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Increased Cortical Thickness
in Alzheimer’s Disease
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Objective: Patients with Alzheimer’s disease (AD) have diffuse brain atrophy, but some regions, such as the anterior
cingulate cortex (ACC), are spared and may even show increase in size compared to controls. The extent, clinical
significance, and mechanisms associated with increased cortical thickness in AD remain unknown. Recent work
suggested neural facilitation of regions anticorrelated to atrophied regions in frontotemporal dementia. Here, we aim
to determine whether increased thickness occurs in sporadic AD, whether it relates to clinical symptoms, and whether
it occur in brain regions functionally connected to—but anticorrelated with—locations of atrophy.
Methods: Cross-sectional clinical, neuropsychological, and neuroimaging data from the Alzheimer’s Disease Neuroimaging
Initiative were analyzed to investigate cortical thickness in AD subjects versus controls. Atrophy network mapping was used
to identify brain regions functionally connected to locations of increased thickness and atrophy.
Results: AD patients showed increased thickness in the ACC in a region-of-interest analysis and the visual cortex in an
exploratory analysis. Increased thickness in the left ACC was associated with preserved cognitive function, while increased
thickness in the left visual cortex was associated with hallucinations. Finally, we found that locations of increased thickness
were functionally connected to, but anticorrelated with, locations of brain atrophy (r = �0.81, p < 0.05).
Interpretation: Our results suggest that increased cortical thickness in Alzheimer’s disease is relevant to AD symptoms
and preferentially occur in brain regions functionally connected to, but anticorrelated with, areas of brain atrophy.
Implications for models of compensatory neuroplasticity in response to neurodegeneration are discussed.
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Alzheimer’s disease (AD) involves widespread neurode-
generation of the cortex, which can be measured using

MRI-based metrics of cortical thickness.1–7 However, some

brain regions appear to be spared, and 1 recent study
reported paradoxical increases in cortical thickness in the
anterior cingulate cortex (ACC).8 This provocative finding
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was in patients with rare genetic forms of AD, leaving it
unknown whether increased thickness occurs in more
common forms of AD. Answering this question could
provide insight into how the brain responds to and com-
pensates for neurodegeneration.

The relevance of increased cortical thickness for
clinical symptoms remains unknown. One possibility is
that increased cortical thickness is beneficial and associated
with preserved cognitive function, a phenomenon some-
times referred to as cognitive reserve or resilience.9–12

Another possibility is that this increased thickness is prob-
lematic and associated with additional symptoms, such as
increased cortical thickness in Parkinson’s disease patients
with dyskinesias13 and impulse control disorder.14,15

It also remains unclear why some regions but not
others would show increased thickness and if these loca-
tions are related to areas of brain atrophy. Structural and
functional brain changes can occur as a direct effect of brain
damage in remote but connected brain regions, a phenomenon
referred to as diaschisis.16,17 One technique that appears helpful
in understanding diaschisis in neurodegeneration,2,5,7,18–20

and brain damage in general,21–27 is resting-state functional
connectivity. This technique uses MRI to measure sponta-
neous fluctuations in brain activity.28 Brain regions are con-
sidered functionally connected when the spontaneous
activity in 1 region is correlated (or anticorrelated) with that
of another. In neurodegenerative diseases, atrophy in 1 brain
region predicts atrophy in other functionally connected
brain regions.2,5,18 Prior studies have shown functional
enhancement of the ACC and other salience network nodes
that are anticorrelated to locations of atrophy in AD, with
increased connectivity in the salience node correlating with
neuropsychiatric symptoms.29–35 To our knowledge, prior
studies have not investigated whether there is a similar
reciprocal relationship between networks showing brain
atrophy and increased cortical thickness in AD.

Here, we test whether increased thickness occurs in
AD, is related to compensatory and maladaptive symptoms,
and occurs in regions that are functionally connected, but
anticorrelated, to locations of atrophy.

Patients and Methods
Subjects
Data used in this article were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (adni.loni.usc.edu). Institutional Review Board
(IRB) approval was obtained from all sites, and informed
consent obtained from all participants. The present study
included subjects diagnosed with either AD or cognitively
normal (CN) status from ADNI1 and ADNI2 with an
available MP-RAGE or IR-SPGR MRI scan. Diagnosis

was based on diagnostic criteria at the screening visit.
We included subjects as healthy controls, even if they had
AD-positive biomarkers or went on to develop cognitive
impairment at subsequent visits. In ADNI1, we excluded
1 AD subject and 1 CN subject due to errors during
FreeSurfer reconstruction. In ADNI2, 3 AD subjects were
excluded based on visual evaluation of segmentation quality.
This resulted in 184 AD subjects and 227 age-matched CN
subjects from ADNI-1, as well as 146 AD subjects and
201 age-matched CN subjects from ADNI-2 (Table).

Cerebrospinal Fluid Biomarkers. Cerebrospinal fluid (CSF)
biomarker data were retrieved from the ADNIMERGE
dataset in ADNI, and each biomarker was used to derive
AD-positive status based on previously determined thresh-
olds.36 Further methodological details for processing of
these biomarker values are provided in Methods S1.

MRI Imaging and Analysis
Magnetic resonance imaging (MRI) scans for ADNI1
were collected on a 1.5 T scanner (MPRAGE protocol:
sagittal plane, TR/TE/TI, 2400/3/1000 ms, flip angle 8�,
24 cm FOV, 192 � 192 in-plane matrix, 1.2 mm slice
thickness37). MRI scans for ADNI2 were collected on a
3 T scanner (IR-SPGR or MPRAGE protocol: sagittal
plane, TR/TE/TI 2300/2.95/900 ms, flip angle 9�, 26 cm
FOV, 256 � 256 in-plane matrix, 1.2 mm slice thickness).
Quantitative morphometric analysis was performed using
FreeSurfer version 6.0.38 Cortical thickness was computed
as the distance between the pial and white-matter surfaces.

Statistical and Analysis Software
Arithmetic computations and spatial statistical tests of
neuroimaging data were conducted in FSL version 5.039

and FreeSurfer version 6.0.38 Visualizations of neuroimag-
ing data on surfaces were generated using Surfice (https://
www.nitrc.org/projects/surfice/). Statistical analyses were
performed using the programming language R version
3.6.340 equipped with the data.table package,41 and plots
were generated by the ggplot2 package.42

Group-Level Comparisons of Cortical Thickness
in AD Patients versus Controls
We tested for increased cortical thickness in AD subjects
in the anterior cingulate cortex (ACC) based on the find-
ings from Benzinger et al. showing increased cortical
thickness in the ACC in autosomal dominant AD
patients.8 We defined our region of interest (ROI) using a
recently published multimodal parcellation of the human
cortex.43 By visual comparison, the parcel within this mul-
timodal parcellation that most closely corresponded with
the result by Benzinger et al. was area 33 prime (33pr),
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TABLE. Demographic Characteristicsa

ADNI1 ADNI2

AD CN AD CN

N 184 227 146 201

Age, mean (SD), years 75.3 (7.6) 76.0 (5.0) 74.6 (8.2) 73.3 (6.4)

Gender, No. (%)

Female 89 (48) 109 (48) 65 (45) 106 (53)

Male 95 (52) 118 (52) 81 (55) 95 (47)

Hallucinations, No. (%)

No 171 (93) — 124 (91) —

Yes 13 (7) — 13 (9) —

CDR-sob, mean (SD)b 4.28 (1.6) — 4.49 (1.7) —

APOE4 status, no. (%)

APOE4- 63 (34) 166 (73) 42 (31) 133 (72)

APOE4+ 121 (66) 61 (27) 92 (69) 53 (28)

Aβ42, mean (SD), pg/mLc 638. (304.) 1,136. (453.) 680. (315.) 1,232. (448.)

t-tau, mean (SD), pg/mLc 355. (133.) 236. (87.) 383. (158.) 238. (92.)

p-tau, mean (SD), pg/mLc 35.9 (16.) 21.9 (9.0) 37.9 (16.) 21.8 (9.3)

t-tau/Aβ42 ratio, mean (SD)c 0.637 (0.29) 0.260 (0.21) 0.643 (0.34) 0.232 (0.16)

Aβ42 status, No. (%)c

Aβ42- 9 (9) 60 (54) 11 (9) 96 (60)

Aβ42+ 87 (91) 51 (46) 108 (91) 64 (40)

p-tau status, No. (%)c

p-tau- 15 (16) 64 (58) 13 (11) 95 (59)

p-tau+ 81 (84) 47 (42) 106 (89) 65 (41)

t-tau status, No. (%)c

t-tau- 13 (14) 52 (47) 11 (9) 82 (51)

t-tau+ 83 (86) 59 (53) 108 (91) 78 (49)

t-tau/Aβ42 status, No. (%)c

t-tau/Aβ42- 9 (9) 78 (70) 10 (8) 116 (72)

t-tau/Aβ42+ 87 (91) 33 (30) 109 (92) 44 (28)

Total triglycerides, mean (SD), mmol/Ld 1.27 (0.50) 1.24 (0.57) 1.04 (0.39) 1.17 (0.55)

Total cholesterol, mean (SD), mmol/Ld 5.09 (1.0) 4.88 (1.0) 4.88 (0.99) 4.81 (0.89)

LDL cholesterol, mean (SD), mmol/Ld 2.03 (0.48) 1.95 (0.46) 1.87 (0.43) 1.85 (0.42)

HDL cholesterol, mean (SD), mmol/Ld 1.47 (0.35) 1.45 (0.39) 1.57 (0.39) 1.54 (0.35)

Systolic blood pressure, mean (SD), mm Hge 135. (17.) 133. (16.) 132. (17.) 133. (16.)

Diastolic blood pressure, mean (SD), mm Hge 73.2 (9.5) 73.9 (9.9) 74.3 (9.3) 73.6 (9.7)

aAβ42 = amyloid-beta peptide 1–42; AD = Alzheimer’s disease; APOE4 = apolipoprotein E4; CDR-sob = Clinical Dementia Rating Scale Sum of
Boxes; CN = cognitively normal/healthy control; SD = standard deviation.
bCDR-SOB scores not used for CN subjects (n = 184 in ADNI1 AD, n = 146 in ADNI2 AD).
cAmyloid-beta and tau data available for 96 subjects in ADNI1 AD, 111 subjects in ADNI1 CN, 119 subjects in ADNI2 AD, 160 subjects in ADNI2
CN. Patients were designated positive (+) biomarker status based on the following criteria: Aβ42+ status if Aβ42 levels ≤1,054 pg/mL, t-tau+ if t-tau
≥213 pg/mL, p-tau+ if p-tau ≥21.3 pg/mL, and t-tau/Aβ42+ if t-tau/Aβ42 ≥ 0.258.
dMetabolomic data available for 173 subjects in ADNI1 AD, 215 subjects in ADNI1 CN, 125 subjects in ADNI2 AD, 182 subjects in ADNI2 CN.
eBlood-pressure data available for 184 subjects in ADNI1 AD, 227 subjects in ADNI1 CN, 134 subjects in ADNI2 AD, 183 subjects in ADNI2 CN.
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which corresponds approximately with Brodmann’s area
33 and lies on the ventral surface of the anterior cingulate
cortex. We performed a group-level general linear model
(GLM) to test for vertex-wise differences in cortical thick-
ness between AD patients and control subjects within area
33 prime, controlling for age and gender as covariates and
correcting for multiple comparisons using permutation
testing (5 mm full width half maximum [FWHM]
smoothing kernel, 10,000 simulations, 1-tailed cluster-
forming threshold p < 0.05, cluster-wise FWE-corrected
p < 0.05).44,45 Because Benzinger et al. broadly identified
the ACC and also appeared to observe increased thickness
in the anterior insula,8 these analyses were also replicated
for other ROIs within the anterior cingulate cortex and
the anterior insula (see Methods S2 in Supplementary
Materials). In an exploratory analysis, we also assessed for
regions showing increased cortical thickness in AD sub-
jects across the entire cortical surface for each hemisphere
using an uncorrected vertex-wise threshold of p < 0.05.

Patient Measures of Clinical Symptoms
Because our ROI and exploratory analyses found increased
thickness in the ACC in AD vs. controls, we explored
whether this finding could relate to cognitive functional
status based on prior reports showing a potential associa-
tion.12 Cognitive functional status was measured using the
Clinical Dementia Rating Scale Sum of Boxes (CDR-sob),
a clinician-rating based on a semi-structured interview
with the patient and caregiver. Additionally, because our
exploratory analysis results found increased cortical thick-
ness in the occipital cortex, we investigated whether this
finding could relate to hallucinations based on prior
reports showing a potential association.46 Hallucinations
were identified using the Neuropsychiatric Inventory
(NPI) or NPI Questionnaire (NPI-Q)47 at the baseline or
6-month visits. We also tested for symptoms corresponding
with the other domains of the NPI and NPI-Q (Methods S3
in the Supplementary Materials).

Determining the Relationship between
Increased Cortical Thickness and Clinical
Symptoms
We performed a GLM to test for vertex-wise differences
in cortical thickness associated with CDR-sob scores,
controlling for age and gender as covariates and correcting
for multiple comparisons using permutation testing,
masked to area 33 prime. To demonstrate that significant
results were due to increased cortical thickness, we tested
for group-level differences in the average cortical thickness
within significant clusters in the ACC in cognitively
normal subjects, AD patients with higher cognitive impair-
ment (CDR-sob ≤50th percentile among AD subjects), and

AD patients with lower cognitive impairment (CDR-sob
>50th percentile among AD subjects) using a linear model
with age and gender as covariates.

Given our finding of increased cortical thickness in
this region in our initial exploratory analyses, we per-
formed a similar GLM to test for vertex-wise differences
in cortical thickness between AD patients with vs. without
hallucinations, controlling for age and gender as covariates
and correcting for multiple comparisons using permuta-
tion testing, masked to ROIs in the right and left visual
cortex (V1). To demonstrate that significant results were
due to increased cortical thickness, we tested for group-
level differences in cortical thickness from significant clus-
ters in cognitively normal controls subjects, AD patients
with hallucinations, and AD patients without hallucina-
tions using a linear model with age and gender as
covariates.

To assess whether the results could be explained by
motion or imaging quality, we also conducted similar
control analyses using the Euler number-based count of
holes/defects as a covariate. Further details are provided in
Methods S4.

Atrophy Network Mapping and Growth
Network Mapping
We generated atrophy and growth network maps using
the same approach as in our prior work.7,19,48–51 First, we
performed a vertex-wise GLM for cortical thickness for
the cognitively normal subjects from ADNI using age and
gender as covariates. Next, we used the beta term maps
for age and gender, as well as the residuals from this
normative model, to calculate a vertex-wise w-score for
cortical thickness in each patient (a w-score is a z-score
adjusted for age and gender) using the formula:
w-score = (actual � expected) / RSD, where actual is the
patient’s observed cortical thickness, expected is
the predicted cortical thickness based on the control GLM,
and RSD is the residual standard deviation from the control
GLM.7,48–51 We defined single-subject “atrophy maps” as
regions with a w-score <�2 and “growth maps” as regions
with a w-score >2, corresponding to cortical thickness
2 standard deviations below or above the mean of the
population of healthy control subjects, respectively.

Surface-space atrophy maps (or growth maps) from
each hemisphere were combined and converted to MNI
volume space. Next, we derived an “atrophy network
map,” defined as brain regions functionally connected to
each patient’s single-subject atrophy map, and a “growth
network map” for each patient, defined as brain regions
functionally connected to each patient’s single-subject
growth map.7,19 Functional connectivity was deter-
mined using a publicly available normative dataset of
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1,000 healthy subjects from the Brain Genomics Super-
struct Project (GSP).52,53

Seeds corresponding to each patient’s atrophy or
growth map were correlated with the blood-oxygen-level-
dependent (BOLD) time-course at every other brain
voxel. The resulting r-values were converted to a normal
distribution using Fisher’s r-to-z transform and were used
to compute a single-group, voxel-wise t-test across the
1,000 subjects in the normative connectome dataset to
generate atrophy or growth network t-maps.

We specifically hypothesized that the increased
cortical thickness in AD would occur in regions function-
ally connected to locations of atrophy. To generate a
group-level AD atrophy network map, we performed a
voxel-wise 2-sample t-test of atrophy network maps
between AD and cognitively normal subjects using the
software Permutation Analysis of Linear Models (PALM).
Similarly, to generate a group-level AD growth network
map, we performed a voxel-wise 2-sample t-test of growth
network maps between AD and cognitively normal sub-
jects. Finally, we generated an “atrophy-growth network
spatial correlation” between the resulting AD atrophy and
growth network maps.

We performed a permutation test to assess the
significance of the atrophy-growth network spatial correla-
tion. We randomly permuted AD and cognitively normal
group assignments for subjects, repeated the voxel-wise
2-sample t-tests, and generated a pair of group-level AD
atrophy and growth network maps. This process was
repeated for 10,000 random permutations, and an
atrophy-growth network spatial correlation was calculated
between each corresponding pair of atrophy and growth
network maps generated from these permutations. Signifi-
cance was computed as the proportion of atrophy-growth
network spatial correlations more anticorrelated than the
non-permuted atrophy-growth network spatial correlation.

Results
Increased Cortical Thickness Occurs in Patients
with AD
Based on the results from a previous study on rare genetic
forms of AD,8 we hypothesized that AD subjects would
have increased cortical thickness within area 33 prime,
which is located on the ventral surface of the anterior
cingulate cortex and is located similarly to Brodmann’s
area 33.43 We found a significant cluster of increased cor-
tical thickness in AD patients within the left area 33 prime
(FWE corrected p < 0.05; Fig 1A). Because the previous
study identified increased thickness as broadly falling
within the ACC and also observed increased thickness in
the anterior insula,8 we also looked at other parcels in the
ACC and anterior insula, and the results are reported in
Results S1 in Supplementary Materials.

In an exploratory analysis using a less stringent
cutoff (uncorrected p < 0.05), we found increased cortical
thickness in AD patients in the bilateral visual cortex
(Fig 1B; see Table S1 for other regions).

Increased Cortical Thickness in AD Is Associated
with both Compensatory and Maladaptive
Symptoms
We next tested whether increased cortical thickness in AD
is clinically significant to the disease phenotype. We
hypothesized that increased cortical thickness in the ACC
would relate to preserved cognitive functioning,12 whereas
increased cortical thickness in the visual cortex would
relate to hallucinations.46,54

We found a significant cluster within the left area
33 prime ROI where increased cortical thickness was
associated with better cognitive functioning (Fig 2A). To
further demonstrate that this effect was due to increased
cortical thickness (rather than less atrophy), we found
that AD patients with lower cognitive impairment

FIGURE 1: (A) A group-level linear model for cortical thickness, adjusted for age and gender, was conducted between AD
patients and healthy control subjects. AD patients had a significant cluster of increased thickness in the left area 33 prime ROI.
(B) An exploratory, whole-cortical analysis showed that AD patients also had regions of increased thickness in the left visual
cortex.
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(CDR-sob ≤50th percentile) had significantly greater
thickness when compared with controls, whereas there
was no difference in cortical thickness between controls
and AD patients with more cognitive impairment
(CDR-sob >50th percentile; Fig 2B).

We also found a significant cluster within the left
visual cortex where AD patients with hallucinations
(n = 26) had increased cortical thickness compared to AD
patients without hallucinations (n = 295, Fig 2C). To fur-
ther demonstrate that this effect was due to increased

cortical thickness (rather than less atrophy), we found that
AD patients with hallucinations had increased cortical
thickness in this region compared to controls (p < 0.05). In
contrast, AD patients without hallucinations had decreased
cortical thickness in this region compared to controls
(Fig 2D). (Results for other neuropsychiatric symptoms are
reported in Results S2 of the Supplementary Materials.
Results for control analyses assessing whether the results
could be explained by motion or image quality are given in
Results S3 of the Supplementary Materials.)

FIGURE 2: (A) Among AD patients, cortical thickness in the left area 33 prime ROI was regressed against cognitive
impairment (CDR-sob). This revealed a significant cluster of negative correlation in the left area 33 prime. (B) Within this
significant cluster, AD patients with lower cognitive impairment had significantly higher average cortical thickness,
adjusted for age and gender, than control subjects. (C) A group-level linear model of cortical thickness was conducted
between AD patients with versus without hallucinations, adjusted for age and gender. We observed a significant cluster
where higher cortical thickness was associated with presence of hallucinations. (D) Within this significant cluster, we
compared average cortical thickness, adjusted for age and gender, between control subjects versus AD patients with or
without hallucinations. AD patients with hallucinations had significantly greater average cortical thickness than healthy
control subjects. AD patients without hallucinations had lower cortical thickness in this cluster. Horizontal bars indicate
mean cortical thickness.
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Increased Cortical Thickness Occurs in Regions
Connected, but Anticorrelated, to Locations of
Atrophy in AD
Finally, we examined whether there was any relationship
between the locations of increased cortical thickness and
locations of cortical atrophy in AD subjects. We hypothe-
sized that regions of increased cortical thickness would
occur in brain regions connected to, and specifically anti-
correlated with, regions of cortical atrophy.

To test this hypothesis, we utilized recently devel-
oped methods to define the network of brain regions
connected to each patient’s location of brain atrophy
(“atrophy network map”) and increased cortical thick-
ness (“growth network map”). Visualization indicated
that the group-level AD atrophy and AD growth
network maps were spatially anticorrelated (Fig 3A). Spatial
correlations between atrophy network maps and growth
network maps in AD patients confirmed our hypothesis

that these networks were anticorrelated (r = �0.81,
p = 0.02, Fig 3B).

Discussion
The main findings of the current study are that increased
cortical thickness (a) occurs in AD patients compared to
controls; (b) is associated with both preserved cognitive
functioning and maladaptive symptoms like hallucina-
tions; and (c) specifically occurs in regions connected, but
functionally anticorrelated, to locations of brain atrophy.

AD Patients Have Regions of Increased Cortical
Thickness Compared with Control Subjects
Prior studies found increased cortical thickness in both
symptomatic8 and asymptomatic55 autosomal dominant
AD mutation carriers. Here, we show that regions of
increased cortical thickness occur in sporadic AD, not just
rare autosomal dominant AD cases. Further, we show that

FIGURE 3: (A) Group-level AD atrophy and AD growth network maps were generated by comparing against controls. By
visualization, these group-level maps appeared to be spatially anticorrelated. (B) The spatial anticorrelation between the group-
level AD atrophy network map and the AD growth network map was significant by permutation testing.
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increased cortical thickness can be detected using several
different neuroimaging approaches to study brain atrophy
in neurodegenerative disorders, including group-level
comparisons with normal subjects and methods to esti-
mate increased cortical thickness and atrophy at the
single-subject level.

Notably, we observed increased cortical thickness
specifically in area 33 prime, which represents the ventral
surface of the ACC. Our finding of increased cortical
thickness in the 33 prime region of the ACC aligns
visually with the results obtained by Benzinger et al., who
found increased cortical thickness in this region in patients
with autosomal dominant AD.8 We did not find increased
thickness in other subregions within the ACC, which
show different patterns of functional connectivity, cortical
thickness, and functional activation during cognitive tasks,
suggesting a biological plausibility for why this region, but
not other regions within the ACC, would show increased
cortical thickness in AD patients. In particular, area
33 prime has been found to be involved in both emo-
tional regulation and complex motor function and, there-
fore, is particularly implicated in the ACC’s role as an
intermediary for goal-directed behavior,56,57 which in turn
also promotes social engagement and prosocial behavior.58

Prior studies have found dementia patients who engage in
social activities tend to be more resilient against cognitive
decline and other neurodegenerative symptoms.59,60

Hence, area 33 prime may be a neural substrate by which
social engagement confers cognitive reserve to dementia
patients.

Clinical Symptoms Associated with Increased
Cortical Thickness in Neurodegenerative
Disorders
Our finding that increased cortical thickness within the
ACC was associated with preserved cognitive functioning
matches findings from prior work showing that glucose
metabolism and cortical thickness in the ACC correlated
with preserved cognitive functioning in older adults with-
out cognitive impairment.12 Our study shows that
increased cortical thickness in the ACC is associated with
preserved cognitive performance in AD patients,
suggesting that the ACC’s compensatory effects continue
even after the onset of dementia. Second, we show that
some AD patients have increased cortical thickness beyond
what is expected for their age and gender in the ACC, and
this observation may suggest cortical growth. This raises
the possibility that brain growth might occur dynamically
within resilience regions in response to cortical atrophy
and/or cognitive dysfunction. However, it remains possi-
ble that baseline differences in the size of the ACC could
account for this finding.

We also found increased cortical thickness in the
visual cortex in AD patients with hallucinations. This
observation matches 1 prior study showing a trend toward
increased occipital lobe gray matter volume in a small
number of AD patients with hallucinations.46 In contrast,
another study found lower occipital lobe gray matter
volume in AD patients with hallucinations.61 While the
total number of subjects with hallucinations in our analy-
sis (n = 26) is larger than these prior studies, our finding
of increased cortical thickness in the visual cortex in AD
patients with hallucinations will need replication in other
datasets and other dementia patient populations.

Early visual hallucinations are part of the diagnostic
criteria for dementia with Lewy bodies (DLB). DLB, com-
pared with AD, is associated with less cortical
atrophy,62–65 raising the possibility that co-morbid DLB
pathology could contribute to the cortical-thickness differ-
ences in the occipital cortex between patients with versus
without hallucinations. However, the patient group with
hallucinations had increased thickness in the occipital cor-
tex compared to controls, suggesting that it is not just less
cortical atrophy in patients with hallucinations compared
to patients without. It is also possible that activity-
dependent neuroplasticity in this region due to ongoing
hallucinations could result in the increased cortical thick-
ness found in patients with hallucinations.

Other studies in neurodegenerative patients have
found increased cortical thickness associated with specific
symptoms, including impulse control disorders,14,66,67

dyskinesias,13 and visual creativity.20,68 Our results dem-
onstrate the value of including control subjects to help
interpret whether these identified regions show increased
cortical thickness or relatively less atrophy.

Locations of Increased Thickness Were
Connected to, but Functionally Anticorrelated
with, Atrophy in AD Patients
Prior studies have shown the clinical importance of regions
functionally anticorrelated with locations of neuronal
injury, including brain lesions causing hallucinations,22

delusions,23 criminal behavior,26 and alien limb.19

A prior study found that patients with AD, who
have atrophy in the default mode network, had increased
functional connectivity within the salience network. In
contrast, patients with FTD, who have atrophy in the
salience network, had increased functional connectivity in
the default mode network.29 Because the default mode
network and salience network are functionally anti-
correlated, this led to the hypothesis that atrophy may
cause functional changes in reciprocal brain networks. A
recent study demonstrated that anticorrelations between
locations of brain atrophy and dorsal visual association
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areas relate to the emergence of visual creativity in some
FTD patients,20 again suggesting that the remote effects
of brain atrophy on functionally connected but anti-
correlated brain regions can be clinically meaningful.
Here, we extend support for this hypothesis by demon-
strating increased cortical thickness in reciprocal brain
networks related to both compensatory and maladaptive
symptoms.

Potential Mechanisms of Increased Cortical
Thickness in Neurodegenerative Disorders
Prior neuropathological studies have shown neuronal
hypertrophy in the ACC and V1 in asymptomatic
patients with AD neuropathology,69 providing a plausible
biological substrate for increased cortical thickness in these
regions in our analysis. In brain development and learn-
ing, increased cortical thickness is attributed to increased
neuropil with increased dendritic spines, dendritic and
axonal arborization, and glial presence.70,71 Additionally,
cortical myelination could account for changes in cortical
thickness measurements, since quantification of cortical
thickness relies on the detection of the gray-white matter
boundary, which can be affected by myelin distribution.72,73

Finally, prior research examining older adults with
exceptionally preserved memory capacity found both
increased cortical thickness in a region of the ACC as
well as an overabundance of von Economo neurons.74

This overabundance of von Economo neurons may be
related to increased thickness in area 33 prime among
AD patients as well, especially those with lower cogni-
tive impairment. However, the mechanisms leading to
these cellular changes and increased cortical thickness
remain unclear.

One possible interpretation is that increased cortical
thickness occurs because of neuroplasticity. Neurological
damage to 1 cortical location can cause functional and
structural changes in remote undamaged brain regions, a
phenomenon referred to as diaschisis. To our knowledge,
no prior studies have demonstrated diaschisis causing
increased cortical thickness in response to damage to a dis-
tal brain region. However, experience-induced increases in
structural brain volume have been noted.75–77 It remains
unclear whether neuroplasticity from network disinhibi-
tion, experience-induced changes related to compensatory
efforts, or a combination of these effects could lead to the
observed increased cortical thickness in the current study.
However, our results suggest that neuroplasticity might
be constrained to reciprocal brain networks from
regions of cortical atrophy. While small, the overall
magnitude of cortical thickness differences (�0.1 mm) is
consistent with prior studies that have identified similar
cortical thickness changes related to experience-induced

neuroplasticity. For example, <0.1 mm cortical thickness
changes were noted after memory training compared with
a control group, and the change in thickness after training
correlated with improved memory performance.78

A second possibility is that increased cortical thick-
ness in AD patients correlates with differences in regional
gene expression. Prior studies have found reciprocal
genetic effects on structural brain size between networks,
where genes associated with increased brain size in
1 network are also associated with decreased brain size in
reciprocal networks.79,80 It, therefore, remains possible
that patients at risk for AD also have baseline increased
cortical thickness in reciprocal brain networks prior to the
development of neuropathological changes.

Finally, a third interpretation is that increased corti-
cal thickness is due to neuronal dysfunction and resulting
toxic and/or inflammatory effects from AD pathology
prior to cortical atrophy development, such as microglial
activation.69,81,82 According to this model, patients with
greater cortical thickness are those experiencing neuro-
inflammatory effects of AD pathology due to amyloid-beta
deposition early in the disease course; this relative increase
of cortical thickness would presumably dissipate over time
and give way to cortical atrophy.83–85 We believe this
explanation is less likely as one would expect area 33 prime
thickness to relate to greater dysfunction, not cognitive
resilience. Additionally, among AD patients, cortical thick-
ness within area 33 prime was greater than or equal to
that of controls, even in the subgroup with worse cogni-
tive functioning. If the increase in cortical thickness in this
area were due to the pathophysiology of AD, the expecta-
tion would be for that area to atrophy in more severe cases
of dementia, not stay the same/increase compared to con-
trols. Further studies investigating microstructural changes
leading to increased cortical thickness in dementia patients
or whether the increased thickness is associated with AD
PET biomarkers in these regions could address this possi-
ble interpretation.

Limitations
We used cross-sectional neuroimaging comparing patients
to controls rather than longitudinal neuroimaging to esti-
mate increased cortical thickness. Cross-sectional estimates
are by far the most common approach to studying cortical
atrophy in neurodegenerative disorders due to technical
challenges in optimizing longitudinal neuroimaging
analyses.86–88 Longitudinal studies are also complicated by
uncertainty regarding when increased cortical thickness
would occur in the disease process and over what interval
such changes might be detectable.8,69 Future studies inves-
tigating longitudinal changes in cortical thickness in
asymptomatic biomarker-positive patients that progress to
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the dementia stage are needed to determine when and
over what time period these cortical thickness increases
occur.
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