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Abstract 

Prior studies suggest that relationships between regional cortical thickness and domain-

specific cognitive performance can be mediated by the relationship between global cortical 

thickness and domain-general cognition. Whether such findings extend to longitudinal cognitive 

change remains unclear. Here, we examined the relationships in healthy older adults between 

cognitive performance, longitudinal cognitive change over three years, and cortical thickness at 

baseline of the left and right inferior frontal gyrus (IFG) and left and right hemispheres. Both 

right IFG and right hemisphere thickness predicted baseline general cognition and domain-

specific cognitive performance. Right IFG thickness was also predictive of longitudinal memory 

change. However, right IFG thickness was uncorrelated with cognitive performance and memory 

change after controlling for the mean thickness of other ipsilateral cortical regions. Additionally, 

most identified associations between cortical thickness and specific cognitive domains were non-

significant after controlling for the variance shared with other cognitive domains. Thus, 

relationships between right IFG thickness, cognitive performance and memory change appear to 

be largely accounted for by more generic relationships between cortical thickness and cognition.  
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1. Introduction  

In comparison with adults aged in their 20’s, from their mid-60’s onward healthy adults 

typically demonstrate reduced performance in multiple cognitive domains, including episodic 

memory (Nyberg & Pudas, 2019), executive control (Braver & West, 2008) and speed of 

processing (Salthouse & Madden, 2007). As we discuss below, these age-related cognitive 

declines have been linked to structural changes in the brain.  

Among available structural neuroimaging measures, cortical thickness has received 

extensive attention since the advent of automatic image analysis pipelines (Fischl & Dale, 2000). 

Both cross-sectional and longitudinal studies employing such pipelines have identified 

widespread and regionally heterogeneous age-related reductions in cortical thickness. The 

strongest and most consistent effects of age are reported for prefrontal, temporal and parietal 

regions (Ecker et al., 2009; Fjell et al., 2009, 2010, 2014; Lemaitre et al., 2012; Pacheco et al., 

2015; Rast et al., 2018; Salat et al., 2004; Zhao et al., 2019). By contrast, thickness of primary 

somatosensory and motor regions, as well as the cingulate, insula, and occipital cortex, appears 

less sensitive to age (Fjell et al., 2009, 2010; Lemaitre et al., 2012; Thambisetty et al., 2010; 

Vinke et al., 2018; Zhao et al., 2019), although age-related reductions in these regions have also 

been reported (McGinnis et al., 2011; Salat et al., 2004; van Velsen et al., 2013). 

Numerous studies have examined the relationship between cortical thickness and 

cognition (for review, see Kaup et al., 2011; Oschwald et al., 2019), focusing mainly on 

associations between thickness of discrete brain regions and performance in specific cognitive 

domains. Of the studies that have examined such associations in cognitively healthy older adults, 

most have reported positive correlations between regional thickness and cognitive performance 

(e.g. Burzynska et al., 2012; Fjell et al., 2006; Sun et al., 2016; Vonk et al., 2019; Westlye et al., 

2011). For example, Sun et al. (2016) reported that the thickness of anterior temporal, rostral 

medial prefrontal, and anterior mid-cingulate cortex were each correlated with memory 

performance as indexed by long delay free recall scores on the California Verbal Learning Test 

(CVLT). Similarly, Westlye et al. (2011) reported that anterior cingulate, lateral prefrontal, and 

right inferior frontal cortical thickness measures were correlated with a measure of executive 

control. Lastly, Vonk et al. (2019) reported that while greater thickness of inferior frontal and 

insular temporal regions was related to higher letter fluency, thickness of other frontal regions, 
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together with posterior temporal and inferior parietal regions, was positively correlated with 

category fluency. 

Findings from longitudinal studies suggest that not only is there a positive relationship 

between regional cortical thickness and cognitive performance in older adults, but that regional 

thickness is also predictive of longitudinal cognitive change (e.g. Fjell et al., 2014; Knopman et 

al., 2018; Murphy et al., 2010; Sala-Llonch et al., 2017). For example, Knopman et al. (2018) 

reported that the thickness at baseline of entorhinal, inferior temporal, middle temporal and 

fusiform cortex correlated with both baseline performance and annualized decline over 3 years in 

‘general cognition’ (estimated by summing standardized composite scores of memory, executive 

function, language and visuospatial ability). In another study, Murphy et al. (2010) reported that 

longitudinal reduction in the thickness of the right fusiform and inferior temporal gyri over a 

period of 6 months predicted subsequent decline on two long-term memory tests over 2 years. 

More recently, Sala-Llonch et al. (2017) reported that longitudinal reduction in the thickness of 

the right supramarginal, postcentral and inferior parietal cortex over 2 years positively correlated 

with decline on a verbal fluency test over the same period.  

Although most studies investigating relationships between cortical thickness and 

cognitive performance have focused on individual regions, measures of thickness in different 

regions are strongly correlated (Ecker et al., 2009; Salthouse et al., 2015). In a small number of 

cross-sectional studies, general, rather than regional, measures of cortical thickness have been 

linked to performance in individual cognitive domains (de Chastelaine et al., 2019; Hedden et al., 

2016; Kranz et al., 2018; MacPherson et al., 2017). For example, in a recent study focusing on 

the relationship across the adult lifespan between cortical thickness and cognitive performance 

(de Chastelaine et al., 2019), it was reported that mean thickness of the entire cortical mantle 

correlated positively with associative recognition memory performance in older adults. Similar 

but weaker relationships were observed for latent constructs related to memory, speed, fluency 

and crystallized IQ derived from a neuropsychological test battery. Similarly, Kranz et al. (2018) 

reported that mean cortical thickness was significantly correlated with executive function and 

memory performance. These authors further reported that whereas the mean thickness of 

individual cortical regions belonging to different large-scale brain networks (e.g. the ‘default 

mode network’) predicted executive function and memory performance in older adults, the 
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relationships were no longer evident when mean thickness across the entire cortex was employed 

as a covariate.  

Like regional thickness measures, measures of performance in different cognitive 

domains are also strongly correlated across individuals (Agelink van Rentergem et al., 2020; 

Carroll, 1993; Hildebrandt et al., 2011; Salthouse & Davis, 2006; Spearman, 1927). A small 

number of studies have examined whether cortical thickness is predictive of domain-specific 

cognitive abilities after controlling for the variance in performance shared across multiple 

domains (Lee et al., 2016; Salthouse et al., 2015; Tsapanou et al., 2019). In one study, for 

example, Tsapanou et al. (2019) reported that the thickness of the entorhinal cortex predicted 

cognitive speed in older adults independently of total cortical thickness and several other brain 

biomarkers. However, this relationship was no longer significant after controlling for general 

cognition, estimated as the sum of scores measuring speed, memory and executive function. In 

another study along similar lines, Salthouse et al. (2015) controlled for both overall cortical 

thickness and general cognition in an effort to identify unique associations between regional 

thickness and specific cognitive domains. The authors reported a positive correlation between a 

general thickness factor and a general cognition factor derived from neuropsychological test 

scores tapping different cognitive domains. Of importance, after controlling for these factors, 

nearly all associations between regional thickness and individual cognitive scores, including 

those related to memory, perceptual speed and vocabulary, were non-significant. 
Together, the findings from the above-cited studies suggest that previously reported 

associations between the thickness of circumscribed cortical regions and domain-specific 

measures of cognitive performance in older adults are strongly mediated by relationships 

between more general measures of thickness and cognition. It remains to be established whether 

these findings extend beyond cognitive measures acquired at a single time-point to measures of 

longitudinal cognitive change.   

Here, we examined these and related issues in the context of possible relationships 

between thickness of the inferior frontal gyrus (IFG) and cognitive performance. We selected the 

IFG as the region of interest (ROI) for these analyses because it has been strongly implicated as a 

moderator of the efficacy of associative memory encoding in older adults in two prior functional 

neuroimaging studies (de Chastelaine et al., 2011, 2016a) and, in addition, is well recognized for 
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its role in verbal, semantic and executive processing more generally (e.g. Badre & Wagner, 2007; 

Costafreda et al., 2006; Moss et al., 2005). Using fMRI, de Chastelaine et al. (2011) compared 

encoding-related activity elicited by word pairs in young and older adults and identified age-

invariant subsequent associative recognition effects (greater activity for later remembered pairs 

compared to later misremembered pairs) in several cortical regions, including left IFG. In older 

adults only, the magnitude of the effects in both left and right IFG correlated with later 

associative recognition performance (positively on the left, negatively on the right). In the 

subsequent study, which employed a similar paradigm, encoding-related activity in samples of 

young, middle-aged and older adults was examined (de Chastelaine et al., 2016a). Age-invariant 

subsequent associative recognition effects were identified in the left IFG but were evident in the 

right IFG only in the older group (see Duverne et al., 2009, for similar findings). Moreover, only 

in this age group did the effects in the IFG reliably predict associative recognition performance, 

albeit with both left and right IFG effects now demonstrating positive correlations with 

performance (see de Chastelaine et al., 2016a, for a proposed explanation of the opposite signs of 

the right IFG correlations in the two studies). To account for these findings, the authors proposed 

that with advancing age, the left IFG plays an increasingly important role as a determinant of 

memory performance. They conjectured that this role emerges as a result of a combination of 

life-long individual differences in the functional capacity of the region, and individual 

differences in the degradation suffered by the region over the course of an individual’s lifetime. 

Consequently, with the passage of time the region emerges as a ‘bottleneck’ on episodic memory 

performance because of its key role in supporting the processing and encoding of inter-item 

associations. By this argument, the subsequent memory effects observed exclusively in the right 

IFG of older adults reflect an attempt to compensate for the diminished neural resources of its 

left-hemisphere counterpart (cf. Cabeza et al., 2018). 

In the present study we investigated the relationships between individual differences in 

the thickness of the left and right IFG acquired at baseline, baseline performance in different 

cognitive domains, and longitudinal change in performance, guided by the hypothesis that 

greater thickness would be associated with higher cognitive function, especially in the domain of 

long-term memory. Motivated by prior findings indicating that relationships between region-

specific structural measures and cognitive performance can be mediated by more global metrics 

(e.g. Salthouse et al., 2015; see also Sun et al., 2016), we also examined the relationships 
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between the thickness of the entire left and right hemispheres and cognition, and tested whether 

any relationships between IFG thickness and domain-specific cognitive measures remained after 

controlling for either the mean thickness of all other cortical regions or performance in other 

cognitive domains.  

2. Methods 

Mean cortical thickness measures and session 1 neuropsychological test data were 

described in a prior report (de Chastelaine et al., 2019). Neuropsychological test data from all 

three test sessions were reported in Hou et al. (2020). Here, we describe relationships between 

baseline IFG and mean cortical thickness measures from the left and right hemispheres, baseline 

neuropsychological test scores, and scores obtained at follow-up after 3 years. These data have 

not been reported previously.  

2.1 Participants 

Sixty-nine heathy older adults recruited from the greater Dallas community participated 

in the study. They undertook the same neuropsychological test battery twice (see below), 

separated by a one-month period (sessions 1 and 2 respectively). Two participants were excluded 

from all analyses of these data (including the PCA conducted on the session 1 

neuropsychological test scores, see below) because of abnormal anatomical scans.  

A subgroup of 55 participants were re-administrated the neuropsychological test battery 

around 3 years later (session 3). Twelve older adults did not participate in session 3 due to death 

(N =1), moving away from the Dallas area (N = 5), loss of contact (N = 5) or failure to attend (N 

= 1). Cortical thickness data from two participants who participated in all three sessions could 

not be used because of the low quality of their T1-weighted MR images. 

All participants were right-handed, fluent in English by age 5, had no history of 

neurological or psychiatric disease and had normal or corrected to normal vision. They each gave 

informed consent according to procedures approved by the UT Dallas and University of Texas 

Southwestern Institutional Review Boards. They were compensated at the rate of $30 per hour 

for their participation.  

2.2 Neuropsychological test battery  
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The neuropsychological test battery consisted of the California Verbal Learning Test-II 

(CVLT; short and long delayed cued recall and free recall and delayed recognition, Delis et al., 

2000), the immediate- and delayed Logical Memory tests of Wechsler Memory Scale (Wechsler, 

2009), the Digit span test (Forward and Backward tests) of the Wechsler Adult IQ Scale Revised 

(WAIS-R), the Digit/Symbol Coding test of the WAIS-R (SDMT, Wechsler, 2001), Trail 

Making Tests A and B (Reitan & Wolfson, 1985), letter and category fluency tests (FAS; Spreen 

& Benton, 1977), the Wechsler Test of Adult Reading (WTAR; Wechsler, 2001) and Raven’s 

Progressive Matrices (short version). For CVLT delayed recognition, both hits and false alarms 

were recorded. Forward and Backward tests scores were summed to provide a single digit span 

score. Because they were highly correlated, we calculated a composite CVLT recall score by 

averaging the scores from short and long delayed free and cued recall. Similarly, a composite 

Logical memory score was computed by averaging the scores of the immediate- and delayed 

Logical memory tests. These composite memory scores, together with the scores on each of the 

other neuropsychological tests, were used for all further analysis (see Supplemental Table 1). 

Following the initial administration of the test battery, potential participants were 

excluded from the MRI session if they had 1) scores > 1.5 SDs below the age-appropriate norm 

on any long-term memory sub-test (CVLT or WMS) or on any two other tests; 2) an estimated 

full-scale IQ < 100 as indexed by performance on the WTAR, or 3) a score on the Mini-Mental 

State Examination (MMSE) < 27.  

Participants who met the inclusion criteria were re-administered the test battery 

approximately one month later (session 2, range = 14-64 days, mean = 32 days) and, for a sub-

set of these participants (see above), again after approximately 3 years (session 3, range = 2.9-3.2 

years, mean = 3.0 years). The second test session was employed in an effort to attenuate re-test 

effects at session 3, which would lead to an underestimation of cognitive change. This approach 

was based on evidence that re-test effects tend to be greater for an initial re-test session than for 

subsequent sessions (Salthouse & Tucker-Drob, 2008), and are evident after delays of several 

years (Salthouse, 2009). As is detailed below, we used the mean of the scores obtained on the 

two sessions as the baseline for the assessment of change at Session 3. Averaging scores across 

sessions 1 and 2 has the additional advantage of providing more reliable estimates of baseline 

performance than those provided by a single test session, not least by attenuating the effects of 

regression to the mean (Bland & Altman, 1994).  
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Missing session 3 values from one participant for the SDMT, Trails A and Trails B tests 

were replaced by the mean performance of the remaining participants for that session. Test 

scores for Trail A and Trail B were in any case excluded from further analyses because of their 

low across-session reliability (correlations between session 1 and session 2 scores, r =. 45 

and .40 for Trails A and B respectively; the equivalent correlations for the other tests ranged 

between .47 - .88, see Supplemental Table 2).  

We conducted a principal component analysis (PCA) to reduce the raw test scores 

obtained from the neuropsychological test battery to scores on latent cognitive constructs 

(component scores). The PCA was conducted on the session 1 test data of the 67 eligible 

participants who provided scores for that session (see above). As was just mentioned, Trails A 

and B were not entered into this analysis because of their low test-retest reliabilities.  

Test scores were standardized prior to being subjected to PCA. Three principal 

components with eigenvalues > 1 were retained and subjected to Varimax rotation (Kaiser, 1958). 

The resulting components can be broadly characterized as representing constructs associated 

with memory, fluency, and crystallized IQ. Loadings for each component are given in 

Supplemental Table 3. It is worth noting that the outcome of this PCA differs from those 

described previously by virtue of the absence of a ‘speed’ component (de Chastelaine et al., 2019; 

Hou et al., 2020; Koen et al., 2019), reflecting the omission of the Trails scores. The factor 

loadings for the remaining components were unaffected by this omission. To generate a relative 

metric that enabled comparisons of component scores across sessions, for each test in the full 

group, we standardized the test scores across sessions 1 and 2. The component loadings were 

then applied to the standardized test scores from each session to obtain the component scores for 

that session. A similar procedure was used to calculate the standardized component scores for the 

longitudinal subgroup, with the exception that for each test, the scores from all three sessions 

were combined into a single dataset and then standardized. General cognition scores for each 

session were calculated by averaging the three domain-specific scores.  

In both the full group and the longitudinal subgroup, scores for each cognitive component 

were averaged across sessions 1 and 2 to provide baseline scores. Baseline general cognition 

scores were calculated by averaging the three individual baseline component scores. For both 

general cognition and the individual cognitive domains, longitudinal change scores were 

Jo
urn

al 
Pre-

pro
of



10 

 

estimated for each member of the longitudinal subgroup as the difference between baseline and 

session 3 scores.  

For both baseline and change scores in each individual cognitive domain, we calculated 

the mean scores of the other two domains (i.e. MOTH-COG). For example, for memory baseline 

scores, the mean of the baseline scores for fluency and crystallized IQ were calculated. The 

MOTH-COG scores were included as covariates in the relevant statistical analyses to evaluate the 

specificity of the relationships identified between structural brain measures and performance in a 

given cognitive domain (see below).   

2.3 In-scanner associative memory task 

The details of the MRI experimental and scanning procedures have been described in 

prior publications (e.g. de Chastelaine et al., 2015, 2016a, 2016b). A single MRI scanning 

session, during which both structural and functional data were acquired, was conducted between 

the initial two administrations of the neuropsychological test battery (average of 22 days after 

Session 1). In brief, participants encoded a series of 240 trial-unique pairs of concrete words, 

judging on each trial which of the denoted objects would ‘fit’ into which. After the encoding 

phase, participants exited the scanner and rested. They re-entered the scanner 15 minutes later 

and undertook an associative recognition test, which was split into three consecutive test blocks. 

The test items comprised 160 ‘intact’ word pairs (pairs re-presented from study), 80 ‘rearranged 

pairs’ (comprising studied words that were re-paired between study and test), and 80 ‘new’ pairs 

(pairs of unstudied words). Instructions were to identify the class of word pair presented on each 

trial by pressing a button corresponding to ‘intact’, ‘rearranged’ or ‘new’. Associative 

recognition performance (pR) was estimated as the difference between the proportion of 

correctly endorsed intact pairs (associative hits) and the proportion of intact pairs incorrectly 

identified as rearranged (associative misses) (de Chastelaine et al., 2015, 2016a, 2016b). 

Potential relationships between cortical thickness and pR were examined (see below). To 

determine whether any such relationships reflected variance unique to the pR metric, we 

employed the mean of the baseline component scores of all domains other than memory as a 

covariate. The findings were unchanged when we examined the unique relationships between 

thickness and pR after controlling baseline general cognition scores.  

2.4 MRI acquisition 
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Functional and structural images were acquired with a Philips Achieva 3T MR scanner 

(Philips Medical System, Andover, MA USA) equipped with a 32-channel head coil. Functional 

images were acquired during both study and test phases. Diffusion tensor images (DTI) and 

high-resolution T1-weighted images were acquired following the functional scanning session. 

The T1-weighted images were acquired with an MP-RAGE pulse sequence (TR = 8.1 ms, TE = 

3.7 ms, FOV = 256 × 224, voxel size = 1×1×1 mm, 160 slices, sagittal acquisition).   

2.5 Measurement of cortical thickness 

Cortical thickness was estimated from the T1-weighted image of each participant in 

multiple steps (see also de Chastelaine et al., 2019). First, cortical reconstruction was performed 

through a standard analysis pipeline in FreeSurfer v5.3 (http://surfer.nmr.mgh.harvard.edu/fswiki; 

Dale et al. 1999; Fischl & Dale 2000; Fischl et al., 2002). After this initial automated analysis, 

the segmented gray/white matter surfaces were visually checked by two trained raters. If 

necessary, edits such as control points, white matter edits and pial edits were added to improve 

tissue classification and the automated reconstruction procedure was then repeated. Thickness 

was calculated as the distance from the gray/white matter boundary to the pial surface on a 

vertex-by-vertex basis across the entire cortical mantle.  

The mean cortical thickness of each hemisphere was estimated as the mean of the vertex-

weighted thickness estimates. Global mean thickness was measured as the mean thickness 

averaged over the left and right hemispheres. To estimate thickness of left and right IFG, we 

calculated the mean thickness of opercular, orbital and triangular parcels of the IFG as 

demarcated in the Destrieux atlas (Destrieux et al., 2010). For the purposes of some of the 

analyses reported below, we also calculated the thickness of all cortical regions in each 

hemisphere other than the IFG by averaging the thickness estimates of each cortical parcel 

excluding the three parcels comprising the IFG (henceforth: extra-IFG thickness).  

2.6 Head motion 

Because prior studies have indicated that within-scan head motion can lead to the 

underestimation of cortical thickness (e.g. de Chastelaine et al., 2019; Geerligs et al., 2017; 

Reuter et al., 2015; Savalia et al., 2017), we residualized thickness measures against head motion 

estimates derived from temporally adjacent functional scans (see Savalia et al., 2017 and de 

Chastelaine et al., 2019 for evidence that such estimates can serve as a proxy for within-scanner 
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head movement during a structural scan). The methods are described in detail in de Chastelaine 

et al. (2019). Briefly, following the procedure described by Power et al. (2012), we calculated 

framewise displacement (FD) as the sum of the absolute values of the 6 volume-wise 

realignment parameters output following motion correction of the functional images. We used 

the average of the FD values from the three immediately preceding functional scans to predict 

amount of head motion during the anatomical scan.  

2.7 Statistical analyses 

The present study examined whether individual differences in IFG thickness and mean 

cortical thickness were predictive of 1) individual differences in baseline cognitive performance 

or 2) individual differences in longitudinal change in general cognition or in one or more 

cognitive domains.  

To examine whether measures of thickness were related to baseline cognitive 

performance, we computed partial correlations between thickness and cognitive performance 

after controlling for age and, in subsequent analyses, for additional variables as specified in the 

relevant sections of the Results. To examine whether IFG thickness or mean cortical thickness 

was predictive of longitudinal cognitive change, we employed a set of linear mixed effects 

models. We included chronological age as a predictor in all of these analyses because 

this variable was correlated with measures of cortical thickness and cognitive performance with 

small-to-medium effect sizes (absolute rs ranging from .03 to .41, see Supplemental Table 5). 

Each linear mixed model included a random intercept term to accommodate individual 

differences in baseline performance. The models took the following general form:  

Cognitionij = B0 + B1Agei + B2Sessionj + B3Thicknessi + B4(Thicknessi × Sessionj) + b0i + eij, 

where Cognitionij refers to individual i’s cognitive performance (either globally or in an 

individual cognitive domain) at session j, age refers to a participant’s age at baseline, Session 

refers to test session (baseline coded as 0, session 3 coded as 1), Thickness refers to thickness at 

baseline, and Thickness × Session refers to the interaction between thickness and test session. B 

denotes fixed-effects estimates, b0 denotes estimates for participant-specific random-effects (i.e. 

baseline cognitive performance), and e is the residual error. Models in which one or more 

variables accounted for a significant fraction of the variance in cognitive performance or 

cognitive change were expanded to include additional covariates (see Results). Note that we 
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repeated the analyses of the general cognition and fluency scores after exclusion of a single 

participant whose performance on the measures was > 3 standard deviations above the group 

mean. All of the findings reported below were unchanged. This was also the case when (at the 

request of a reviewer) we included years of education as an additional covariate. 

Because of our focus on the relationships between left and right IFG thickness and 

cognition, here we report findings for the mean thickness of each hemisphere separately. The 

findings for mean thickness across the entire cortical mantle were highly similar to those for the 

right hemisphere, albeit with slightly reduced effect sizes (see Supplementary materials). 

3. Results 

3.1 Sample characteristics 

Demographic information pertaining to the study samples and summary measures of 

cortical thickness are given in Table 1. As is evident from the table, the full group and the 

longitudinal subgroup had highly similar demographic characteristics and measures of thickness. 

As noted previously (see Methods) thickness was residualized against an estimate of head 

motion (FD) prior to the analyses described in the following sections.  

Table 1. Demographic information, summary measures of cortical thickness and framewise displacement 

for the study participants (standard deviations in parentheses).  

 Full Group Longitudinal subgroup 

N 67 55 

Age at Session 1 (yrs)   

M 68.2 (3.6) 68.3 (3.7) 

Range 63 – 76 63 – 76 

Gender 37 F, 30 M 28 F, 27 M 

Education (yrs) 17.2 (2.3) 17.3 (2.3) 

LH_mean (mm) 2.30 (.10) 2.30 (.11) 

RH_mean (mm) 2.30 (.11) 2.30 (.11) 

LH_IFG (mm) 2.49 (.19) 2.49 (.19) 

RH_IFG (mm) 2.46 (.24) 2.46 (.21) 

LH_extra-IFG (mm) 2.31 (.11) 2.31 (.11) 

RH_extra-IFG (mm) 2.31 (.12) 2.31 (.11) 

FD (mm) .33 (.14) .34 (.15) 
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Note. LH_mean: mean cortical thickness of the left hemisphere; RH_mean: mean cortical thickness of the right 

hemisphere; LH_IFG: left IFG thickness; RH_IFG: right IFG thickness; LH_extra-IFG: mean thickness of areas 

other than IFG of the left hemisphere; RH_extra-IFG: mean thickness of areas other than IFG of the right 

hemisphere.  

3.2 Neuropsychological test performance 

Neuropsychological test scores were fully reported in Hou et al. (2020). The data are 

however re-described in Supplemental Table 1 for the convenience of the reader. As is evident 

from the table, the full group and the longitudinal subgroup were well matched in terms of 

performance on the first two sessions. Also, in both groups, test performance showed an overall 

improvement from session 1 to session 2. In the longitudinal subgroup, mean performance 

showed only modest evidence of change between sessions 2 and 3.  

Component scores for general cognition and the three individual cognitive domains are 

given in Table 2. Pairwise t tests comparing performance between session 1 and session 2 

revealed reliable re-test effects in all domains in both the full group (ts > 4.54, ps <.001) and the 

longitudinal subgroup (ts > 3.32, ps < .003).  

Also included in Table 2 are the mean component scores averaged across sessions 1 and 

2 (i.e. the baseline scores, see Methods) and the difference scores between baseline and session 3 

in the longitudinal subgroup. Comparisons of performance between baseline and Session 3 

scores did not identify significant changes in either general cognition or in the individual 

cognitive domains [general cognition, t(54) = 1.42, p = .161; memory, t(54) = 1.02, p = .313; 

fluency, t(54) = 1.43, p = .160; crystallized IQ, t(54) = .65, p = .516]. 

Table 2. Component scores for each session and change scores over three years (standard deviations in 

parentheses).  

 Session 

 1 2 3 baseline (1&2) change (1&2 – 3) 

Full group      

General cognition -.45 (1.75) .45 (1.60) — .00 (1.63) — 

Memory -.82 (2.60) .82 (2.23) — .00 (2.32) — 

Fluency -.28 (2.05) .28 (2.01) — .00 (1.98) — 

Crystalized IQ -.25 (1.89) .25 (1.79) — .00 (1.79) — 

Longitudinal 
subgroup 

     

General cognition -.35 (1.80) .46 (1.62) -.11 (1.82) .05 (1.67) .16 (.83)  

Jo
urn

al 
Pre-

pro
of



15 

 

Memory -.71 (2.63) .83 (2.29) -.12 (2.67) .06 (2.37) .18 (1.32) 

Fluency -.17 (2.13) .32 (2.07) -.15 (2.06) .08 (2.05) .23 (1.18) 

Crystalized IQ -.18 (1.85) .23 (1.76) -.05 (1.75) .02 (1.74) .07 (.78) 

Note. Component scores in session 2 were significantly higher than session 3 for both general cognition and the 

individual cognitive domains (ts > 2.14, ps < .037). 

We further examined the simple correlations among baseline cognitive scores for the 

different domains, along with in-scanner associative recognition performance (pR). These scores 

were reliably inter-correlated in the full group (rs > .26, ps < .031) and similarly, in the 

longitudinal subgroup [rs > .38, ps < .004, with the exception of the correlation between pR and 

crystallized IQ (r = .26, p = .058), see Supplemental Table 4 for the complete results of these 

analyses]. 

Analogously to the baseline scores, in the longitudinal subgroup the change scores in 

individual cognitive domains were also inter-correlated: memory change scores were 

significantly correlated with change scores in both fluency and crystallized IQ (respectively: r 

= .35, p = .009; r = .44, p = .001). A positive but non-significant correlation was evident between 

the change scores in fluency and crystallized IQ (r = .26, p = .058). 

3.3 Association between cortical thickness and baseline cognitive performance 

For all analyses of the baseline data the findings for the full group and the longitudinal 

subgroup were closely similar. Therefore, we only report the findings from the full group here.  

We first examined correlations between the different thickness measures employed in the 

analyses reported below. In brief, both left and right IFG thickness correlated strongly with 

thickness of the respective ipsilateral extra-IFG regions as well as with thickness of the entire 

ipsilateral hemisphere (rs > .73, ps < .001). In addition, significant inter-hemispheric correlations 

were identified for each of these measures (rs > .62, ps < .001, for complete results of these 

analyses, see Supplemental Table 6).  

Table 3 shows the correlations between measures of IFG thickness and baseline cognitive 

scores in the full group (see also Figure 1). As is evident from the table, after controlling for age, 

right IFG thickness was positively correlated with general cognition. Right IFG thickness was 

also significantly correlated with fluency and crystallized IQ scores while the relationship 

between right IFG thickness and memory scores approached significance. As is also evident in 
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Table 3, right IFG thickness significantly correlated with associative recognition performance 

(pR, see also Figure 2). In contrast with the findings for the right IFG, left IFG thickness did not 

correlate significantly with any cognitive measure. 

Table 3 also shows the correlations between IFG thickness and performance in each 

cognitive domain after controlling for the variance shared with other cognitive domains (MOTH-

COG) and with extra-IFG thickness. As is evident from the table, all of the previously identified 

relationships between right IFG thickness and the individual cognitive measures were non-

significant after controlling for either one or both of these variables. 

Table 3. Correlations between IFG thickness and baseline scores in the full group, after controlling for 

age, for the variance shared with other cognitive domains, and for extra-IFG thickness (p values in 

parentheses). 

Note. LH_IFG: left IFG thickness; RH_IFG: right IFG thickness. 

 LH_IFG RH_IFG 

 Age 
+ MOTH-

COG 
+ extra-

IFG 

+ MOTH-

COG & 
extra-
IFG 

Age 
+ MOTH-

COG 
 + extra-

IFG 

+ MOTH-

COG & 
extra-
IFG 

General cognition 
.17 

(.169) 
— 

.05 
(.712) 

— .30 
(.015) 

— 
.07 

(.576) 
— 

Memory 
.11 

(.401) 
.01 

(.930) 
-.02 

(.890) 
-.07 

(.585) 
.24 

(.057) 
.11 

(.389) 
.04 

(.751) 
.00 

(.975) 

Fluency .20 
(.110) 

.16 
(.226) 

.11 
(.383) 

.13 
(.302) 

.25 
(.047) 

.11 
(.409) 

.06 
(.624) 

.03 
(.797) 

Crystallized IQ 
.12 

(.352) 
.03 

(.824) 
.03 

(.813) 
.01 

(.965) 
.25 

(.050) 
.11 

(.370) 
.07 

(.583) 
.05 

(.718) 

pR 
.17 

(.188) 
.11 

(.386) 
.02 

(.866) 
-.01 

(.966) 
.28 

(.024) 
.20 

(.110) 
.17 

(.172) 
.16 

(.217) 
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Figure 1. Scatter plots of the relationship between right IFG thickness and baseline component scores for 

general cognition and individual cognitive domains, after controlling for age.  

Correlations between the thickness of the left and right hemispheres and baseline 

cognitive scores in the full group are shown in Table 4 (see also Figure 3). As is evident from the 

table, after controlling for age, general cognition was positively and significantly correlated with 

mean thickness of the right hemisphere. A similar, albeit, non-significant trend was evident for 

the left hemisphere. Table 4 also shows the correlations between these thickness measures and 

each of the 3 individual cognitive components. Component scores in all three cognitive domains 

were significantly correlated with mean thickness of the right hemisphere. Similar but non-

significant relationships were observed for the left hemisphere. Correlations between left and 

right hemisphere thickness and pR are also given in Table 4. While both thickness measures 

were positively correlated with pR, only the correlation with right hemisphere thickness was 

significant (see also Figure 2).  

Table 4 also reports the correlations between left and right hemisphere thickness and the 

different domain-specific cognitive measures after controlling for the variance shared with the 

other measures. As is evident from the table, none of the previously identified relationships 
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approached significance after controlling for the means of the scores in the other two domains. 

Similarly, with MOTH-COG as an additional covariate, the correlation between pR and right 

hemisphere thickness was non-significant.   

Table 4. Correlations between mean cortical thickness of each hemisphere and baseline scores in the full 

group, after controlling for age and for the variance shared with other cognitive domains (p values in 

parentheses). 

 LH_mean RH_mean 

 Age + MOTH-COG Age + MOTH-COG 

General cognition .24 (.060) — .37 (.003) — 

Memory .19 (.127) .09 (.461) .31 (.014) .16 (.201) 

Fluency .22 (.074) .13 (.301) .31 (.012) .15 (.250) 

Crystallized IQ .15 (.235) .02 (.851) .27 (.033) .09 (.471) 

pR .23 (.072) .17 (.195) .25 (.050) .15 (.247) 

Note. LH_mean: mean cortical thickness of the left hemisphere; RH_mean: mean cortical thickness of the right 

hemisphere. 

 

 

Figure 2. Scatter plots of the relationship between thickness of right IFG (left) and the right hemisphere 

(right) and pR, after controlling for age. 
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Figure 3. Scatter plots of the relationship between mean cortical thickness of the right hemisphere and 

baseline component scores for general cognition and individual cognitive domains, after controlling for 

age.  

3.4 Association between IFG thickness and longitudinal cognitive change 

Based on the general model described in the Materials and Methods section (see 

‘statistical analyses’), a series of linear mixed effects models were constructed to examine 

whether thickness of the left or right IFG or left or right hemisphere was predictive of 

longitudinal change in general cognition or each individual cognitive domains. For each model, 

we were interested in: 1) the thickness term, which reflects the strength of the relationship 

between thickness and  mean cognitive performance averaged over baseline and session 3, and 2) 

the thickness × session interaction term, which indexes the relationship between the thickness 

measure and cognitive change.  

Results of the models using IFG thickness to predict mean performance and change in 

general cognition are shown in Table 5. Right IFG thickness (Model 2) significantly predicted 
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general cognitive performance, consistent with the results reported in Table 3 and Figure 1. 

However, the interactions between left or right IFG thickness and session were both non-

significant. 

Table 5. Linear mixed effects regression results for IFG thickness predicting performance and change in 

general cognition.  

General cognition 

Parameter B (SE) df t p 

Model 1 

Intercept 5.99 (4.29) 50 1.40 .168 

Age -.09 (.06) 50 -1.37 .177 

LH_IFG .31 (.24) 57 1.29 .204 

Session -.16 (.12) 51 -1.34 .185 

LH_IFG × Session -.03 (.12) 51 -.29 .776 

Model 2 

Intercept 4.18 (4.06) 50 1.03 .308 

Age -.06 (.06) 50 -1.00 .322 

RH_IFG .57 (.23) 57 2.49 .016 

Session -.16 (.11) 51 -1.38 .173 

RH_IFG × Session .20 (.12) 51 1.74 .088 

Note. LH_IFG: left IFG thickness; RH_IFG: right IFG thickness. 

The outcomes of the linear mixed effects models employing IFG thickness to predict 

mean performance and change in each individual cognitive domain are shown in Table 6. In the 

case of memory, IFG thickness failed to predict mean memory scores averaged across baseline 

and session 3. However, there was a significant interaction between right IFG thickness and test 

session (Model 4), indicative of an inverse relationship between thickness and longitudinal 

memory decline (see Figure 4 for plots illustrating this relationship).  

Consistent with the findings reported above for the baseline scores, right IFG thickness 

was a significant predictor of fluency. Neither left nor right IFG thickness predicted longitudinal 

change in fluency scores, however. Finally, a significant relationship was identified between 

right IFG thickness and crystallized IQ.  
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Table 6. Linear mixed effects regression results for IFG thickness predicting performance and change in 

individual cognitive domains.  

Memory 

Parameter B (SE) df t p 

Model 3 

Intercept 8.82 (6.36) 50 1.39 .172 

Age -.13 (.09) 50 -1.37 .177 

LH_IFG .19 (.36) 57 .53 .597 

Session -.21 (.18) 51 -1.14 .258 

LH_IFG × Session -.01 (.19) 51 -.08 .937 

Model 4 

Intercept 7.02 (6.27) 50 1.12 .269 

Age -.10 (.09) 50 -1.10 .276 

RH_IFG .40 (.35) 57 1.15 .257 

Session -.21 (.17) 51 -1.20 .237 

RH_IFG × Session .39 (.18) 51 2.22 .031 

Fluency 

Parameter B (SE) df t p 

Model 5  

Intercept 8.16 (4.84) 50 1.68 .099 

Age -.12 (.07) 50 -1.65 .105 

LH_IFG .51 (.28) 60 1.85 .070 

Session -.21 (.16) 51 -1.27 .208 

LH_IFG × Session -.14 (.17) 51 -.81 .421 

Model 6 

Intercept 6.08 (4.57) 50 1.33 .189 

Age -.09 (.07) 50 -1.30 .200 

RH_IFG .81 (.26) 61 3.12 .003 

Session -.21 (.17) 51 -1.27 .211 

RH_IFG × Session .02 (.17) 51 .10 .918 

Crystallized IQ 

Parameter B (SE) df t p 

Model 7 

Intercept 1.00 (4.33) 50 .23 .818 

Age -.01 (.06) 50 -.21 .837 

LH_IFG .23 (.355) 56 .93 .355 

Session -.05 (.11) 51 -.48 .632 
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LH_IFG × Session .05 (.11) 51 .45 .657 

Model 8  

Intercept -.57 (4.18) 50 -.14 .892 

Age .01 (.06) 50 .16 .871 

RH_IFG .48 (.23) 56 2.05 .045 

Session -.05 (.11) 51 -.50 .621 

RH_IFG × Session .20 (.11) 51 1.84 .072 

Note. LH_IFG: left IFG thickness; RH_IFG: left IFG thickness. 

 

 

Figure 4. A: Right IFG thickness × session interaction visualized with simple slopes (mean ±1SD). B: 

scatter plot depicting the relationship between memory change scores (baseline minus session 3) and right 

IFG thickness, controlling for age and baseline scores. 

To examine whether the relationships identified with general cognition were specific to 

the right IFG, we employed a follow-up linear mixed effects model in which extra-IFG thickness 

(i.e. extra-IFG) of the right hemisphere, and the extra-IFG × session interaction term were 

included as additional predictors. As is evident from the first panel of Table 7, after controlling 

for these variables, right IFG thickness did not significantly predict general cognition. 

In a series of models following up the relationships identified between right IFG 

thickness and individual component scores documented in Table 7, we added extra-IFG 

thickness, mean performance across the other two cognitive domains and their interactions with 

test session as predictors. As is evident from the table, with the inclusion of these additional 

predictors, the right IFG thickness × session interaction term no longer predicted memory change. 
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Right IFG thickness continued to predict fluency after controlling for the average of the memory 

and crystallized IQ scores. This relationship did not persist, however, when extra-IFG thickness 

and the extra-IFG × session interaction terms were included as additional predictors. The 

previously identified relationship between right IFG thickness and crystallized IQ was also non-

significant after controlling for the additional covariates.  

Table 7. Linear mixed effects regression results for IFG thickness predicting cognitive performance and 

change, before and after controlling for variance shared with other cognitive domains and thickness of 

extra-IFG regions (p values in the parentheses). 

RH_IFG predicting general cognition 

 Intercept Age TK Se TK × Se 
extra-
IFG 

extra-
IFG × Se 

MOTH-

COG 
MOTH-

COG × Se 

Model 2 
4.18 

(.308) 
-.06 

(.322) 
.57 

(.016) 
-.16 

(.173) 
.20 

(.088) 
    

+ extra-IFG 
2.46 

(.566) 
-.03 

(.586) 
.34 

(.289) 
-.16 

(.174) 
.10 

(.558) 
.33 

(.329) 
.14 

(.399) 
  

RH_IFG predicting memory 

 Intercept Age TK Se TK × Se 
extra-
IFG 

extra-
IFG × Se 

MOTH-

COG 
MOTH-

COG × Se 

Model 4 
7.02 

(.269) 
-.10 

(.276) 
.40 

(.257) 
-.21 

(.237) 
.39 

(.031) 
    

+ extra-IFG 
3.79 

(.566) 
-.05 

(.577) 
-.00 

(.993) 
-.21 

(.235) 
.18 

(.479) 
.61 

(.241) 
.29 

(.254) 
  

+ MOTH-COG 
4.69 

(.387) 
-.07 

(.386) 
-.13 

(.689) 
-.10 

(.514) 
.28 

(.115)   .82 
(< .001) 

.03 
(.755) 

+ extra-IFG 

& M OTH-COG 
2.30 

(.685) 
-.03 

(.685) 
-.42 

(.329) 
-.10 

(.508) 
.12 

(.596) 
.46 

(.308) 
.23 

(.303) 
.81 

(< .001) 
.02 

(.862) 

RH_IFG predicting fluency 

 Intercept Age TK Se TK × Se 
extra-
IFG 

extra-
IFG × Se 

MOTH-

COG 
  MOTH-

COG × Se 

Model 6 
6.08 

(.189) 
-.09 

(.200) 
.81 

(.003) 
-.21 

(.211) 
.02 

(.918) 
    

+ extra-IFG 
5.07 

(.302) 
-.07 

(.317) 
.66 

(.082) 
-.21 

(.216) 
.00 

(.998) 
.23 

(.564) 
.02 

(.926) 
  

+ MOTH-COG 
4.10 

(.276) 
-.06 

(.287) 
.58 

(.011) 
-.14 

(.370) 
-.22 

(.189) 
  .55 

(< .001) 
 .10 

(.289) 

+ extra-IFG 

& M OTH-COG 
4.32 

(.282) 
-.06 

(.292) 
.56 

(.076) 
-.14 

(.374) 
-.12 

(.597) 
.02 

(.954) 
-.15 

(.500) 
.55 

(< .001) 
 .11 

(.241) 

RH_IFG predicting crystallized IQ 

 Intercept Age TK Se TK × Se extra- extra- MOTH- MOTH-COG 
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IFG IFG × Se COG × Se 

Model 8 
-.57 

(.892) 
.01 

(.871) 
.48 

(.045) 
-.05 

(.621) 
.20 

(.072) 
    

+ extra-IFG 
-1.47 
(.742) 

.02 
(.723) 

.37 
(.269) 

-.05 
(.623) 

.12 
(.436) 

.16 
(.650) 

.10 
(.506)   

+ MOTH-COG 
-3.10 
(.396) 

.05 
(.387) 

.22 
(.298) 

.03 
(.755) 

.18 
(.111) 

  .42 
(< .001) 

-.07 
(.193) 

+ extra-IFG 

& M OTH-COG 
-3.17 
(.414) 

.05 
(.406) 

.23 
(.422) 

.03 
(.760) 

.12 
(.427) 

-.02 
(.940) 

.09 
(.535) 

.42 
(< .001) 

-.08 
(.162) 

Note. TK: left or right IFG thickness; Se: Session. 

3.5 Association between cortical thickness of each hemisphere and longitudinal cognitive 

change 

We also constructed a series of linear mixed effects models to examine whether thickness 

of the left or right hemisphere was predictive of longitudinal change in general cognition and in 

each of the individual cognitive domains. The outcomes of these models are shown in Table 8. 

Mean thickness of the right hemisphere (Model 10) was a significant predictor of performance in 

general cognition, consistent with the results reported in Table 4 and Figure 3. However, neither 

left nor right hemisphere thickness significantly interacted with test session. 

Table 8. Linear mixed effects regression results for hemisphere thickness predicting performance and 

change in general cognition.  

General cognition 

Parameter B (SE) df t p 

Model 9 

Intercept 2.91 (4.53) 50 .64 .524 

Age -.04 (.07) 50 -.61 .542 

LH_mean .40 (.25) 56 1.62 .110 

Session -.16 (.11) 51 -1.38 .174 

LH_mean × Session .19 (.12) 51 1.63 .109 

Model 10 

Intercept 1.71 (4.16) 50 .41 .683 

Age -.02 (.06) 50 -.38 .706 

RH_mean .67 (.23) 57 2.86 .006 

Session -.16 (.11) 51 -1.38 .174 

RH_mean × Session .19 (.12) 51 1.66 .102 
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Note. LH_mean: mean cortical thickness of the left hemisphere; RH_mean: mean cortical thickness of the right 

hemisphere. 

The outcomes of the linear mixed effects models employing thickness of left or right 

hemisphere to predict mean performance and change in the individual cognitive domains are 

shown in Table 9. Consistent with the results reported in Table 4 and illustrated in Figure 3, right 

hemisphere thickness was positively, albeit non-significantly, correlated with mean memory 

performance (Model 12). As is also evident from Models 11 and 12, there were marginally 

significant interactions between the thickness measures and test session, indicative of a weak 

inverse relationship with longitudinal memory decline. 

As is shown in Models 13 and 14, and consistent with the findings reported for the 

baseline scores above, both left and right hemisphere thickness significantly predicted fluency 

scores, although in neither case was there a significant interaction with session. Finally, no 

relationship was identified between either thickness measure and crystallized IQ.  

Table 9. Linear mixed effects regression results for mean cortical thickness predicting performance and 

change in individual cognitive domains.  

Memory 

Parameter B (SE) df t p 

Model 11 

Intercept 5.10 (6.75) 50 .76 .454 

Age -.07 (.10) 50 -.74 .463 

LH_mean .39 (.38) 56 1.04 .303 

Session -.21 (.18) 51 -1.18 .243 

LH_mean × Session .33 (.18) 51 1.86 .069 

Model 12 

Intercept 3.70 (6.38) 50 .58 .564 

Age -.05 (.09) 50 -.56 .575 

RH_mean .68 (.36) 57 1.91 .061 

Session -.21 (.18) 51 -1.19 .242 

RH_mean × Session .35 (.18) 51 1.96 .055 

Fluency 

Parameter B (SE) df t p 

Model 13  

Intercept 4.60 (5.15) 50 .89 .376 
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Age -.07 (.08) 50 -.86 .392 

LH_mean .59 (.29) 59 2.03 .047 

Session -.21 (.17) 51 -1.27 .211 

LH_mean × Session .04 (.17) 51 .22 .830 

Model 14 

Intercept 3.51 (4.77) 50 .74 .465 

Age -.05 (.07) 50 -.70 .485 

RH_mean .84 (.27) 61 3.10 .003 

Session -.21 (.17) 51 -1.27 .211 

RH_mean × Session .06 (.17) 51 .33 .743 

Crystallized IQ 

Parameter B (SE) df t p 

Model 15 

Intercept -.99 (4.66) 50 -.21 .832 

Age .02 (.07) 50 .24 .814 

LH_ mean .24 (.26) 55 .94 .349 

Session -.05 (.11) 51 -.50 .621 

LH_ mean × Session .20 (.11) 51 1.85 .070 

Model 16  

Intercept -2.10 (4.41) 50 -.48 .635 

Age .03 (.06) 50 .50 .617 

RH_ mean .48 (.25) 55 1.96 .055 

Session -.05 (.11) 51 -.49 .625 

RH_ mean × Session .17 (.11) 51 1.59 .118 

Note. LH_mean: mean cortical thickness of the left hemisphere; RH_mean: mean cortical thickness of the right 

hemisphere. 

To examine whether the relationships identified in Models 13 and 14 were specific to the 

fluency component, follow-up models were constructed with the mean of the memory and 

crystallized IQ component scores (i.e. MOTH-COG) and the MOTH-COG × session interaction term as 

additional predictors. As is evident from Table 10, even with the inclusion of these additional 

variables, right hemisphere thickness remained a significant predictor of fluency scores.  
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Table 10. Linear mixed effects regression results for left and right hemisphere thickness predicting 

cognitive performance and change in fluency, before and after controlling for variance shared with other 

cognitive domains (p values in the parentheses). 

LH_thickness predicting fluency 

 Intercept Age TK Se TK × Se MOTH-COG 
MOTH-COG × 

Se 

Model 13 4.60 (.376) -.07 (.392) .59 (.047) -.21 (.211) .04 (.830)   

+ MOTH-COG 3.29 (.423) -.05 (.437) .41 (.088) -.13 (.389) -.17 (.301) .58 (< .001) .08 (.369) 

RH_thickness predicting fluency 

 Intercept Age TK Se TK × Se MOTH-COG 
MOTH-COG × 

Se 

Model 14 3.51 (.465) -.05 (.485) .84 (.003) -.21 (.211) .06 (.743)   

+ MOTH-COG 2.99 (.449) -.04 (.464) .53 (.028) -.14 (.369) -.17 (.329) .54 (< .001) .10 (.313) 

Note. TK: mean cortical thickness of left or right hemisphere; Se: Session. 

4. Discussion 

The present study examined the relationships in older adults between the thickness of the 

left and right IFG, cortical thickness of the entire left and right hemispheres, and cognitive 

performance and longitudinal cognitive change over three years. Thickness of the right IFG and 

mean cortical thickness across the entire right hemisphere correlated with baseline general 

cognition and performance in individual cognitive domains. Additionally, right IFG thickness 

was predictive of longitudinal memory change. Of importance, none of the relationships 

identified between right IFG thickness and cognition persisted after controlling for the thickness 

of the remaining ipsilateral cortex. Furthermore, most of the associations between thickness 

measures and the component scores for individual cognitive domains did not persist after 

controlling for the variance shared with other cognitive domains. 

In the present study, we adopted a burst measurement design to mitigate the re-test and 

regression to the mean effects that are inherent to longitudinal studies of cognitive performance. 

The benefits of this approach, along with more general issues concerning re-test effects, are 

discussed in detail in Hou et al. (2020). We note, however, that our main findings in respect of 

relationships between cortical thickness and baseline performance, and of the relationships 

between thickness and memory change, were largely unaffected when either session 1 or session 

2 scores alone comprised the estimates of baseline performance (see Supplementary materials). 
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However, when session 2 alone acted as the baseline, additional relationships were evident 

between thickness and longitudinal change in the crystallized IQ component scores. These 

relationships are however almost certainly artifactual. They reflect the combination of the robust 

correlation that existed between session 1 crystallized IQ and cortical thickness (see 

Supplemental Tables 14 and 15), and the patterning of the correlations between the session 

scores and change scores across sessions, which is strongly suggestive of the influence of 

regression to the mean [session 1 baseline scores were inversely correlated with session 2 – 

session 1 change (r = -.34, p = .010), while session 2 scores were positively correlated with 

session 2 – session 3 change (r = .28, p = .042)]. These findings exemplify the benefit of 

estimating baseline cognitive performance from multiple test sessions. 

The present investigation was motivated by prior fMRI findings linking IFG subsequent 

associative recognition effects to in-scanner associative memory performance (pR) in older 

adults (de Chastelaine et al., 2011, 2016a), as well as by findings that older individuals 

demonstrate bilateral rather than left-lateralized IFG subsequent memory effects (de Chastelaine 

et al., 2016a; see also Duverne et al., 2009). Seemingly in accord with these fMRI findings, we 

identified a positive correlation between right IFG thickness and pR. This correspondence is 

more apparent than real, however. First, the correlations across participants between the 

magnitudes of their IFG subsequent associative recognition effects (de Chastelaine et al., 2016a) 

and IFG thickness were small and far from significant (r = .10, p = .955, and r = .14, p = .268, 

for left and right IFG respectively; see Hou et al., 2020, for highly analogous findings for 

functional and structural measures derived from the hippocampus). Second, in a multiple 

regression model employing right IFG thickness and IFG subsequent memory effects (collapsed 

over hemisphere) as predictors of pR, the structural and functional effects explained unique 

proportions of the variance in pR [adjusted R2 = .137, p = .005; B = .04, t(59) = 2.25, p = .028, 

and B = .08, t(59) = 2.27, p = .027, for the structural and functional measures respectively]. 

Third, as is discussed in more detail below, right IFG thickness did not predict pR after 

controlling for the thickness of the remaining right hemisphere regions and, indeed, thickness of 

the entire right hemisphere predicted pR with a very similar effect size to that for the IFG alone 

(r = .25 vs. r = .28 for the entire hemisphere and IFG respectively). Together, these findings 

suggest that the structural and functional measures derived from the IFG reflect independent 

contributions to the efficacy of associative encoding and, in the case of the structural measure, it 

Jo
urn

al 
Pre-

pro
of



29 

 

seems likely that these contributions do not reflect functions supported specifically by that 

cortical region.   

As was just noted, thickness of the right IFG and the entire right hemisphere were 

similarly correlated with pR. Strikingly, with the exception mentioned below, this finding also 

held for general cognition, and for the component scores in each of the three cognitive domains 

derived from the neuropsychological test battery. Of equal importance, these relationships 

between right IFG thickness and cognitive performance were no longer reliable when mean 

thickness of all other right hemisphere cortical regions was included as a covariate. These 

findings suggest that while thickness of the right IFG might have acted as a sensitive predictor of 

baseline cognitive performance, it did not explain unique variance in these cognitive measures. 

Rather, it appears to have acted as a proxy for the structural integrity of the right cerebral cortex 

as a whole. It is also worth noting that, with the exception of the fluency component, neither 

right IFG nor right hemisphere thickness accounted for unique variance in performance in any 

individual cognitive domain. Together, these findings are highly reminiscent of those reported by 

Salthouse et al. (2015) and add to the evidence that seemingly unique relationships between 

regional thickness and domain-specific cognitive performance are strongly reflective of a more 

general association between cortical thickness and cognition. 

Relatedly, we note that, in general, a statistically significant relationship between a 

particular regional brain structural measure and a specific cognitive domain is not necessarily 

indicative of a unique brain-behavior association. Whether a brain-behavior relationship is 

statistically significant is a different question from whether the relationship is a specific one. A 

significant relationship between a regional measure and cognitive performance indicates that the 

measure explains a numerically higher proportion of the variance in performance than it does in 

regions where the relationship is non-significant. It does not, however, license the conclusion 

that the region accounts for a significantly larger proportion of the variance than other regions. 

This latter conclusion depends on the outcome of a direct contrast of the strength of the 

respective relationships (see the discussion of hemisphere differences, below, and see Jernigan et 

al., 2003 for a similar argument applied to voxel-wise analysis of fMRI data).   

The only specific brain-behavior relationship that we identified in the present study was 

that between right hemisphere thickness and fluency component scores (see Table 10). However, 
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this finding should be treated with caution, given that we could only identify the relationship in 

the context of a linear mixed effects model: the partial correlations between right hemisphere 

thickness and baseline fluency were not significant in either the full group or the longitudinal 

subgroup after controlling for performance in the other cognitive domains (Table 4 and 

Supplementary Materials). Thus, while the finding for fluency identified by the linear mixed 

effects analysis is consistent with the possibility that cortical thickness accounts for variance 

unique to this cognitive domain, the lack of converging evidence from the alternative analyses 

described above dictates that this finding should be treated as highly provisional. 

In addition to predicting baseline cognitive performance, right IFG thickness was also 

predictive of longitudinal memory change. This relationship did not survive, however, when the 

mean thickness of the remaining ipsilateral cortical regions and its interaction with test session 

were included as additional predictors in the relevant mixed effects model (Table 7). 

Furthermore, a similar relationship with memory change was evident for the thickness of the 

entire right hemisphere, although this just failed to achieve statistical significance (Model 12 in 

Table 9). Nonetheless, the two effect sizes were highly comparable (partial r = -.29 vs partial r = 

-.25 for the right IFG and right hemisphere respectively). Thus, as in the case of baseline 

cognitive scores, the thickness of the whole hemisphere was essentially as predictive of memory 

change as was thickness of the right IFG alone. Moreover, the findings are ambiguous with 

respect to whether these structural measures explained variance in change scores that was unique 

to the memory component. After controlling for the variance shared with other cognitive 

domains, neither thickness measure reliably predicted memory change [for right IFG thickness, 

see Table 7; for right hemisphere thickness, B = .22, t(50) = 1.26, p = .213]. On the other hand, 

though, nor was there a significant relationship between the thickness measures and change 

either in general cognition or in the other domain-specific component scores. Further research 

employing more highly powered designs will be necessary to establish more precisely the 

specificity with which right IFG thickness predicts longitudinal memory change. 

In contrast to the findings for the right hemisphere, we did not identify significant 

relationships between any left hemisphere thickness measure and cognitive performance. In 

follow-up analyses, we employed Steiger’s z tests to directly contrast the size of the thickness-

cognition correlations in the left vs. the right hemisphere (see Supplementary materials). In brief, 

the correlation with memory change was significantly greater for right than for left IFG thickness. 
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In addition, correlations were significantly higher for right than for left whole hemisphere 

thickness for the general cognition, memory and crystallized IQ baseline scores. These findings 

are striking given that our neuropsychological test battery was heavily weighted in favor of 

verbal cognition, which one would assume to be more heavily dependent on left- than right-

lateralized processing. A speculative explanation for these asymmetric effects is that they reflect 

individual differences in the contribution of compensatory processes supported by the right 

hemisphere in the face of declining structural integrity of the left hemisphere. By this argument, 

individuals in whom the right hemisphere has maintained a relatively high level of structural 

integrity might be better able to compensate for the failure of left hemisphere cortical regions to 

fully support cognitive performance (see Cabeza et al., 2018, for discussion of the concepts of 

brain maintenance and compensation, and their possible inter-relationships). Alternatively, rather 

than reflecting the contribution of compensatory processes to performance, these asymmetric 

effects might indicate that the structural integrity of the right hemisphere becomes increasingly 

relevant to cognition with advancing age, perhaps as a consequence of a weakening of 

hemispheric specialization (a possible example of age-related dedifferentiation; see Koen & 

Rugg, 2019 for review). Future research will be needed to arbitrate between these and other 

potential accounts. 

The present study has a number of limitations. First, the sample size is modest, limiting 

our ability to detect brain-behavior relationships with small effect sizes. This limitation means 

that considerable caution is required before accepting the null findings reported above; for 

example, while we can be confident that including a generic thickness measure as a covariate 

markedly reduces the amount of variance in cognitive performance explained by the more 

specific measure of right IFG thickness, it remains to be seen whether a more highly powered 

study would identify a small but unique contribution of this measure. A second limitation of the 

study is that we employed only a single, relatively short follow-up period (three years), and 

therefore were not able examine relationships between cortical thickness and long-term cognitive 

change or to estimate the trajectory of change. Third, since we only acquired thickness measures 

at baseline, we were unable to examine change-change relationships between cortical thickness 

and cognition. Finally, we did not examine performance across a very wide range of cognitive 

domains and, in particular, we did not employ tests of spatial cognition or visual memory. Thus, 
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future research would benefit from the employment of larger samples, a longer follow-up period, 

longitudinal measurement of cortical thickness, and a more extensive test battery.  

These limitations notwithstanding, our main findings are clear. The relationships 

identified between the thickness of a specific cortical region, here, the right IFG, and 

performance in three different cognitive domains (and, perhaps, longitudinal memory change) 

were largely accounted for by a more generic relationship between the thickness of the entire 

right hemisphere and an across-domain measure of cognitive performance. Together with 

previous reports (e.g. Salthouse et al., 2015), the findings highlight the importance of adopting 

analysis approaches that control for such generic relationships when examining hypotheses about 

relationships between regionally specific brain structural measures and domain-specific 

cognition. 
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• Cortical thickness of the right IFG and right hemisphere were positively correlated with 
general and domain-specific cognitive performance 

• Right IFG thickness was predictive of longitudinal memory change 
• The relationships between right IFG thickness and cognition did not persist after 

controlling for thickness of other ipsilateral cortical regions 

• Most relationships between thickness and individual cognitive domains were non-
significant after controlling for the variance shared with other cognitive domains 
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