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Abstract
Background and Objectives
Corticobasal syndrome (CBS) is a clinical phenotype characterized by asymmetric parkinsonism,
rigidity, myoclonus, and apraxia. Originally believed secondary to corticobasal degeneration
(CBD), mounting clinicopathologic studies have revealed heterogenous neuropathologies. The
objectives of this study were to determine the pathologic heterogeneity of CBS, the clinicor-
adiologic findings associated with different underlying pathologies causing CBS, and the positive
predictive value (PPV) of current diagnostic criteria for CBD among patients with a CBS.

Methods
Clinical data, brain MRI, and neuropathologic data of patients followed at Mayo Clinic and
diagnosed with CBS antemortem were reviewed according to neuropathology category at
autopsy.

Results
The cohort consisted of 113 patients with CBS, 61 (54%) female patients. Mean ± SD disease
duration was 7 ± 3.7 years; mean ± SD age at death was 70.5 ± 9.1 years. The primary neuro-
pathologic diagnoses were 43 (38%) CBD, 27 (24%) progressive supranuclear palsy (PSP), 17
(15%) Alzheimer disease (AD), 10 (9%) frontotemporal lobar degeneration (FTLD) with TAR
DNA-binding protein 43 (TDP) inclusions, 7 (6%) diffuse Lewy body disease (DLBD)/AD, and
9 (8%) with other diagnoses. Patients with CBS-AD or CBS-DLBD/AD were youngest at death
(median [interquartile range]: 64 [13], 64 [11] years) while CBS-PSP were oldest (77 [12.5]
years, p = 0.024). Patients with CBS-DLBD/AD had the longest disease duration (9 [6] years),
while CBS-other had the shortest (3 [4.25] years, p = 0.04). Posterior cortical signs andmyoclonus
were more characteristic of patients with CBS-AD and patients with CBS-DLBD/AD. Patients
with CBS-DLBD/ADdisplayedmore features of Lewy body dementia. Voxel-basedmorphometry
revealed widespread cortical gray matter loss characteristic of CBS-AD, while CBS-CBD and CBS-
PSP predominantly involved premotor regions with greater amount of white matter loss. Patients
with CBS-DLBD/AD showed atrophy in a focal parieto-occipital region, and patients with CBS-
FTLD-TDP had predominant prefrontal cortical loss. Patients with CBS-PSP had the lowest
midbrain/pons ratio (p = 0.012). Of 67 cases meeting clinical criteria for possible CBD at
presentation, 27 were pathology-proven CBD, yielding a PPV of 40%.

Discussion
A variety of neurodegenerative disorders can be identified in patients with CBS, but clinical and
regional imaging differences aid in predicting underlying neuropathology. PPV analysis of the
current CBD diagnostic criteria revealed suboptimal performance. Biomarkers adequately
sensitive and specific for CBD are needed.
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Corticobasal syndrome (CBS) affects movement, language,
cognition, and behavior. Diagnosis may be challenging be-
cause of the wide variety of signs and symptoms that may be
present in addition to the classic asymmetric akinetic rigid
apraxic motor syndrome. CBS was originally believed to be
secondary to corticobasal degeneration (CBD), but mounting
clinicopathologic studies have revealed heterogenous un-
derlying pathologies, including Alzheimer disease (AD),
progressive supranuclear palsy (PSP), Creutzfeldt-Jacob dis-
ease (CJD), TAR DNA-binding protein 43 (TDP), and Pick
disease.1-4

Increasingly, potentially disease-modifying agents are being
studied for their potential to target specific pathologies un-
derlying CBS.5 A barrier to successful treatment trials is the
lack of diagnostic biomarkers across the different possible
pathologies causing CBS, which is needed to select patients
based on predicted pathology.1 Therefore, improving the
understanding of the clinical and imaging biomarkers associ-
ated with different underlying pathologies in CBS is neces-
sary. It has been suggested that identification of select clinical
clues can aid in diagnostic accuracy. For example, earlier age at
onset or myoclonus in the early stages of CBS are both more
common in patients with Alzheimer pathology.6

CBD, a progressive neurodegenerative disorder characterized
by circumscribed cortical atrophy with spongiosis, ballooned
neurons and tau inclusion in neurons and glia,7 is diagnosed
postmortem in only 23%–50% of patients with CBS.1,2,4,7-9 In
the absence of definitive biomarkers for CBD, in 2013, an in-
ternational consortium of subspecialists proposed an updated
set of criteria to better the diagnosis of CBD.10 In 2 studies,11,12

small cohorts of patients with neuropathologically confirmed
CBD were used to investigate the sensitivity and specificity of
these clinical criteria. As reported in both studies, the criteria
lacked specificity, and no clinical feature could reliably distin-
guish CBD pathology from non-CBD pathology, but larger
studies were needed to understand the utility of the criteria.

The results from structuralMRI with voxel-basedmorphometry
(VBM) and 18F fluorodeoxyglucose (FDG) PET studies sug-
gest that patterns of atrophy or hypometabolism could be useful
in predicting underlying pathology in CBS.3,13-15 Focal asym-
metric atrophy in the frontoparietal cortex and in the basal
ganglia was found in patients with CBS and autopsy-proven

CBD or PSP,3,6 while widespread atrophy pointed toward a
pathologic diagnosis of frontotemporal lobar degeneration
(FTLD)–TDP or AD, with frontotemporal loss suggestive of
FTLD-TDP, and temporoparietal loss suggestive of AD. A
structural brainstem biomarker of midbrain/pons ratio has
been proven to differentiate PSP from other Parkinsonian
disorders,16-18 but whether it can distinguish CBS-PSP from
other CBS subtypes remains to be determined. According to
Pardini et al.,19 hypometabolism patterns in patients with CBS
differ depending on the underlying pathology: Patients with
CBS-CBD show a marked basal ganglia involvement, patients
with CBS-AD show widespread posterior hypometabolism, and
patients with CBS-PSP show an anterior hypometabolic pat-
tern, including the medial frontal and anterior cingulate regions.

The objectives of this study were to study the neuropathologic
heterogeneity of CBS, key clinical and neuroimaging mea-
sures that can predict neuropathology, whether midbrain/
pons ratio is a useful biomarker of pathology in CBS, and the
positive predictive value (PPV) of proposed clinical CBD
criteria among patients with a probable CBS phenotype.

Methods
Standard Protocol Approvals
Study protocols were approved by the Mayo Clinic In-
stitutional Review Board (approval no. 22-001618).

Study Participants
TheMayo Clinic autopsy database was searched to identify all
study participants who had antemortem diagnosis of CBS
between 1990 and 2021. Neuropathologic diagnosis was
extracted from pathology records of the 113 participants in-
cluded in the study. These cases were part of a review article
reporting the neuropathologic diagnosis of all Florida brain
bank cases with a CBS diagnosis by Koga et al.,9 but in this
study, we focused on those who were clinically evaluated and
treated at Mayo Clinic and included clinical and imaging
findings. Demographics and clinical data at presentation and
at last visit were abstracted frommedical records and included
age at onset, age of death, sex, family history (>1 relative with
a similar neurodegenerative disease), and symptoms and signs
reported by the patient and recorded at the neurologic ex-
amination. The following clinical features were recorded as
present or absent at presentation and at last visit: dominant

Glossary
AD = Alzheimer disease; AGD = argyrophilic grain disease; ARTAG = aging-related tau astrogliopathy; CBS = corticobasal
syndrome; CBD = corticobasal degeneration; CJD = Creutzfeldt-Jakob disease; DLBD = diffuse Lewy body disease; FDG =
18F fluorodeoxyglucose; FTLD = frontotemporal lobar degeneration; FUS = fused in sarcoma; IQR = interquartile range;
LBD = Lewy body dementia;NIBD = neurofilament inclusion body disease; PCA = posterior cortical atrophy; PPA = primary
progressive aphasia; PPV = positive predictive value; PSP = progressive supranuclear palsy; RBD = REM sleep behavior
disorder; SPM = statistical parametric mapping; STMS = Short Test of Mental Status; TDP = TAR DNA-binding protein 43;
VBM = voxel-based morphometry.
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involved side, limb rigidity, limb dystonia, myoclonus, apraxia,
alien limb phenomenon, right-left disorientation, agraphia,
acalculia, finger agnosia, oculomotor apraxia, optic ataxia,
simultanagnosia, other visuospatial features (including visual
field defect and space/object perception deficit) as well as
alexia, dressing apraxia, prosopagnosia, behavioral or per-
sonality changes, aphasia, apraxia of speech, postural in-
stability, vertical supranuclear gaze palsy or decreased velocity
of vertical saccade, fluctuating cognition, well-formed visual
hallucinations, REM sleep behavior disorder (RBD, based on
history and not sleep study), parkinsonism, pyramidal signs,
gait impairment, episodic memory loss, yes/no speech re-
versals, and mirror movements of the limbs. Scores on cog-
nitive evaluations (Short Test of Mental Status [STMS])
were recorded.20-22 Disease duration was defined as the dif-
ference between the age at onset of the first sign or symptom
and the age at death.

Clinical Classification
Accepted clinical diagnostic criteria for CBS and related
phenotypes10 were used to verify inclusion in the study.
Probable CBS included asymmetric presentation of 2 of the
following: (a) limb rigidity or akinesia, (b) limb dystonia, (c)
and limb myoclonus plus 2 of (d) orobuccal or limb apraxia,
(e) cortical sensory deficit, and (f) alien limb phenomena.
Possible CBS included 1 of a–c, 1 of d–f, and permitted
symmetry. In 7 participants with overlapping CBS pheno-
types (including nonfluent/agrammatic variant of primary
progressive aphasia (PPA), PSP syndrome, or frontal
behavioral-spatial syndrome), asymmetrical motor core
characteristics of CBS were also observed, categorizing them
as “possible CBD.”10 Participants with pure PSP or PPA or
frontal behavioral syndromes were excluded.

Diagnostic clinical research criteria for probable CBD included
insidious onset and gradual progression, minimum duration of
1 year, age at onset 50 years or older, probable CBS, or frontal
behavioral-spatial syndrome or nonfluent/agrammatic variant
of PPA with at least 1 core CBS feature (a–f), with exclusion of
patients with a family history of 2 or more relatives with similar
neurologic symptoms or genetic mutation inMAPT.10 Clinical
criteria for possible CBD included insidious onset and gradual
progression, minimum duration of 1 year, no minimum age at
onset, possible CBS or frontal behavioral-spatial syndrome, or
nonfluent/agrammatic variant of PPA with at least 1 CBS
feature (a–f). Possible CBD permitted family history or genetic
mutation.

Neuropathologic Assessment
All neuropathologic examinations were conducted by neuropa-
thologists at Mayo Clinic (R.R.R, D.W.D., A.T.N.), maintaining
uniformity. Neuropathologic diagnosis was based on consensus
criteria for CBD,23 PSP,24,25 AD,26 FTLD,27 Lewy body de-
mentia (LBD),28,29 argyrophilic grain disease (AGD),30,31 and
aging-related tau astrogliopathy (ARTAG).32 Patients who
had both DLBD and AD listed as neuropathologic diagnoses or
were labeled as “mixed” or “concomitant” were categorized as

DLBD/AD. Neuropathologic assessment and diagnosis were
completed on either the right or left hemibrains. Hemibrains
were weighted and multiplied by 2 to calculate approximate
total brain weight.

Radiologic Assessment
Volumetric head MRI was performed on 60 patients. A
standardized MRI protocol on either a 3.0 or 1.5 T MRI (GE
Healthcare, Waukesha, WI) scanner included a 3-dimensional
T1-weighted volumetric sequence (magnetization prepared
rapid acquisition gradient echo at 3 T or coronal spoiled
gradient-recalled echo sequence at 1.5 T). All scans un-
derwent corrections for intensity inhomogeneity and gradient
unwarping before analysis. Patterns of gray matter and white
matter atrophy were assessed using automated technique of
VBM, with voxel-wise t tests in statistical parametric mapping
(SPM) 12 used for statistical comparisons of pathology cat-
egories. To account for the asymmetric nature of CBS, the
more severely affected (i.e., dominant) hemisphere for each
participant was designated by D.S. (contralateral to the most
affected limb) using clinical features at time of MRI, without
reference to imaging. EachMRI was flipped in the X dimension
so that the more severely affected hemisphere was positioned
on the left side of the image in all participants, as previously
described.33 The control group consisted of 40 healthy par-
ticipants matched for age and sex distribution at group level
who were initially recruited into the Mayo Alzheimer’s Disease
Patient Registry. Analyses were corrected for multiple com-
parisons using the family-wise error correction at p < 0.05.

Midbrain and pons area measurements were completed
according to published criteria34,35 on T1-weighted MRI
images by 1 trained rater (D.S.) using ITK-SNAP software.
All measurements were performed blinded to clinical in-
formation. Midbrain and pons areas were measured on the
first midsagittal slice from the left, where the superior col-
liculi completely separated from the midbrain, as previously
described.17 The ratio was then calculated as midbrain area
divided by pons area.35

Available FDG-PET scans of a subset of 28 patients were
visually categorized (mean ± SD time from first clinical
evaluation to scan: 3.2 ± 10.6 months). For each neuro-
pathologic variant, representative scan was selected. Statistical
map shows regions of significant hypometabolism relative to
age-matched controls (GE Cortex ID).

Statistical Analyses
All statistical analyses were performed with SPSS statistical
software program (version 28.0; IBMCorp., Armonk, NY) with
significance established at p < 0.05. Demographic and clinical
characteristics were summarized using descriptive statistics.
Differences in demographics, neuropathologic findings, cogni-
tive scores, and midbrain/pons ratio were assessed using
the Kruskal-Wallis test. Differences in the frequency of di-
agnostic features across pathology category were evaluated us-
ing the Fisher exact test. Voxel-wise t tests in SPM12 were used
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for statistical comparisons of MRI scans comparing structural
differences for each pathology category compared with controls,
including age, sex, and field strength as covariates. Deidentified
studies using autopsy samples are considered exempt from
human subject research by theMayo Clinic Institutional Review
Board.

Data Availability
The data that support the findings of this study are available
from the corresponding author, on request.

Results
Patient Characteristics
Patients’ demographics and neuropathologic features are sum-
marized inTable 1. The cohort consisted of 113 cases diagnosed
with CBS with 61 (54%) female patients and 52 (46%) male
patients. Mean ± SD disease duration was 7 ± 3.7 years, and
mean ± SD age at death was 70.5 ± 9.1 years. Clinical in-
formation at presentation was available for 104 patients; among
those, 79 patients were followed by Neurodegenerative Re-
search Group or Alzheimer’s Disease Research Center at Mayo
Clinic in Rochester, MN, and had longitudinal clinical data
available (mean follow-up: 36 months, range 2–99 months).

Neuropathology Findings
Neuropathologic diagnoses were distributed as follows: 43
(38%) CBD, 27 (24%) PSP, 17 (15%) AD, 10 (9%) FTLD-
TDP, 7 (6%) DLBD/AD, and 9 (8%) with other diagnoses
(CBS-other, including 1 case with diffuse AGD, 1 case with
fused in sarcoma (FUS)–negative neurofilament inclusion body
disease (NIBD), 1 case with FUS-positive FTLD, 1 case with
brainstem predominant Lewy body disease, 1 case with multi-
focal necrotizing leukoencephalopathy, 1 case Pick disease, and
3 cases with Creutzfeldt-Jakob disease). Fourteen (33%)

patients with CBS-CBD pathology had secondary findings of
AGD, and 13 (30%) had coexisting ARTAG. Copathology in
patients with CBS-PSP included 7 (27%) with AGD, 5 (19%)
with ARTAG, and 10 (31%) with neocortical amyloid plaques.

Differences in Disease Characteristics and
Cognition Across
Cliniconeuropathologic Category
Cases categorized as CBS-AD or CBS-DLBD/AD were the
youngest at death (median [interquartile range (IQR)]: 64
[13] and 64 [11] years), while cases categorized as CBS-PSP
were the oldest (77 [12.5], p = 0.024) (Table 1). CBS-
DLBD/AD cases had the longest disease duration (median
[IQR]: 9 [6] years), while CBS-other subgroup had the
shortest disease duration (3 [4.25] years, p = 0.04). The 3
CBS cases with pathology-proven CJD had shortest time
between symptom onset and first neurologic evaluation
(mean ± SD: 0.9 ± 0.4 years compared with 2.8 ± 1.8 years, p =
0.048) compared with other CBS cases. The duration of the
disease was not different at the first visit, but at the last visit,
CBS-AD, CBS-DLBD, and CBS-FTLD-TDP had the longest
follow-up times (p = 0.019). STMS scores (global cognition)
at presentation did not differ among the groups; at last visit,
cognitive scores were lowest for patients with CBS-AD (19
[16.25] points) and patients with CBS-DLBD/AD (14 [12]
points) and highest for patients with CBS-CBD (27 [11]) or
CBS-FTLD-TDP (31.5 [—], p = 0.027).

Clinical Features at Presentation and at
Last Visit
Clinical assessment of symptoms and signs by neuropatho-
logic category are summarized in Figure 1 and eTables 1, 2
(links.lww.com/WNL/C848). Considering that the inclusion
criteria for the study required a clinical diagnosis of CBS, all
but 4 patients had asymmetrical motor signs at presentation,

Table 1 Demographics, Cognitive, and Neuropathologic Features of Patients With CBS According to Pathology Category

Neuropathology
category (n = 113)

Age at
death, y Female sex

Disease
duration, y

Disease
duration,
first visit,
y (n = 104)

Disease
duration,
last visit,
y (n = 80)

Braak
stage
(n = 99)

Thal
phase
(n = 68)

Brain
weight,
g (n = 95)

STMSa

first visit
(n = 74)

STMSa

last visit
(n = 34)

CBD (n = 43) 69 (7) 26 (60.5) 6 (3) 2.5 (3) 4 (3) 2 (2) 1 (2) 1,120 (80) 31 (9) 27 (11)

PSP (n = 27) 77 (12.5) 12 (44.4) 7 (3.25) 2 (3) 5.5 (3.5) 3 (2) 2 (3) 1,140 (115) 33 (4.25) 26 (7.5)

AD (n = 17) 64 (13) 9 (52.9) 7 (4.5) 4 (3) 6.75 (3.5) 6 (0) 5 (0.5) 1,074 (194) 25 (11.5) 19 (16.25)

FTDL-TDP (n = 10) 70.5 (16.5) 5 (50) 7 (7) 1.75 (2.5) 7 (6.5) 2 (0.75) 2 (—) 1,072 (159) 32 (—) 31.5 (—)

DLBD/AD (n = 7) 64 (11) 4 (57.1) 9 (6) 2.5 (3) 7 (7) 6 (1) 4 (1) 920 (354) 28 (7.5) 14 (12)

Other (n = 9) 68 (17) 5 (55.6) 3 (4.25) 1.75 (2) 2.5 (3) 1 (2) 0 (1) 1,260 (345) 30 (8.75) 22 (—)

p Value 0.024 0.87b 0.04 0.335 0.019 <0.001 <0.001 0.034 0.119 0.027

Abbreviations: AD = Alzheimerdisease; CBD= corticobasal degeneration; CBS= corticobasal syndrome;DLBD= diffused Lewybodydementia; FTLD= frontotemporal
lobar degeneration; IQR = interquartile range; PSP = posterior supranuclear palsy; STMS = Short Test of Mental Status; TDP = TAR DNA-binding protein 43.
Median (IQR), for sex n (%). p Values are based on the Kruskal-Wallis H test. Statistically significant values are in bold (p < 0.05). (—) indicates small groups
(4 values or less).
a Cognition scores converted to STMS scores.
b For sex, p value is based on the Fisher exact test.
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with no preference for dominant side (p = 0.99). The fre-
quency of CBS core clinical features and motor signs at pre-
sentation (Figure 1, panel A) differed between the groups:
Myoclonus and apraxia were more frequent in CBS-AD and
CBS-DLBD/AD (p = 0.003 and p = 0.017, respectively),
while alien limb phenomenon was more frequent in CBS-
CBD, CBS-PSP, and CBS-AD subgroups (p = 0.036).
Throughout the disease course, myoclonus remained more
frequent in CBS-AD (p = 0.006). Episodic memory loss (p <
0.001) and posterior cortical signs were more frequent in
patients with AD and DLBD/AD pathology, particularly
agraphia (p = 0.002), acalculia (p = 0.003), simultanagnosia
(p = 0.005), and other visuospatial features (p < 0.001) at
presentation, as well as optic ataxia (p = 0.004) throughout
the disease course (Figure 1, panels B, E). Core features of
LBD were significantly more frequent in patients with CBS-
DLBD/AD (p = 0.01 for visual hallucinations, p = 0.032 for
RBD, eTable 2). At last visit, typical PSP features (i.e., features
of Richardson syndrome) were more frequent in CBS-PSP
(supranuclear gaze palsy or decreased velocity of vertical
saccades in 64%, postural instability in 82%), but this trend
did not reach statistical significance (p = 0.071, p = 0.085,

respectively, eTable 2). Speech/language deficits consistent
with apraxia of speech were most frequent throughout the
disease course in patients with CBS-CBD (15 [58%]), but this
trend did not reach significance (p = 0.101).

Imaging Findings
Voxel-based morphometry showed different patterns of
volume loss according to underlying pathology. Patients
with CBS-AD showed widespread gray matter loss com-
pared with controls (Figure 2), involving lateral and medial
aspects of parietal, temporal, and occipital lobes. The
greatest loss was observed in the most severely affected
(i.e., dominant) hemisphere. White matter loss was observed
in the splenium of the corpus callosum and in periventricular
region of the occipital horn of the lateral ventricle. Patients
with CBS-CBD showed gray matter loss predominantly in
the superior and medial premotor cortices, spreading into
the lateral prefrontal cortex and insula in the dominant
hemisphere, compared with controls (Figure 2). White
matter loss was observed in the body of the corpus callosum,
cingulum, and in the white matter of the premotor and
motor cortices. Volume loss was greatest in the dominant

Figure 1 Radar Charts of Clinical Features by Neuropathology Diagnosis

(A–C) At presentation. (D–F) At last visit. Axes present percentage. Panel A: At presentation, myoclonus and apraxia weremore frequent in CBS-AD (green,
p = 0.003) and CBS-DLBD/AD (light blue, p = 0.017); alien limb phenomenon wasmore frequent in CBS-CBD (dark blue), CBS-PSP (red), and CBS-AD (green,
p = 0.036). Panel B: At presentation, posterior cortical signs were more frequent in CBS-AD (green) and CBS-DLBD/AD (light blue, including agraphia [p =
0.002], acalculia [p = 0.003], simultanagnosia [p = 0.005], and other visuospatial features [p < 0.001]). Panel C: Visual hallucinations weremore frequent in
CBS-DLBD/AD (p = 0.003). Panel D: At last visit, myoclonus remained more frequent in CBS-AD (green) and CBS-DLBD/AD (blue, p = 0.006). Panel E: At last
visit, the above mentioned posterior cortical signs remained more frequent among CBS-AD (green) and CBS-DLBD/AD (light blue), in addition to optic ataxia
(p = 0.004). Panel F: At last visit, core features of LBDweremore frequent in patientswith CBS-DLBD/AD (including visual hallucinations [p = 0.01], RBD [p = 0.032]);
episodic memory loss was more frequent among CBS-AD (green) and CBS-DLBD/AD (p < 0.001); typical PSP features were more frequent in CBS-PSP (red), and
apraxia of speechwasmore frequent inCBS-CBD (dark blue), but these trendsdidnot reach statistical significance. For Panels B andE:Other visuospatial features
at presentation include visual field defect, space/object perception deficit, alexia, dressing apraxia, and prosopagnosia. For Panels A–C: CBD (n = 38), PSP (n = 26),
AD (n= 17), FTLD-TDP43 (n= 8), DLBD/AD (n= 7). For PanelsD–F:CBD (n= 26), PSP (n= 22), AD (n= 15), FTLD-TDP43 (n= 7),DLBD/AD (n= 5). AD=Alzheimerdisease;
CBD= corticobasaldegeneration; CBS= corticobasal syndrome;DLBD=diffuse Lewybodydementia; LBD= Lewybodydementia; PSP= progressive supranuclear
palsy; RBD = REM sleep behavior disorder; TDP = TAR DNA-binding protein 43.
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hemisphere. Compared with controls, patients with CBS-
DLBD/AD had atrophy in a focal parieto-occipital distri-
bution, with no regions of white matter loss. Patients with
CBS-FTLD-TDP had predominant lateral and medial pre-
frontal involvement, including the anterior cingulate cortex
and a small area in the posterior temporal lobe. CBS-FTLD-
TDP had only a few areas of white matter loss in the frontal
lobe of the dominant hemisphere, with findings also ob-
served in the periventricular region. The CBS-PSP group
had a few areas of gray matter loss in the posterior frontal
lobe of the dominant hemisphere, as well as white matter loss
in the body of the corpus callosum, midbrain, thalamus, and
the premotor cortex, with greater loss observed in the
dominant hemisphere. Scattered findings in the frontal lobe
were observed in the CBS-other group.

For each neuropathologic variant, available FDG-PET scans
were visually categorized. Representative FDG-PET images
(Figure 3) show widespread hypometabolism in bilateral
posterior temporoparietal areas in CBS-AD, with more focal
involvement in other disease categories. Hypometabolism
in the prefrontal cortex, thalamus, and putamen was ob-
served in CBS-PSP and in CBS-CBD exemplars. As can
be seen in the CBS-DLBD/AD images, a predominantly

parietal involvement is apparent, with sparing of the visual
cortices.

The structural brainstem biomarker of midbrain/pons ratio
differed according to disease category (Figure 4) and was
smallest in CBS-PSP (median [IQR]: 0.21 [0.04], p =
0.012). Midbrain/pons ratio was larger for patients with
CBS-AD, patients with CBS-DLBD/AD, and patients with
CBS-FTLD-TDP (0.25 [0.07], 0.28 [0.06], and 0.24
[0.07], respectively).

PPV of Diagnostic Criteria for CBD
Of the 67 patients who met clinical criteria for possible CBD
at presentation, 27 had CBD pathology at autopsy, yielding
a PPV of 40% (Table 2). Of the 28 patients who met criteria
for probable CBD at presentation, 17 had CBD at autopsy
(61%). At last visit, PPV was low for both possible and
probable criteria, yielding 37% and 53%, respectively. Pa-
tients with CBS-CBD who failed to meet criteria at pre-
sentation had relatively few core CBS signs on neurologic
examination or they had atypical presentations, such as
marked language impairment (nonfluent/agrammatic vari-
ant of PPA). Excluding the duration ≥1 year criterion
slightly improved PPV, with 32 (48%) “possible” cases at

Figure 2 Regions of Gray Matter Loss in Patients With CBS According to Pathology Category

All results are FWE-corrected for multiple comparisons, p < 0.05, extent threshold = 20. Legends show t scores with brighter colors representing higher score.
N = 103 (24 CBD, 13 AD, 11 PSP, 7 TDP43, 4 DLBD/AD, 4 other, 40 controls). AD = Alzheimer disease; CBD = corticobasal degeneration; CBS = corticobasal
syndrome; D = dominant; DLBD = diffuse Lewy body dementia; FWE = family-wise error; ND = nondominant; PSP = progressive supranuclear palsy; TDP = TAR
DNA-binding protein 43.
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presentation. Only 1 patient was excluded from the criteria
because of young age at onset (42 years).

The 2 largest pathology groups contributing to the CBD
mimics (i.e., meeting criteria for possible/probable CBD
without CBD at autopsy) were CBS-PSP and CBS-AD, to-
gether accounting for 67.5% of possible mimics and 100% of
probable mimics at presentation and 73% of possible and 80%
of probable mimics at last visit, respectively. Among patients
meeting the probable CBD criteria, having more positive CBS

core features at presentation was not predictive of CBD pa-
thology (p = 0.7). Detection of myoclonus was most frequent
among patients with CBS-AD meeting criteria for probable
CBD at presentation (6/7, 86%) compared with CBS-CBD
(8/17, 47%) and CBS-PSP (0/4, 0%, p = 0.022). Detection of
other CBS core features, including rigidity, dystonia, alien
limb, cortical sensory deficit, or apraxia, did not differ between
the pathology categories. Postural instability differentiated
between the patients with CBS-PSP (4/4, 100%) who met
the probable CBD criteria at presentation fromCBS-AD (0/7,

Figure 3 FDG-PET Across CBS Pathology Categories

Panels A–E show Z scores, relative to a normative database, of pons intensity normalized FDG-PET scans for each individual displayed on stereotactic surface
projections using Cortex ID (GE Healthcare, Waukesha, WI). Red color indicates greater hypometabolism. AD = Alzheimer disease; CBD = corticobasal
degeneration; CBS = corticobasal syndrome; DLBD = diffuse Lewy body dementia; FDG = 18F fluorodeoxyglucose; PSP = progressive supranuclear palsy;
TDP = TAR DNA-binding protein 43.
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0%) and CBS-CBD (6/17, 35%, p = 0.003). Midbrain/pons
ratio did not differ between pathology groups among patients
meeting probable CBD criteria at last visit (p = 0.221).

Three patients had symmetric CBS, but these cases did not fit
in a specific pathologic category. One patient had postmortem
diagnosis of DLBD/AD, 1 had NIBD-FTLD, and 1 had PSP.

Discussion
Clinical, demographic, and regional structural imaging findings
in patients diagnosed antemortem with CBS differed according
to pathologic diagnoses. Patients with CBS-DLBD/AD had the
longest disease duration and were the youngest at death. Pos-
terior cortical signs and myoclonus were more characteristic of
patients with CBS-AD and patients with CBS-DLBD/AD. Not
surprisingly, patients with CBS-DLBD/AD had more clinical
features of Lewy body disease compared with other patients
with CBS, while typical PSP features (falls, vertical gaze fea-
tures) were more frequent among patients with CBS-PSP.
Widespread cortical gray matter loss was characteristic of CBS-
AD, while CBS-CBD and CBS-PSP predominantly involved
premotor regions, and they had greater white matter loss.
Smaller midbrain/pons ratio was useful in distinguishing CBS-
PSP from other CBS subtypes. PPV analysis revealed that
current diagnostic criteria for antemortem clinical diagnosis of
CBD in patients with CBS are not optimal.

Our results confirm the established view that CBS is a clinical
phenotype caused by a diverse group of neurodegenerative
pathologies, with CBD and PSP (4R tauopathies) together
accounting for about two-thirds of cases, with AD the third
most common pathology.

When detected, certain clinical features can be used as “di-
agnostic pearls” in conjunction with CBS core features for
predicting underlying pathology. These include myoclonus
and posterior cortical signs suggesting AD pathology and core
LBD features indicating contributing Lewy body pathology.
The absence of additional signs resulting in the “classic”
motor form of the CBS at presentation suggests CBD or PSP
pathology as the underlying cause. Typical PSP features, in-
cluding supranuclear gaze palsy and postural instability, were
more frequent in CBS-PSP (although these associations were
not significant, possibly because of cohort size). Based on the
data presented here, the CBS-AD variant overlaps closely with
the atypical-AD posterior cortical atrophy (PCA) variant,36,37

both clinically and structurally. Depending on whether motor
or visual-spatial features present first may determine whether
a patient receives a diagnosis of CBS or PCA. CJD or other
underlying pathologies should be considered when disease
progression is rapid (1 year or less). Clinical diagnostic clues
may appear later in the disease process and emphasize the
importance of longitudinal evaluation of patients with CBS.

Differences in gray matter atrophy patterns in patients with
CBS differed according to pathologic category. In agreement
with previous studies,2,3,6 patients with CBS-CBD had gray
matter loss in premotor cortex, supplemental motor area, and
insula, while patients with CBS-AD had a more widespread
pattern of posterior cortical loss, and patients with CBS-

Figure 4 Boxplot ShowingMidbrain/Pons Ratio Differences
Across Pathology Category

The boxes indicate the median and interquartile range of the distributions
while the horizontal lines extending from the boxes stop at the most ex-
treme data points. p Values were calculated using the Kruskal-Wallis test (p =
0.012 across all groups, p = 0.028 without controls). N = 103 (24 CBD, 13 AD,
11 PSP, 7 FTLD-TDP, 4 DLBD/AD, 4 other, 40 controls). AD = Alzheimer dis-
ease; CBD = corticobasal degeneration; CBS = corticobasal syndrome; DLBD
= diffuse Lewy body dementia; FTLD = frontotemporal lobar degeneration;
PSP = progressive supranuclear palsy; TDP = TAR DNA-binding protein 43.

Table 2 PPV of CBD Diagnostic Criteriaa for Patients
Diagnosed With CBS at First and Last Visits

Armstrong criteria

CBS-CBD
who met
criteria (n)

CBS–non-CBDb

who met
criteria (n) PPV (%)

First visit

Possible CBD 27 40 40.3

Probable CBD 17 11 60.7

Last visit

Possible CBD 26 45 36.6

Probable CBD 17 15 53.1

Abbreviation: CBD = corticobasal degeneration; CBS = corticobasal syn-
drome; PPV = positive predictive value.
a Diagnostic criteria are based on Armstrong.10
b CBS–non-CBD includes all the patients in the cohort with pathology di-
agnoses different than CBD.
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FTLD-TDP had predominant loss in the prefrontal cortex.
Differences were also observed in white matter findings, with
white matter loss a striking feature of both CBS-CBD and
CBS-PSP. Few regions of white matter loss were observed in
the other groups, with most of the findings reflecting changes
in the periventricular region. Previous studies have identified
white matter changes in both CBD and PSP,38 with studies
suggesting greater white matter pathology in 4R tauopathies
compared with FTLD-TDP.39-41 In CBS-PSP, midbrain at-
rophy was also observed, and the smallest midbrain/pons
ratio may have diagnostic value in differential diagnosis of
CBS. On the other hand, it may not be as helpful as in patients
with PSP presenting as Richardson syndrome because the
measured values were higher than expected.17 Overall, im-
aging outcomes suggest that both gray and white matter
findings with MRI may be useful in prediction of underlying
pathology in CBS. In addition, FDG-PET may detect hypo-
metabolism patterns of CBS variants at the individual patient
level, which correspond to gray matter loss observed in
structural imaging.

An atypical subgroup of patients with CBS caused by DLBD/
AD pathology is described in this study. Lewy body pathology
is rarely considered the cause of CBS, although it has been
described in autopsy studies.42,43 CBS-DLBD had more Lewy
bodies in the motor cortex than patients with typical DLBD.42

Our results show that although Lewy body core clinical fea-
tures were uncommon in this cohort, when present they may
be indicative of Lewy body pathology. By contrast, findings on
structural MRI or hypometabolism on FDG-PET for this
subgroup were not typical of DLBD.44 Volumetric imaging
analysis showed little atrophy in this subgroup, despite most
cases having Braak stage of VI (5/7 participants), but this
might be due to decreased statistical power because of small
group size. There was no evidence of a cingulate island sign or
predominant occipital hypometabolism in CBS-DLBD in the
available FDG-PET scan.29

We evaluated the PPV of the Armstrong CBD clinical di-
agnostic criteria10 for possible or probable CBS. Because we
focused on clinical CBS, and neuropathologically proven
CBD cases without an antemortem clinical CBS diagnosis
were not included, specificity and sensitivity calculations were
deferred. Based on the results presented here, diagnostic
precision can be improved for suspected CBD pathology both
at presentation and at follow-up. While Alexander et al.11

previously demonstrated that CBD mimics are most often
AD, our results show that both CBS-PSP and CBS-AD con-
tributed to CBD mimics. Among CBD mimics, myoclonus
was more frequent in CBS with AD pathology, and postural
instability was more frequent in those with PSP pathology.
Addition of AD biomarkers to the diagnostic evaluation
would improve diagnostic performance, as previously sug-
gested.45 Negative amyloid biomarkers would make AD pa-
thology unlikely and increase the possibility of 4R-tauopathy.
In this cohort of patients with CBS, none of the clinical fea-
tures in the criteria were more common in patients with CBD

pathology than in CBD mimics, although apraxia of speech
was generally frequent in CBD. While maintaining core LBD
features as exclusion criteria seems to be beneficial in recog-
nizing some of the patients with CBS-DLBD/AD, the 1-year
duration criterion may need to be reconsidered to increase
predictive value at presentation for clinical trial enrollment.
Clinical and imaging features may not be sufficient to di-
agnose patients accurately and include them in clinical trials
until one or more biomarkers associated with CBD are vali-
dated. Identifying 4R-tauopathy biomarkers such as
CSF MTBR-tau,46 shown to distinguish CBD from controls,
should be the focus of future research.

The strengths of this study include the large sample size,
pathology-proven diagnoses, and the large proportion of pa-
tients with volumetric imaging and with comprehensive and
longitudinal clinical follow-up. A deep clinical phenotyping
process reveals associations that were novel, for example the
description of the CBS-DLBD/AD subgroup. Given that our
cohort included patients from all over the United States with
many different underlying pathologies and data were collected
over a longer period of time, our results would likely gener-
alize to all CBS cases. This study was performed in a tertiary
referral center, so there may be a disproportionate number
of atypical/diagnostically difficult cases, which may bias the
PPV results. Other potential weaknesses include the merging
of the diverse “CBS-other” subgroup and the use of univariate
comparisons for clinical features and neuropathology.
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