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Abstract

Background: A biological marker of vulnerability should precedleset of iliness and be independent of
disease course. We previously reported that cbttiocaning may serve as a potential biomarker fek for
familial depression. We now test stability of theetzal thinning across 8 years, and whether thmigni

mediates associations between familial risk andebsve traits.

Method: Participants were from a 3-generation family statigepression, wheré2and 3' generation
offspring were characterized as being at highewrifisk for depression based on the presence/abs#nc
major depression in thé' §eneration. The analysis includes 82 offsprindnaitatomical MRI scans across

two assessment waves, 7.8 (S.D.1.3, range: 5.2-€a9s apart.

Results: High-risk offspring had thinner bilateral super&rd middle frontal gyri, and left inferior parietal
lobule, at both time-points. High intra-subjectretation (0.60<r<0.91) and intra-class correla{jo:72—0.78)
of thickness measures across time points was ddtegthin the above regions; rank order by effézt and
region was also preserved across time. The thinnagystable despite changes in scanning platforamghs
Sonata vs. GE Signa), field-strength (1.5 vs. &myl participant age and clinical course. Thinnintpe first
time-point predicted anger and hostility at theosel; and mediated the relationship between fanmi&land

these traits.

Conclusion: The study provides evidence for cortical thinnisgasstable biomarker for familial vulnerability
for depressive illness, which supports the abititgetect persistent and clinically relevant anataifindings

irrespective of MRI platform.



I ntroduction

A central goal in psychiatric neuroscience is tnitify abnormalities in brain structure and funaottbat
predispose to mental illnesses. To represent tar&ers of risk, such anomalies (also referred to as
‘endophenotypes’ (1, 2)) shoutdecede onset of the disorder itself, be distinct from alpasin the brain that
occur as a result of the illness, and be stabletawe. This last criterion is cumbersome to denaite, as it
requires individuals to be scanned at more thartiore point while keeping methodological variationa
minimum. Most longitudinal studies have focusedrackingchangesin the brain as a function of iliness; few

have explicitly tested stability of brain phenotgpe

We previously reported on a potential biomarkerdepression vulnerability in a three generationifigm
study of major depressive disorder (MDD) (3). Werfd that 2 and & generation offspring at high-
compared to low- familial risk for depression (Wh&ve defined familial risk based on the presencbsence
of MDD in the T-generation probands) had thinner cortices, paaityuin the lateral surface of the right
hemisphere. The thinning was present even in dffggrho were at risk, but had never had an episdde
MDD, suggesting it was unlikely to be a consequerfabe illness. We thus hypothesized that cortical

thinning may represent an endophenotype for thdifdform of MDD.

What we could not test in our prior report was kleethe thinning represented a stable trait, ascjEants
had only been imaged at one time point. We haveesiescanned the population, on average 7.8 (rarigjén
10.9) years later, which allows us to examine thierd to which differences in cortical morphologtiveen
the high- and low-risk groups are conserved oveetiln testing this, we addressed three goald, Mies
tested if cortical thinning was still present 8 ngelater. If so, this stability would increase ddefice that
cortical thinning reflects a stable biomarker rattiian a transient phenotype or a clinical stageo8d, we
tested whether the cortical thinning was robushé&shodological variation, such as the MRI scansiite

platform and magnetic field strength. For the depglent of biomarkers, it is critical to test potaheffects
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of methodological advances, and to disentanglabgtaeity attributable to biologically relevant pesses
from that due to methodological sources. Third,anginal findings were reported using proprietary
anatomical MRI methods that are not widely ava#aBlo foster greater reproducibility, we now use
FreeSurfer (4, 5), a freely available, open-sosaofevare that is among the most frequently uselnigcies
for examining cortical morphology. Freesurfer iscabptimized for longitudinal analyses, as its dthms

allow for greater control over segmentation diffexes across scans than do other packages (6).

The primary goal of this study wastist whether differencesin cortical thicknessreated to familial risk
for depression are stable over an 8-year period, where stability was defined by test-retest cdanisy of
anatomy (i.e., do brain regions showing signifiadifferences in cortical thickness at the firstaipoint also
do so at the second?) and rank order (do partitspaith the greatest degree of thinning at the finse point
continue to do so at the second?). Finally, togbethderstand the clinical implications of the wattthinning,
we explored whether cortical thinning identifiedla first scan predicted clinical phenotypes ratato

depression ~8 years later.



M ethods

Participants

The sample has been detailed in several prior gatidins (2, 7-9). Briefly, the study began in 198th the
simultaneous recruitment of two groups of probai@kneration 1, G1). Depressed probands were sélecte
from outpatient psychiatric clinics for the treatthef mood disorders in the New Haven, CT areavesic
required to have moderate-to-severe MDD. Non-depieeprobands were selected concurrently from time sa
community, and were required to have no lifetimgdriy of psychiatric iliness, based on severalriigss.

All probands were of European ancestry. Their lgjal children (G2), and subsequently, grandchild@3)
were followed prospectively over time. The offsgriof the depressed probands formed the “high-msktip,

and those of the non-depressed probands, the itdvgroup (8, 9).

Assessments

Diagnostic Interviews were conducted using thetgd) or child (6-17 years) (11) version of thense

structured Schedule for Affective Disorders andiBgthrenia—Lifetime interview by doctoral- and neast
level mental health professionals (reliability wagh, as documented elsewhere (8, 9)). The fitstwew
assessed the lifespan to that point; follow-upriui¢svs assessed catch-up periods; diagnoses aefdte
cumulative until latest interview. Each family meanlwas interviewed independently and blind to theazl
status of other family members. Final diagnoseswaside by one or more experienced clinicians, usiag

best-estimate procedure (12). Current depressimpteyns at the time of each scan were measured thgng

Hamilton Depression Rating Scale (13) or Childrddépression Rating Scale-Revised (14) (for aduits a

children respectively); anxiety symptoms were meagwith the Hamilton Anxiety Rating Scale (15) and

revised Children’s Manifest Anxiety Scale (16),pestively. Child and adult scores were first eashverted
to z-scores, which were then combined to create aesimglasure. In addition to state measures, we also
collected trait measures of impulsivity (Barratpiatsiveness Scale-11 (17)), and anger and hogiBitgs

Perry Aggression Questionnaire (18, 19)) These ureasvere assessed because our primary hypothesis



suggests that cortical thinning represents a stabhaarker of risk for depression, and thus itaichl

correlates should likewise be stable, trait markéidepression risk.

Analytic Sample

We obtained MRI scans from 158 G2 and G3 offspraggd 7-55 years at W5; and from 114 offspringdage
11-68 at W6. MRI scans from 8 individuals at W5 driddividual at W6 were excluded due to severalhea
motion. Out of the 150 usable W5 scans and 113l&88b6 scans, there were 82 common individuals (43
from high-risk, and 39 from low-risk families). Tlaterval between W5 and W6 scans for the same
individual varied from 5.2 to 10.9 years, with aaneof 7.8 and SD of 1.3 years. Inter-scan interwelise

similar for the 2 (7.6+1.4 yrs) and'3(8.1+1.2 yrs) generations.

Analyses on clinical correlates of cortical thirmiwere based on the 110 (of 150) individuals witisable
MRI scan at W5 who also had clinical measures at THiése 110 participants did not differ on measofes

age, sex, or risk status than the primary samphM=@2 with usable brain scans at both waves (novah

MRI Scanning

W5 MRI scans were obtained usiagiemens Sonata 1.5 Tesla scanner usBip MP-RAGE sequence
(TR:24msec, TE:2.96msec, Flip angk; FOV:30x30cm,phaseF0OV:100%, 2 excitations, Slice
thickness2mm, Matrix 256&192, 128 slices, voxel dimensidnl7x1.17x1.2mm). W6 MRI scans were
obtained using a GE Signha 3 Tesla whole-body secaameépped with an 8-channel, phased array head
coil using 3D Fast Spoiled Gradient Recall (FSP&&juence (TR.7msec, TEL.3msec, Flip

anglell1C, Bandwidth41.67MHz, FO\25x25cm, ASSET factd, Slice thicknesd.0mm, Matrix

256x256, 128 slices, voxel dimensido®8x0.98x1.0mm, 1 NEX imagesx2).



Processing Pipeline

Methods for estimating cortical thickness can lmabty categorized as surface-based or voxel-b&ged.
used FreeSurfer (4, 5), a surface-based approadtitoate cortical thickness at each point on takespirface.
The use of explicit surface models enables subheanauracy, high sensitivity, and robustness téedéht

field strengths, scanner upgrade and scanner mamea20).

The processing pipeline was as follows. First,daggale variations in image intensity are correatsdg bias
field estimation and bias removal. Second, extralal tissues are removed using an automatedTfbiot,

an initial segmentation separates grey matter (GMijte matter (WM) and cerebrospinal fluid (CSF)eTh
WM/GM boundary is referred to as the WM boundang the GM/CSF boundary as the pial boundary. With
this initial segmentation, FreeSurfer constructsidiace of triangulated mesh based on the WM baynda
which is then deformed to find the opposing pialfmary, correcting topological defects using smoesisn

and self-intersection constraints. With the cordkssed at the brain stem, the resulting surface was
topologically equivalent to a sphere. The closédtidce from the white surface to the pial surfatceach

surface’s vertex is then defined as the cortidaktiess.

Processed data were visually inspected and maregiltiyd by two independent technicians (one peeyav
who were well-trained in neuroanatomy to correctdisors from the automated pipeline, such as sitrip
errors, segmentation errors, intensity normalizet@lure, etc. Data processing was blind to tHgjestt’s risk
status. Thus, inter-rater differences are unlikelgenerate the observed group differences (thinimimigh

risk offspring) at either wave, or the correspogdifi group differences across waves.

Statistical Analyses
We examined the relationship between cortical tesls and risk status (high or low) using a genieiedr

model with each vertex across the pial boundath@slependent variable, risk status as the indepgnd



variable, and age at current scan and sex as atesrP-values were color coded and plotted fdr gatex

at the pial boundary and results controlled forftiee discovery rate (21).

We explored clinical correlates of cortical thinginsing path analysis. Specifically, we testedtivie
cortical thinning mediates the relationship betwsmilial risk and behavioral traits associatedhwit
depression. Following established methods for pattlysis(22), we conducted a series of linear ssipa
analyses. We first tested whether the mediatin@bka, cortical thinning, was associated with s&ktus. We
then tested whether cortical thinning correlatethwiepressive symptoms and/or traits, while colitigpfor
risk status. Statistical significance was then mheiteed based a 95% confidence interval (Cl) derivech the
Sobel test, and confirmed by bias-corrected bagiping with 2,000 samples (not shown). Age at ficsin,
age difference between the two scans, and sex,indteled as covariates in all of the path linesyression

models and in the Sobel test and bootstrapping.



Results

Participants at high compared to low familial riek depression were approximately 8 years olderah scan
(range 5-11T able 1). Within each generation of offspring, age did waty by risk status; however, a greater
proportion of 2° generation offspring, as compared to third, wesenfhigh risk families. Individuals from

high-risk families had higher lifetime rates of degsive, but not anxiety disorders.

Table1 here---

Stable cortical thinning in offspring at high risk for depression across two assessments

Statistically significant thinning was found in thigh compared to low risk group in bilateral supefrontal
and caudal middle frontal cortices, and left irdeparietal lobul€Figur e 1a, thinning in blue). Thinning
patterns were consistent across the first (Waves§[\¥ft) and second (W6, right) scans. As showmable 2,
not only were the same cortical regions identiiedlV5 and W6, but the rank order of findings, tbathe

relative effect sizes of the group thickness déferes (betas), were preserved.

Figureland Table2 here -

Within regions in which significant group effect reedetected, we plotted within-participant coriielas of
cortical thickness from W5 to W6. As shownRigure 1b, high intra-subject correlation (r=0.60-0.91) and
intra-class correlation (absolute agreement, 0..78)0from W5 to W6 further supports the stabibfy

cortical thinning in high risk individuals acrossves.

Cortical thinning mediates the rel ationships between familial risk and anger and hostility

We explored associations between cortical thinairg/5 and depression-related traits measured at W6
(Figure 2). Familial risk status predicted both anger (Ibéta=4.87, p=0.017) and hostility (right, bet&€3.
p=0.021) but not impulsivity or other facets of ezgsion (physical or verbal aggression). Withinheac

9



hemisphere of the superior frontal gyrus, thinretices predicted greater anger and hostility, thedhinning
mediated the relationship between familial risk &mait measures (mediating paths shown in red)ticzd
thinning was not associated with current depressymeptom severity, lifetime history of depression,

impulsivity.

Figure 2 here -----

Supplementary Analyses

Because there were a number of co-occurring changasw5s to W6 (e.g., MRI scanner and field stréngt
development stage and age, diagnostic status asdestise, or medication), we conducted sensitiviglyses
to test whether any of these changes could confthanchain results. The findings, showrfigur es S1-S5,
indicate that the group differences in corticatkiniess remained stable and could not be attriiotady of

the above factors.

10



Discussion

Summary

We show that familial risk for depression is retate cortical thinning in bilateral superior andidal middle
frontal gyri, and the left inferior parietal lobul€he thinning is stable across approximately 8sje@onsistent
with the hypothesis that cortical thinning refleatstable trait. The stability was robust to metiodical
variation including changes in MRI scanner (Siemamd GE) or field strength (1.5 and 3T), and toviial
variation across participants (age and clinicgéttmries). Finally, thinning in bilateral frontebrtices
mediated the relationship between familial risk &nait measures of anger and hostility, suggestipgtential
pathway by which familial risk for depression mantribute to the biological (cortical thinning) aalkihical
(anger/hostility) presentation of offspring. Thistd our knowledge the largest and longest studtg &ind,

demonstrating the stability of a biomarker of risk depression.

Stability across 8 years

The implications of the consistency of findingsass 8 years are multi-fold. From a clinical persipecthe
stability, coupled with our prior (3) and curreBtTable 4) observations that the thinning is presgan in
offspring who are at risk but never develop depoesdgurther validates cortical thinning asisk marker. At
the same time, the high reliability of findings @&s different scanning platforms and field streagiiggest
that detection is resistant to methodological \emm The consistency of findings across 1.5T ahd 3
scanning platforms is particularly noteworthy, givbe lower resolution with the former (voxel sad in-
plane area were 71% and 43% larger, respectividiginy early MRI studies on depression were perforomed
1.5T scanners (23-26). In recent years, 3T scamamerthe norm, and because the technology for
neuroimaging is constantly improving, methods adeldifstrengths will continue to evolve. Showinghsligy
across different platforms will be particularly iontant for meta-analyses and systematic reviewsyavh
consistency of data quality across space and Sreegential, yet often assumed rather than emipjrica

investigated.

11



Establishing reliability has been problematic iggigatric research. This, in part, may be due & th
substantial diagnostic heterogeneity within psyitlianosology (27), and in MRI studies is exacegdaty the
risks for false positive findings which in some easnay exceed 50% (28, 29). These hurdles against
identifying reliable biomarkers underscore the im@ace ofwithin-study, test-retest reliability. Our use of
open-source software will permit external groupeefaicate and extend findings. Although cautioalisays
necessary when attempting to integrate data aahthireugh different platforms, our findings suggtbstt
data acquired on 1.5T scanners may be at leastajivaly comparable with newer data (see limitasip

however).

The thinning observed here was only partially cetesit with the thinning we previously reported gsin
different voxel-based methods (3). Although we fbtimat offspring at high familial risk had sign#iat
thinning of the cortical mantle in both reports thinning that we previously reported was mordagliy
distributed through parietal, temporal and frogtattices, and predominantly in the lateral right amedial
left hemisphere, an asymmetry we do not find heiéerences could be due to the only partially dapping
samples, or due to different approaches impleme&edace-based estimations (as implemented héhe wi
FreeSurfer) may be preferable for longitudinal gse$ because of deformable model processing, which
optimizes correction against segmentation diffeesracross scans (6). Conversely, voxel-based method
which measure thickness directly from initial segtadion, are more prone to segmentation errors.udgnf
open-source software will now allow other investigia to compare patterns of cortical thinning in

independent samples using parallel methods.

Cortical thinning in depressive disorders

A number of prior studies have reported reductiareortical thickness in frontal and temporal lolres
depressive disorders (30-33) [reviews (27, 34)E THinning has been further associated with atypica
functional connectivity(33) and executive functiogf32, 35), and with depression phenotypes in other

disorders (e.g., Alzheimer’'s dementia(36), diak@®)). Most studies to date however have only areth
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individuals with and without depression, precluddigentanglement of brain differences that predisfo the
disorder from those that may arise as a consequnhe illness. By identifying subjects basedrisk for,
rather thanpresence of the outcome of interest, high-risk designs all@taitarget biological processes that
emerge prior to onset of disease (37). Few imagfindies have applied this approach to depressitudy
by Papmeyeet al followed early adult offspring (mean age, 21 yashigh- and low-familial risk for
depression, but only across a two-year period @ffspring at high-risk for depression had thinright
temporal cortex, regardless of whether they dewldhe disorder themselves. Whereas high-risk wiffgp
who did not develop depression showed thinningsactioe 2 years in inferior frontal cortex, thoseowdid
develop depression showed corresponding thickemihigh the authors suggest may be a function of

insufficient synaptic pruning.

Cortical thinning mediates associations between familial risk and depression phenotypes

Frontal cortical thinning mediated the associabetween familial risk for depression and two achdith traits
associated with depression, hostility and angeilléstrated in Fig.2, frontal thinning partiallkelained the
relationship between familial risk and anger anstitity. Interestingly, thinning did not explainsxiations
between familial risk and offspring depression.sTtould be because depressive symptoms present
episodically and thus may be more likely to asgeoidth similarly episodic biological measures. Eegsion
also depends on the environment, and many offsprimgmay be at high-familial risk and have the icait

vulnerability still never go on to develop symptoms

Though not core clinical symptoms of depressiogeamnd hostility are reported in about a thirdigressed
patients (15, 38), and are associated with woraesemf the disorder, including poorer response to
pharmacological treatment, and higher rates ofdiiattempts, accidents, and cardiovascular dig@&s40).
Family history may thus lead some depressions by increasing proneness to aggresaitsia
dysregulation of circuits involving regions showifigntal thinning. This hypothesis is consistenttvgtudies

showing higher levels of aggression in adolesceittsthinner middle frontal cortices or disruptions

13



fronto-limbic circuitry (41). Future research casttthis hypothesis more directly by following tage
offspring who have both frontal thinning and eledbaggression traits, and test whether the aggressi

mediates an association between the thinning deddaset of clinical symptoms.

Limitations

The sample is based on families at high- or low-fig major depression, neither of which are corghle
reflective of the general U.S. population. The siemyas also of European ancestry, so findings neay n
generalize to other groups. Although we show tbaiaal thinning predicts measures of aggressioge#s
later, temporal causality should not be inferrecthe onset for development of the cortical thigniersus
behavioral traits is not known. The effect size &wk® moderate-to-large: for subtler regionaletighces or
more sensitive imaging modalities (e.g., fMRI), gignal-to-noise ratio may be insufficient to doeumn
correspondence across scans. On the other handethed variation across scans could have inflayge 11
errors, leaving us with a conservative estimatgtalbility. Associations between cortical thicknaesd
impulsivity could be accounted for by third variedl(e.g., trauma) that could alter both thickneskteait
measures. Finally, the study focused on biomairkeo#fspring at higtfamilial risk for depression. Thus, itis
unclear whether similar markers would be foundodfitier types of depression that are not family based
Similarly, as the study did not include offsprinfigpoobands with other disorders, we cannot emplyicast

whether the markers are specific to depressiorusarflective of broader psychiatric risk.

Conclusions

Identifying biomarkers of vulnerability is a criticstep in treatment development. A true vulneitgtriharker
must represemnisk for illness: simply serving as a one-time correlatédiness is insufficient (1). Using a
high-risk family design, we have identified a seablomarker for depression risk (bilateral frortahning)
that meets the above criteria. The marker firstinde be reproduced and validated independentlys&juent

research can then address predictive validity bgviang individuals with frontal thinning over timand

14



examining the long-term clinical trajectories. Aetsame time, functional imaging approaches cappked

to examine brain-wide circuitry implications of ttiénning.
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Table 1. Demographic and clinical characteristics of 82 ipgraints with scans of W5 and W6

High risk Low risk Test P-value
(n=43) (n=39) statistic

Age, mean, years W5 31.7+128 23.1%+128 t=3.1 0.003
W6 394+127 31.2+1238 t=2.9 0.005

Age, by generation, years

Second generation (G2) W5 38.7+8.1 39.7+5.6 t=05 0.63
W6 46.2 £8.1 47.8+5.9 t=0.7 0.48

Third generation (G3) W5 158+5.0 14.7+£3.9 t=0.7 0.50
W6 23.8+49 23.0+4.3 t=0.5 0.62

Generation

Second generation (G2) (6 8%) 13 (33.3%) X?=10.9 0.001

Third generation (G3) 13 (30.2%) 26 (66.7%)

Gender

Male 20 (46.5%) 17 (43.6%) X*=0.07 0.79

Female 23 (53.5%) 22 (56.4%)

Depressive symptoms*

Adult W5 4+49 3.2+42 t=0.6 0.55
W6 3.6+51 1.4+45 t=2.0 0.05

Child W5 20.2+9.0 21.0+71 t=0.2 0.82
W6 21.3+45 18.0+16.7 t=0.3 0.77

Anxiety symptoms’

Adult W5 3.7+4.1 25+35 t=1.1 0.28
W6 26+34 1.0+3.0 t=2.2 0.04

Child W5 8.7+8.3 5.8+6.7 t=0.9 0.37
W6 23+32 3.0+52 t=0.3 0.86

Current/lifetime depressive disorder (55.8%) 12 (30.8%) X?=5.2 0.02

Current/lifetime anxiety disorder 28 (65.1%) 19.#8) X?=2.2 0.13

Values are mean * SD.

!Depressive symptoms were determined by Hamiltorr&ssion Rating Scale and the Children’s Depredsioentory

for adults and children, respectively.

“Anxiety symptoms were determined by the Hamiltorxiaty Rating Scale and the Revised Children's MestiAnxiety

Scale for adults and children, respectively.

Symptoms scores were z-transformed for adults hildren independently before they were included@sriates in the

statistical models.
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Table 2. Cortical ROIs with significant thinning at eith@ave of assessment

Cortical Region

W5 W6
Size (mM) Betamean (mm)| Size (Min Beta mean (mm)
Right superior frontal 2983.5 -0.158 2985.1 -0.112
Left superior frontal 3835.0 -0.143 4023.9 -0.105
Left caudal middle frontal 1200.4 -0.141 1020.2 102
Right caudal middle frontal 1411.2 -0.137 1291.0 .098
Left inferior parietal 850.4 -0.093 772.2 -0.096

The size of thinning regions and their correspogdiverage beta values are reported here for gtatigt

significant ones.
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FigureTitlesand L egends

Figure 1. Maps of group differences in cortical thicknes8®fcommon subjects (43 high-risk, 39 low-risk) at
W5 and W6.

Panel A: At each point on the cerebral surface, the statiksignificance (probability values) of differesce
in cortical thickness across groups (high vs. lsk)rin participants from generations G2 and G3caler
coded. Warm colors (yellow, orange, and red) regresignificantly thicker cortices in the high-rigkoup;
cooler colors (blue and cyan) represent thinneticas in that group. The color bar indicates thercooding
of p-values for testing of statistical significarateeach point on the surface of the brain. Thisstitaal models

controlled for the age, and the sex of all partiots.

Pane B: Plot of Pearson correlation coefficients of coitibéckness between W5 and W6 in conjunct

thinning regions.
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Figure 2. Correlation and mediation of cortical thicknesshwiteasures of aggression hostility

Brain images show correlation of cortical thicknasthe first scan (i.e., w5) with measures of itins{left
panel) and anger (right). Regions shown in warnorsafyellow to red) represent those where thicketex
was associated with higher hostility/anger scattesr¢ were no regions meeting these criteria). degi
shown in cool colors (blue and cyan) representetlvdsere thinner cortex was associated with higher
hostility/anger. The color bar on the right indesthe color-coding of p-values for testing ofistital

significance at each point on the surface of tlagnbr

The arrow diagrams illustrate the pathways testedeé mediation models, with the blue pathwaysaaiiing
the three direct paths, and the red pathway, tfiecict path. Each path lists the beta values (&tjuer age at
first scan, age difference between scans, andws@k)corresponding p-values in parentheses. Tgath
indicates the indirect path, that is, the portibthe association between familial risk and angsstitity

outcomes that is mediated (explained) by the artiinning in the respective region.
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Hao et al. Supplement

Stability of Cortical Thinning in Persons at Increased Familial Risk
for Major Depression Across Eight Years

Supplemental Information

Primary analyses presented in Table 1 and Figure 1 document stability of cortical thinning among
families at high (compared to low) familial risk for depression across two time points approximately 8
years apart. However, there were a number of changes that co-occurred in the same eight year window,
raising the possibility that these changes could confound group differences. These include changes in
scanner, differential changes in developmental phase (puberty) and overall age across participants, and
clinical changes.

We thus performed a series of sensitivity analyses to address the potential impact these factors

could have had on the main finding.

Scanner change

We used a 1.5 Tesla Siemens scanner at W5 and a 3 Tesla GE scanner at W6. Differing field strength of
the scanner led to different contrast and image quality at the two waves (Figure S1) which could result in
differences in cortical thickness measurements across waves. Moreover, the voxel size of a W5 scan was
about 70% bigger than that of a W6 scan. We compared the thickness changes between W5 and W6
across the pial surface for high- and low-risk groups. Though different contrast resulted from the two
different scanners, together with different spatial resolution at W5 and W6 led to significantly different
cortical thickness measurements between W5 and W6. Measurements at W6, in general, generated thicker
cortex than W5, except at the frontal portion of the left hemisphere where cortical thickness at W6 was
thinner. The differences, though, were consistent across high- and low-risk groups and thus we did not
find any group difference in cortical thickness changes between the two waves. This implies that even
though there were significant differences in cortical thickness measurements between W5 and W6, the

effects were similar across high- and low-risk groups and would most likely cancel out when we
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compared cortical thickness between risk groups within W5 or W6. Thus the thinning effects in high-risk

group were stable and consistent across W5 and W6, and were not affected much by the scanner change.

Developmental phase

Differences in the thinning effects at W5 and W6 could be caused by subjects who went through puberty
between the two different waves. To assess the effects of those subjects, we removed 9 subjects who went
from under 12 years old at W5 to over 12 at W6 and reran the analyses at both waves (Figure S2) (73
subjects, 40 high-risk, 33 low-risk). Furthermore, we removed 13 subjects who were less than 13 at W5 or
less than 18 at W6 (69 subjects, 39 high-risk, 30 low-risk, not shown). The results from both analyses

were similar or identical to the results that included those who went through puberty between W5 and W6

(Fig. 1).

Age differences

As there were overall age differences by group (Table 1), we investigated its effect on the cortical
thinning results by plotting the age x risk status interaction term on the surface of the brain. There was no
significance of the interaction term across both hemispheres in either W5 or W6, suggesting that
differences in age in high versus low- risk groups were unlikely to bias the observed cortical thinning at
W5 or W6. Furthermore, we compared age-matched 66 subjects of high- and low-risk subgroups and

found the similar thinning pattern (Figure S3) as shown in the main figure.

Clinical status change

There were no new onsets of MDD in the 82 common subjects between the two scan waves, though there
were 8 recurrences. To test if those clinical status changes confounded the detected cortical thinning, we
excluded those offspring from the analyses and generated the cortical thinning results in the 74 remaining
subjects (37 high-risk, 37 low-risk, Figure S4). The effects were largely similar to the ones that included

those 8 recurrences (Fig. 1). Statistically adjusting for offspring’s prior history of depression and anxiety
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(Figure S5), and current depressive and anxiety symptoms (not shown) also did not significantly change
the findings. We compared cortical thickness of subjects with lifetime history of MDD and subjects
without MDD and found no significant thinning in the regions where thinning in the high-risk group was
considered an MDD trait, i.e., left superior frontal cortex, left caudal middle frontal, left inferior parietal
lobule, right superior frontal cortex.

Finally, although no offspring developed a new diagnosis of depression, six participants
developed a diagnosis of an anxiety disorder, and one of a substance use disorder, between the two scans.
The findings remained unchanged when we conducted sensitivity analyses removing these individuals

from the analyses.
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Scanner Change

W5 scan

Figure S1: Scan quality at W5 and W6. W6 data had better scan quality due to the higher field strength

of the scanner.
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Adjusting for the effects of development
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Figure S2: Maps of group differences in cortical thickness of 73 common subjects (40 high-risk, 33
low-risk, excluding 9 subjects who went from under 12 years at W5 to over 12 at W6) at W5 and
W6. At each point on the cerebral surface, the statistical significance (probability values) of differences in
cortical thickness across groups (high vs. low risk) in participants from generations G2 and G3 are color
coded. Warm colors (yellow, orange, and red) represent significantly thicker cortices in the high-risk
group; cooler colors (blue and cyan) represent thinner cortices in that group. The color bar indicates the
color-coding of p-values for testing of statistical significance at each point on the surface of the brain. The

statistical models controlled for the age, and the sex of all participants.
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Adjusting for the effects of age
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Figure S3: Maps of group differences in cortical thickness of 66 common subjects (33 high-risk, 33
low-risk, age matched between risk groups) at W5 and W6. At each point on the cerebral surface, the
statistical significance (probability values) of differences in cortical thickness across groups (high vs. low
risk) in participants from generations G2 and G3 are color coded. Warm colors (yellow, orange, and red)
represent significantly thicker cortices in the high-risk group; cooler colors (blue and cyan) represent
thinner cortices in that group. The color bar indicates the color-coding of p-values for testing of statistical
significance at each point on the surface of the brain. The statistical models controlled for the age, and the

sex of all participants.
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Adjusting for the effects of clinical depression

Right Hemi

Figure S4. Maps of group differences in cortical thickness of 74 common subjects (37 high-risk, 37
low-risk, excluded 8 subjects who had recurrence of MDD between W5 and W6) at W5 and W6. At
each point on the cerebral surface, the statistical significance (probability values) of differences in cortical
thickness across groups (high vs. low risk) in participants from generations G2 and G3 are color coded.
Warm colors (yellow, orange, and red) represent significantly thicker cortices in the high-risk group;
cooler colors (blue and cyan) represent thinner cortices in that group. The color bar indicates the color-
coding of p-values for testing of statistical significance at each point on the surface of the brain. The

statistical models controlled for the age, and the sex of all participants.
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Adjusting for the effects of clinical symptoms
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Figure S5. Maps of group differences in cortical thickness of 82 common subjects (43 high-risk, 39
low-risk) at W5 and W6, controlled for history of depression and anxiety. At each point on the
cerebral surface, the statistical significance (probability values) of differences in cortical thickness across
groups (high vs. low risk) in participants from generations G2 and G3 are color coded. Warm colors
(yellow, orange, and red) represent significantly thicker cortices in the high-risk group; cooler colors
(blue and cyan) represent thinner cortices in that group. The color bar indicates the color-coding of p-
values for testing of statistical significance at each point on the surface of the brain. The statistical models

also controlled for the age and the sex of all participants.



