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Abstract

Introduction: Cortical thinning is a marker of neurodegeneration in Alzheimer’s dis-

ease (AD). We investigated the age-related trajectory of cortical thickness across the

lifespan (9-59 years) in a Colombian kindredwith autosomal dominant AD (ADAD).

Methods: Two hundred eleven participants (105 presenilin-1 [PSEN1] E280A muta-

tion carriers, 16 with cognitive impairment; 106 non-carriers) underwent magnetic

resonance imaging. A piecewise linear regression identified change-points in the age-

related trajectory of cortical thickness in carriers and non-carriers.

Results: Unimpaired carriers exhibited elevated cortical thickness compared to non-

carriers, and thickness more negatively correlated with age and cognition in carriers

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2021 The Authors. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring published byWiley Periodicals, LLC on behalf of Alzheimer’s Association

Alzheimer’s Dement. 2021;13:e12233. wileyonlinelibrary.com/journal/dad2 1 of 11

https://doi.org/10.1002/dad2.12233

mailto:yquiroz@mgh.harvard.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/dad2
https://doi.org/10.1002/dad2.12233


2 of 11 FOX-FULLER ET AL.

relative to non-carriers. We found increased cortical thickness in child carriers, after

which thickness steadied compared to non-carriers prior to a rapid reduction in the

decade leading up to the expected age at cognitive impairment in carriers.

Discussion: Findings suggest that cortical thickness may fluctuate across the ADAD

lifespan, from early-life increased thickness to atrophy proximal to clinical onset.
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1 INTRODUCTION

Cortical thickness—the distance between the white matter and pial

surfaces—has been proposed as a biomarker of Alzheimer’s dis-

ease (AD)–related neurodegeneration.1–3 Studies of sporadic AD and

autosomal dominant AD (ADAD)–etiologically distinct forms of AD

with similar biological and clinical phenotypes4—show reduced cor-

tical thickness across different brain regions ≈5 years before clinical

symptom onset.5–9 Several studies have reported increased cortical

thickness and gray matter volume in the preclinical stage of sporadic

AD and ADAD.10–13 A recent report from the Dominantly Inherited

Alzheimer’s Network (DIAN), for example, found elevated cortical

thickness in a group of adult heterogenous ADAD carriers (ie, carriers

of different mutations) relative to non-carriers 20 to 15 years before

the estimated age of clinical symptom onset, prior to the accelerated

atrophy seen more proximal to clinical onset.14 What is not well

understood, however, is the trajectory of cortical thickness in ADAD

across a wider lifespan range, including childhood through clinical

symptom onset. In typical neurodevelopment in childhood and adoles-

cence, cortical thickness decreases, which has been argued to relate

to normative pruning processes15,16 or increases in myelination.17

Understanding how the cortical thickness trajectories of mutation

carriers and non-carrier family members differ across the lifespan is

critical to elucidating the utility of this magnetic resonance imaging

(MRI) measure as a marker for prognosis and disease monitoring

in ADAD.

Using a previously defined AD cortical thickness signature compris-

ing nine a priori brain regions,8 we characterized the cross-sectional

relationship of cortical thickness with age across the lifespan (9-59

years) in presenilin1 (PSEN1) E280AADADmutation carriers and non-

carrier family members from a large Colombian kindred. Based on pre-

vious cortical thickness research in sporadic AD and ADAD,6,13,18 we

hypothesized that PSEN1 E280A carriers would exhibit a stronger neg-

ative association between AD signature cortical thickness and age rel-

ative to non-carriers, with evidence of slightly increased cortical thick-

ness in early life, consistent with prior gray matter volume findings

in PSEN1 E280A-carrying children.13 Reduced cortical thickness was

expected to be seen in carriers closer to the median expected age

at onset of mild cognitive impairment (MCI) in the cohort. We also

hypothesized that cortical thicknesswould trackwith cognitive perfor-

mance in adult ADADmutation carriers.

2 METHODS

2.1 Standard protocol approvals, registrations,
and participant consent

Institutional review board committees at the University of Antioquia

(Colombia) and the Partners Human Research Committee (Boston)

approved this study. Participants provided written informed consent

before participating, with child participants assenting and having the

consent of their parents/guardians.

2.2 Participants and study design

A total of 211 members from Colombian families with the PSEN1

E280Amutation enrolled in two cross-sectional studieswere included:

the Colombian Alzheimer’s Prevention Initiative Biomarker Study of

ADAD (API-BIO, n = 124) and the Colombia-Boston Biomarker Study

of ADAD (COLBOS, n = 87). The demographic, cognitive, and imag-

ing data for all participants included in this report (105 mutation car-

riers [16 with MCI or dementia due to ADAD], 106 non-carriers) are

detailed in Table 1 (a breakdownby study is provided in eTable1).Muta-

tion carriers have a previously documented median expected age at

onset of MCI at 44 years of age (95% confidence interval [CI] = 43–

45 years) and dementia due to AD at 49 years of age (95% CI= 49–50

years).19 Participants and investigators were blinded to genetic status,

and all participants in this study had at least one parentwith the PSEN1

E280A mutation. Eligible individuals were screened for neurological

and psychiatric disorders, and contraindications to MRI (e.g., metallic

implants).

2.3 Procedures

Participants lived in the regionofAntioquia,Colombia.Clinical andcog-

nitive testing was completed at the University of Antioquia. Spanish-

speaking neuropsychologists administered all cognitive tests, and clin-

ical histories and neurological exams were performed by neurologists

or physicians trained to assess neurodegenerative disorders. Ratings

of clinical impairment in adult participants (≥18 years of age) were

devised using the Functional Assessment Staging Scale (FAST20). FAST
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using PubMed and Google Scholar. Although cortical

thickness in Alzheimer’s disease (AD) is widely studied,

we found no AD-related publications examining the tra-

jectory of cortical thickness across the lifespan (ie, includ-

ing childhood). Relevant citations about cortical thickness

in sporadic ADand autosomal dominant AD (ADAD) liter-

ature are included.

2. Interpretation: Our findings align with emerging evi-

dence of subtle increased cortical thickness in early pre-

clinical ADADmutation carriers relative to prototypically

aging peers, followed by significant cortical atrophymore

proximal to the onset of the AD clinical syndrome.

3. Future directions: Longitudinal staging of the rate of

decline of cortical thickness in carriers of ADAD muta-

tions relative to non-carrier family members is needed,

especially within the context of examining if genetic or

lifestyle factors can slowor halt the trajectory of this neu-

rodegenerative marker of AD.

values of “1,” indicating absence of subjective or objective cognitive

impairment, were imputed for child participants (9-17 years of age;

−35 to −27 estimated years until median age of expected onset [EYO]

of MCI in this cohort19) to allow the inclusion of child participants

in analyses with other cognitively unimpaired individuals. A Span-

ish version of the Mini-Mental State Examination (MMSE21) and the

Colombian-normed version of the Consortium to Establish a Registry

for Alzheimer’s Disease (CERAD)22,23 were administered to adult par-

ticipants (≥18 years of age). The CERAD includes measures of verbal

memory (word list learning immediate and delayed recall), and visual

memory (constructional praxis copy and recall phase). Cognitive vari-

ables for child participants in this study were unavailable andwould be

uninterpretable in our analyseswith tests designed for usewith adults.

Clinical data were stored in a secure database at the Neuroscience

Group of Antioquia inMedellín, Colombia.

2.4 Imaging acquisition and processing

All participants underwent MRI on Siemens scanners at the Pablo

Tobón Uribe Hospital in Medellín, Colombia. API-BIO participants

had a 1.5T scan, whereas COLBOS participants had a 3T scan. For

participants who had a 1.5T MRI, the protocol included one three-

dimensional (3D) T1-weighted MRI image (T1 fast-field echo [FFE];

TABLE 1 Demographic and neuroimaging characteristics of the sample

Characteristic

Cognitively

Unimpaired

Carriers

(n= 89)

Cognitively

Impaireda

Mutation

Carriers

(n= 16)

Non-Carriers

(n= 106) P-valueb Cohen d

Age (y) 28.87 (11.17) 44.81 (4.64) 29.55 (11.09) .67 0.06

Educational Attainment (y) 9.87 (3.83) 9.38 (4.67) 9.87 (3.87) .73 0.00

Female, No. (%) 54 (61) 12 (75) 60 (57) .57c

Tesla Strength, 3T (%) 37 (42) 6 (38) 44 (42) .99 c

Bilateral AD Signature Thickness (Composite) 2.84 (0.12) 2.48 (0.24) 2.80 (0.12) .007** 0.38

MMSE Scored 28.97 (1.12) 22.37 (4.30) 29.23 (0.84) .09 0.26

FAST Scored 1.20 (0.40) 3.69 (0.79) 1.02 (0.15) <.001*** 0.60

CERADWord List Immediate Recalld 18.99 (4.43) 7.69 (4.53) 19.86 (3.42) .16 0.22

CERADWord List Delayed Recalld 6.79 (1.99) 1.25 (1.81) 7.47 (1.32) .012* 0.40

CERADConstructional Praxis Copyd 9.70 (1.61) 3.81 (4.65) 10.19 (1.25) .036* 0.34

CERADConstructional Praxis Delayed Recalld 9.25 (2.49) 5.44 (3.05) 9.86 (1.50) .06 0.30

Shown are the demographic data for the sample of cognitively unimpaired mutation carriers, impaired mutation carriers, and non-carriers. Statistics are

reported as mean (SD). Abbreviations: MMSE, Mini-Mental State Examination; FAST, Functional Assessment Staging Scale; CERAD, Consortium to Establish

a Registry for Alzheimer’s Disease.
aCognitively impaired is defined by a Functional Assessment Staging Scale (FAST) Score of 3 or greater.
bP-value and Cohen d calculated for Independent T test for cognitively unimpaired PSEN1 E280Amutation carriers versus non-carriers.
cP-value calculated for chi-square test for presenilin 1 (PSEN1) E280Amutation carriers versus non-carriers.
dCognitive data are not available for child participants (ages≤17 years), as all cognitive tests used are designed and normed for administration to adults (ages

≥18). The results presented in this two-sample t test are from cognitively unimpaired participants over the age of 18(n= 86 non-carriers, n= 71 carriers).
eThe calculation of the difference in thickness in the bilateral AD signature was calculated using a general linear model adjusting for MRI scanner strength

and age.

*P< .05.

** P< .01.

***P< .001.
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repitition time [TR] = 2530 ms, echo time [TE] = 3.39 ms; flip angle,

7◦; field of view, 256 × 256; 1.0 × 1.0 × 1.0 mm; 176 slices). For par-

ticipants who had a 3TMRI, the protocol entailed one 3D T1-weighted

MRI image (T1-FFE; TR = 2400 ms, TE = 3.61 ms; flip angle = 8◦; field

of view, 240× 240; 1.3× 1.3× 1.2mm; 160 slices).

As described24 previously, MRI data were analyzed using the stan-

dard processing pipeline within FreeSurfer (FS) version 6.0. Surface

segmentation was visually examined for quality and edited as neces-

sary. An average of nine bilateral FS regions of interest (ROIs)—medial

temporal lobe, inferior temporal gyrus, temporal pole, precuneus,

superior parietal lobule, angular gyrus, supramarginal gyrus, supe-

rior frontal gyrus, and middle frontal gyrus—comprised a previously

defined, widely studied, and sensitive measure of cortical thickness in

AD.8 These ROIs were uncorrected for relative size and intracranial

volume, as has been done previously8; non-correction for intracranial

volume has also been suggested as good practice for studies of cor-

tical thickness.25,26 In addition, for whole-cortex analyses, individual

FS maps of vertex-wise cortical thickness were surface-smoothed to

an equivalent 20 mm (full-width at half-maximum) Gaussian filter and

resampled to a common template surface (fsaverage) using FS.

2.5 Statistical analysis

Independent two-sample t tests examined age and education differ-

ences between cognitively unimpaired carriers and non-carriers. A

general linear model (GLM) was conducted to examine differences in

theADcortical thickness signature and individual ROIs between cogni-

tively unimpaired carriers and non-carriers, specifically, after adjusting

forMRI scanner strength and age. (Scanner strengthwas controlled for

statistically becauseprevious research suggested that1.5Tand3Testi-

matesof cortical thicknesshavedecent reliability, but3TMRIexhibits a

slight bias toward larger thickness estimates.9) In addition, for all adult

participants ≥18 years of age, independent two-sample t tests were

used to examine differences in neuropsychological test performance.

Chi-square tests were employed to assess if carriers and non-carriers

differed on the proportion of biological sex and groups scanned in a

3T versus 1.5T MRI scanner. Partial correlations adjusting for scan-

ner strength as a categorical variable were employed to examine the

association between the AD cortical thickness signature with age in

all mutation carriers, cognitively unimpaired carriers, and non-carriers,

as well as the association between the AD cortical thickness signa-

ture with performance on all cognitive variables in all adult mutation

carriers, adult cognitively unimpaired carriers, and adult non-carriers.

Fisher r-to-z calculations were conducted online (http://vassarstats.

net/rdiff.html) to quantify differences in the magnitude of these afore-

mentioned associations in carriers relative to non-carriers. These anal-

yses were conducted in SPSS version 26.

We also investigated the age trajectory of AD cortical thickness sig-

nature, examining the non-linear relationships between bilateral AD

signature and age in carriers as compared to non-carriers by perform-

ing a piecewise linear regression. This approach allowed us to charac-

terize the relation between thickness and age in early life, young adult-

hood, and close to the age at onset of the clinical symptoms inmutation

carriers. The MATLAB (www.mathworks.com) non-linear fitting func-

tion nlinfit and a modified version of the nlparci m-function were used

to perform the piecewise linear regression for PSEN1 E280Amutation

carriers, estimating the location of two inflection points (one at the

end of early neurodevelopment, and the other for the start of acceler-

ated decline) as the unknown parameters. Other parameters included

the slope and intercept of the first and third linear segments. To be

unbiased, the same piece-wise linear regression with two inflection

points was also examined in non-carriers. We statistically compared

the slope (rate of change) differences before and after each inflec-

tion point within the carrier group and the differences of pre- or post-

inflection point slope, each in comparison with the respective slope in

non-carriers.

Based on the AD signature analyses, we also performed vertex-

wise analyses of thickness measurements across the entire cortex, as

follows. Relationships between thickness and age were evaluated in

three age subcohorts based on the two change-points in mutation car-

riers identified by the aforementioned piecewise linear regression (see

Results section for these change-points). For each age subcohort, dif-

ferences in thickness ∼ age slopes between carriers and non-carriers

were evaluated using models of thickness ∼ age*group (with scanner

strength as covariate) and expressed as the β of the interaction term

at each vertex. We report effect sizes (βs) and significance of these

estimates on the surface at cluster-wise P < .01 (uncorrected) and at

P< .05 after applying false discovery rate (FDR) correction formultiple

comparisons (FS implementation,minimumcluster extent=100mm2).

3 RESULTS

3.1 Demographics

Cognitively unimpaired mutation carriers and non-carriers did not dif-

fer in age, education, biological sex proportion, or proportion scanned

with 1.5T versus 3TMRI (Table 1). Relative to non-carriers, cognitively

unimpaired mutation carriers had a slightly, but significantly greater

AD cortical thickness signature after controlling for scanner strength

(d = 0.38); more scores of “2” on the FAST (ie, subjective cognitive

concerns); slightly, but significantly worse performance on the CERAD

Constructional Praxis Copy and CERAD Word List Delayed Recall;

and a trend toward worse performance on the CERAD Constructional

Praxis Recall (Table 1). Thickness was significantly greater in cogni-

tively unimpaired carriers relative to non-carriers in two of nine bilat-

eral AD signature ROIs: the temporal pole and inferior temporal gyrus.

Thickness in the other seven of nine AD signature ROIs did not differ

significantly between cognitively unimpaired carriers and non-carriers

(Table 2).

3.2 Association between age and cortical
thickness

Older age was associated with lower cortical thickness signature

in all mutation carriers and non-carriers, but the magnitude of the

http://vassarstats.net/rdiff.html
http://vassarstats.net/rdiff.html
http://www.mathworks.com
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TABLE 2 Bilateral cortical thickness in AD signature regions of interest controlling for scanner strength and age

Bilateral AD Signature

Region of Interest

Cognitively

Unimpaired Carriers

(n= 89)

Cognitively

Impaireda Mutation

Carriers (n= 16)

Non-Carriers

(n= 106) P-valueb Cohen d

Medial Temporal Cortex 3.43 3.05 3.38 .20 0.18

Inferior Temporal Gyrus 3.06 2.75 2.98 .008* 0.37

Temporal Pole 3.28 3.01 3.19 .004* 0.40

Superior Parietal Lobule 2.32 1.92 2.28 .11 0.23

Precuneus 2.65 2.22 2.62 .15 0.22

Angular Gyrus 2.63 2.21 2.61 .21 0.25

Supramarginal Gyrus 2.73 2.36 2.73 .95 0

Superior Frontal Gyrus 2.94 2.56 2.92 .48 0.10

Inferior Frontal Sulcus 2.52 2.26 2.49 .11 0.27

Shown are the thickness values (mm) in the nine previously defined bilateral AD signature ROIs8 in cognitively unimpaired PSEN1 E280A carriers, cognitively

impaired carriers, and non-carriers. The calculation of the difference in thickness in the bilateral ROIs was calculated using a general linear model adjusting

for MRI scanner strength and age. Cohen d is calculated from the partial eta squared using a calculation described on the IBM forum here (https://www.ibm.

com/support/pages/effect-size-relationship-between-partial-eta-squared-cohens-f-and-cohens-d)
aCognitively impaired is defined by a Functional Assessment Staging Scale score of 3 or greater.
bP-value and Cohen d calculated for Independent t test for cognitively unimpaired PSEN1 E280Amutation carriers versus non-carriers.

*P< .01.

TABLE 3 Correlations between age and cortical thickness controlling for scanner strength

Partial Correlation (Controlling

forMRI Strength)

Cognitively

Unimpaired

Carriersa (n= 89)

All Mutation

Carriers (n= 105)

Non-Carriers

(n= 106)

Fisher Z of

Difference

in Partial

Correlation

Strength

P-value
of the

Fisher Z

Age x Bilateral AD Signature

Thickness in all Participants

r=−.70, P< .001 r=−.42, P< .001 −3.00 <.001*

Age x Bilateral AD Signature

Thickness in Cognitively

Unimpaireda Participants Only

r=−.58, p< .001 r=−.42, p< .001 −1.46 .07

Shown are the partial associations between age and cortical thickness, controlling for scanner strength (1.5T vs 3T) in cognitively unimpairedmutation carri-

ers, all mutation carriers, and non-carriers.
aCognitively impaired is defined by a Functional Assessment Staging Scale Score of 3 or greater.

*P-value< .001.

negative association between age and cortical thickness was signif-

icantly stronger in all mutation carriers (Table 3). The correlation

between the cortical thickness signature and age in the cognitively

unimpaired mutation carriers was also stronger than the relationship

in non-carriers (at trending significance).

3.3 Association between cortical thickness and
cognition in adult participants (≥18 years of age)

Among cognitively unimpaired adult mutation carriers, the cortical

thickness signaturewas significantly positively associatedwithCERAD

constructional praxis delayed recall and trendedwith CERADword list

delayed recall (Table4); these relationshipswerealso trending stronger

in cognitively unimpaired carriers relative to non-carriers (Table 4).

There were strong positive associations between the cortical thick-

ness signature and cognitive variables in all mutation carriers, which

were also all significantly stronger than those observed in non-carriers

(Table 4). In non-carriers, the cortical thickness signaturewas only pos-

itively significantly associated with the CERAD constructional praxis

copy score (Table 4).

3.4 Inflection point of the relationship between
cortical thickness and age

The piecewise linear regressionmodel, covarying for scanner strength,

estimated the two change-points of the negative association between

age and the cortical thickness signature in carriers at 17.00 and 32.89

years (Figure 1, red points/line). In non-carriers, there was a change-

point in this same relationship at 21.37 years and another (virtu-

ally indistinguishable) change-point at 35.66 years (Figure 1, black

points/line). The slope before their respective first change-points in

https://www.ibm.com/support/pages/effect-size-relationship-between-partial-eta-squared-cohens-f-and-cohens-d
https://www.ibm.com/support/pages/effect-size-relationship-between-partial-eta-squared-cohens-f-and-cohens-d
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TABLE 4 Correlations between cortical thickness and cognition controlling for scanner strength and age in adult participants (18+ years old)

Partial Correlation (Controlling forMRI

Strength and Age)

Cognitively

Unimpaired

Adult

Carriersa

(n= 71)

All Adult

Mutation

Carriers (n= 87)

Adult

Non-Carriers

(n= 86)

Fisher Z of

Difference in

Partial

Correlation

Strength

P-value of
the Fisher Z

MMSE x Bilateral AD Signature Thickness in

all Participants

r= .70, P< .001** r= -.11, P= .30 −6.28 <.001**

MMSE x Bilateral AD Signature Thickness in

Cognitively Unimpaireda Participants Only

r= .14, P= .26 r= -.11, P= .30 0.19 .42

CERADWord List Learning x Bilateral AD

Signature Thickness in all Participants

r= .48, P< .001** r= .13, P= .26 2.56 .005*

CERADWord List Learning x Bilateral AD

Signature Thickness in Cognitively

Unimpaireda Participants Only

r= .03, P= .83 r= .13, P= .26 −0.62 .27

CERADWord List Delayed Recall x Bilateral

AD Signature Thickness in all Participants

r= .54, P< .001** r= -.02, P= .84 4.04 <.001**

CERADWord List Delayed Recall x Bilateral

AD Signature Thickness in Cognitively

Unimpaireda Participants Only

r= .23, P= .06 r= -.02, P= .84 1.55 .06

CERADConstructional Praxis Copy x Bilateral

AD Signature Thickness in all Participants

r= .58, P< .001** r= .33, P= .002** 2.09 .019*

CERADConstructional Praxis Copy x

Bilateral AD Signature Thickness in

Cognitively Unimpaireda Participants Only

r= .03, P= .80 r= .33, P= .002** −1.91 .028*

CERADConstructional Praxis Recall x

Bilateral AD Signature Thickness in all

Participants

r= .50, P< .001** r= .02, P= .86 3.39 <.001**

CERADConstructional Praxis Recall x

Bilateral AD Signature Thickness in

Cognitively Unimpaireda Participants Only

r= .27, P= .02* r= .02, P= .86 1.57 .05

Shown are the partial associations between cortical thickness and cognitive measures, controlling for scanner strength (1.5T vs 3T) and age in cognitively

unimpairedmutation carriers, all mutation carriers, and non-carriers.

Abbreviations:MMSE,Mini-Mental State Examination; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.
aCognitively impaired is defined by a Functional Assessment Staging Scale Score of 3 or greater.

*P-value< .05.

**P-value< .01.

the relationship between age and AD signature thickness was signifi-

cantly steeper in carriers than in non-carriers (carrier slope=−0.0386,

non-carrier slope=−0.0181, P= .02). Carriers and non-carriers, how-

ever, did not significantly differ in the rate of the relationship between

AD signature thickness and age between the first and second change-

points (carrier slope = 0.0006, non-carrier slope = −0.0012, P = .69).

After their respective second change-points, carriers again had a signif-

icantly stronger negative relationship between age and cortical thick-

ness relative to non-carriers (carrier slope = −0.0168, non-carrier

slope=−0.0011, P< .001).

3.5 Post hoc vertex-wise modeling of the
association between cortical thickness and age

Post hoc vertex-wise models, using the change-point ages from the

piecewise regression in carriers as cutoffs, showed that child carriers

(<18 years of age) exhibited a steeper negative relationship between

age and cortical thickness when compared to non-carriers, primarily in

clusters localized to the left inferior temporal lobe, left medial frontal

lobe, and bilateral lateral parietal lobes. These differences between

carrier and non-carrier children in the rate of the relationship between

age and cortical thickness, however, did not survive after FDR cor-

rection (Figure 2, left panel). Carriers between the ages of 18 and

32 largely did not differ in the rate of the relationship between age

and cortical thickness, with only a few small clusters reaching sig-

nificance but not surviving FDR correction (Figure 2, center panel).

In the oldest age bracket (>32 years), carriers exhibited a stronger

negative relationship between age and AD signature thickness than

non-carriers at many bilateral clusters, although only left hemisphere

clusters in the following regions survived FDR correction: precuneus,

lateral parietal lobe, and medial and lateral frontal lobe (Figure 2,

right panel).
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F IGURE 1 Piecewise linear curve fitting of the relationship between cortical thickness and age. Shown is the relationship of bilateral
Alzheimer’s disease (AD) signature thickness (mm) with age (in years) adjusted for magnetic resonance imaging (MRI) scanner strength in
non-carriers (black circles), as well as in cognitively unimpaired presenilin1 (PSEN1) E280Amutation carriers (red circles) and impairedmutation
carriers (red triangles). The piecewise linear regressionmodel estimated the two change-points of the negative association between age and the
cortical thickness signature in carriers as 17.00 years and 32.89 years; in non-carriers, there was a change-point at 21.37 years and another (which
is virtually indistinguishable) at 35.66 years. The slopes before the groups’ respective first change-points were significantly steeper in carriers than
in non-carriers (carrier slope=−0.0386, non-carrier slope=−0.0181, P= .02). The groups, however, did not differ significantly in the rate of the
relationship between AD signature thickness and age between the first and second change-points (carrier slope= 0.0006, non-carrier
slope=−0.0012, P= .69). After their respective second change-points, carriers exhibited a significantly stronger negative relationship between
age and cortical thickness relative to non-carriers (carrier slope=−0.0168, non-carrier slope=−0.0011, P< .001)

4 DISCUSSION

This study describes the relationship between age and cortical thick-

ness from childhood to dementia due to ADAD (9-59 years) in PSEN1

E280A mutation carriers and non-carriers hailing from Antioquia,

Colombia. As hypothesized, in all mutation carriers there was a signif-

icantly stronger negative association between age and the AD corti-

cal thickness signature relative to non-carrier family members, after

controlling for MRI scanner strength; the difference in the magni-

tude of this association was trending when non-carriers were com-

pared against cognitively unimpairedmutation carriers. Twocut-points

emerged in the age-related trajectoryof cortical thickness at≈17years

(−27 EYO to median age of expected onset of MCI for the cohort19)

and 32 years of age (−12 EYO toMCI). Non-carriers also exhibited two

change-points in this relationship, with the first at 21 years of age and

the second (whichwas virtually indistinguishable) occurring at 36years

of age. Before their respective first change-points, child carriers had a

significantly stronger negative relationship between AD signature cor-

tical thickness and age than non-carriers. Between their first and sec-

ond change-points, carriers and non-carriers did not differ in the rate

of the relationship between age and thickness. Finally, after their final

change-points,mutation carriers demonstrated a significantly stronger

negative relationship between age and AD signature thickness relative

to non-carriers who, as a group, did not experience change in their rate

of this relationship.

Analysis of the nine bilateral AD signature ROIs found that cogni-

tively unimpaired carriers, relative to non-carriers, had greater thick-

ness in the temporal pole and inferior temporal gyrus. Vertex-wise

analysis based on the two mutation carrier change-points revealed

significant clusters in which carrier children had a stronger negative
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F IGURE 2 Vertex-wise analysis of cortical thickness by age relationship. Shown is the vertex-wise comparison of thickness ∼ age slopes in
mutation carriers versus non-carriers, covarying for scanner strength. (A) Effect size maps showing the difference in slopes between carriers and
non-carriers in age groups determined by the piecewise regression change-points in carriers (left panel= prior to change-point 1; center
panel= between change-points 1 and 2; right panel= after change-point 2). Full model: vx-thickness∼ age*carrier_status+ scanner. (B) Significant
maps for vertex-wise results: red areas are cluster-wise P< .01; blue areas are P< .05 after false discovery rate (FDR) correction; minimum cluster
extent= 100mm2

relationship between the AD signature and age than non-carrier chil-

dren, although none of these clusters survived correction for multiple

comparisons. Carriers between the ages of 18 and 32 did not exhibit

vertices with differing age-related trajectories in thickness relative to

age-matched non-carriers (none of the few significant vertices in this

age group survived correction). In the oldest age bracket (>32 years),

however, carriers exhibited a stronger negative relationship than non-

carriers between age and thickness, surviving correction in the left the

hemisphere in regions including the precuneus, lateral parietal lobe,

and medial and lateral frontal lobes. A prior study examined cortical

thickness in 40 middle-age individuals from this cohort (18 mutation

carriers, mean age= 38.2 years [∼−6 EYO from expectedMCI onset]),

similarly identifying reduced cortical thickness in the precuneus and

bordering medial parietal regions.6 Cortical thickening in these ROIs

(and in the AD signature) in younger ADAD carriers may appear para-

doxical but aligns with prior ADAD and sporadic AD research,10–12

including a report examining gray matter volume in child Colombian

cohort members (18 mutation carriers, mean age = 13.0 years [≈31

EYO from expected MCI onset]), which found greater gray matter vol-

ume in the parahippocampal gyrus and temporal pole of child carri-

ers relative to non-carrier children,13 as well as in a study of cortical

thickness in the DIAN where thickness was elevated in adult ADAD

mutation carriers 20 to 15 years before expected clinical onset rel-

ative to non-carriers.14 The medial temporal lobe is particularly vul-

nerable to early tau deposition in this ADAD cohort27 and sporadic

AD.28 All of the aforementioned brain regions are susceptible to neu-

rodegeneration early in ADAD due to PSEN1 E280A, and many are

also implicated in memory encoding and retrieval processes, which are

early cognitive symptoms of AD.29,30 Relative to non-carriers, we also

found significantly stronger positive associations between the AD cor-

tical thickness signature and memory performance in all adult carriers

(and at trending significance in cognitively unimpaired carriers), sug-

gesting a deleterious impact of lower cortical thickness on cognitive

performance in preclinical and early symptomatic ADAD.

One potential driver of elevated cortical thickness in young muta-

tion carriers could be a neuroinflammatory mechanism, including glial

activation31 and nuclear hypertrophy.32 The direct neurotoxic effects

of amyloid beta—known to be abnormally elevated in the plasma of

child PSEN1 E280A carriers,13 perhaps as early as gestation33—may

also correspond with a relative cortical thickness elevation in the

earlier parts of the ADAD mutation carrier lifespan. The rate of

neurodegeneration may then hasten in carriers in around the mid-30s

relative to a stabilization in cortical thickness in typically developed

non-carriers.

The AD cortical thickness signature may be a marker of the disease,

especially in conjunction with other in vivo AD markers,34,35 although

preclinical differences in the thickness signature are relatively subtle

from a neuroanatomical perspective (eg, 0.04 mm greater thickness,

on average, in cognitively unimpaired ADAD carriers relative to non-

carriers). Clinically, it thus may be advisable to use cortical thickness

as an outcome measure in larger AD studies, but not for single patient

clinical diagnosis. Longitudinal staging of the sequence of amyloid beta,
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tau, and neurodegeneration in the PSEN1 E280A cohort is presently

underway36 and will examine longitudinal changes in cortical thick-

ness, particularly as carriers near the EYO for MCI. Research on how

other genetic risk factors (eg, APOE ε437) or protective genetic fac-

tors (eg, APOE ε238, or the rare APOE ε3 Christchurchmutation39) con-

tribute to cortical thickness across the lifespan is also needed.

4.1 Limitations

This study has several limitations, including the combination of indi-

viduals with 1.5T and 3T MRI studies in the same analysis. Scanner

strength may contribute to the variance in cortical thickness values,

given a slight bias toward larger thickness estimates in 3T relative

to 1.5T MRI, athough thickness measurements across these scanning

strengths have been found previously to be reliable.9 We take a con-

servative approach nonetheless and control for the effect of scan-

ner strength in our analyses. The present study is also cross-sectional,

whereas only a longitudinal study could determine the true trajectory

of cortical thickness within mutation carriers and non-carriers across

time. We posit, however, that the present findings would be similar to

the findings of a longitudinal study in this cohort given the Colombian

kindred’s homogeneity and robust characterization of biological and

cognitive profiles (see Fuller et al., 201940 for a review). In addition,

although the homogeneity of a single-mutation ADAD cohort provides

a strong framework through which we can examine the lifespan trajec-

tory of cortical thickness, we are limited in the generalization of our

findings to other ADAD mutations, as well as sporadic AD—the most

prevalent formof the disease.41 Finally, there aremany factors that can

influence cortical thickness measurements, such as brain cerebrovas-

cular (and how it is influenced by positive and negative health behav-

iors) andmyelination, which we do not have the data to examine in this

report but are potential future avenues of cortical thickness research

in ADAD.

In conclusion, across an age range spanning five decades we found

that PSEN1 E280A mutation carriers exhibited a stronger negative

relationship between age and cortical thickness relative to non-

carriers, which fluctuated across the lifespan. As a group, cognitively

unimpaired ADAD carriers exhibited a small but significant elevation

in the AD cortical thickness signature relative to non-carriers. The rate

of the negative relationship between age and AD signature thickness

in PSEN1 E280A carriers was significantly stronger than non-carriers

in childhood before stabilizing in early adulthood. After ≈33 years of

age, however, mutation carriers demonstrated a significantly stronger

negative relationship betweenAD signature thickness and age (ie, neu-

rodegeneration) relative to neurotypical non-carriers, whose relation-

ship between age and AD signature thickness did not change sub-

stantially from early adulthood into middle-age. These findings align

with the evidence of early amyloid beta overproduction in early life

in ADAD mutation carriers, which may lead to a neuroinflammation-

induced elevation in cortical thickness decades before significant ele-

vations of tau27 or clear neurodegeneration is evident. Future longi-

tudinal research examining the trajectory of structural changes in the

brains of ADAD carriers is needed, especially in the context of other

genetic risk and protective factors.
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