.4) 851 (31.6) 748 (27.7) 719 (26.7)

Current 1313 (12.2) 373 (13.9) 316 (11.7) 313 (11.7) 311 (11.6)

Abbreviation: UPF, ultraprocessed food.
a UPFs are represented as a percentage of total daily energy consumption
divided in quartiles.

b Includes mixed Black andWhite.
c Includes Asian, Indigenous, or other ethnic groups.

dBodymass index calculated as weight in kilograms divided by height in meters
squared.

e Group 1 includes unprocessed or minimally processed foods. Group 2 includes
processed culinary ingredients. Group 3 includes processed foods. Group 4
includes UPFs.
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Questionnaire (FFQ) with 114 items.27 The frequency of con-
sumptionof each itemwas transformed into gramsper dayby
multiplying the frequencyof consumptionby theweightof the
portion in grams (further details can be found in the eAppen-
dix in the Supplement). Foodswere classified according to the
extent of industrial processing using the Nova classification
system.14 Nova includes 4 food groups. Group 1 includes
unprocessedorminimallyprocessed foods, suchas fresh, dry,
or frozen fruits or vegetables, grains, legumes,meat, fish, and
milk, which have undergone minimal processing like grind-
ing, roasting,pasteurization,or freezing.Group2 includespro-
cessed culinary ingredients, such as table sugar, oils, salt, and
other substances that have been extracted, pressed, or centri-
fuged fromgroup 1 foodsor fromnature, andareused tomake
culinarypreparations.Group3 includesprocessedfoods,which
aremanufacturedusing unprocessed orminimally processed
foods, and ingredients from group 2 are used to prolong the
durability of foods andmodify their palatability. Examples of
foods in group 3 include canned fruits, artisanal bread and
cheese, and salted, smoked, or curedmeat or fish. Group4 in-
cludesUPFs,whichare formulationsofseveral ingredients from
group 2 with food additives not used in home preparations,
suchas flavors, colors, sweeteners, emulsifiers, andother sub-
stancesused todisguiseundesirablequalitiesof the finalprod-
uct or imitate the sensorial qualities of culinary preparations
fromgroup 1.14 In the current study, foodswere classified in 3
groups (eTable 2 in the Supplement): (1) unprocessedormini-
mally processed foods and processed culinary ingredients
(Nova groups 1 and2), (2) processed foods (Nova group3), and
(3) UPFs (Nova group 4). We calculated the daily energy con-
sumptionofUPFbysumming theenergyconsumption incalo-
riesofall the foods in thatgroup.ConsumptionofUPFwas then
expressed as a percentage of total daily energy consumption
because a relative measure can capture the degree to which
UPF composes a participant’s diet while accounting for indi-
vidual differences in caloric intake.

Cognitive Assessment
In this longitudinal study, individualswere testedup to3 times
every 4 years (mean [SD] timebetweenvisits, 3.3 [0.5] years).
The memory domain included the immediate recall, late re-
call, and recognition word list tests from the Consortium to
Establish a Registry for Alzheimer Disease.28,29 The execu-
tive function domain included the semantic and the phone-
mic verbal fluency tests,30 and the Trail-Making Test B
version.31Wecalculatedz scoresstandardizedtowave1 tocom-
pare results fromdifferent cognitive tests. Adetaileddescrip-
tion of each test and the z score calculation can be found in
the eAppendix in the Supplement.

Covariates
Covariates thatmight confound the association betweenUPF
consumption and cognitive decline included sociodemo-
graphic, clinical, and lifestyle variables. The sociodemo-
graphic variableswere age, sex,monthly incomeper capita in
USdollars, self-reportedraceandethnicity (withcategoriesself-
reportedby theparticipants asBlackormixed [ie,mixedBlack
andWhite], White, and other races, which include Asian and

Indigenous), and education (less than college and college de-
gree or more). Race and ethnicity were assessed in this study
because they are important social determinants of health that
could influence cognitive performance and UPF consump-
tion. Clinical variables included bodymass index (calculated
as weight in kilograms divided by height in meters squared)
categories (underweight, normal weight, overweight, and
obese),diabetes,hypertension, cardiovasculardisease, andde-
pression. Lifestyle factors included physical activity (light,
moderate, or vigorous), smoking (never, former, or current
smoker), alcohol consumption (never, former, or current al-
cohol use), total energy intake (in kilocalories), and adhesion
to a healthy diet. Details about the covariates can be found in
the eAppendix in the Supplement.

Statistical Analysis
Datawereanalyzed fromDecember2021 toMay2022.Descrip-
tive analyseswerepresentedasmean (SD) for continuousvari-
ables and as percentages for categorical variables.We grouped
thedailyenergypercentagecontributionofUPFinquartiles (0%-
19.9%,20.0%-26.7%,26.8%-34.1%,and34.2%-72.7%).Our ini-
tial analysis compared eachof thequartileswith the first quar-
tile (referencegroup).Subsequentanalysisgroupedthe3highest
quartiles andcompared themwith the first quartile.32Weused
linearmixed-effectsmodelswith randominterceptsandslopes
to assess the association between quartiles of UPF consump-
tion at baseline and change in cognition over time. The time-
scale was the participant’s age in each wave. The longitudinal
association between UPF consumption and cognitive decline
was evaluated by the interaction of theUPF and the timescale.
The linear mixed models were adjusted for sociodemo-
graphic, clinical, and lifestyle variables. To calculate the per-
centage of cognitive decline rate, we subtracted each quartile
slope fromthe firstquartile slope,dividedthisdifferenceby the
slope of the first quartile, andmultiplied it by 100.We also in-
vestigated the modifying effect of age and healthy diet scores
on theassociationbetweenthepercentageofdailyenergy from
UPFandcognitivedeclinebyaddinga3-way interactionamong
thepercentageofdailyenergyfromUPF,thetimescale,andeach
modifieronourmainmodels.Thesignificant interactionswere
assessed in stratified analyses. Inverse probability weighting
(IPW) was used to account for nonresponse across waves.33,34

Details about the IPWcalculation can be found in the eAppen-
dix in the Supplement.

We performed 2 sets of sensitivity analyses. First, we re-
peated theanalysis byexcludingparticipantswho reportedca-
loric intakes above the 95th percentile (5831 kcal formen and
4607 kcal forwomen) andwithout excluding participants be-
cause of caloric intake. Moreover, we verified the robustness
of our findings despite themissing cognitive data bydesign in
wave2by imputing cognitivedatausingnext observation car-
riedbackwardusing the scores fromwave3 inwave2 for those
who were younger than 55 years in wave 2. We assumed this
approach is conservative since cognitive performance is ex-
pected todeclineover time.35Theα levelwassetat the5%level
in 2-sided tests. Statistical analyses were performed using R
statistical softwareversion3.6.3 (RProject for Statistical Com-
puting) using the lme4 package.36,37
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Results

Sample Characteristics
A total of 15 105 individuals were recruited and 4330 were
excluded, leaving 10 775 participants. The median (range)
duration of follow-up was 8 (6-10) years. At baseline,
the mean (SD) age of the participants was 51.6 (8.9) years,
5880 participants (54.6%) were women, 5723 (53.1%) were
White, and 6106 (56.6%) had at least a college education.
The mean (SD) BMI was 26.9 (4.7), and the mean (SD) total

daily calorie intake was 2856 (992) kcal, 27% of which came
from UPF (mean [SD], 785.0 [419.1] kcal/day). Compared
with the lower quartile of the percentage of daily energy
from UPF, those in the fourth quartile (ie, highest UPF con-
sumption) were more likely to be younger, women, White,
had higher education and income, were more likely to be
nonsmokers, and less likely to be current alcohol consum-
ers. The highest quartile also had a higher total energy
intake, lower physical activity, and lower frequency of
comorbidities, but a higher frequency of depressive symp-
toms (Table 1).

Table 1. Baseline Characteristics of the Study Sample by Quartiles of the Percentage of Daily Energy FromUPFs

Characteristic

Participants, No. (%)

P value
Total
(N = 10 775)

UPF consumption quartilea

1 (0%-19.9%)
(n = 2694)

2 (20.0%-26.7%)
(n = 2694)

3 (26.8%-34.1%)
(n = 2694)

4 (34.2%-72.7%)
(n = 2693)

Age, mean (SD), y 51.6 (8.9) 54.2 (8.6) 52.0 (9.0) 50.8 (9.0) 49.6 (9.0) <.001

Sex

Female 5880 (54.6) 1392 (51.6) 1443 (53.5) 1501 (55.7) 1544 (57.3)
<.001

Male 4895 (45.4) 1302 (48.4) 1251 (46.5) 1193 (44.3) 1149 (42.7)

Self-reported race

Black or mixedb 4685 (43.5) 1404 (52.1) 1215 (45.3) 1069 (39.7) 1047 (36.9)

<.001White 5723 (53.1) 1168 (43.3) 1384 (51.4) 1542 (57.2) 1542 (60.5)

Otherc 367 (3.4) 122 (4.6) 95 (3.8) 83 (3.1) 67 (2.6)

Education (less than college degree) 4669 (43.4) 1390 (51.6) 1154 (42.9) 1037 (38.5) 1088 (40.4) <.001

Monthly income, mean (SD), $US 983.6 (788.1) 953.5 (797.8) 974.3 (785.8) 997.8 (776.5) 1010.4 (791.8) .004

Body mass index, mean (SD)d 26.9 (4.7) 26.9 (4.6) 27.0 (4.6) 27.0 (4.8) 27.0 (4.8) .25

Total calorie intake, mean (SD), kcal 2855.9 (991.7) 2813.0 (977.0) 2858.0 (999.0) 2860.0 (993.0) 2894.0 (997.0) .004

Calories from ultraprocessed foods,
mean (SD), kcal

785.0 (419.1) 416.0 (185.0) 667.0 (241.0) 865.0 (308.0) 1192.0 (440.0) <.001

Calories from Nova groups,
% of total caloriese

Groups 1 and 2 1873.5 (65.6) 2194.1 (78.0) 1986.3 (69.5) 1790.3 (62.6) 1522.2 (52.6)

<.001Group 3 197.4 (7.0) 202.9 (7.4) 208.7 (7.3) 203.2 (7.3) 179.8 (6.2)

Group 4 785.0 (27.4) 416.0 (14.8) 663.0 (23.3) 866.5 (30.3) 1192.0 (41.2)

Physical activity

None or light 8197 (76.1) 1968 (73.0) 1996 (74.1) 2062 (76.5) 2171 (80.6)

<.001Moderate 1539 (14.3) 458 (17.0) 406 (15.1) 383 (14.2) 292 (11.0)

Vigorous 1039 (9.6) 268 (10.0) 292 (10.8) 249 (9.3) 230 (8.4)

Hypertension, yes 3704 (34.4) 1100 (41.0) 969 (36.0) 813 (30.2) 822 (30.5) <.001

Diabetes, yes 2016 (18.7) 701 (26.0) 508 (19.0) 424 (15.7) 383 (14.2) <.001

Cardiovascular disease, yes 578 (5.3) 165 (6.1) 153 (5.7) 139 (5.1) 121 (4.5) .04

Depressive symptoms, yes 1263 (11.7) 295 (11.0) 306 (11.3) 285 (10.6) 377 (14.0) <.001

Alcohol consumption

Never 1061 (9.8) 301 (11.2) 248 (9.2) 259 (9.6) 253 (9.3)

<.001Former 1967 (18.3) 467 (17.3) 439 (16.3) 475 (17.7) 586 (21.7)

Current 7747 (71.9) 1926 (71.5) 2007 (74.5) 1960 (72.7) 1854 (69.0)

Smoking

Never 6297 (58.4) 1474 (54.7) 1527 (56.7) 1633 (60.6) 1663 (61.7)

<.001Former 3165 (29.4) 847 (31.4) 851 (31.6) 748 (27.7) 719 (26.7)

Current 1313 (12.2) 373 (13.9) 316 (11.7) 313 (11.7) 311 (11.6)

Abbreviation: UPF, ultraprocessed food.
a UPFs are represented as a percentage of total daily energy consumption
divided in quartiles.

b Includes mixed Black andWhite.
c Includes Asian, Indigenous, or other ethnic groups.

dBodymass index calculated as weight in kilograms divided by height in meters
squared.

e Group 1 includes unprocessed or minimally processed foods. Group 2 includes
processed culinary ingredients. Group 3 includes processed foods. Group 4
includes UPFs.
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Cognitive Performance and Consumption of UPFs
After a median follow-up of 8 years, participants who re-
ported consumption of UPF ofmore than 19.9% of daily calo-
ries had a 28% faster rate of global cognitive decline com-
pared with those who reported consumption of UPF up to
19.9%ofdaily calories (β = −0.004;95%CI, −0.006 to−0.001;
P = .003) (Table 2 and Figure 2). Moreover, participants who
reported consumption of UPFmore than 19.9% of daily calo-

ries had a 25% faster rate of executive function decline com-
paredwith thosewho reported consumption ofUPF less than
or equal to 19.9%ofdaily calories (β = −0.003, 95%CI, −0.005
to 0.000; P = .01) (Table 2). We found no association be-
tween the percentage of daily energy from UPF and the
memory score. Age was an effect modifier in the association
of thepercentageofdaily energy fromUPFandcognitive func-
tion (P for interaction < .001). Participants younger than 60

Table 2. Association Between Baseline Quartiles of the Percentage of Daily Energy FromUltraprocessed Foods and Yearly Cognitive Change
During the Study Period

Domain

Change in standardized cognitive score per year

Model 1a Model 2b Model 3c

Difference,
%dβ (95% CI)

P value
for trend β (95% CI)

P value
for trend β (95% CI)

P value for
trend

Memory

All quartiles

Quartile 1 × time 0 [Reference]

.88

0 [Reference]

.82

0 [Reference]

.80

0 [Reference]

Quartile 2 × time 0.001 (−0.003 to
0.004)

0.001 (−0.004 to 0.006) 0.001 (−0.002 to 0.004) 6

Quartile 3 × time 0.000 (−0.004 to
0.003)

0.000 (−0.005 to 0.004) 0.000 (−0.004 to 0.003) 0

Quartile 4 × time 0.001 (−0.002 to
0.004)

0.002 (−0.003 to 0.006) 0.001 (−0.002 to 0.005) 6

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.86

0 [Reference]

.77

0 [Reference]

.77

0 [Reference]

Quartiles 2-4
(highest 75%)

0.000 (−0.003 to
0.003)

0.000 (−0.002 to 0.003) 0.000 (−0.002 to 0.003) 0

Executive function

All quartiles

Quartile 1 × time 0 [Reference]

.23

0 [Reference]

.12

0 [Reference]

.12

0 [Reference]

Quartile 2 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 25

Quartile 3 × time −0.002 (−0.005 to
0.001)

−0.003 (−0.006 to 0.000) −0.003 (−0.005 to 0.000) 25

Quartile 4 × time −0.002 (−0.005 to
0.001)

−0.002 (−0.005 to 0.001) −0.002 (−0.005 to 0.001) 16

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.04

0 [Reference]

.01

0 [Reference]

.01

0 [Reference]

Quartiles 2-4
(highest 75%)

−0.002 (−0.005 to
0.000)

−0.003 (−0.005 to 0.000) −0.003 (−0.005 to 0.000) 25

Global cognition

All quartiles

Quartile 1 × time 0 [Reference]

.06

0 [Reference]

.04

0 [Reference]

.04

0 [Reference]

Quartile 2 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 21

Quartile 3 × time −0.004 (−0.007 to
−0.001)

−0.004 (−0.007 to
−0.001)

−0.004 (−0.007 to
−0.001)

28

Quartile 4 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 21

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.004

0 [Reference]

.003

0 [Reference]

.004

0 [Reference]

Quartiles 2-4
(highest 75%)

−0.003 (−0.005 to
−0.001)

−0.003 (−0.006 to
−0.001)

−0.003 (−0.006 to
−0.001)

28

a Model 1 includes linear mixedmodels adjusted for age, sex, race and ethnicity,
education, and income.

bModel 2 includes linear mixedmodels additionally adjusted for physical
activity, bodymass index, hypertension, diabetes, cardiovascular disease,
depressive symptoms, alcohol consumption, and smoking.

c Model 3 includes linear mixedmodels additionally adjusted for total calories
and healthy eating score.

dDifference is between each quartile and the first quartile in model 3.
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years with UPF consumption greater than 19.9% showed a
faster global cognitiondecline comparedwith thosewithUPF
consumption less than 19.9% (β = −0.006; 95%CI, −0.009 to
−0.003;P < .001) (eTable 3 in the Supplement),whereas there
wasnoassociationof thepercentageof daily energy fromUPF
and global cognition decline for those aged 60 years or older
(eTable 3 in the Supplement). Adhesion to a healthy diet was
alsoaneffectmodifierontheassociationofUPFandglobal cog-
nitive function (P for interaction = .04). Participantswith low
healthy diet scores who consumed more than 19.9% of calo-
ries from UPF showed a faster global cognition decline com-
paredwith thosewho consumed less than 19.9% (β = −0.005;
95% CI, −0.009 to −0.002; P = .004) (eTable 4 in the
Supplement and Figure 3A). We found no association be-
tween thepercentageofdaily energy fromUPFandglobal cog-
nition for participants with high healthy diet scores (eTable 4
in the Supplement and Figure 3B).

Toassess therobustnessofour findings,weperformedsen-
sitivity analyses excluding participants who reported caloric
intakes above the 95th percentile by sex andwithout exclud-
ingparticipantsbecauseofcaloric intake.Wealso imputeddata
for cognitive performance for participants younger than 55
years in wave 2. The results of the sensitivity analyses were
similar to those found in the main analysis (eTable 5 and
eTable 6 in the Supplement).

Discussion
In this cohort study of 10 775 individuals followed for a me-
dianof8years,we foundthat consumptionofUPFgreater than
19.9% of total daily calories was associated with a faster de-
cline in global cognitive performance and executive function
comparedwithconsumption less than19.9%of totaldailycalo-
ries. We also found that the percentage of daily energy from
UPF was associated with cognitive decline in participants
younger than60years,which suggests the importanceof pre-
ventive interventions inmiddle-agedadults. Additionally, the
percentage of daily energy fromUPFwas associatedwith cog-
nitive decline in participants with a low healthy diet score,
whereas therewasno association in thosewith ahighhealthy
diet score. Our findings are in linewith previous studies link-
ing consumption of UPF and adverse health outcomes, such
as the increased risk of overweight and obesity,38,39 meta-
bolic syndrome,40 cancer,41 cardiovasculardiseases,42 andall-
cause mortality.43,44

Aprior study21 that investigated theassociationofUPFand
cognition in 568 individualswith type 2diabetes foundnoas-
sociation between total calorie consumption of UPF and cog-
nitive decline, likely because of the small sample size or re-
verse causation, since individualswhodevelopdiabetes could
have reduced theirUPFconsumptionafterdiagnosis.Our find-
ings are in linewith 2 recent studies22,23 that investigated the
associationbetweenUPFconsumptionandcognition.Across-
sectional study22 of older US adults found an association be-
tween UPF consumption and worse verbal fluency perfor-
mance in participants without preexisting chronic health
conditions. Another study23 investigated the association be-

tweenconsumptionofUPFanddementia in72083adults aged
55 years or older from the UK Biobank. Consumption of UPF
was associated with a higher risk of all-cause dementia, vas-
cular dementia, and Alzheimer disease after 10 years of
follow-up.23 The association between UPF and cognitive de-
cline found in our study, particularly the decline in executive
function, could be secondary to cerebrovascular lesions re-
sulting from UPF consumption, because these functions are
particularly sensitive to microvascular lesions.42,45

Neuroimaging studies46,47have found thathighconsump-
tion of aWestern dietary patternwas related to a reduction in
the left hippocampus and gray matter volume in cognitively
healthy individuals. Another possible biological mechanism
for thedecline in executive functionandglobal cognition seen
in our studymay be related to systemic inflammation caused
by the consumption of UPF, because increased levels of cir-
culatingproinflammatorycytokineshavebeenassociatedwith
cognitivedecline.48-52On theother hand, healthydietarypat-
terns were associated with higher gray and white matter vol-
ume, total brain volume, and Aβ42/40 ratio, as well as lower
oxidativestressand inflammation,53,54whichcouldexplainour
findings that the percentage of daily energy fromUPFwas as-
sociated with cognitive decline in participants with a low
healthy diet score, but not in those with a high healthy diet
score.

Strengths and Limitations
This study has some strengths. First, this is a large ethnically
diverse cohort study from a low- andmiddle-income country
with up to 10 years of follow-up. Second, the diet assessment
was conducted using a validated questionnaire.27 Moreover,
we found that UPF consumption was associated with cogni-
tive decline in middle-aged participants. The inclusion of

Figure 2. Trajectories of Global Cognitive Performance Over Time
According to Quartiles of the Percentage of Daily Energy
FromUltraprocessed Foods (%UPF)
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Mixed linear regressionmodels with random intercepts and slopes were
adjusted for age, sex, race and ethnicity, education, income, physical activity,
bodymass index, hypertension, diabetes, cardiovascular disease, depressive
symptoms, alcohol consumption, smoking, total calories, and healthy eating
score. P values were calculated for the interaction between UPF quartiles
(ordinal continuous variable) and age as the timescale. Shaded areas indicate
95% CIs.
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Cognitive Performance and Consumption of UPFs
After a median follow-up of 8 years, participants who re-
ported consumption of UPF ofmore than 19.9% of daily calo-
ries had a 28% faster rate of global cognitive decline com-
pared with those who reported consumption of UPF up to
19.9%ofdaily calories (β = −0.004;95%CI, −0.006 to−0.001;
P = .003) (Table 2 and Figure 2). Moreover, participants who
reported consumption of UPFmore than 19.9% of daily calo-

ries had a 25% faster rate of executive function decline com-
paredwith thosewho reported consumption ofUPF less than
or equal to 19.9%ofdaily calories (β = −0.003, 95%CI, −0.005
to 0.000; P = .01) (Table 2). We found no association be-
tween the percentage of daily energy from UPF and the
memory score. Age was an effect modifier in the association
of thepercentageofdaily energy fromUPFandcognitive func-
tion (P for interaction < .001). Participants younger than 60

Table 2. Association Between Baseline Quartiles of the Percentage of Daily Energy FromUltraprocessed Foods and Yearly Cognitive Change
During the Study Period

Domain

Change in standardized cognitive score per year

Model 1a Model 2b Model 3c

Difference,
%dβ (95% CI)

P value
for trend β (95% CI)

P value
for trend β (95% CI)

P value for
trend

Memory

All quartiles

Quartile 1 × time 0 [Reference]

.88

0 [Reference]

.82

0 [Reference]

.80

0 [Reference]

Quartile 2 × time 0.001 (−0.003 to
0.004)

0.001 (−0.004 to 0.006) 0.001 (−0.002 to 0.004) 6

Quartile 3 × time 0.000 (−0.004 to
0.003)

0.000 (−0.005 to 0.004) 0.000 (−0.004 to 0.003) 0

Quartile 4 × time 0.001 (−0.002 to
0.004)

0.002 (−0.003 to 0.006) 0.001 (−0.002 to 0.005) 6

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.86

0 [Reference]

.77

0 [Reference]

.77

0 [Reference]

Quartiles 2-4
(highest 75%)

0.000 (−0.003 to
0.003)

0.000 (−0.002 to 0.003) 0.000 (−0.002 to 0.003) 0

Executive function

All quartiles

Quartile 1 × time 0 [Reference]

.23

0 [Reference]

.12

0 [Reference]

.12

0 [Reference]

Quartile 2 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 25

Quartile 3 × time −0.002 (−0.005 to
0.001)

−0.003 (−0.006 to 0.000) −0.003 (−0.005 to 0.000) 25

Quartile 4 × time −0.002 (−0.005 to
0.001)

−0.002 (−0.005 to 0.001) −0.002 (−0.005 to 0.001) 16

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.04

0 [Reference]

.01

0 [Reference]

.01

0 [Reference]

Quartiles 2-4
(highest 75%)

−0.002 (−0.005 to
0.000)

−0.003 (−0.005 to 0.000) −0.003 (−0.005 to 0.000) 25

Global cognition

All quartiles

Quartile 1 × time 0 [Reference]

.06

0 [Reference]

.04

0 [Reference]

.04

0 [Reference]

Quartile 2 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 21

Quartile 3 × time −0.004 (−0.007 to
−0.001)

−0.004 (−0.007 to
−0.001)

−0.004 (−0.007 to
−0.001)

28

Quartile 4 × time −0.003 (−0.006 to
0.000)

−0.003 (−0.006 to 0.000) −0.003 (−0.006 to 0.000) 21

Lowest × highest
quartiles

Quartile 1
(lowest 25%)

0 [Reference]

.004

0 [Reference]

.003

0 [Reference]

.004

0 [Reference]

Quartiles 2-4
(highest 75%)

−0.003 (−0.005 to
−0.001)

−0.003 (−0.006 to
−0.001)

−0.003 (−0.006 to
−0.001)

28

a Model 1 includes linear mixedmodels adjusted for age, sex, race and ethnicity,
education, and income.

bModel 2 includes linear mixedmodels additionally adjusted for physical
activity, bodymass index, hypertension, diabetes, cardiovascular disease,
depressive symptoms, alcohol consumption, and smoking.

c Model 3 includes linear mixedmodels additionally adjusted for total calories
and healthy eating score.

dDifference is between each quartile and the first quartile in model 3.
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years with UPF consumption greater than 19.9% showed a
faster global cognitiondecline comparedwith thosewithUPF
consumption less than 19.9% (β = −0.006; 95%CI, −0.009 to
−0.003;P < .001) (eTable 3 in the Supplement),whereas there
wasnoassociationof thepercentageof daily energy fromUPF
and global cognition decline for those aged 60 years or older
(eTable 3 in the Supplement). Adhesion to a healthy diet was
alsoaneffectmodifierontheassociationofUPFandglobal cog-
nitive function (P for interaction = .04). Participantswith low
healthy diet scores who consumed more than 19.9% of calo-
ries from UPF showed a faster global cognition decline com-
paredwith thosewho consumed less than 19.9% (β = −0.005;
95% CI, −0.009 to −0.002; P = .004) (eTable 4 in the
Supplement and Figure 3A). We found no association be-
tween thepercentageofdaily energy fromUPFandglobal cog-
nition for participants with high healthy diet scores (eTable 4
in the Supplement and Figure 3B).

Toassess therobustnessofour findings,weperformedsen-
sitivity analyses excluding participants who reported caloric
intakes above the 95th percentile by sex andwithout exclud-
ingparticipantsbecauseofcaloric intake.Wealso imputeddata
for cognitive performance for participants younger than 55
years in wave 2. The results of the sensitivity analyses were
similar to those found in the main analysis (eTable 5 and
eTable 6 in the Supplement).

Discussion
In this cohort study of 10 775 individuals followed for a me-
dianof8years,we foundthat consumptionofUPFgreater than
19.9% of total daily calories was associated with a faster de-
cline in global cognitive performance and executive function
comparedwithconsumption less than19.9%of totaldailycalo-
ries. We also found that the percentage of daily energy from
UPF was associated with cognitive decline in participants
younger than60years,which suggests the importanceof pre-
ventive interventions inmiddle-agedadults. Additionally, the
percentage of daily energy fromUPFwas associatedwith cog-
nitive decline in participants with a low healthy diet score,
whereas therewasno association in thosewith ahighhealthy
diet score. Our findings are in linewith previous studies link-
ing consumption of UPF and adverse health outcomes, such
as the increased risk of overweight and obesity,38,39 meta-
bolic syndrome,40 cancer,41 cardiovasculardiseases,42 andall-
cause mortality.43,44

Aprior study21 that investigated theassociationofUPFand
cognition in 568 individualswith type 2diabetes foundnoas-
sociation between total calorie consumption of UPF and cog-
nitive decline, likely because of the small sample size or re-
verse causation, since individualswhodevelopdiabetes could
have reduced theirUPFconsumptionafterdiagnosis.Our find-
ings are in linewith 2 recent studies22,23 that investigated the
associationbetweenUPFconsumptionandcognition.Across-
sectional study22 of older US adults found an association be-
tween UPF consumption and worse verbal fluency perfor-
mance in participants without preexisting chronic health
conditions. Another study23 investigated the association be-

tweenconsumptionofUPFanddementia in72083adults aged
55 years or older from the UK Biobank. Consumption of UPF
was associated with a higher risk of all-cause dementia, vas-
cular dementia, and Alzheimer disease after 10 years of
follow-up.23 The association between UPF and cognitive de-
cline found in our study, particularly the decline in executive
function, could be secondary to cerebrovascular lesions re-
sulting from UPF consumption, because these functions are
particularly sensitive to microvascular lesions.42,45

Neuroimaging studies46,47have found thathighconsump-
tion of aWestern dietary patternwas related to a reduction in
the left hippocampus and gray matter volume in cognitively
healthy individuals. Another possible biological mechanism
for thedecline in executive functionandglobal cognition seen
in our studymay be related to systemic inflammation caused
by the consumption of UPF, because increased levels of cir-
culatingproinflammatorycytokineshavebeenassociatedwith
cognitivedecline.48-52On theother hand, healthydietarypat-
terns were associated with higher gray and white matter vol-
ume, total brain volume, and Aβ42/40 ratio, as well as lower
oxidativestressand inflammation,53,54whichcouldexplainour
findings that the percentage of daily energy fromUPFwas as-
sociated with cognitive decline in participants with a low
healthy diet score, but not in those with a high healthy diet
score.

Strengths and Limitations
This study has some strengths. First, this is a large ethnically
diverse cohort study from a low- andmiddle-income country
with up to 10 years of follow-up. Second, the diet assessment
was conducted using a validated questionnaire.27 Moreover,
we found that UPF consumption was associated with cogni-
tive decline in middle-aged participants. The inclusion of

Figure 2. Trajectories of Global Cognitive Performance Over Time
According to Quartiles of the Percentage of Daily Energy
FromUltraprocessed Foods (%UPF)

1.0

0.6

0.8

0.4

0.2

0

30 40 50 60 70 80 90

Age, y

Gl
ob

al
 c

og
ni

tio
n

P=.047

Quartile of %UPF
1 (0% to 19.9%)
2 (20.0% to 26.7%)
3 (26.8% to 34.1%)
4 (34.2% to 72.7%)

Mixed linear regressionmodels with random intercepts and slopes were
adjusted for age, sex, race and ethnicity, education, income, physical activity,
bodymass index, hypertension, diabetes, cardiovascular disease, depressive
symptoms, alcohol consumption, smoking, total calories, and healthy eating
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(ordinal continuous variable) and age as the timescale. Shaded areas indicate
95% CIs.
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middle-agedparticipants in studies about risk factors for cog-
nitive decline is particularly important to understand poten-
tial preventive targets early in the life course.55,56

However, our findings should be considered in light of
study limitations. Attrition is a concern for a long-term study,
andparticipants younger than 55 yearswere not submitted to
cognitive assessment during the second visit, because of the
studydesign.Nevertheless, theuseof IPWprovided somecor-
rection for selection bias. Moreover, the imputation of miss-
ing cognitivedatabydesign inwave2didnot change themain
study findings. In addition, diet was assessed only at base-
line,whichmaynot reflect longitudinal diet changes andmay
lead to an underestimation of the associations between UPF
and cognition.57 A few food items may have been misclassi-
fied because the FFQ was not specifically designed to assess
the degree of processing. Because the FFQwas self-reported,
the UPF consumption could be underreported owing to so-
cial desirability bias,which couldhavebiased associations to-
ward the null. Using the same calorie cutoff interval for men
andwomenmay introduce bias due to different caloric intake
needs. However, the use of a relative measure as the expo-
sure variable (percentage of the daily energy fromUPF)mini-
mizes the effect of extreme total energy intakes on the stud-
ied association.58 Additionally, a sensitivity analysis using
different cutoffs for calorie intake inmenandwomen showed
similar results to ourmain analysis. Although the use of soft-
ware based onNorth American foods to estimate calorie con-
tent may be a limitation, it is unlikely to bias the UPF

consumptionestimations, because theUPFclassificationused
thecompositionofproductscommonlyconsumedinBrazil and
did not consider the nutritional composition from the soft-
ware. Additionally, our findings may be subjected to selec-
tion bias, because the characteristics of those included and
those excluded in the study at baseline differed. Althoughwe
adjusted the analyses for several sociodemographic and clini-
cal confounders, we cannot exclude the possibility of re-
sidual confounding. Furthermore, since neuroimaging is not
available in the ELSA-Brasil study, we were not able to inves-
tigate possible mechanisms that could explain the associa-
tion between UPF consumption and cognitive decline in our
study.

Conclusions
In this large cohort study, a higher percentage of daily energy
fromUPFwasassociatedwith cognitivedeclineduring8years
of follow-up. Intact cognitive function is key to successful ag-
ing. Therefore, despite the small effect size of the association
between UPF consumption and cognitive decline, our find-
ings are meaningful to cognitive health. Limiting UPF con-
sumption, particularly inmiddle-aged adults, may be an effi-
cient form to prevent cognitive decline. Future studies
investigating the mechanism by which UPF may lead to cog-
nitive decline are needed, aswell as confirmation of our find-
ings inother longitudinal studiesandrandomizedclinical trials.
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middle-agedparticipants in studies about risk factors for cog-
nitive decline is particularly important to understand poten-
tial preventive targets early in the life course.55,56

However, our findings should be considered in light of
study limitations. Attrition is a concern for a long-term study,
andparticipants younger than 55 yearswere not submitted to
cognitive assessment during the second visit, because of the
studydesign.Nevertheless, theuseof IPWprovided somecor-
rection for selection bias. Moreover, the imputation of miss-
ing cognitivedatabydesign inwave2didnot change themain
study findings. In addition, diet was assessed only at base-
line,whichmaynot reflect longitudinal diet changes andmay
lead to an underestimation of the associations between UPF
and cognition.57 A few food items may have been misclassi-
fied because the FFQ was not specifically designed to assess
the degree of processing. Because the FFQwas self-reported,
the UPF consumption could be underreported owing to so-
cial desirability bias,which couldhavebiased associations to-
ward the null. Using the same calorie cutoff interval for men
andwomenmay introduce bias due to different caloric intake
needs. However, the use of a relative measure as the expo-
sure variable (percentage of the daily energy fromUPF)mini-
mizes the effect of extreme total energy intakes on the stud-
ied association.58 Additionally, a sensitivity analysis using
different cutoffs for calorie intake inmenandwomen showed
similar results to ourmain analysis. Although the use of soft-
ware based onNorth American foods to estimate calorie con-
tent may be a limitation, it is unlikely to bias the UPF

consumptionestimations, because theUPFclassificationused
thecompositionofproductscommonlyconsumedinBrazil and
did not consider the nutritional composition from the soft-
ware. Additionally, our findings may be subjected to selec-
tion bias, because the characteristics of those included and
those excluded in the study at baseline differed. Althoughwe
adjusted the analyses for several sociodemographic and clini-
cal confounders, we cannot exclude the possibility of re-
sidual confounding. Furthermore, since neuroimaging is not
available in the ELSA-Brasil study, we were not able to inves-
tigate possible mechanisms that could explain the associa-
tion between UPF consumption and cognitive decline in our
study.

Conclusions
In this large cohort study, a higher percentage of daily energy
fromUPFwasassociatedwith cognitivedeclineduring8years
of follow-up. Intact cognitive function is key to successful ag-
ing. Therefore, despite the small effect size of the association
between UPF consumption and cognitive decline, our find-
ings are meaningful to cognitive health. Limiting UPF con-
sumption, particularly inmiddle-aged adults, may be an effi-
cient form to prevent cognitive decline. Future studies
investigating the mechanism by which UPF may lead to cog-
nitive decline are needed, aswell as confirmation of our find-
ings inother longitudinal studiesandrandomizedclinical trials.
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Figure 3. Trajectories of Global Cognitive Performances Over Time in ParticipantsWith LowHealthy Diet Scores and High Healthy Diet Scores
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Graphs show trajectories of global cognitive performances over time according
to quartiles of the percentage of daily energy from ultraprocessed foods
(%UPF). Mixed linear regressionmodels with random intercepts and slopes
were adjusted for age, sex, race and ethnicity, education, income, physical

activity, bodymass index, hypertension, diabetes, cardiovascular disease,
depressive symptoms, alcohol consumption, smoking, total calories, and
healthy eating score. Shaded areas indicate 95% CIs.
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Widening the Spectrum of Risk Factors, Comorbidities,
and Prodromal Features of Parkinson Disease
Anette Schrag, MD, PhD; Jens Bohlken, MD; Lotte Dammertz, MD; Stefan Teipel, MD, PhD;Wiebke Hermann, MD;
Manas K. Akmatov, PhD; Jörg Bätzing, MD; Jakob Holstiege, PhD

IMPORTANCE The prodromal phase of Parkinson disease (PD) may last for more than 10
years. Recognition of the spectrum and occurrence of risk factors, comorbidities, and
prodromal features of PD can increase understanding of the causes and development of the
disease and help identify individuals at risk.

OBJECTIVE To identify the association of a subsequent diagnosis of PDwith a range of risk
factors and prodromal features, including lifestyle factors, comorbidities, and potential
extracerebral manifestations of PD.

DESIGN, SETTING, AND PARTICIPANTS This was a case-control study using insurance claims of
outpatient consultations of patients with German statutory health insurance between
January 1, 2011, and December 31, 2020. Included were patients with incident diagnosis of PD
without a previous diagnosis of parkinsonism or dementia and controls matched 1:2 for age,
sex, region, and earliest year of outpatient encounter.

EXPOSURES Exposures were selected based on previous systematic reviews, case-control and
cohort studies reporting on risk factors, comorbidities, and prodromal features of PD.

MAIN OUTCOMES ANDMEASURES Previously postulated risk factors and prodromal features of
PD, using the International Statistical Classification of Diseases and Related Health Problems,
Tenth Revision (ICD-10) coding.

RESULTS A total of 138 345 patients with incident PD (mean [SD] age, 75.1 [9.8] years; 73 720
male [53.3%]) and 276690matched controls (mean [SD] age, 75.1 (9.8) years; 147 440male
[53.3%]) were identified. Study participants were followed up for a mean (SD) of 6.0 (2.0)
years. Consistent with previous reports, risk factors and prodromal features associated with
PD included traumatic brain injury, odds ratio (OR), 1.62; 95% CI, 1.36-1.92; alcohol misuse,
OR, 1.32; 95% CI, 1.21-1.44; hypertension, OR, 1.29; 95% CI, 1.26-1.31; anosmia, OR, 2.16; 95%
CI, 1.59-2.93; and parasomnias (including RBD), OR, 1.62; 95% CI, 1.42-1.84. In addition, there
were associations with restless legs syndrome (OR, 4.19; 95% CI, 3.91-4.50), sleep apnea (OR,
1.45; 95% CI, 1.37-1.54), epilepsy (OR, 2.26; 95% CI, 2.07-2.46), migraine (OR, 1.21; 95% CI,
1.12-1.29), bipolar disorder (OR, 3.81; 95% CI, 3.11-4.67), and schizophrenia (OR, 4.48; 95% CI,
3.82-5.25). The following diagnoses were also found to be associated with PD: sensory
impairments beyond anosmia, such as hearing loss (OR, 1.14; 95% CI, 1.09-1.20) and changes
of skin sensation (OR, 1.31; 95% CI, 1.21-1.43). There were also positive associations with skin
disorders (eg, seborrheic dermatitis, OR, 1.30; 95% CI, 1.15-1.46; psoriasis, OR, 1.13; 95% CI,
1.05-1.21), gastrointestinal disorders (eg, gastroesophageal reflux, OR, 1.29; 95% CI, 1.25-1.33;
gastritis, OR, 1.28; 95% CI, 1.24-1.33), conditions with a potential inflammatory component
(eg, seronegative osteoarthritis, OR, 1.21; 95% CI, 1.03-1.43), and diabetes types 1 (OR, 1.32;
95% CI, 1.21-1.43) and 2 (OR, 1.24; 95% CI, 1.20-1.27). Associations even 5 to 10 years before
diagnosis included tremor (odds ratio [OR], 4.49; 95% CI, 3.98-5.06), restless legs syndrome
(OR, 3.73; 95% CI, 3.39-4.09), bipolar disorder (OR, 3.80; 95% CI, 2.82-5.14), and
schizophrenia (OR, 4.00; 95% CI, 3.31-4.85).

CONCLUSIONS AND RELEVANCE Results of this case-control study suggest that the
associations found between PD and certain risk factors, comorbidities, and prodromal
symptoms in a representative populationmay reflect possible early extrastriatal and
extracerebral pathology of PD. This may be due to shared genetic risk with PD, medication
exposure, or direct causation, or represent pathophysiologically relevant factors contributing
to the pathogenesis of PD.
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IMPORTANCE The prodromal phase of Parkinson disease (PD) may last for more than 10
years. Recognition of the spectrum and occurrence of risk factors, comorbidities, and
prodromal features of PD can increase understanding of the causes and development of the
disease and help identify individuals at risk.

OBJECTIVE To identify the association of a subsequent diagnosis of PDwith a range of risk
factors and prodromal features, including lifestyle factors, comorbidities, and potential
extracerebral manifestations of PD.

DESIGN, SETTING, AND PARTICIPANTS This was a case-control study using insurance claims of
outpatient consultations of patients with German statutory health insurance between
January 1, 2011, and December 31, 2020. Included were patients with incident diagnosis of PD
without a previous diagnosis of parkinsonism or dementia and controls matched 1:2 for age,
sex, region, and earliest year of outpatient encounter.

EXPOSURES Exposures were selected based on previous systematic reviews, case-control and
cohort studies reporting on risk factors, comorbidities, and prodromal features of PD.

MAIN OUTCOMES ANDMEASURES Previously postulated risk factors and prodromal features of
PD, using the International Statistical Classification of Diseases and Related Health Problems,
Tenth Revision (ICD-10) coding.

RESULTS A total of 138 345 patients with incident PD (mean [SD] age, 75.1 [9.8] years; 73 720
male [53.3%]) and 276690matched controls (mean [SD] age, 75.1 (9.8) years; 147 440male
[53.3%]) were identified. Study participants were followed up for a mean (SD) of 6.0 (2.0)
years. Consistent with previous reports, risk factors and prodromal features associated with
PD included traumatic brain injury, odds ratio (OR), 1.62; 95% CI, 1.36-1.92; alcohol misuse,
OR, 1.32; 95% CI, 1.21-1.44; hypertension, OR, 1.29; 95% CI, 1.26-1.31; anosmia, OR, 2.16; 95%
CI, 1.59-2.93; and parasomnias (including RBD), OR, 1.62; 95% CI, 1.42-1.84. In addition, there
were associations with restless legs syndrome (OR, 4.19; 95% CI, 3.91-4.50), sleep apnea (OR,
1.45; 95% CI, 1.37-1.54), epilepsy (OR, 2.26; 95% CI, 2.07-2.46), migraine (OR, 1.21; 95% CI,
1.12-1.29), bipolar disorder (OR, 3.81; 95% CI, 3.11-4.67), and schizophrenia (OR, 4.48; 95% CI,
3.82-5.25). The following diagnoses were also found to be associated with PD: sensory
impairments beyond anosmia, such as hearing loss (OR, 1.14; 95% CI, 1.09-1.20) and changes
of skin sensation (OR, 1.31; 95% CI, 1.21-1.43). There were also positive associations with skin
disorders (eg, seborrheic dermatitis, OR, 1.30; 95% CI, 1.15-1.46; psoriasis, OR, 1.13; 95% CI,
1.05-1.21), gastrointestinal disorders (eg, gastroesophageal reflux, OR, 1.29; 95% CI, 1.25-1.33;
gastritis, OR, 1.28; 95% CI, 1.24-1.33), conditions with a potential inflammatory component
(eg, seronegative osteoarthritis, OR, 1.21; 95% CI, 1.03-1.43), and diabetes types 1 (OR, 1.32;
95% CI, 1.21-1.43) and 2 (OR, 1.24; 95% CI, 1.20-1.27). Associations even 5 to 10 years before
diagnosis included tremor (odds ratio [OR], 4.49; 95% CI, 3.98-5.06), restless legs syndrome
(OR, 3.73; 95% CI, 3.39-4.09), bipolar disorder (OR, 3.80; 95% CI, 2.82-5.14), and
schizophrenia (OR, 4.00; 95% CI, 3.31-4.85).

CONCLUSIONS AND RELEVANCE Results of this case-control study suggest that the
associations found between PD and certain risk factors, comorbidities, and prodromal
symptoms in a representative populationmay reflect possible early extrastriatal and
extracerebral pathology of PD. This may be due to shared genetic risk with PD, medication
exposure, or direct causation, or represent pathophysiologically relevant factors contributing
to the pathogenesis of PD.
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P rodromal features of Parkinson disease (PD) can start
more than a decade before the typical clinical symp-
toms allow a diagnosis.1,2 In addition, there is increas-

ingevidence for anumberofpossible risk factors thatmaypre-
dispose to the manifestation of the disease or facilitate
development or spreadof pathological lesions. These risk fac-
tors include well-known genetic or environmental risk fac-
tors but also diabetes type 2 or gastric pathology, which may
increase spread of pathology from the enteric nervous sys-
tem via the vagal nerve to the central nervous system.3,4 The
recognition of such risk factors and prodromal features of PD
togetherwith thepresenceof Lewybodypathology inperiph-
eralorgansandearlyextrastriatalbrainpathologyseveral years
before PD diagnosis have widened our understanding of the
development of the disease. Specifically, these findings sug-
gest thatdiseaseonsetmaynotonlyoccur in thebrainbut also
in gastrointestinal and other extracerebral systems.5,6 These
insightshavealsooffered theopportunity toexplore earlybio-
markers andmechanisms of pathogenesis. To date, the best-
established prodromal features are subtle motor symptoms,
rapid eyemovement sleep behavior disorder (RBD; a rare but
highly specific condition),7,8 hyposmia/anosmia (a common
and relativelynonspecific feature),9,10 neuropsychiatricmani-
festations (eg,depressionandanxiety), autonomic features (eg,
constipation and urinary and sexual dysfunction), dizziness
andfatigue,andpain.1However,otherprodromal featureshave
beensuggestedbutwith littleordivergentevidence.Somemay
reflect striatal or extrastriatal involvement like restless legs
syndrome11,12 and cognitive changes13 or early deposition of
α-synucleinaggregates inperipheral tissues, includingskin.14-17

Several studieshave suggested that infectionswith cytomega-
lovirus or Epstein-Barr virusmay predate the diagnosis of PD
and may represent triggers, risk factors, or causes of the on-
set of PD.18-21 Additional associations with potential risk fac-
tors include lack of a smoking history, a family history of PD,
tremor, orhead trauma.4Associations are less consistentordi-
vergent with dietary factors,22 alcohol intake,23-25 choles-
terol levels,26-28 and hypertension4,29 as well as with type 2
diabetes,30-32 osteoarthritis, and inflammatory bowel
disease.33-35 Finally, other studies have suggested associa-
tions with schizophrenia,36,37 bipolar disorder,38,39

epilepsy,40,41 andmigraine.42-44 Although some studies indi-
cate that theassociationwithschizophreniaprevailsevenwhen
excludingdrug-inducedparkinsonism,36,37 at least part of the
associations with these diseases may be due to medications
known to be associated with drug-induced parkinsonism.

Most studies to date include relatively small sample sizes
that may havemissed subtle associations, included a limited
number of exposures precluding comparisons in terms of
strengthand timelineof association, or are retrospective stud-
ies and limitedby recall bias.Availabilityof largedata sets, col-
lected in routine care, enables the detection and comparison
of subtle associations ofmultiple risk factors,whichmayoth-
erwise not be identified. Here, we used a routine-care data-
base comprising insurance claims of outpatient consulta-
tions in the German statutory health insurance (covers 87%
of all inhabitants of Germany) to analyze data over a 10-year
period.

Methods

Study Design
This was a case-control study using insurance claims of out-
patient consultationsofpatientswithGermanstatutoryhealth
insurance and incident PD identifiedbetween January 1, 2011,
and December 31, 2020, using general and specialist practice
data froma sourcepopulationof 72842 190people in 2020.45

Theuseofclaimsdata forscientific research inGermanyis regu-
latedbytheCodeofSocialLaw(Sozialgesetzbuch,SGBV).Ethi-
cal approval and informed consent are not required for rou-
tinely collectedpseudonymizeddata. This study followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guidelines.

Patientscared forbymore than1medicalprofessionalwere
only includedonce. Individualswere included if at least 3years
of outpatient data before diagnosis of PD or index date were
available, in order to limit the possibility of including patients
withapreviousdiagnosisofPDthatwas first recordedbyanew
treatingphysicianduring thepatient registrationperiod.Thus,
casesofnewlydiagnosedPDandcontrolswere identified in the
data set fromJanuary 1, 2014, toDecember 31, 2020, if they at-
tended1ormoreoutpatientvisits in therespectiveyearandalso
receivedoutpatient servicesat least 1 time3yearsbefore the in-
dex year or earlier. Diagnosis of PD was defined as the pres-
enceofan InternationalStatisticalClassificationofDiseasesand
RelatedHealthProblems,TenthRevision(ICD-10)diagnosticcode
(ICD-10:G20) inmore than 1 insuranceclaimperiod (3months)
withoutapreviousdiagnosisofparkinsonism(ICD-10:G20,G21,
or G22) in the preceding 3 years. Patients and controls with a
diagnosisofdementia (ICD-10: F03,F00)within the3yearsbe-
fore the index date were excluded. We matched cases to con-
trols (1:2) without a diagnosis of PD (ICD-10: G20, G21, or G22)
in the index year or the preceding 3 years, with an index date
within the same 3-month time period as the case’s PD diagno-
sis, and matched for age, sex, geographic region of residence,
and earliest year of outpatient encounter within the study
period.

Key Points
Question What risk factors, comorbidities, and prodromal
symptoms preceded the diagnosis of Parkinson disease (PD) in a
large representative routine-care database?

Findings In this case-control study of 138 345 patients with
incident PD and 276690matched controls, an increased risk of
PDwas associated with a range of risk factors, comorbidities, and
prodromal features, particularly tremor, restless legs syndrome,
and both schizophrenia and bipolar disorder; comorbidities such
as diabetes types 1 and 2, epilepsy, sensory skin disturbances, and
gastrointestinal disorders; and risk factors such as alcohol misuse
and traumatic head injury.

Meaning These associations may reflect possible early
extrastriatal and extracerebral pathology of PD; risk factors due to
shared genetic risk with PD, medication exposure, or direct
causation; or may represent pathophysiologically relevant factors
contributing to the pathogenesis of PD.
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Dataon thepresenceof defineddiagnoseswith apotential
associationwith subsequent diagnosis of PD, identified froma
reviewof the literature,were thenextracted foreach individual
from general practice data, both for each year and grouped for
theperiods less than 1year, 2 to4years, and5 to 10yearsbefore
indexdate, independentofcalendaryearandfirstonset.Thetime
slicingwas oriented onprevious studies.1 ICD codes for poten-
tialprodromal features, risk factors, andcomorbiditieswerede-
finedasdescribed ineTable 1 in theSupplement.This list origi-
natedfromtheliteraturereviewanddiscussionwithPDexperts.
Onlyprodromal features, risk factors, andcomorbidities coded
by general practitionerswere included in this analysis.

Statistical Analysis
Odds ratios (ORs)were calculated for potential prodromal fea-
tures of PD in the year before indexdate andpooled for the pe-
riods 2 to 4 years and 5 to 10 years before index date. The 95%
CIs were calculated using themethod by Altmann46 with con-
servativeBonferroniadjustment formultiplecomparisons.Sta-
tistical significancewasassumedwhenthe95%CIof theORdid
notoverlapthenullvalue(eg,OR=1.0).Statisticalanalyseswere
performed using SAS, version 9.4 (SAS Institute).

Results
Atotalof 138345patientswith incidentPD (mean [SD]age, 75.1
[9.8] years; 73 720male [53.3%]; 64625 female [46.7%]) in the
period between 2014 and 2020 and 276690 matched con-
trols (mean [SD] age, 75.1 (9.8) years; 147440 male [53.3%];
129 250 female [46.7%]) were identified. Their demographic
characteristics foreachtimeperiodaregiven in theTable.Mean
(SD) follow-up timewas 6.0 (2.0) years in both cases and con-
trols. A total of 102360patients (74%)withPDand27652 con-
trols (10%) were examined by a neurologist during the insur-
ance quarter of diagnosis. The following presentation of the
results is grouped according to the role of a factor as possible
prodrome of disease or as risk or comorbid factor.

Suspected Prodromal Presentations of PD
There were positive associations for the overall observation
period with a subsequent diagnosis of PD for the motor fea-

tures of tremor (OR, 11.38; 95% CI, 10.51-12.32), gait impair-
ment (OR, 1.90; 95% CI, 1.83-1.98) (Figure 1), stiffness of
joints (OR, 1.32; 95% CI, 1.17-1.50), shoulder pain (OR, 1.15;
95% CI, 1.06-1.24), and neck pain (OR, 1.16; 95% CI, 1.12-1.20)
(eFigure in the Supplement). The autonomic presentations of
dizziness (OR, 1.60; 95% CI, 1.55-1.66), postural hypotension
(OR, 1.40; 95% CI, 1.32-1.49), constipation (OR, 1.84; 95% CI,
1.76-1.93), features of sexual dysfunction (OR, 1.20; 95% CI,
1.11-1.30), and neurogenic bladder (OR, 1.72; 95% CI, 1.52-
1.94) also revealed positive associations with a diagnosis of
PD. In addition, there were associations between the follow-
ing features and PD: fatigue (OR, 1.43; 95% CI, 1.37-1.50); the
neuropsychiatric presentations of depression (OR, 1.86; 95%
CI, 1.81-1.92) (Figure 2), anxiety (OR, 1.65; 95% CI, 1.57-1.74),
and memory problems (OR, 1.72; 95% CI, 1.59-1.85); the sleep
disorders of restless leg syndrome (OR, 4.19; 95% CI, 3.91-
4.50), parasomnias (including RBD; OR, 1.62; 95% CI, 1.42-
1.84), sleep apnea (OR, 1.45; 95% CI, 1.37-1.54), insomnia (OR,
1.40; 95% C,I 1.31-1.49), other sleep disorders (OR, 1.41; 95%
CI, 1.35-1.47), and, although rare, hypersomnia (OR, 2.16;
95% CI, 1.27-3.68) (eTable 3 in the Supplement). Further, for
sensory changes including anosmia (OR, 2.16; 95% CI, 1.59-
2.93), hearing loss (OR, 1.14; 95% CI, 1.09-1.20), alterations in
skin sensation (OR, 1.31; 95% CI, 1.21-1.43), nonspecific pain
(OR, 1.13; 95% CI, 1.09-1.17), and subjective visual distur-
bance (OR, 1.26; 95% CI, 1.01-1.57) and for diagnoses of the
skin conditions seborrheic dermatitis (OR, 1.30; 95% CI, 1.15-
1.46) (Figure 3), psoriasis (OR, 1.13; 95% CI, 1.05-1.21), and
dermatophytosis (OR, 1.25; 95% CI, 1.19-1.32), there were
positive associations with a diagnosis of PD.

AssociationWith Suspected Risk Factors and Comorbidities
Therewas an increasedOR for preceding alcoholmisuse (OR,
1.32; 95% CI, 1.21-1.44) and traumatic brain injury (OR, 1.62;
95% CI, 1.36-1.92) as well as for hypertension (OR, 1.29; 95%
CI, 1.26-1.31) andhypercholesterinemia (OR, 1.11; 95%CI, 1.08-
1.13) (Figure 4). However, therewas a reducedOR for nicotine
misuse (OR,0.92;95%CI,0.86-0.98)withPD. Inaddition,both
diabetes type 1 (OR, 1.32;95%CI, 1.21-1.43) and type2 (OR, 1.24;
95%CI, 1.20-1.27)were associatedwith a subsequent diagno-
sis of PD overall and in all time periods before diagnosis of PD
(eTable 2 in the Supplement; Figure 1).

Table. Characteristics of PatientsWith Incident Parkinson Disease and Controls

Variable

Total

Retrospective data

With 1 y With 2-4 y With 5-10 y

Cases Controls Cases Controls Cases Controls Cases Controls
No. 138 345 276 690 138 345 276 690 138 345 276 690 106 957 213 914

Sex, No. (%)

Female 64 625
(46.7)

129 250
(46.7)

64 625
(46.7)

129 250
(46.7)

64 625
(46.7)

129 250
(46.7)

49 656
(46.4)

99 312
(46.4)

Male 73 720
(53.3)

147 440
(53.3)

73 720
(53.3)

147 440
(53.3)

73 720
(53.3)

147 440
(53.3)

57 301
(53.6)

114 602
(53.6)

Age at index
date, mean (SD)
[range], y

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.14 (9.8)
[40-105]

75.1 (9.8)
[40-104]

Follow-up time,
mean (SD), ya

6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.7 (1.6) 6.7 (1.6)

a Time from first recorded outpatient visit during observation period to index date.
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P rodromal features of Parkinson disease (PD) can start
more than a decade before the typical clinical symp-
toms allow a diagnosis.1,2 In addition, there is increas-
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dispose to the manifestation of the disease or facilitate
development or spreadof pathological lesions. These risk fac-
tors include well-known genetic or environmental risk fac-
tors but also diabetes type 2 or gastric pathology, which may
increase spread of pathology from the enteric nervous sys-
tem via the vagal nerve to the central nervous system.3,4 The
recognition of such risk factors and prodromal features of PD
togetherwith thepresenceof Lewybodypathology inperiph-
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development of the disease. Specifically, these findings sug-
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in gastrointestinal and other extracerebral systems.5,6 These
insightshavealsooffered theopportunity toexplore earlybio-
markers andmechanisms of pathogenesis. To date, the best-
established prodromal features are subtle motor symptoms,
rapid eyemovement sleep behavior disorder (RBD; a rare but
highly specific condition),7,8 hyposmia/anosmia (a common
and relativelynonspecific feature),9,10 neuropsychiatricmani-
festations (eg,depressionandanxiety), autonomic features (eg,
constipation and urinary and sexual dysfunction), dizziness
andfatigue,andpain.1However,otherprodromal featureshave
beensuggestedbutwith littleordivergentevidence.Somemay
reflect striatal or extrastriatal involvement like restless legs
syndrome11,12 and cognitive changes13 or early deposition of
α-synucleinaggregates inperipheral tissues, includingskin.14-17

Several studieshave suggested that infectionswith cytomega-
lovirus or Epstein-Barr virusmay predate the diagnosis of PD
and may represent triggers, risk factors, or causes of the on-
set of PD.18-21 Additional associations with potential risk fac-
tors include lack of a smoking history, a family history of PD,
tremor, orhead trauma.4Associations are less consistentordi-
vergent with dietary factors,22 alcohol intake,23-25 choles-
terol levels,26-28 and hypertension4,29 as well as with type 2
diabetes,30-32 osteoarthritis, and inflammatory bowel
disease.33-35 Finally, other studies have suggested associa-
tions with schizophrenia,36,37 bipolar disorder,38,39

epilepsy,40,41 andmigraine.42-44 Although some studies indi-
cate that theassociationwithschizophreniaprevailsevenwhen
excludingdrug-inducedparkinsonism,36,37 at least part of the
associations with these diseases may be due to medications
known to be associated with drug-induced parkinsonism.

Most studies to date include relatively small sample sizes
that may havemissed subtle associations, included a limited
number of exposures precluding comparisons in terms of
strengthand timelineof association, or are retrospective stud-
ies and limitedby recall bias.Availabilityof largedata sets, col-
lected in routine care, enables the detection and comparison
of subtle associations ofmultiple risk factors,whichmayoth-
erwise not be identified. Here, we used a routine-care data-
base comprising insurance claims of outpatient consulta-
tions in the German statutory health insurance (covers 87%
of all inhabitants of Germany) to analyze data over a 10-year
period.

Methods

Study Design
This was a case-control study using insurance claims of out-
patient consultationsofpatientswithGermanstatutoryhealth
insurance and incident PD identifiedbetween January 1, 2011,
and December 31, 2020, using general and specialist practice
data froma sourcepopulationof 72842 190people in 2020.45

Theuseofclaimsdata forscientific research inGermanyis regu-
latedbytheCodeofSocialLaw(Sozialgesetzbuch,SGBV).Ethi-
cal approval and informed consent are not required for rou-
tinely collectedpseudonymizeddata. This study followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guidelines.

Patientscared forbymore than1medicalprofessionalwere
only includedonce. Individualswere included if at least 3years
of outpatient data before diagnosis of PD or index date were
available, in order to limit the possibility of including patients
withapreviousdiagnosisofPDthatwas first recordedbyanew
treatingphysicianduring thepatient registrationperiod.Thus,
casesofnewlydiagnosedPDandcontrolswere identified in the
data set fromJanuary 1, 2014, toDecember 31, 2020, if they at-
tended1ormoreoutpatientvisits in therespectiveyearandalso
receivedoutpatient servicesat least 1 time3yearsbefore the in-
dex year or earlier. Diagnosis of PD was defined as the pres-
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diagnosisofdementia (ICD-10: F03,F00)within the3yearsbe-
fore the index date were excluded. We matched cases to con-
trols (1:2) without a diagnosis of PD (ICD-10: G20, G21, or G22)
in the index year or the preceding 3 years, with an index date
within the same 3-month time period as the case’s PD diagno-
sis, and matched for age, sex, geographic region of residence,
and earliest year of outpatient encounter within the study
period.

Key Points
Question What risk factors, comorbidities, and prodromal
symptoms preceded the diagnosis of Parkinson disease (PD) in a
large representative routine-care database?

Findings In this case-control study of 138 345 patients with
incident PD and 276690matched controls, an increased risk of
PDwas associated with a range of risk factors, comorbidities, and
prodromal features, particularly tremor, restless legs syndrome,
and both schizophrenia and bipolar disorder; comorbidities such
as diabetes types 1 and 2, epilepsy, sensory skin disturbances, and
gastrointestinal disorders; and risk factors such as alcohol misuse
and traumatic head injury.

Meaning These associations may reflect possible early
extrastriatal and extracerebral pathology of PD; risk factors due to
shared genetic risk with PD, medication exposure, or direct
causation; or may represent pathophysiologically relevant factors
contributing to the pathogenesis of PD.
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CIs were calculated using themethod by Altmann46 with con-
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tistical significancewasassumedwhenthe95%CIof theORdid
notoverlapthenullvalue(eg,OR=1.0).Statisticalanalyseswere
performed using SAS, version 9.4 (SAS Institute).

Results
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trols (10%) were examined by a neurologist during the insur-
ance quarter of diagnosis. The following presentation of the
results is grouped according to the role of a factor as possible
prodrome of disease or as risk or comorbid factor.

Suspected Prodromal Presentations of PD
There were positive associations for the overall observation
period with a subsequent diagnosis of PD for the motor fea-

tures of tremor (OR, 11.38; 95% CI, 10.51-12.32), gait impair-
ment (OR, 1.90; 95% CI, 1.83-1.98) (Figure 1), stiffness of
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AssociationWith Suspected Risk Factors and Comorbidities
Therewas an increasedOR for preceding alcoholmisuse (OR,
1.32; 95% CI, 1.21-1.44) and traumatic brain injury (OR, 1.62;
95% CI, 1.36-1.92) as well as for hypertension (OR, 1.29; 95%
CI, 1.26-1.31) andhypercholesterinemia (OR, 1.11; 95%CI, 1.08-
1.13) (Figure 4). However, therewas a reducedOR for nicotine
misuse (OR,0.92;95%CI,0.86-0.98)withPD. Inaddition,both
diabetes type 1 (OR, 1.32;95%CI, 1.21-1.43) and type2 (OR, 1.24;
95%CI, 1.20-1.27)were associatedwith a subsequent diagno-
sis of PD overall and in all time periods before diagnosis of PD
(eTable 2 in the Supplement; Figure 1).

Table. Characteristics of PatientsWith Incident Parkinson Disease and Controls

Variable

Total

Retrospective data

With 1 y With 2-4 y With 5-10 y

Cases Controls Cases Controls Cases Controls Cases Controls
No. 138 345 276 690 138 345 276 690 138 345 276 690 106 957 213 914

Sex, No. (%)

Female 64 625
(46.7)

129 250
(46.7)

64 625
(46.7)

129 250
(46.7)

64 625
(46.7)

129 250
(46.7)

49 656
(46.4)

99 312
(46.4)

Male 73 720
(53.3)

147 440
(53.3)

73 720
(53.3)

147 440
(53.3)

73 720
(53.3)

147 440
(53.3)

57 301
(53.6)

114 602
(53.6)

Age at index
date, mean (SD)
[range], y

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.1 (9.8)
[40-105]

75.14 (9.8)
[40-105]

75.1 (9.8)
[40-104]

Follow-up time,
mean (SD), ya

6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.0 (2.0) 6.7 (1.6) 6.7 (1.6)

a Time from first recorded outpatient visit during observation period to index date.
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Associations for comorbidities with PD were found for
the diagnoses of schizophrenia (OR, 4.48; 95% CI, 3.82-
5.25) and bipolar disorder (OR, 3.81; 95% CI, 3.11-4.67), with
increased ORs also for epilepsy (OR, 2.26; 95% CI, 2.07-
2.46), migraine (OR, 1.21; 95% CI, 1.12-1.29), osteoarthritis
(OR, 1.20; 95% CI, 1.17-1.23), seropositive inflammatory
arthritis (OR, 1.21; 95% CI, 1.03-1.43), and other inflamma-
tory arthritis (OR, 1.19; 95% CI, 1.11-1.27). There was also an

increased OR for the gastrointestinal comorbidities of gas-
troesophageal reflux disease (OR, 1.29; 95% CI, 1.25-1.33),
gastritis (OR, 1.28; 95% CI, 1.24-1.33), and gastric ulcer (OR,
1.24; 95% CI, 1.12-1.37), with less-consistent associations
over time periods for duodenal ulcer (OR, 1.13; 95% CI, 1.00-
1.29), Crohn disease (OR, 1.21; 95% CI, 0.99-1.48), and ulcer-
ative colitis (OR, 1.23; 95% CI, 1.06-1.43). There was no sig-
nificant association in any time period for gastrojejunal

Figure 1. Prevalence ofMotor, Sensory, and Autonomic PresentationsMost Strongly AssociatedWith Parkinson Disease (PD) by Year Before Diagnosis
ComparedWith Controls
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ulcer (OR, 1.25; 95% CI, 0.81-1.92) and peptic ulcer (OR, 1.34;
95% CI, 0.97-1.86). There was no significant association for
cytomegaloviral disease (OR, 1.05; 95% CI, 0.61-1.79) and
infectious mononucleosis (OR, 1.46; 95% CI, 0.94-2.25), but
these were rare.

Discussion

In this large, representative, case-control study of PD based
on claims data, we found a number of previously known

Figure 2. Prevalence of Sleep and Psychiatric Presentations AssociatedWith Parkinson Disease (PD) by Year Before Diagnosis
ComparedWith Controls
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Associations for comorbidities with PD were found for
the diagnoses of schizophrenia (OR, 4.48; 95% CI, 3.82-
5.25) and bipolar disorder (OR, 3.81; 95% CI, 3.11-4.67), with
increased ORs also for epilepsy (OR, 2.26; 95% CI, 2.07-
2.46), migraine (OR, 1.21; 95% CI, 1.12-1.29), osteoarthritis
(OR, 1.20; 95% CI, 1.17-1.23), seropositive inflammatory
arthritis (OR, 1.21; 95% CI, 1.03-1.43), and other inflamma-
tory arthritis (OR, 1.19; 95% CI, 1.11-1.27). There was also an

increased OR for the gastrointestinal comorbidities of gas-
troesophageal reflux disease (OR, 1.29; 95% CI, 1.25-1.33),
gastritis (OR, 1.28; 95% CI, 1.24-1.33), and gastric ulcer (OR,
1.24; 95% CI, 1.12-1.37), with less-consistent associations
over time periods for duodenal ulcer (OR, 1.13; 95% CI, 1.00-
1.29), Crohn disease (OR, 1.21; 95% CI, 0.99-1.48), and ulcer-
ative colitis (OR, 1.23; 95% CI, 1.06-1.43). There was no sig-
nificant association in any time period for gastrojejunal
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ulcer (OR, 1.25; 95% CI, 0.81-1.92) and peptic ulcer (OR, 1.34;
95% CI, 0.97-1.86). There was no significant association for
cytomegaloviral disease (OR, 1.05; 95% CI, 0.61-1.79) and
infectious mononucleosis (OR, 1.46; 95% CI, 0.94-2.25), but
these were rare.

Discussion

In this large, representative, case-control study of PD based
on claims data, we found a number of previously known
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early features and a range of previously unreported or con-
troversial associations with subsequent diagnosis of PD.
Among the early motor features, there were associations
observed for tremor, which had a relatively high prevalence
in those with a subsequent diagnosis of PD but rarely
occurred in the control population (<1%). Changes in gait
were common in both the PD and the control population but,
together with shoulder pain and neck pain, were already

increased 5 years before diagnosis, whereas detection of joint
stiffness as a marker of rigidity was relatively uncommon
before diagnosis. Consistent with previous reports,1 we
found associations with neuropsychiatric features of early
and prodromal PD, including depression and less commonly,
anxiety,1 notably even in the earliest prediagnostic period.
Interestingly, these neuropsychiatric features included
memory complaints evenmore than 5 years before diagnosis,

Figure 3. Prevalence of Some Comorbidities AssociatedWith Parkinson Disease (PD) by Year Before Diagnosis ComparedWith Controls
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albeit much less commonly than depression or anxiety.
Among the autonomic features, dizziness was present in
more than 10% of patients more than 5 years before diagnosis
of PD. Hypotension was relatively rare overall but more fre-
quent in subsequent PD cases than in controls in all time
periods. Possible interactions of hypotension with medica-
tion could not be assessed with our data. Constipation was
only present in a relatively small proportion of patients

before diagnosis of PD in this study, which was lower than in
previous studies1,2 and may be due to underreporting. Sexual
dysfunction and symptoms of neurogenic bladder distur-
bances had a low prevalence but were more frequently
reported than in controls across all time periods. All sleep
disorders were more common in the group with subsequent
PD than in controls, including diagnostic codes used for para-
somnias. This diagnostic code also covers RBD for which no

Figure 4. Prevalence of Other Risk Factors AssociatedWith Parkinson Disease (PD) by Year Before Diagnosis ComparedWith Controls
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early features and a range of previously unreported or con-
troversial associations with subsequent diagnosis of PD.
Among the early motor features, there were associations
observed for tremor, which had a relatively high prevalence
in those with a subsequent diagnosis of PD but rarely
occurred in the control population (<1%). Changes in gait
were common in both the PD and the control population but,
together with shoulder pain and neck pain, were already

increased 5 years before diagnosis, whereas detection of joint
stiffness as a marker of rigidity was relatively uncommon
before diagnosis. Consistent with previous reports,1 we
found associations with neuropsychiatric features of early
and prodromal PD, including depression and less commonly,
anxiety,1 notably even in the earliest prediagnostic period.
Interestingly, these neuropsychiatric features included
memory complaints evenmore than 5 years before diagnosis,
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albeit much less commonly than depression or anxiety.
Among the autonomic features, dizziness was present in
more than 10% of patients more than 5 years before diagnosis
of PD. Hypotension was relatively rare overall but more fre-
quent in subsequent PD cases than in controls in all time
periods. Possible interactions of hypotension with medica-
tion could not be assessed with our data. Constipation was
only present in a relatively small proportion of patients

before diagnosis of PD in this study, which was lower than in
previous studies1,2 and may be due to underreporting. Sexual
dysfunction and symptoms of neurogenic bladder distur-
bances had a low prevalence but were more frequently
reported than in controls across all time periods. All sleep
disorders were more common in the group with subsequent
PD than in controls, including diagnostic codes used for para-
somnias. This diagnostic code also covers RBD for which no
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specific code was available. However, other sleep distur-
bances, including insomnia, were also more commonly
diagnosed before PD diagnosis as previously reported.1,47

RBD is thought to affect approximately 1% of the general
population,48 but the condition is probably undiagnosed in
the majority of patients because symptoms of RBD or other
sleep disturbances are often underreported and undervalued
in routine care. Furthermore, it is possible that diagnoses of
sleep disorders, including parasomnias, nightmares, and
insomnia, reflect underlying RBD, which would require spe-
cific questioning and polysomnography for a definite diagno-
sis. Sleep apnea has also been reported to be increased in
patients with PD and been associated with risk of subsequent
PD.49,50 Although information on diagnostic test results was
not available, our study results also suggested an associated
increased risk of a clinical diagnosis of sleep apnea in cases
with a subsequent diagnosis of PD. Hypersomnia, although
more common in those with subsequent diagnosis of PD, was
not frequently diagnosed. This may have been due to low
prevalence, underdiagnosis, or underreporting of symptoms
by patients. The most common occurrence of all sleep disor-
ders associated with subsequent PD occurred for restless legs
syndrome, which was at least 4 times more commonly diag-
nosed in those with subsequent PD than in controls and was
also relatively frequent (4%-6% of patients). Although rest-
less legs syndrome is recognized as a feature of PD (it may be
of heterogeneous origin51), it is also common in the general
population. Thus far, there has been controversial evidence
for an association of restless legs syndrome and subsequent
PD.11,12,52 Among the sensory systems, hyposmia is recog-
nized to be almost universally present in established PD
and predates the diagnoses often by many years or
decades.10,53-55 However, it rarely leads to subjective com-
plaints severe enough to require medical attention. Never-
theless, we found that anosmia, the most severe form of loss
of sense of smell, was more common in those with subse-
quent diagnosis of PD, albeit rare (<1%), in all examined time
periods. We also found that hearing loss, a relatively common
disorder in the general population, was more prevalent in
those with subsequent diagnosis of PD than in controls, even
more than 5 years before diagnosis. Although an association
of hearing loss with Alzheimer disease has long been
recognized,56,57 this has only rarely been reported for PD.41,58

Subjective visual complaints, which are also common in
PD,59 were not a common feature associated with subsequent
PD. Unspecified pain, another common sensory feature of
PD,60 was present in a large number of patients before the
diagnosis of PD and more common than in controls in all
examined time periods as has been previously reported.1 To
our knowledge, a new finding of this study was an associa-
tion with diagnoses reflecting changes in skin sensation.
Such sensations have been reported in established PD
before61,62 but not as a prodromal feature of PD. If confirmed
in future studies, this may indicate early sensory changes
that reflect central changes in skin perception similar to pain
but may also be linked with skin disorders as outlined subse-
quently. However, as the diagnostic codes used may reflect a
number of different complaints, further research is needed to

identify whether there is a more specific association for some
of these sensory complaints.

Consistentwithprevious reports,4 resultsofour studysug-
gest that risk factors such as traumatic brain injury and alco-
hol misuse were positively associated with a diagnosis of PD,
andnicotineusewasnegatively associatedwithPD.Therewas
also an increased OR for previous diagnoses of hypertension
and hypercholesterinemia in those with subsequent diag-
nosis of PD, in keeping with some but not other previous
reports.26-29 Diabetes type 2 has previously been reported to
beassociatedwith subsequentdiagnosis of PD, althoughmore
and larger-scale studieswere thought tobe required,31 anddia-
betes type 1 has not been previously reported to be increased
inpatientswithPDorbeforediagnosis. If confirmed, these as-
sociationsmay representpotentiallymodifiable risk factors for
PD and may also suggest potential mechanisms contributing
to the evolution of PD.Althoughvascular pathologymay lead
to development of parkinsonian syndromes not related to an
underlyingα-synucleinopathy,mendelian randomizationand
preclinical studies have suggested that diabetes is causally re-
lated to occurrence and progression of PD.30,31,63

Comorbidities
We found associations of schizophrenia and bipolar disorder
with a subsequent diagnosis of PD, with a 4- to 5-fold in-
crease in risk across all time periods. Although a proportion
of these cases may be due to use of dopamine antagonistic
medications,which cannot alwaysbediscontinuedwhenpar-
kinsonismoccurs, there is also increasingevidence that theuse
of antidopaminergics may not be the only driver of these
associations36,37 but rather other factors such as a shared ge-
netic background of both disorders.36,64 A recent study37 that
used several approaches to investigate the association of
schizophrenia with subsequent development of PD (includ-
ing clinical records anddiagnosesmadebyneurologists based
on theUKBrainBankor theMovementDisorder Society clini-
cal criteria with follow-up over several years, the use of time
limits for diagnosis and patient age, and the exclusion of pa-
tients with secondary parkinsonism) showed a clear associ-
ated increased riskof PD in thosewith schizophrenia,with ab-
normalDaTscans in thoseexamined.Ourownstudy,however,
did not allowus to identify themedication of the cases to test
this assumption further, and it is likely that at least some of
the association is nevertheless secondary to the use of dopa-
mineantagonisticmedication.Similar confoundingmaypartly
contribute to the greater than 2-fold increased associated risk
of epilepsy in the prediagnostic period, related to the use of
the antiepileptic sodium valproate, and the less-pronounced
but consistent increased rate of migraine in all prediagnostic
time periods. It is also possible that patients with these diag-
noses are more likely to be diagnosed with PD as they are al-
ready under neurologic or other medical follow-up care ex-
plaining some of the increase in risk.

Inaddition to thechanges in skin sensationpreviouslydis-
cussed, therewas an associationwith a number of skin disor-
ders that were examined because of their previously re-
portedassociationwithestablishedorprodromalPD.15,65These
included not only seborrheic dermatitis, which is common in
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PD, but also psoriasis and dermatophytosis, reflecting fungal
infectionof theskin.Although thediagnostic certaintyof these
diagnoses is not known, these findings suggest early skin in-
volvement, eg, through deposition of α-synuclein, which has
been suggested toprovideameans for earlydiagnosis through
skin biopsy.17,66,67 Given the interest in the early involvement
of the gastrointestinal system, with possible infectious etiol-
ogy and the possible propagation of PD-related pathology
through the vagal nerve,we examined associations of a num-
berof gastrointestinal diagnoseswith subsequentdiagnosis of
PD. We did not find a significant association with cytomega-
lovirus disease or infectiousmononucleosis, which had been
previouslypostulated19-21 during theobservationperiod.How-
ever, the rarity of these diagnoses precludes firm conclu-
sions.Ontheotherhand,wefoundthatgastritis, gastroesopha-
geal reflux, gastric ulcer, and, in themost recent time period,
duodenal ulcer, Crohn disease, and ulcerative colitis were as-
sociated with subsequent PD. This suggests that gastrointes-
tinal pathology beyond constipation can occur in the pro-
drome of PD and may reflect early changes in gut motility,
changes in constitution of gastric fluid, altered composition
of thegastrointestinalmicrobiome, gastric infections, or other
pathologies (in particular, inflammatory disorders). Thismay
alsounderlie theassociationwithosteoarthritis and seronega-
tive arthritis, which occurred even more than 5 years before
diagnosis, although misattribution of some early PD symp-
toms to thesediagnoses cannot be excluded.Overall, it is pos-
sible that patients who present in the prodromal phase of PD
receive other diagnoses related to increased medical atten-
tion.This possibility of a surveillancebias is an important con-
sideration that has beenhighlightedpreviously68 andmayac-
count for someof the less-pronouncedassociations in theyears
leadingup to thediagnosisofPD.Taken togetherwith the large
sample size of this study,we therefore suggest cautious inter-
pretation in terms of etiologic inference. Nonetheless, even
theseassociationsstill highlight thevalueofanapproachbased
on these presentations for identifying persons at higher risk
of PD. Although at present these associations do individually
not allow use for clinical diagnosis or counseling, several ap-
proaches exist that use a combination of prodromal features
and risk factors for research purposes,69-71 and the associa-
tions found in this study could enhance these approaches as
well as support explorationofdifferentphenotypesofPDeven
at the earliest stages. Further research should also explore
whether associations found are particularly relevant to sub-
groups of patients with PD, such as those with RBD or anos-
mia, or whether a more generalizable, multisystem pro-
drome exists in the majority of patients with PD.

Strengths and Limitations
This study had several strengths. This was a large case-
control study of PD and is representative of the general popu-
lation of Germany in primary care. It also included informa-
tion on diagnosis of PD from general and specialist practices,
independent of health care professional, providing a compre-
hensive data set of thosewith a diagnosis of PD. This extends
and confirms our previously reported analysis of some of the
included risk factors and prodromal features of PD in the
German specialist practices.2

This study also had limitations, as it relied on diagnosis
of PD using patient medical records, and application of diag-
nostic criteria was not possible. Although other electronic
health care databases, such as The Health Improvement Net-
work in the UK, have shown acceptable accuracy of primary
care diagnosis of PD using a single diagnostic code,1 albeit
with slightly higher incidence rates,72 no validation study is
available in this data source. The diagnostic codes used for
prodromal features and risk factors may also not always be
accurate or precise, given that the medical records used
were based on a routine care database. These diagnostic
limitations should be taken into account as detailed in the
discussion. We were also not able to access information on
medication and tried to interpret findings cautiously, where
a suspected medication-induced effect is possible. However,
equally unrecognized medication effects may not be
acknowledged, eg, for medications used to treat gastritis or
gastroesophageal reflux. Furthermore, the database only
includes diagnoses made according to ICD-10 codes. More
subtle symptoms or features are likely to have been under-
recognized. It is also important to note that secondary analy-
sis of claims data is not meant to confirm, but rather to gen-
erate, hypotheses on potential associations that can be
tested in subsequent primary studies.

Conclusions
Given the size and study period, we believe that this case-
control studyhas generated valuable hypotheses on the asso-
ciations found between PD and certain risk factors, comor-
bidities, and prodromal symptoms in a representative
population. These associations may reflect possible early ex-
trastriatal andextracerebral pathologyof PDdue to sharedge-
netic risk with PD, medication exposure, or direct causation,
or represent pathophysiologically relevant factors contribut-
ing to the pathogenesis of PD. Subtle associations require
future testing in prospective controlled studies.
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specific code was available. However, other sleep distur-
bances, including insomnia, were also more commonly
diagnosed before PD diagnosis as previously reported.1,47

RBD is thought to affect approximately 1% of the general
population,48 but the condition is probably undiagnosed in
the majority of patients because symptoms of RBD or other
sleep disturbances are often underreported and undervalued
in routine care. Furthermore, it is possible that diagnoses of
sleep disorders, including parasomnias, nightmares, and
insomnia, reflect underlying RBD, which would require spe-
cific questioning and polysomnography for a definite diagno-
sis. Sleep apnea has also been reported to be increased in
patients with PD and been associated with risk of subsequent
PD.49,50 Although information on diagnostic test results was
not available, our study results also suggested an associated
increased risk of a clinical diagnosis of sleep apnea in cases
with a subsequent diagnosis of PD. Hypersomnia, although
more common in those with subsequent diagnosis of PD, was
not frequently diagnosed. This may have been due to low
prevalence, underdiagnosis, or underreporting of symptoms
by patients. The most common occurrence of all sleep disor-
ders associated with subsequent PD occurred for restless legs
syndrome, which was at least 4 times more commonly diag-
nosed in those with subsequent PD than in controls and was
also relatively frequent (4%-6% of patients). Although rest-
less legs syndrome is recognized as a feature of PD (it may be
of heterogeneous origin51), it is also common in the general
population. Thus far, there has been controversial evidence
for an association of restless legs syndrome and subsequent
PD.11,12,52 Among the sensory systems, hyposmia is recog-
nized to be almost universally present in established PD
and predates the diagnoses often by many years or
decades.10,53-55 However, it rarely leads to subjective com-
plaints severe enough to require medical attention. Never-
theless, we found that anosmia, the most severe form of loss
of sense of smell, was more common in those with subse-
quent diagnosis of PD, albeit rare (<1%), in all examined time
periods. We also found that hearing loss, a relatively common
disorder in the general population, was more prevalent in
those with subsequent diagnosis of PD than in controls, even
more than 5 years before diagnosis. Although an association
of hearing loss with Alzheimer disease has long been
recognized,56,57 this has only rarely been reported for PD.41,58

Subjective visual complaints, which are also common in
PD,59 were not a common feature associated with subsequent
PD. Unspecified pain, another common sensory feature of
PD,60 was present in a large number of patients before the
diagnosis of PD and more common than in controls in all
examined time periods as has been previously reported.1 To
our knowledge, a new finding of this study was an associa-
tion with diagnoses reflecting changes in skin sensation.
Such sensations have been reported in established PD
before61,62 but not as a prodromal feature of PD. If confirmed
in future studies, this may indicate early sensory changes
that reflect central changes in skin perception similar to pain
but may also be linked with skin disorders as outlined subse-
quently. However, as the diagnostic codes used may reflect a
number of different complaints, further research is needed to

identify whether there is a more specific association for some
of these sensory complaints.

Consistentwithprevious reports,4 resultsofour studysug-
gest that risk factors such as traumatic brain injury and alco-
hol misuse were positively associated with a diagnosis of PD,
andnicotineusewasnegatively associatedwithPD.Therewas
also an increased OR for previous diagnoses of hypertension
and hypercholesterinemia in those with subsequent diag-
nosis of PD, in keeping with some but not other previous
reports.26-29 Diabetes type 2 has previously been reported to
beassociatedwith subsequentdiagnosis of PD, althoughmore
and larger-scale studieswere thought tobe required,31 anddia-
betes type 1 has not been previously reported to be increased
inpatientswithPDorbeforediagnosis. If confirmed, these as-
sociationsmay representpotentiallymodifiable risk factors for
PD and may also suggest potential mechanisms contributing
to the evolution of PD.Althoughvascular pathologymay lead
to development of parkinsonian syndromes not related to an
underlyingα-synucleinopathy,mendelian randomizationand
preclinical studies have suggested that diabetes is causally re-
lated to occurrence and progression of PD.30,31,63

Comorbidities
We found associations of schizophrenia and bipolar disorder
with a subsequent diagnosis of PD, with a 4- to 5-fold in-
crease in risk across all time periods. Although a proportion
of these cases may be due to use of dopamine antagonistic
medications,which cannot alwaysbediscontinuedwhenpar-
kinsonismoccurs, there is also increasingevidence that theuse
of antidopaminergics may not be the only driver of these
associations36,37 but rather other factors such as a shared ge-
netic background of both disorders.36,64 A recent study37 that
used several approaches to investigate the association of
schizophrenia with subsequent development of PD (includ-
ing clinical records anddiagnosesmadebyneurologists based
on theUKBrainBankor theMovementDisorder Society clini-
cal criteria with follow-up over several years, the use of time
limits for diagnosis and patient age, and the exclusion of pa-
tients with secondary parkinsonism) showed a clear associ-
ated increased riskof PD in thosewith schizophrenia,with ab-
normalDaTscans in thoseexamined.Ourownstudy,however,
did not allowus to identify themedication of the cases to test
this assumption further, and it is likely that at least some of
the association is nevertheless secondary to the use of dopa-
mineantagonisticmedication.Similar confoundingmaypartly
contribute to the greater than 2-fold increased associated risk
of epilepsy in the prediagnostic period, related to the use of
the antiepileptic sodium valproate, and the less-pronounced
but consistent increased rate of migraine in all prediagnostic
time periods. It is also possible that patients with these diag-
noses are more likely to be diagnosed with PD as they are al-
ready under neurologic or other medical follow-up care ex-
plaining some of the increase in risk.

Inaddition to thechanges in skin sensationpreviouslydis-
cussed, therewas an associationwith a number of skin disor-
ders that were examined because of their previously re-
portedassociationwithestablishedorprodromalPD.15,65These
included not only seborrheic dermatitis, which is common in
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PD, but also psoriasis and dermatophytosis, reflecting fungal
infectionof theskin.Although thediagnostic certaintyof these
diagnoses is not known, these findings suggest early skin in-
volvement, eg, through deposition of α-synuclein, which has
been suggested toprovideameans for earlydiagnosis through
skin biopsy.17,66,67 Given the interest in the early involvement
of the gastrointestinal system, with possible infectious etiol-
ogy and the possible propagation of PD-related pathology
through the vagal nerve,we examined associations of a num-
berof gastrointestinal diagnoseswith subsequentdiagnosis of
PD. We did not find a significant association with cytomega-
lovirus disease or infectiousmononucleosis, which had been
previouslypostulated19-21 during theobservationperiod.How-
ever, the rarity of these diagnoses precludes firm conclu-
sions.Ontheotherhand,wefoundthatgastritis, gastroesopha-
geal reflux, gastric ulcer, and, in themost recent time period,
duodenal ulcer, Crohn disease, and ulcerative colitis were as-
sociated with subsequent PD. This suggests that gastrointes-
tinal pathology beyond constipation can occur in the pro-
drome of PD and may reflect early changes in gut motility,
changes in constitution of gastric fluid, altered composition
of thegastrointestinalmicrobiome, gastric infections, or other
pathologies (in particular, inflammatory disorders). Thismay
alsounderlie theassociationwithosteoarthritis and seronega-
tive arthritis, which occurred even more than 5 years before
diagnosis, although misattribution of some early PD symp-
toms to thesediagnoses cannot be excluded.Overall, it is pos-
sible that patients who present in the prodromal phase of PD
receive other diagnoses related to increased medical atten-
tion.This possibility of a surveillancebias is an important con-
sideration that has beenhighlightedpreviously68 andmayac-
count for someof the less-pronouncedassociations in theyears
leadingup to thediagnosisofPD.Taken togetherwith the large
sample size of this study,we therefore suggest cautious inter-
pretation in terms of etiologic inference. Nonetheless, even
theseassociationsstill highlight thevalueofanapproachbased
on these presentations for identifying persons at higher risk
of PD. Although at present these associations do individually
not allow use for clinical diagnosis or counseling, several ap-
proaches exist that use a combination of prodromal features
and risk factors for research purposes,69-71 and the associa-
tions found in this study could enhance these approaches as
well as support explorationofdifferentphenotypesofPDeven
at the earliest stages. Further research should also explore
whether associations found are particularly relevant to sub-
groups of patients with PD, such as those with RBD or anos-
mia, or whether a more generalizable, multisystem pro-
drome exists in the majority of patients with PD.

Strengths and Limitations
This study had several strengths. This was a large case-
control study of PD and is representative of the general popu-
lation of Germany in primary care. It also included informa-
tion on diagnosis of PD from general and specialist practices,
independent of health care professional, providing a compre-
hensive data set of thosewith a diagnosis of PD. This extends
and confirms our previously reported analysis of some of the
included risk factors and prodromal features of PD in the
German specialist practices.2

This study also had limitations, as it relied on diagnosis
of PD using patient medical records, and application of diag-
nostic criteria was not possible. Although other electronic
health care databases, such as The Health Improvement Net-
work in the UK, have shown acceptable accuracy of primary
care diagnosis of PD using a single diagnostic code,1 albeit
with slightly higher incidence rates,72 no validation study is
available in this data source. The diagnostic codes used for
prodromal features and risk factors may also not always be
accurate or precise, given that the medical records used
were based on a routine care database. These diagnostic
limitations should be taken into account as detailed in the
discussion. We were also not able to access information on
medication and tried to interpret findings cautiously, where
a suspected medication-induced effect is possible. However,
equally unrecognized medication effects may not be
acknowledged, eg, for medications used to treat gastritis or
gastroesophageal reflux. Furthermore, the database only
includes diagnoses made according to ICD-10 codes. More
subtle symptoms or features are likely to have been under-
recognized. It is also important to note that secondary analy-
sis of claims data is not meant to confirm, but rather to gen-
erate, hypotheses on potential associations that can be
tested in subsequent primary studies.

Conclusions
Given the size and study period, we believe that this case-
control studyhas generated valuable hypotheses on the asso-
ciations found between PD and certain risk factors, comor-
bidities, and prodromal symptoms in a representative
population. These associations may reflect possible early ex-
trastriatal andextracerebral pathologyof PDdue to sharedge-
netic risk with PD, medication exposure, or direct causation,
or represent pathophysiologically relevant factors contribut-
ing to the pathogenesis of PD. Subtle associations require
future testing in prospective controlled studies.
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Association Between Antiepileptic Drugs and Incident Parkinson Disease
Daniel Belete, MBChB; BenjaminM. Jacobs, MSc; Cristina Simonet, MD; Jonathan P. Bestwick, MSc;
SheenaWaters, PhD; Charles R. Marshall, PhD; Ruth Dobson, PhD; Alastair J. Noyce, PhD

IMPORTANCE Recent studies have highlighted an association between epilepsy and Parkinson
disease (PD). The role of antiepileptic drugs (AEDs) has not been explored.

OBJECTIVE To investigate the association between AEDs and incident PD.

DESIGN, SETTING, AND PARTICIPANTS This nested case-control study started collecting data
from the UK Biobank (UKB) in 2006, and data were extracted on June 30, 2021. Individuals
with linked primary care prescription data were included. Cases were defined as individuals
with a Hospital Episode Statistics (HES)–coded diagnosis of PD. Controls were matched 6:1 for
age, sex, race and ethnicity, and socioeconomic status. Prescription records were searched
for AEDs prescribed prior to diagnosis of PD. The UKB is a longitudinal cohort study with
more than 500000 participants; 45% of individuals in the UKB have linked primary care
prescription data. Participants living in the UK aged between 40 and 69 years were recruited
to the UKB between 2006 and 2010. All participants with UKB-linked primary care
prescription data (n = 222 106) were eligible for enrollment in the study. Individuals with only
a self-reported PD diagnosis or missing data for thematching variables were excluded. In
total, 1477 individuals were excluded; 49 were excluded due to having only self-reported PD,
and 1428were excluded due tomissing data.
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JAMANeurology | Original Investigation T here is evidence for an association between Parkinson
disease (PD) andepilepsy.1-3 Recent observational stud-
ies have also established a temporal association be-

tween epilepsy and incident PD.3,4 The mechanism underly-
ing this association remains unclear.

It is plausible that antiepileptic drugs (AEDs) may ac-
count for someor all of the apparent association between epi-
lepsy and PD. Various AEDs list movement disorders (such as
parkinsonism, postural tremor, and dystonia) as possible ad-
verseevents, but theassociationbetweenAEDsandPDhasnot
beenwell studied.5 It remainsunclearwhetherAEDsmaypartly
explain recently reported associations between epilepsy and
PD. We used the UK Biobank (UKB) and linked primary care
medication data to investigate the association between AED
prescriptions and incident PD.

Methods
Cohort
TheUKB isa largecohort study that includesdataonmore than
500000 participants from the UK. The methods of data col-
lection have been described elsewhere.6 In 2019, the UKB re-
leased linkedprimarycaredata for45%of itsparticipants.This
included prescription data in the form of Read version 2, the
British National Formulary, and the NHS Dictionary of
medicines anddevices codes.Where available, drugnamesand
quantities were also provided.

Exposure andOutcomeDefinitions
We conducted a nested case-control study in the UKB. The
study followed the Strengthening the Reporting of Observa-
tional Studies inEpidemiology (STROBE) reporting guideline.
We defined PD cases as individuals with a Hospital Episode
Statistics (HES) (field identification [ID] 41270, International
Statistical Classification of Diseases and Related Health
Problems, Tenth Revision code G20). Controls were matched
to year of birth (field ID 34), sex (field ID 31), socioeconomic
classquartilesmeasuredusingtheTownsenddeprivation index
(field ID 189), and race and ethnicity (field ID 21000). Risk
factors for PD may be associated with race and ethnicity;
therefore, we controlled for race and ethnicity in this study.
Race and ethnicity were self-reported by participants.
Participantswere asked “What is your ethnic group?”Options
were White, mixed, Asian or Asian British, Black or Black
British,Chinese, other ethnic group,donotknow,orprefernot
to answer. Sequential questions further clasifying race and
ethnicity were then asked.

Individuals with a self-reported PD diagnosis but no HES
diagnostic codewere excluded from the primary analysis. Six
controlswerematched for each case.Dateofdiagnosiswas set
to the first date an HES PD code was found in hospital rec-
ords. This was used as an index date for cases. Controls were
assigned an index date set to the date of diagnosis of their
matched case.

Medicationswere searched forusingReadversion2 codes
and drug names and descriptions (eTable 1 in the Supple-
ment). The first prescription issue date was used as the date

of starting anAED. Prescriptions after the index datewere ex-
cluded from the analysis. Individualswere divided into quar-
tiles based on the number of prescription issues for all AEDs,
with those in the first quartilewith the fewest issues and those
in the fourth quartile with the most issues. We searched for
the4most commonlyprescribedAEDs in theUK (sodiumval-
proate, lamotrigine, carbamazepine, and levetiracetam).7We
also conducted awider search of AEDs in the cohort (eTable 2
in the Supplement).

Sensitivity analyses were performed. We excluded pre-
scriptions issuedwithin 1-, 2-, and5-yearwindowsprior to the
index date. The association with self-reported PD (field ID
20002)was also studied. For this analysis, all individualswith
a self-reported PD diagnosis were included; individuals with
an HES PD code but no self-reported PD diagnosis were ex-
cluded.Theself-reporteddateofdiagnosis (field ID20008)was
usedas thedateofdiagnosis.Wealso conducteda further sen-
sitivity analysiswith amore stringentdefinitionofPD;HESdi-
agnosis and 2 or more prescriptions for PD medications (le-
vodopa,dopamine receptor agonists, andmonoamineoxidase
B inhibitors).

Informedwrittenconsentwasobtainedfromallparticipants
on enrollment in the UKB. Participants were free to withdraw
theirconsentatanytime,atwhichtimetheirdatawerecensored
andexcluded fromfutureanalysis. TheUKBhasapproval from
theNorthWestMulticentre Research Ethics Committee.

Statistical Analysis
Statistical analysis was performed in R, version 3.6.1 (R Proj-
ect for Statistical Computing). R scripts used in this study are
available atGitHub.8 Logistic regressionmodels, adjusting for
age, sex, and Townsend deprivation index, were used to cal-
culate odds ratios (ORs) and95%CIs. A second logistic regres-
sionmodel was built adjusting for age, sex, Townsend depri-
vation index,andHESepilepsydiagnosis to investigateepilepsy
asapotential confounding factor. Individualswithmissingdata
for matching variables were excluded from the analysis.

Results
Demographic Characteristics
There were 222 106 individuals in the UKB with linked pri-
mary care medication data. In total, 1477 individuals were

Key Points
Question Are antiepileptic drugs (AEDs) associated with
increased risk of developing Parkinson disease (PD)?

Findings In this case-control study of 1433 individuals with a
Hospital Episode Statistics–coded diagnosis of PD and 8598
controls in the UK Biobank, prescription of an AEDwas associated
with an increased risk of subsequent PD.

Meaning The findings of this study suggest an association
between certain AEDs and PD; the relative contribution of
epilepsy and AEDs should be further examined in light of these
findings.
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was 71 years (IQR, 65-75 years). An association was found between AED prescriptions and
incident PD (odds ratio, 1.80; 95% CI, 1.35-2.40). There was a trend for a greater number of
prescription issues andmultiple AEDs being associated with a greater risk of PD.

CONCLUSIONS AND RELEVANCE This study, the first to systematically look at PD risk in
individuals prescribed themost common AEDs, to our knowledge, found evidence of an
association between AEDs and incident PD. With the recent literature demonstrating an
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ies have also established a temporal association be-

tween epilepsy and incident PD.3,4 The mechanism underly-
ing this association remains unclear.

It is plausible that antiepileptic drugs (AEDs) may ac-
count for someor all of the apparent association between epi-
lepsy and PD. Various AEDs list movement disorders (such as
parkinsonism, postural tremor, and dystonia) as possible ad-
verseevents, but theassociationbetweenAEDsandPDhasnot
beenwell studied.5 It remainsunclearwhetherAEDsmaypartly
explain recently reported associations between epilepsy and
PD. We used the UK Biobank (UKB) and linked primary care
medication data to investigate the association between AED
prescriptions and incident PD.

Methods
Cohort
TheUKB isa largecohort study that includesdataonmore than
500000 participants from the UK. The methods of data col-
lection have been described elsewhere.6 In 2019, the UKB re-
leased linkedprimarycaredata for45%of itsparticipants.This
included prescription data in the form of Read version 2, the
British National Formulary, and the NHS Dictionary of
medicines anddevices codes.Where available, drugnamesand
quantities were also provided.

Exposure andOutcomeDefinitions
We conducted a nested case-control study in the UKB. The
study followed the Strengthening the Reporting of Observa-
tional Studies inEpidemiology (STROBE) reporting guideline.
We defined PD cases as individuals with a Hospital Episode
Statistics (HES) (field identification [ID] 41270, International
Statistical Classification of Diseases and Related Health
Problems, Tenth Revision code G20). Controls were matched
to year of birth (field ID 34), sex (field ID 31), socioeconomic
classquartilesmeasuredusingtheTownsenddeprivation index
(field ID 189), and race and ethnicity (field ID 21000). Risk
factors for PD may be associated with race and ethnicity;
therefore, we controlled for race and ethnicity in this study.
Race and ethnicity were self-reported by participants.
Participantswere asked “What is your ethnic group?”Options
were White, mixed, Asian or Asian British, Black or Black
British,Chinese, other ethnic group,donotknow,orprefernot
to answer. Sequential questions further clasifying race and
ethnicity were then asked.

Individuals with a self-reported PD diagnosis but no HES
diagnostic codewere excluded from the primary analysis. Six
controlswerematched for each case.Dateofdiagnosiswas set
to the first date an HES PD code was found in hospital rec-
ords. This was used as an index date for cases. Controls were
assigned an index date set to the date of diagnosis of their
matched case.

Medicationswere searched forusingReadversion2 codes
and drug names and descriptions (eTable 1 in the Supple-
ment). The first prescription issue date was used as the date

of starting anAED. Prescriptions after the index datewere ex-
cluded from the analysis. Individualswere divided into quar-
tiles based on the number of prescription issues for all AEDs,
with those in the first quartilewith the fewest issues and those
in the fourth quartile with the most issues. We searched for
the4most commonlyprescribedAEDs in theUK (sodiumval-
proate, lamotrigine, carbamazepine, and levetiracetam).7We
also conducted awider search of AEDs in the cohort (eTable 2
in the Supplement).

Sensitivity analyses were performed. We excluded pre-
scriptions issuedwithin 1-, 2-, and5-yearwindowsprior to the
index date. The association with self-reported PD (field ID
20002)was also studied. For this analysis, all individualswith
a self-reported PD diagnosis were included; individuals with
an HES PD code but no self-reported PD diagnosis were ex-
cluded.Theself-reporteddateofdiagnosis (field ID20008)was
usedas thedateofdiagnosis.Wealso conducteda further sen-
sitivity analysiswith amore stringentdefinitionofPD;HESdi-
agnosis and 2 or more prescriptions for PD medications (le-
vodopa,dopamine receptor agonists, andmonoamineoxidase
B inhibitors).

Informedwrittenconsentwasobtainedfromallparticipants
on enrollment in the UKB. Participants were free to withdraw
theirconsentatanytime,atwhichtimetheirdatawerecensored
andexcluded fromfutureanalysis. TheUKBhasapproval from
theNorthWestMulticentre Research Ethics Committee.

Statistical Analysis
Statistical analysis was performed in R, version 3.6.1 (R Proj-
ect for Statistical Computing). R scripts used in this study are
available atGitHub.8 Logistic regressionmodels, adjusting for
age, sex, and Townsend deprivation index, were used to cal-
culate odds ratios (ORs) and95%CIs. A second logistic regres-
sionmodel was built adjusting for age, sex, Townsend depri-
vation index,andHESepilepsydiagnosis to investigateepilepsy
asapotential confounding factor. Individualswithmissingdata
for matching variables were excluded from the analysis.

Results
Demographic Characteristics
There were 222 106 individuals in the UKB with linked pri-
mary care medication data. In total, 1477 individuals were

Key Points
Question Are antiepileptic drugs (AEDs) associated with
increased risk of developing Parkinson disease (PD)?

Findings In this case-control study of 1433 individuals with a
Hospital Episode Statistics–coded diagnosis of PD and 8598
controls in the UK Biobank, prescription of an AEDwas associated
with an increased risk of subsequent PD.

Meaning The findings of this study suggest an association
between certain AEDs and PD; the relative contribution of
epilepsy and AEDs should be further examined in light of these
findings.
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excluded; 49were excluded due to having only self-reported
PD, and 1428were excluded due tomissing data formatching
variables. Of 1443 individuals with an HES-coded PD diagno-
sis, 1433 had complete data for year of birth, sex, Townsend
deprivation index, and race and ethnicity. There were 8598
matchedcontrols. ThemedianageatPDdiagnosiswas71years
(IQR, 65-75years).Of the 1433participantswithPD (cases) 873
(60.9%) were male, and 1397 (97.5%) had their race and eth-
nicity recorded as White (eTable 3 in the Supplement).

In this nested case-control cohort study, therewere62 in-
dividuals (4.3%) with an AED prescription prior to their date
of PDdiagnosis. In the control group, therewere 211 individu-
als (2.5%) prescribed an AED before the index date (eTable 4
in the Supplement). In the cases, 63 (4.4%)hadanepilepsydi-
agnosis compared with 113 (1%) of the controls. Of the indi-
vidualswith 2 ormore issues of a PDmedication, 96%had an
HES-coded PD diagnosis. The remaining 4% had a self-
reported PD diagnosis.

Association Between AED and PD
There was evidence of an association of lamotrigine, leveti-
racetam, and sodium valproate with PD, with weaker evi-
dence for carbamazepine (Table). TheOR forPD followingpre-
scription of any AED was 1.80 (95% CI, 1.35-2.40). The odds
of incidentPDwerehigher among individualsprescribedmore
than 1 AED and among individualswith higher numbers of is-
sues (Figure). The number of prescriptions issued for AEDs
ranged from 1 to 1354,with amedian of 10. Evidence of an as-
sociation remained between sodium valproate and PD in the

model adjusting forage, sex,Townsenddeprivation index, and
epilepsy (eTable 5 in the Supplement).

Sensitivity Analyses
Excludingprescriptions issued 1, 2, and5years before thedate
of PD diagnosis did not alter the strength of any association
between individualAEDs andPDexcept for carbamazepine at
1 year (eTable 6 in the Supplement). Therewere 410 individu-
als with a self-reported PD diagnostic code. As with HES-
codedPD, beingprescribed anAEDwas associatedwith an in-
creasedriskofan incident self-reportedPDdiagnosis (OR,2.23;
95% CI, 1.11-4.48). Of those with a PD diagnosis, 913 of 1433
individuals (63.7%) had a record of 2 or more issues of a PD
medication.With this more stringent definition of PD, strong
evidence of an association remained for sodium valproate
(eTable 7 in the Supplement).

Discussion
Using linked prescription records and health care data from
UKB, we found an association between AED use and incident
PD. We used a nested case-control design to identify 1433 PD
cases and 8598 matched controls. The magnitude of the as-
sociation increased with the number of discrete AEDs pre-
scribed and the number of prescription issues. Having mul-
tiple discrete AEDs or multiple prescription issues over time
is a useful proxy for long-term exposure to AEDs in the ab-
sence of accurate information on duration ofmedication use.

Table. ORs of Antiepileptic Drugs and Their AssociationWith PD

Medication
Cases
(n = 1433)

Controls
(n = 8598) OR for PD (95% CI) P valuea

Any antiepileptic drug 62 211 1.80 (1.35-2.40) 6.93 × 10−5

Carbamazepine 32 135 1.43 (0.97-2.11) .07

Lamotrigine 15 32 2.83 (1.53-5.25) 9.29 × 10−4

Levetiracetam 12 24 3.02 (1.51-6.05) 1.85 × 10−3

Sodium valproate 30 48 3.82 (2.41-6.05) 1.17 × 10−8

Abbreviations: OR, odds ratio;
PD, Parkinson disease.
a Asymptotic P values were calculated
from the z statistic.

Figure. Forest Plot of Odds Ratios (ORs) of Number of Different Antiepileptic Drugs (AEDs)
and Number of AEDs Issues for Parkinson Disease (PD)
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On an individual drug level, we observed associations of the
use of lamotrigine, levetiracetam, and sodiumvalproatewith
PD. The association between sodium valproate and incident
PDwasmost robust and remainedevenafter adjusting for epi-
lepsy diagnosis.

These findings are consistent with previous reports of an
association between epilepsy and PD.1-4 One explanation for
the association between epilepsy and PD is that medications
prescribed to treat epilepsy may increase PD risk.

It is plausible that AEDs are associated with drug-
induced parkinsonism, which is misdiagnosed (or misre-
corded) as idiopathic PD. We tried to mitigate the risk of mis-
classification in our analysis by using stringent definitions of
incidentPD incorporatingmultiple sourcesofdiagnostic codes
and prescription of PD treatments. Furthermore, to exclude
cases of transient drug-induced parkinsonism, which may
abate on cessation of the drug, we excluded AED prescrip-
tions within 1, 2, and 5 years of the PD diagnosis date. Al-
though this analysis would not remove individuals with tar-
dive parkinsonism, this condition is relatively rare with AED
use and is unlikely to be a major source of bias.9 The latter
analysis also reduces the possibility of reverse causation, in
which some patients with PDmay have been treated with se-
lected AEDs for early mood or neuropsychiatric symptoms.

Studies have shown thatAEDshave thepotential to inter-
fere in dopamine pathways. Both carbamazepine and so-
dium valproate are associated with downregulation of dopa-
mine receptors anddopamine insensitivity.10,11While thismay
explain drug-inducedparkinsonism, it is likely that other fac-
tors may contribute to PD pathogenesis. In a case series with
extended follow-up,Dal andWhyte12 found that patientswho
initially experienced remission of drug-induced parkinson-
ism symptoms after stopping AED treatment later developed
PD. Thismay suggest that these patients had subclinical PDor
were at risk of PD.Whilewe are not aware of prospective data
to support or refute this observation, it is supported by post-
mortem studies showing that individuals with drug-induced

parkinsonism have reduced levels of homovanillic acid and
dopamine in the striatum.13 It has also been observed that in-
dividuals taking levetiracetamwere at higher risk of psycho-
tropic adverse effects if they had genetic variants associated
with decreased dopamine activity.14

Limitations
A major limitation of the study is that epilepsy is a common
reason for admission to the hospital. In HES data, ascertain-
ment of PDmay contribute to the observed associations sim-
ply because patients with epilepsy had been admitted to the
hospital more than patients without epilepsy. Our study was
likely tobeunderpowered todetect effects in someofour sen-
sitivity analysis. In particular, further work in larger cohorts
isneededto fullyassess theeffectsofAEDson individualswith-
out epilepsy. Althoughwe studied the 4most commonly pre-
scribed AEDs in the UK, these findings cannot be generalized
to otherAEDs.Other limitations of this study include the gen-
eralizability of the UKB cohort to a wider UK population (al-
though it should be noted that the prevalence of epilepsy in
the control group closely matched that in the UK more
generally15), thatmedicationdataareavailableonly for roughly
45% of the UKB cohort, and that data quality and missing-
ness meant that overall lifetime dose exposure was difficult
to determine.

Conclusion
To the best of our knowledge, this is the first observational
study to investigate a rangeofAEDsand their associationwith
incident PD. As such, it sets the scene andhighlights the need
for furtherwork to corroborate our findings inother largedata
sets because these findings could have important implica-
tions for clinical decision-making. The underlying reasons
for an association between AEDs and PD should be further
explored.
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excluded; 49were excluded due to having only self-reported
PD, and 1428were excluded due tomissing data formatching
variables. Of 1443 individuals with an HES-coded PD diagno-
sis, 1433 had complete data for year of birth, sex, Townsend
deprivation index, and race and ethnicity. There were 8598
matchedcontrols. ThemedianageatPDdiagnosiswas71years
(IQR, 65-75years).Of the 1433participantswithPD (cases) 873
(60.9%) were male, and 1397 (97.5%) had their race and eth-
nicity recorded as White (eTable 3 in the Supplement).

In this nested case-control cohort study, therewere62 in-
dividuals (4.3%) with an AED prescription prior to their date
of PDdiagnosis. In the control group, therewere 211 individu-
als (2.5%) prescribed an AED before the index date (eTable 4
in the Supplement). In the cases, 63 (4.4%)hadanepilepsydi-
agnosis compared with 113 (1%) of the controls. Of the indi-
vidualswith 2 ormore issues of a PDmedication, 96%had an
HES-coded PD diagnosis. The remaining 4% had a self-
reported PD diagnosis.

Association Between AED and PD
There was evidence of an association of lamotrigine, leveti-
racetam, and sodium valproate with PD, with weaker evi-
dence for carbamazepine (Table). TheOR forPD followingpre-
scription of any AED was 1.80 (95% CI, 1.35-2.40). The odds
of incidentPDwerehigher among individualsprescribedmore
than 1 AED and among individualswith higher numbers of is-
sues (Figure). The number of prescriptions issued for AEDs
ranged from 1 to 1354,with amedian of 10. Evidence of an as-
sociation remained between sodium valproate and PD in the

model adjusting forage, sex,Townsenddeprivation index, and
epilepsy (eTable 5 in the Supplement).

Sensitivity Analyses
Excludingprescriptions issued 1, 2, and5years before thedate
of PD diagnosis did not alter the strength of any association
between individualAEDs andPDexcept for carbamazepine at
1 year (eTable 6 in the Supplement). Therewere 410 individu-
als with a self-reported PD diagnostic code. As with HES-
codedPD, beingprescribed anAEDwas associatedwith an in-
creasedriskofan incident self-reportedPDdiagnosis (OR,2.23;
95% CI, 1.11-4.48). Of those with a PD diagnosis, 913 of 1433
individuals (63.7%) had a record of 2 or more issues of a PD
medication.With this more stringent definition of PD, strong
evidence of an association remained for sodium valproate
(eTable 7 in the Supplement).

Discussion
Using linked prescription records and health care data from
UKB, we found an association between AED use and incident
PD. We used a nested case-control design to identify 1433 PD
cases and 8598 matched controls. The magnitude of the as-
sociation increased with the number of discrete AEDs pre-
scribed and the number of prescription issues. Having mul-
tiple discrete AEDs or multiple prescription issues over time
is a useful proxy for long-term exposure to AEDs in the ab-
sence of accurate information on duration ofmedication use.

Table. ORs of Antiepileptic Drugs and Their AssociationWith PD

Medication
Cases
(n = 1433)

Controls
(n = 8598) OR for PD (95% CI) P valuea

Any antiepileptic drug 62 211 1.80 (1.35-2.40) 6.93 × 10−5

Carbamazepine 32 135 1.43 (0.97-2.11) .07

Lamotrigine 15 32 2.83 (1.53-5.25) 9.29 × 10−4

Levetiracetam 12 24 3.02 (1.51-6.05) 1.85 × 10−3

Sodium valproate 30 48 3.82 (2.41-6.05) 1.17 × 10−8

Abbreviations: OR, odds ratio;
PD, Parkinson disease.
a Asymptotic P values were calculated
from the z statistic.

Figure. Forest Plot of Odds Ratios (ORs) of Number of Different Antiepileptic Drugs (AEDs)
and Number of AEDs Issues for Parkinson Disease (PD)
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On an individual drug level, we observed associations of the
use of lamotrigine, levetiracetam, and sodiumvalproatewith
PD. The association between sodium valproate and incident
PDwasmost robust and remainedevenafter adjusting for epi-
lepsy diagnosis.

These findings are consistent with previous reports of an
association between epilepsy and PD.1-4 One explanation for
the association between epilepsy and PD is that medications
prescribed to treat epilepsy may increase PD risk.

It is plausible that AEDs are associated with drug-
induced parkinsonism, which is misdiagnosed (or misre-
corded) as idiopathic PD. We tried to mitigate the risk of mis-
classification in our analysis by using stringent definitions of
incidentPD incorporatingmultiple sourcesofdiagnostic codes
and prescription of PD treatments. Furthermore, to exclude
cases of transient drug-induced parkinsonism, which may
abate on cessation of the drug, we excluded AED prescrip-
tions within 1, 2, and 5 years of the PD diagnosis date. Al-
though this analysis would not remove individuals with tar-
dive parkinsonism, this condition is relatively rare with AED
use and is unlikely to be a major source of bias.9 The latter
analysis also reduces the possibility of reverse causation, in
which some patients with PDmay have been treated with se-
lected AEDs for early mood or neuropsychiatric symptoms.

Studies have shown thatAEDshave thepotential to inter-
fere in dopamine pathways. Both carbamazepine and so-
dium valproate are associated with downregulation of dopa-
mine receptors anddopamine insensitivity.10,11While thismay
explain drug-inducedparkinsonism, it is likely that other fac-
tors may contribute to PD pathogenesis. In a case series with
extended follow-up,Dal andWhyte12 found that patientswho
initially experienced remission of drug-induced parkinson-
ism symptoms after stopping AED treatment later developed
PD. Thismay suggest that these patients had subclinical PDor
were at risk of PD.Whilewe are not aware of prospective data
to support or refute this observation, it is supported by post-
mortem studies showing that individuals with drug-induced

parkinsonism have reduced levels of homovanillic acid and
dopamine in the striatum.13 It has also been observed that in-
dividuals taking levetiracetamwere at higher risk of psycho-
tropic adverse effects if they had genetic variants associated
with decreased dopamine activity.14

Limitations
A major limitation of the study is that epilepsy is a common
reason for admission to the hospital. In HES data, ascertain-
ment of PDmay contribute to the observed associations sim-
ply because patients with epilepsy had been admitted to the
hospital more than patients without epilepsy. Our study was
likely tobeunderpowered todetect effects in someofour sen-
sitivity analysis. In particular, further work in larger cohorts
isneededto fullyassess theeffectsofAEDson individualswith-
out epilepsy. Althoughwe studied the 4most commonly pre-
scribed AEDs in the UK, these findings cannot be generalized
to otherAEDs.Other limitations of this study include the gen-
eralizability of the UKB cohort to a wider UK population (al-
though it should be noted that the prevalence of epilepsy in
the control group closely matched that in the UK more
generally15), thatmedicationdataareavailableonly for roughly
45% of the UKB cohort, and that data quality and missing-
ness meant that overall lifetime dose exposure was difficult
to determine.

Conclusion
To the best of our knowledge, this is the first observational
study to investigate a rangeofAEDsand their associationwith
incident PD. As such, it sets the scene andhighlights the need
for furtherwork to corroborate our findings inother largedata
sets because these findings could have important implica-
tions for clinical decision-making. The underlying reasons
for an association between AEDs and PD should be further
explored.
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Predictors of Atrial Fibrillation in PatientsWith Stroke
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IMPORTANCE The Stroke of Known Cause and Underlying Atrial Fibrillation (STROKE AF) trial
found that approximately 1 in 8 patients with recent ischemic stroke attributed to large- or
small-vessel disease had poststroke atrial fibrillation (AF) detected by an insertable cardiac
monitor (ICM) at 12 months. Identifying predictors of AF could be useful when considering an
ICM in routine poststroke clinical care.

OBJECTIVE To determine the association between commonly assessed risk factors and
poststroke detection of new AF in the STROKE AF cohort monitored by ICM.

DESIGN, SETTING, ANDPARTICIPANTS Thiswasaprespecifiedanalysisof a randomized (1:1) clinical
trial thatenrolledpatientsbetweenApril 1, 2016,andJuly 12,2019,withprimary follow-upthrough
2020andmean (SD) durationof 11.0 (3.0)months. Eligible patientswere selected from33 clinical
researchsites in theUS.Patientshadan indexstrokeattributedto large-orsmall-vesseldiseaseand
were60years or older or aged50 to59yearswith at least 1 additional stroke risk factor. A total
of 496patientswere enrolled, and492were randomly assigned to studygroups (3didnotmeet
inclusion criteria, and 1withdrewconsent). Patients in the ICMgrouphad the index strokewithin
10daysbefore insertion.Datawere analyzed fromOctober8, 2021, to January 28, 2022.

INTERVENTIONS ICMmonitoring vs site-specific usual care (short-duration external
cardiac monitoring).

MAIN OUTCOMES ANDMEASURES The ICM device automatically detects AF episodes 2 or
moreminutes in length; episodes were adjudicated by an expert committee. Cox regression
multivariable modeling included all parameters identified in the univariate analysis having
P values <.10. AF detection rates were calculated using Kaplan-Meier survival estimates.

RESULTS Theanalysis included the242participants randomly assigned to the ICMgroup in the
STROKEAF study.Among242patientsmonitoredwith ICM, 27developedAF (mean [SD] age,
66.6 [9.3] years; 144men [60.0%];96 [40.0%]women). Twopatients hadmissingbaseline
data andexited the studyearly.Univariatepredictors ofAFdetection includedage (per 1-year
increments: hazard ratio [HR], 1.05;95%CI, 1.01-1.09;P = .02), CHA2DS2-VASc score (per point:
HR, 1.54;95%CI, 1.15-2.06;P = .004), chronic obstructivepulmonarydisease (HR, 2.49;95%CI,
0.86-7.20;P = .09), congestiveheart failure (CHF;withpreservedor reducedejection fraction:
HR,6.64;95%CI, 2.29-19.24;P < .001), left atrial enlargement (LAE;HR, 3.63;95%CI, 1.55-8.47;
P = .003),QRSduration (HR, 1.02;95%CI, 1.00-1.04;P = .04), andkidneydysfunction (HR, 3.58;
95%CI, 1.35-9.46;P = .01). Inmultivariablemodeling (n = 197), onlyCHF (HR, 5.06;95%CI,
1.45-17.64;P = .05) andLAE (HR, 3.32; 1.34-8.19;P = .009) remained significant predictors ofAF.
At 12months, patientswithCHFand/or LAE (40of 142patients) hadanAFdetection rateof
23.4%vs5.0%forpatientswithneither (HR, 5.1; 95%CI, 2.0-12.8;P < .001).

CONCLUSIONSANDRELEVANCE Amongpatientswith ischemic stroke attributed to large- or
small-vessel disease,CHFandLAEwereassociatedwitha significantly increased riskofpoststroke
AFdetection. These patientsmay benefitmost from the use of ICMs as part of a secondary stroke
preventionstrategy.However, thestudywasnotpoweredforclinicalpredictorsofAF,andtherefore,
other clinical characteristicsmaynothave reached statistical significance.
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P values <.10. AF detection rates were calculated using Kaplan-Meier survival estimates.
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A trial fibrillation (AF) is the most common cardiac ar-
rhythmia newly diagnosed after stroke and likely
includes cases of preexisting AF that had escaped de-

tection before stroke as well as new-onset AF after stroke or
stroke-induced AF.1-3 The recent Stroke of Known Cause and
Underlying Atrial Fibrillation (STROKE AF) trial, which in-
cluded participants with stroke due to large- or small-vessel
disease, found AF detected by insertable cardiac monitors
(ICMs) at a rate of 12.1%at 1 year.4We sought to determine the
associationbetweencommonlyassessed risk factors andpost-
stroke detection of new AF in the STROKE AF cohort.

Methods
Study Population
The STROKE AF trial has been previously described
(Supplement 1).4,5 Briefly, at baseline (April 1, 2016-July 12,
2019), 496 patients with an index ischemic stroke classified
by the enrolling investigator as being due to large- or small-
vesseldiseaseusing theTrialofOrg 10172 inAcuteStrokeTreat-
ment (TOAST) criteria6 were included from 33 clinical re-
search sites in the US. In total, 492 patients were randomly
assigned to groups (3 did not meet inclusion criteria, and 1
withdrew consent) (eFigure in Supplement 2). All partici-
pants provided written informed consent, and the study was
approved by all relevant institutional review boards. Patients
were 60 years or older or aged 50 to 59 years with at least 1
stroke risk factor.4,5 Participantswere randomly assigned (1:1)
to AF monitoring using an ICM (Reveal LINQ [Medtronic])
within 10 days of index stroke vs site-specific usual care. The
ICM detects AF episodes of 2minutes or longer, and first epi-
sodes of AF were adjudicated by a clinical events committee
to confirm its diagnosis.

Statistical Analysis
This analysiswas a prespecified ancillary outcomeof the trial
to identify variables associated with a first-detected AF epi-
sode through 12months. Exposure variableswere electrocar-
diographic and echocardiographic predictors of AF (Table 1).
All participants randomly assigned to the ICM group were
included, and only those with complete predictor data were
included in the multivariable models.

To address high rates (40.8%) of missing left atrial vol-
ume index (LAVI) values, aposthoc composite variable for left
atrial enlargement (LAE) was created and used for the pri-
maryanalysis.ParticipantswereclassifiedashavingLAEif they
met any of the following accepted criteria7-9:
• LAVI greater than 28 mL/m2.
• Male participant with LA diameter greater than 41 mm.
• Female participant with LA diameter greater than or equal
to 39 mm.

• No measurements for LA volume or diameter, but LAE was
documented in the echocardiography report.

LAE was classified as missing if none of this information
was available. Variable selection formultivariablemodelswas
basedontheoutcomesofunivariatemodels.Coxproportional-
hazards regressionmodelswere fitted tovariousbaselinechar-

acteristics for thepredictionofAF.PredictorswithPvalues<.10
in univariate models were included in a multivariable Cox
model using a complete case data set. In all regression mod-
els, predictorswere analyzedusing2-sidedPvalues.A signifi-
cance level of .05 was used in the multivariable Cox models,
and hazard ratios (HRs) were calculated along with their
95%CIs.Datawere analyzed fromOctober 8, 2021, to January
28, 2022, using SAS software, version 9.4 (SAS Institute).

Results
The analysis included the 242 participants randomly as-
signed to the ICM group in the STROKE AF study. The mean
(SD) age was 66.6 (9.3) years; 96 participants (40.0%) were
women, and 144 (60.0%) were men (2 patients had missing
baseline data and exited the study early). The eTable in
Supplement 2 showsbaseline characteristics for patients ran-
domly assigned to ICM vs those with successful insertion
(n = 221), and no meaningful differences were observed be-
tween the groups. Follow-up continued throughAugust 2020
(from randomization to 12 months) for a mean (SD) duration
of 11.0 (3.0)months.AFwasdetected in 27patients in the ICM
group (11.2%), and 26 first episodes (96.3%)were asymptom-
atic. None of the 7 patients who crossed over to the control
group had AF detected.

Table 1 shows the univariate HR and 95% CI of AF detec-
tion at 12months for each potential predictor. LAEwas avail-
able for 214 participants (89.1%). Variables identified as uni-
variate predictors of AF (based on a nominal P value <.10)
included LAVI per 10-mL increments (HR, 2.30; 95%CI, 1.58-
3.34; P < .001), LAE (HR, 3.63; 95% CI, 1.55-8.47; P = .003),
chronicobstructivepulmonarydisease (HR,2.49;95%CI,0.86-
7.20; P = .09), CHF (with preserved or reduced ejection frac-
tion:HR, 6.64; 95%CI, 2.29-19.24;P < .001), kidneydysfunc-
tion (HR, 3.58; 95% CI, 1.35-9.46; P = .01), age (per 1-year
increments: HR, 1.05; 95% CI, 1.01-1.09; P = .02), CHA2DS2-
VASc score (per point: HR, 1.54; 95% CI, 1.15-2.06; P = .004),
QRSduration (HR, 1.02; 95%CI, 1.00-1.04;P = .04), andLAdi-
ameter (per millimeter: HR, 1.05; 95% CI, 0.99-1.11; P = .08).

In the multivariable analysis (n = 197) shown in Table 2,
only CHF (HR, 5.06; 95%CI, 1.45-17.64;P = .05) andLAE (HR,
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with undiagnosed atrial fibrillation (AF) in patients with ischemic
stroke attributed to large- or small-vessel disease?
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that included 242 patients monitored with insertable cardiac
monitors, the annual risk of detecting AF was significantly higher
in patients with congestive heart failure and/or left atrial
enlargement (23.4%) compared with patients without either
condition (5.0%).
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3.32; 95%CI, 1.34, 8.19; P = .009) were associatedwith an in-
creased likelihood of detecting AF during 12months ofmoni-
toring,with a trend toward significance forQRSduration (HR,
1.02; 95% CI, 1.00-1.04; P = .06). There was no statistically
significant interaction between CHF and LAE. The rate of AF
detectionat 12months amongpatientswith eitherCHFand/or
LAE (40 of 142 patients) was significantly higher compared
with patients with neither attribute (23.4% vs 5.0%; HR, 5.1;
95% CI, 2.0-12.8; P < .001) (Figure).

Discussion

In this prespecified analysis of the STROKE AF randomized
clinical trial of patients with ischemic stroke due to large- or
small-vessel disease, those with CHF and/or LAE had an an-
nual risk ofAF thatwas substantially elevated comparedwith
patientswithout CHFor LAE,with rates of 23.4%vs 5.0%, re-
spectively. This translates to a number needed to monitor of

Table 1. Univariate Analysis for Predictors of Atrial Fibrillation Detection at 12Months
in Participants of the Stroke of Known Cause and Underlying Atrial Fibrillation (STROKE AF) Trial

Predictor No. Hazard Ratio (95% CI) P value
Age/y 240 1.05 (1.01-1.09) .02a

Sex 240 1.40 (0.66-2.97) .39

BMI 240 1.04 (0.98-1.10) .20

Blood pressure

Diastolic 240 0.98 (0.96-1.01) .20

Systolic 240 1.01 (0.99-1.03) .19

CHA2DS2-VASc score/point 240 1.54 (1.15-2.06) .004a

Cerebral artery stenosis 240 1.18 (0.35-3.91) .79

Chronic obstructive pulmonary disorder 240 2.49 (0.86-7.20) .09b

Congestive heart failure 240 6.64 (2.29-19.24) <.001a

Coronary artery disease 240 0.98 (0.34-2.84) .98

Coronary artery bypass graft 240 1.35 (0.32-5.68) .69

Coronary artery intervention 240 0.80 (0.19-3.36) .76

Diabetes 240 1.37 (0.63-2.95) .43

Heart rate 238 1.00 (0.97-1.03) .87

Hypertension 240 1.35 (0.47-3.90) .58

Left atrial diameter 166 1.05 (0.99-1.11) .08b

Left atrial enlargement 214 3.63 (1.55-8.47) .003a

Left atrial volume index (+10 mL/m2) 142 2.30 (1.58-3.34) <.001a

Myocardial infarction 240 0.50 (0.07-3.66) .49

Peripheral vascular disease 240 1.81 (0.63-5.24) .27

Kidney dysfunction 240 3.58 (1.35-9.46) .01a

Sleep apnea 240 1.98 (0.68-5.73) .21

PR interval/ms 218 1.00 (0.98-1.01) .51

QRS duration/ms 219 1.02 (1.00-1.04) .04a

QTc interval/ms 219 1.00 (1.00-1.01) .35

RR interval/ ms 180 1.00 (1.00-1.00) .26

Stroke/TIA prior to qualifying event

Stroke or stroke-related event 240 0.76 (0.31-1.88) .55

Ischemic stroke, of known origin 240 1.23 (0.49-3.04) .66

Transient ischemic attack 240 0.76 (0.18-3.23) .72

Modified Rankin Score 239 1.05 (0.82-1.34) .71

NIHSS 240 1.02 (0.94-1.12) .63

Qualifying stroke infarction location

Brainstem 240 1.17 (0.44-3.08) .76

Cerebellum 240 0.33 (0.04-2.42) .28

Cerebral artery

Anterior 240 1.25 (0.38-4.17) .71

Middle 240 1.12 (0.52-2.38) .77

Posterior 240 1.94 (0.82-4.59) .13

Qualifying stroke side (left vs right) 240 1.00 (0.47-2.12) >.99

Qualifying stroke type (small vessel vs large vessel) 242 1.14 (0.53-2.43) .74

Abbreviations: BMI, bodymass index;
NIHSS, National Institutes of Health
Stroke Scale; TIA, transient ischemic
attack.
a Significant at P � .05.
b Significant at P < .10 (cutoff for
inclusion in multivariable models).
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A trial fibrillation (AF) is the most common cardiac ar-
rhythmia newly diagnosed after stroke and likely
includes cases of preexisting AF that had escaped de-

tection before stroke as well as new-onset AF after stroke or
stroke-induced AF.1-3 The recent Stroke of Known Cause and
Underlying Atrial Fibrillation (STROKE AF) trial, which in-
cluded participants with stroke due to large- or small-vessel
disease, found AF detected by insertable cardiac monitors
(ICMs) at a rate of 12.1%at 1 year.4We sought to determine the
associationbetweencommonlyassessed risk factors andpost-
stroke detection of new AF in the STROKE AF cohort.

Methods
Study Population
The STROKE AF trial has been previously described
(Supplement 1).4,5 Briefly, at baseline (April 1, 2016-July 12,
2019), 496 patients with an index ischemic stroke classified
by the enrolling investigator as being due to large- or small-
vesseldiseaseusing theTrialofOrg 10172 inAcuteStrokeTreat-
ment (TOAST) criteria6 were included from 33 clinical re-
search sites in the US. In total, 492 patients were randomly
assigned to groups (3 did not meet inclusion criteria, and 1
withdrew consent) (eFigure in Supplement 2). All partici-
pants provided written informed consent, and the study was
approved by all relevant institutional review boards. Patients
were 60 years or older or aged 50 to 59 years with at least 1
stroke risk factor.4,5 Participantswere randomly assigned (1:1)
to AF monitoring using an ICM (Reveal LINQ [Medtronic])
within 10 days of index stroke vs site-specific usual care. The
ICM detects AF episodes of 2minutes or longer, and first epi-
sodes of AF were adjudicated by a clinical events committee
to confirm its diagnosis.

Statistical Analysis
This analysiswas a prespecified ancillary outcomeof the trial
to identify variables associated with a first-detected AF epi-
sode through 12months. Exposure variableswere electrocar-
diographic and echocardiographic predictors of AF (Table 1).
All participants randomly assigned to the ICM group were
included, and only those with complete predictor data were
included in the multivariable models.

To address high rates (40.8%) of missing left atrial vol-
ume index (LAVI) values, aposthoc composite variable for left
atrial enlargement (LAE) was created and used for the pri-
maryanalysis.ParticipantswereclassifiedashavingLAEif they
met any of the following accepted criteria7-9:
• LAVI greater than 28 mL/m2.
• Male participant with LA diameter greater than 41 mm.
• Female participant with LA diameter greater than or equal
to 39 mm.

• No measurements for LA volume or diameter, but LAE was
documented in the echocardiography report.

LAE was classified as missing if none of this information
was available. Variable selection formultivariablemodelswas
basedontheoutcomesofunivariatemodels.Coxproportional-
hazards regressionmodelswere fitted tovariousbaselinechar-

acteristics for thepredictionofAF.PredictorswithPvalues<.10
in univariate models were included in a multivariable Cox
model using a complete case data set. In all regression mod-
els, predictorswere analyzedusing2-sidedPvalues.A signifi-
cance level of .05 was used in the multivariable Cox models,
and hazard ratios (HRs) were calculated along with their
95%CIs.Datawere analyzed fromOctober 8, 2021, to January
28, 2022, using SAS software, version 9.4 (SAS Institute).

Results
The analysis included the 242 participants randomly as-
signed to the ICM group in the STROKE AF study. The mean
(SD) age was 66.6 (9.3) years; 96 participants (40.0%) were
women, and 144 (60.0%) were men (2 patients had missing
baseline data and exited the study early). The eTable in
Supplement 2 showsbaseline characteristics for patients ran-
domly assigned to ICM vs those with successful insertion
(n = 221), and no meaningful differences were observed be-
tween the groups. Follow-up continued throughAugust 2020
(from randomization to 12 months) for a mean (SD) duration
of 11.0 (3.0)months.AFwasdetected in 27patients in the ICM
group (11.2%), and 26 first episodes (96.3%)were asymptom-
atic. None of the 7 patients who crossed over to the control
group had AF detected.

Table 1 shows the univariate HR and 95% CI of AF detec-
tion at 12months for each potential predictor. LAEwas avail-
able for 214 participants (89.1%). Variables identified as uni-
variate predictors of AF (based on a nominal P value <.10)
included LAVI per 10-mL increments (HR, 2.30; 95%CI, 1.58-
3.34; P < .001), LAE (HR, 3.63; 95% CI, 1.55-8.47; P = .003),
chronicobstructivepulmonarydisease (HR,2.49;95%CI,0.86-
7.20; P = .09), CHF (with preserved or reduced ejection frac-
tion:HR, 6.64; 95%CI, 2.29-19.24;P < .001), kidneydysfunc-
tion (HR, 3.58; 95% CI, 1.35-9.46; P = .01), age (per 1-year
increments: HR, 1.05; 95% CI, 1.01-1.09; P = .02), CHA2DS2-
VASc score (per point: HR, 1.54; 95% CI, 1.15-2.06; P = .004),
QRSduration (HR, 1.02; 95%CI, 1.00-1.04;P = .04), andLAdi-
ameter (per millimeter: HR, 1.05; 95% CI, 0.99-1.11; P = .08).

In the multivariable analysis (n = 197) shown in Table 2,
only CHF (HR, 5.06; 95%CI, 1.45-17.64;P = .05) andLAE (HR,
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3.32; 95%CI, 1.34, 8.19; P = .009) were associatedwith an in-
creased likelihood of detecting AF during 12months ofmoni-
toring,with a trend toward significance forQRSduration (HR,
1.02; 95% CI, 1.00-1.04; P = .06). There was no statistically
significant interaction between CHF and LAE. The rate of AF
detectionat 12months amongpatientswith eitherCHFand/or
LAE (40 of 142 patients) was significantly higher compared
with patients with neither attribute (23.4% vs 5.0%; HR, 5.1;
95% CI, 2.0-12.8; P < .001) (Figure).

Discussion

In this prespecified analysis of the STROKE AF randomized
clinical trial of patients with ischemic stroke due to large- or
small-vessel disease, those with CHF and/or LAE had an an-
nual risk ofAF thatwas substantially elevated comparedwith
patientswithout CHFor LAE,with rates of 23.4%vs 5.0%, re-
spectively. This translates to a number needed to monitor of

Table 1. Univariate Analysis for Predictors of Atrial Fibrillation Detection at 12Months
in Participants of the Stroke of Known Cause and Underlying Atrial Fibrillation (STROKE AF) Trial

Predictor No. Hazard Ratio (95% CI) P value
Age/y 240 1.05 (1.01-1.09) .02a

Sex 240 1.40 (0.66-2.97) .39

BMI 240 1.04 (0.98-1.10) .20

Blood pressure

Diastolic 240 0.98 (0.96-1.01) .20

Systolic 240 1.01 (0.99-1.03) .19

CHA2DS2-VASc score/point 240 1.54 (1.15-2.06) .004a

Cerebral artery stenosis 240 1.18 (0.35-3.91) .79

Chronic obstructive pulmonary disorder 240 2.49 (0.86-7.20) .09b

Congestive heart failure 240 6.64 (2.29-19.24) <.001a

Coronary artery disease 240 0.98 (0.34-2.84) .98

Coronary artery bypass graft 240 1.35 (0.32-5.68) .69

Coronary artery intervention 240 0.80 (0.19-3.36) .76

Diabetes 240 1.37 (0.63-2.95) .43

Heart rate 238 1.00 (0.97-1.03) .87

Hypertension 240 1.35 (0.47-3.90) .58

Left atrial diameter 166 1.05 (0.99-1.11) .08b

Left atrial enlargement 214 3.63 (1.55-8.47) .003a

Left atrial volume index (+10 mL/m2) 142 2.30 (1.58-3.34) <.001a

Myocardial infarction 240 0.50 (0.07-3.66) .49

Peripheral vascular disease 240 1.81 (0.63-5.24) .27

Kidney dysfunction 240 3.58 (1.35-9.46) .01a

Sleep apnea 240 1.98 (0.68-5.73) .21

PR interval/ms 218 1.00 (0.98-1.01) .51

QRS duration/ms 219 1.02 (1.00-1.04) .04a

QTc interval/ms 219 1.00 (1.00-1.01) .35

RR interval/ ms 180 1.00 (1.00-1.00) .26

Stroke/TIA prior to qualifying event

Stroke or stroke-related event 240 0.76 (0.31-1.88) .55

Ischemic stroke, of known origin 240 1.23 (0.49-3.04) .66

Transient ischemic attack 240 0.76 (0.18-3.23) .72

Modified Rankin Score 239 1.05 (0.82-1.34) .71

NIHSS 240 1.02 (0.94-1.12) .63

Qualifying stroke infarction location

Brainstem 240 1.17 (0.44-3.08) .76

Cerebellum 240 0.33 (0.04-2.42) .28

Cerebral artery

Anterior 240 1.25 (0.38-4.17) .71

Middle 240 1.12 (0.52-2.38) .77

Posterior 240 1.94 (0.82-4.59) .13

Qualifying stroke side (left vs right) 240 1.00 (0.47-2.12) >.99

Qualifying stroke type (small vessel vs large vessel) 242 1.14 (0.53-2.43) .74

Abbreviations: BMI, bodymass index;
NIHSS, National Institutes of Health
Stroke Scale; TIA, transient ischemic
attack.
a Significant at P � .05.
b Significant at P < .10 (cutoff for
inclusion in multivariable models).
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just over 5 to detect AF in the first 12months. Using an ICM to
continuously monitor these patients also showed the rate of
AF detection over time. Selecting individuals with risk fac-
tors such as CHF and LAE formonitoring could lead to higher
rates of AF detection.

Most patients with ischemic stroke are treated with anti-
platelet agents. Detection of AF after stroke is important re-
gardless ofwhether it predated the index stroke because it of-
ten leads to an evidence-based change in therapy. However,
the optimal management of patients with AF and sympto-
matic atherosclerotic disease is unknown. Likewise, the
efficacy and safety of oral anticoagulant (OAC) therapy is not
established in patients with large- and small-vessel athero-
sclerotic disease and coexisting AF. It is well established that
antiplatelet therapy alone is inadequate for recurrent stroke
prevention in AF.10 To answer these questions, randomized
clinical trials are necessary.

An overemphasis on monitoring for AF only in patients
with an index cryptogenic embolic stroke may be doing pa-
tients a disservice by failing to detect and intervene on clini-
cally meaningful AF in patients with other index stroke sub-
types. Given thehigh rates of recurrent stroke amongpatients
in general, and particularly in those with AF, identifying the
subsetofpatientswith thegreatestprobabilityof futureAFde-
tection should be the focus rather than relying solely on the
index stroke mechanism. This concept is supported by the
nearly identical rates of AF detected by ICM at 1 year in the
STROKE AF4 and Cryptogenic Stroke and Underlying AF
(CRYSTALAF)11 trials (12.1%and 12.4%, respectively), suggest-
ing that stroke mechanism alone does not explain the likeli-
hood of underlying AF.

Currently, it remains unclear whether OAC for poststroke
AFdetectedby ICM is beneficial to prevent secondary strokes
andwhatAFburden is sufficient toproducebenefit fromOAC.

However, earlydetectionofpoststrokeAFwouldallowfor con-
tinued close monitoring to detect when patients cross the
threshold to a clinicallymeaningful AFburdenbefore a recur-
rent stroke occurs. Future studies are needed to determine
theproper thresholds for initiatingOACtherapy inpatientswith
ICM-detected AF after stroke.

Limitations
Our studyhas several important limitations.Although thedata
were acquiredprospectively and in a randomized clinical trial
setting with adjudicated end points, the trial was not pow-
ered to detect clinical predictors of AF, and therefore, other
clinical characteristics may not have reached statistical sig-
nificance. Our limited sample sizemay explainwhy variables
such as age and CHA2DS2-VASc score did not reach statistical
significance in our modeling.

Conclusions
In summary, in this prespecified analysis of patients from the
STROKE AF randomized clinical trial whowere continuously
monitored forAF,participantswithCHForLAEwereat greater
risk of having AF detected at 12 months than those without
either andmay represent an enrichedpopulation formonitor-
ing with ICM. Although preliminary in nature, if the findings
from our study are replicated in other cohorts, then the asso-
ciations of CHF and LAEwith AFmay be useful when consid-
ering an ICM in routine poststroke clinical care.

ARTICLE INFORMATION

Author Affiliations:Department of Neurology,
Massachusetts General Hospital, Boston

(Schwamm); Department of Neurology, Weill
Cornell Medicine, New York, New York (Kamel);
Deputy Editor, JAMA Neurology (Kamel); Duke
Clinical Research Institute, Duke University Medical
Center, Durham, North Carolina (Granger, Piccini);
Department of Neurology and Radiology, North

Figure. Rate of Atrial Fibrillation (AF) Detection at 12Months
Among PatientsWith Congestive Heart Failure (CHF)
or Left Atrial Enlargement (LAE)

0

No. at risk

0 4 6 8 10 12

50

40

Pa
tie

nt
s w

ith
 A

F 
de

te
ct

ed
, %

 

Time since randomization, mo

30

20

10

2

No CHF or LAE
CHF or LAE

128 116 114 112 109 108121
86 67 66 62 59 5670

Hazard ratio, 5.1; 95% CI, 2.0-12.8;
log-rank P value < .001

No CHF or LAE 5.0 %

CHF or LAE 23.4%

Increased AF detection in patients with CHF and/or LAE in participants
randomized to insertable cardiac monitor (ICM) in the Stroke of Known Cause
and Underlying Atrial Fibrillation (STROKE AF) trial through 12months
compared with participants without either condition (23.4% vs 5%; P < .001).
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Detection at 12Months in Participants of the Stroke of Known Cause
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Stroke AF complete case ICM group (N = 197a)
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just over 5 to detect AF in the first 12months. Using an ICM to
continuously monitor these patients also showed the rate of
AF detection over time. Selecting individuals with risk fac-
tors such as CHF and LAE formonitoring could lead to higher
rates of AF detection.

Most patients with ischemic stroke are treated with anti-
platelet agents. Detection of AF after stroke is important re-
gardless ofwhether it predated the index stroke because it of-
ten leads to an evidence-based change in therapy. However,
the optimal management of patients with AF and sympto-
matic atherosclerotic disease is unknown. Likewise, the
efficacy and safety of oral anticoagulant (OAC) therapy is not
established in patients with large- and small-vessel athero-
sclerotic disease and coexisting AF. It is well established that
antiplatelet therapy alone is inadequate for recurrent stroke
prevention in AF.10 To answer these questions, randomized
clinical trials are necessary.

An overemphasis on monitoring for AF only in patients
with an index cryptogenic embolic stroke may be doing pa-
tients a disservice by failing to detect and intervene on clini-
cally meaningful AF in patients with other index stroke sub-
types. Given thehigh rates of recurrent stroke amongpatients
in general, and particularly in those with AF, identifying the
subsetofpatientswith thegreatestprobabilityof futureAFde-
tection should be the focus rather than relying solely on the
index stroke mechanism. This concept is supported by the
nearly identical rates of AF detected by ICM at 1 year in the
STROKE AF4 and Cryptogenic Stroke and Underlying AF
(CRYSTALAF)11 trials (12.1%and 12.4%, respectively), suggest-
ing that stroke mechanism alone does not explain the likeli-
hood of underlying AF.

Currently, it remains unclear whether OAC for poststroke
AFdetectedby ICM is beneficial to prevent secondary strokes
andwhatAFburden is sufficient toproducebenefit fromOAC.

However, earlydetectionofpoststrokeAFwouldallowfor con-
tinued close monitoring to detect when patients cross the
threshold to a clinicallymeaningful AFburdenbefore a recur-
rent stroke occurs. Future studies are needed to determine
theproper thresholds for initiatingOACtherapy inpatientswith
ICM-detected AF after stroke.

Limitations
Our studyhas several important limitations.Although thedata
were acquiredprospectively and in a randomized clinical trial
setting with adjudicated end points, the trial was not pow-
ered to detect clinical predictors of AF, and therefore, other
clinical characteristics may not have reached statistical sig-
nificance. Our limited sample sizemay explainwhy variables
such as age and CHA2DS2-VASc score did not reach statistical
significance in our modeling.

Conclusions
In summary, in this prespecified analysis of patients from the
STROKE AF randomized clinical trial whowere continuously
monitored forAF,participantswithCHForLAEwereat greater
risk of having AF detected at 12 months than those without
either andmay represent an enrichedpopulation formonitor-
ing with ICM. Although preliminary in nature, if the findings
from our study are replicated in other cohorts, then the asso-
ciations of CHF and LAEwith AFmay be useful when consid-
ering an ICM in routine poststroke clinical care.
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and Underlying Atrial Fibrillation (STROKE AF) trial through 12months
compared with participants without either condition (23.4% vs 5%; P < .001).

Table 2. Multivariable Analysis for Predictors of Atrial Fibrillation
Detection at 12Months in Participants of the Stroke of Known Cause
and Underlying Atrial Fibrillation (STROKE AF) Trial

Stroke AF complete case ICM group (N = 197a)

Predictor Hazard ratio (95% CI) P value
Age/y 1.00 (0.94-1.06) .98

CHA2DS2-VASc score/point 1.29 (0.83-2.02) .26

Chronic obstructive pulmonary disorder 1.59 (0.41-6.19) .51

Congestive heart failure 5.06 (1.45-17.64) .05b

Left atrial enlargement 3.32 (1.34-8.19) .009b

QRS duration/ms 1.02 (1.00-1.04) .06

Kidney dysfunction 2.33 (0.76-7.18) .14

Abbreviation: ICM, insertable cardiac monitor.
a 197 patients with ICM had complete case data for all predictors and outcome.
b Significant at P � .05.
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