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Abstract

Lesion studies link the prefrontal cortex (PFC) to executive functions. However, the evidence

from in vivo investigations in healthy people is mixed, and there are no quantitative estimates of

the association strength. To examine the relationship between PFC volume and cortical thickness

with executive cognition in healthy adults, we conducted a meta-analysis of studies that assessed

executive functions and PFC volume (31 samples,) and PFC thickness (10 samples) in vivo,

N=3272 participants. We found that larger PFC volume and greater PFC thickness were associated

with better executive performance. Stronger associations between executive functions and PFC

volume were linked to greater variance in the sample age but was unrelated to the mean age of a

sample. Strength of association between cognitive and neuroanatomical indices depended on the

executive task used in the study. PFC volume correlated stronger with Wisconsin Card Sorting

Test than with digit backwards span, Trail Making Test and verbal fluency. Significant effect size

was observed in lateral and medial but not orbital PFC. The results support the “bigger is better”

hypothesis of brain-behavior relation in healthy adults and suggest different neural correlates

across the neuropsychological tests used to assess executive functions.
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Introduction

Executive control of cognition is a popular area of research in psychology and cognitive

neuroscience, and typing “executive functions” into a PubMed search engine yields more

than 4100 articles spanning almost five decades of scholarship (http://

www.ncbi.nlm.nih.gov/pubmed/?term=”executive+functions”; accessed on January 26,

2014). In spite of a prolonged effort, the understanding of this complex cognitive domain

and its neural foundations continues to evolve. Much has been written about conceptual and
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measurement problems with the concept of executive functions including limited construct

validity, poor-to-moderate reliability, and operational heterogeneity of the tasks used for

their assessment (Miyake et al, 2000; Stuss and Alexander, 2000, see Alvarez and Emory,

2006 for a comprehensive review). Thus, integrating evidence over multiple samples may

bring insights that elude the investigators in single studies.

Executive function as cognitive construct is not a matter of consensus, and the extant

definitions reflect the diversity of the measurements that purport to quantify it as well as the

priorities and specific interests of the research discipline from which they originate.

Neuropsychologists base their definitions on observations of patient responses to brain

insults and view executive functions as “capacities that enable a person to engage

successfully in independent, purposive, self-serving behavior” (Lezak, 1995) and “a variety

of loosely related higher-order cognitive processes including initiation, planning, hypothesis

generation, cognitive flexibility, decision making, regulation, judgment, feedback utilization,

and self-perception that are necessary for effective and contextually appropriate behavior”

(Spreen and Strauss, 1998). Others add “… judgment, working memory and shifting set…”

that “ enable one to … orient towards the future…” (Cheung et al., 2004). A psychometric

view maintains that “executive functions” is "an umbrella term comprising a wide range of

cognitive processes and behavioral competencies which include verbal reasoning, problem-

solving, planning, sequencing, the ability to sustain attention, resistance to interference,

utilization of feedback, multitasking, cognitive flexibility, and the ability to deal with

novelty" (Chan et al., 2008). Experimental psychologists have been following a definition of

executive functions that stresses the central executive, a supervisor of specific cognitive

operations (Baddeley, 1996). All agree, however, that executive functions represent

multifarious cognitive phenomena. As such, they are unlikely to be “localized” to a specific

area of the brain, although some brain circuits can still show a non-random association with

executive cognition. Therefore, executive performance may be related to functional and

structural characteristics of specific brain regions as well as the connections among them.

Traditionally, success on executive (or “higher cognitive”) tasks has been attributed to

activity and structural integrity of the frontal lobes (Luria, 1966; Teuber, 1972). So strong is

the perceived connection between the function and the structure that in discussing tests, the

terms “executive” and “frontal” are frequently used interchangeably. Such use is still

prevalent, in spite of well-reasoned critique of this practice (Alvarez and Emory, 2006; Stuss

and Alexander, 2000). The question remains, however, whether any connection can be

established between such a broad class of cognitive functions and a relatively circumscribed

brain location. When it comes to evidence from lesion studies and noninvasive functional

neuroimaging, the answer is a qualified “yes.”

Functional neuroimaging studies of healthy adults performing executive tasks consistently

reported increased activation in prefrontal regions, although involvement of some non-

frontal brain areas was also noted. A meta-analysis using activation likelihood estimation

(ALE) documented activation of bilateral lateral PFC, anterior cingulate cortex and inferior

parietal lobule across studies during WCST (Buchsbaum et al., 2005). Another meta-

analysis of fMRI studies revealed reliable activation in the inferior frontal gyrus and anterior

cingulate gyrus during Stroop task (Laird et al., 2005). Moreover, a recent meta-analysis of
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1653 participants in 189 fMRI samples identified a widespread bilateral fronto-parietal

network for working memory (WM) (Rottschy et al., 2012). Specifically, the rostral lateral

PFC was related to contrast between WM task and non-WM control, whereas caudal lateral

PFC was associated with WM load effects. Thus, the evidence from functional

neuroimaging converges on the prefrontal cortex, especially lateral PFC, as a major neural

substrate of executive performance.

A recent review and meta-analysis of lesion studies yielded evidence in support of

sensitivity if not specificity of executive functions tests to in the frontal lobes (Alvarez and

Emory, 2006). In a meta-analysis of 27 lesion studies, an average difference between the

patients with frontal lesions and healthy controls on aggregated measures of executive

functions was of .83 standard deviation (sd), with sample-size-weighted effect of d = −.78.

This finding is robust, as the fail-safe analysis indicated that almost three times as many

studies with null results would be needed to offset this finding (Alvarez and Emory, 2006).

Notably, the difference was smaller in the studies that compared patients with frontal lesions

to those who suffered insults in the other regions of the brain (d = −.57) but the estimated

effect size still indicated certain differential predilection of the executive tests to the frontal

lobes. Thus, the evidence that frontal lobe lesions are associated with a large difference in

executive functions performance is strong. The greatest impact of the frontal lesions was

observed for the Wisconsin Card Sorting Test (WCST, Weigl, 1941) with d = −.97 and

phonemic word fluency test that yielded an effect of d = −.80. Stroop Test of Color-Word

Interference (Stroop, 1935) showed only a modest difference of d = −.30. Another important

moderator examined in that meta-analysis was age, with a curvilinear relationship observed

across the examined studies. The scatter plot presented by Alvarez and Emory shows that

until the fifth decade, the average age of a sample was unrelated to the effect size, but when

the sample consisted of older adults, the difference between lesioned and comparison groups

precipitously increased with age. The latter finding is in accord with frequently reported

negative associations between age and executive function performance in healthy adults

(e.g., Rhodes, 2004).

Although Alvarez and Emory’s work documented a significant (albeit not totally

unequivocal) connection between the gross integrity of the frontal lobes and executive

cognition, their conclusions are limited to lesion studies. Such studies are useful experiments

of nature, but in such studies loss of specific functions is inferred from comparison to intact

individuals and depends on an assumption of normal performance before the lesion-

producing event. Moreover, the effects of lesions, even very circumscribed ones, are not

limited to the designated anatomical location due to mass effects and diaschisis, “…the

temporary functional "shock" or deactivation of intact brain regions remote from but

connected to the area of primary injury” (Feeney and Baron, 1986). Thus, reviews of lesion

studies and fMRI investigations do not address a question of structure-function relationship

in healthy adults, in whom significant individual differences are observed in the cortical size

in the absence of frank cortical damage. Although quite a few studies of regional brain

volume and thickness are available, it remains unclear whether individual differences in PFC

structural characteristics measured in healthy individuals can be tied to individual

differences in executive cognition. In other words, in the absence of a clear loss of tissue as
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observed in lesion studies, is larger (or thicker) PFC associated with higher scores on

measures that purport to assess executive performance or simply put – is bigger better?

A simple log of the extant literature concerned with neuroanatomical correlates of executive

cognition in healthy adults reveals a wide range of findings. Some studies show the

association between smaller PFC volumes and poor performance on typical executive tasks

in normal aging (Gunning-Dixon and Raz, 2003; Raz et al., 1998), others link individual

differences in the volume of circumscribed PFC regions to performance on tests of fluid

intelligence that are essentially aggregates of executive functions (Colom et al., 2013). In

contrast, other studies find no such association (Choi et al., 2004; Morgen et al., 2006; Van

Petten et al., 2004), and some even reported negative correlations between PFC volume and

executive performance (Duarte et al., 2006; Salat et al., 2002). Thus, the significance of the

putative associations between the PFC volume and executive functions can be clarified only

by quantitative analyses of the reported effects.

The goal of this meta-analysis was to review the extant studies of the relationships between

the measures of prefrontal regional size (volume and cortical thickness) and executive

functions in healthy adults and to quantify the reported cognition-structure relationships. We

sought to estimate the strength of association between the variation in executive functions

and differences in prefrontal size in healthy adults. In addition, we inquired whether the

association magnitude was related to sample characteristics (e.g., age), tests applied to

evaluation of executive performance, and methods used to measure the target parameters of

cortical structure: volume and thickness.

Consistent with the "bigger is better" view, we hypothesized that larger PFC volume and

greater PFC thickness would be associated with better performance of various tests of

executive functions. Particularly, the strongest effect size was expected in lateral PFC rather

than orbital and medial PFC, as the functional neuroimaging studies identified lateral PFC to

be most relevant to successful executive performance. Because the reviewed studies differed

in participants’ characteristics and experimental settings, effect sizes were expected to vary

across samples. Accordingly, random-effects model was used to compute the summary

effects. Though we used random-effects model, the potential heterogeneity across studies

was by no means accepted a priori. Every estimated effect size was formally tested for

heterogeneity. Furthermore, we hypothesized that because of the established relationship

between advanced age and deficits in executive functions, a greater mean age and a wider

dispersion of age of a sample would be related to larger effect size. Finally, as it was

possible that measuring volume in selected regions of interest (ROI) might have missed true

effect if the effect was not evenly distributed across the entire ROI, whole-brain voxel-based

morphometry (VBM) approach was expected to yield larger effects than ROI approach did.

In contrast, we did not expect difference between the effects obtained from cortical

thickness studies and those from studies of gray matter volume.
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Methods

1. Selection of Studies

A literature search of the computerized PubMed data base was conducted in January, 2014.

We used the following search terms: (frontal OR prefrontal) AND (volume OR volumetric

OR atrophy OR cortical thickness OR cortical thinning OR morphometry OR FreeSurfer)

AND (Executive OR WCST OR Wisconsin Card OR Stroop OR Trail Making Test OR TMT

OR Verbal Fluency OR Working Memory). In addition, relevant references cited in papers

found via this search were reviewed.

2. Inclusion Criteria

A search according to the specified terms yielded 965 articles. Titles and abstracts of these

articles were examined prior to selection to eliminate studies that clearly did not meet the

inclusion criteria. These procedures yielded 231 articles for further examination. The

selection of studies was limited to human adults. Case studies were excluded.

Studies were initially selected if they measured prefrontal cortical volume or thickness,

included at least one measure of executive function, and contained usable statistics (e.g.,

correlation) relating prefrontal cortical volume or thickness to executive performance in

non-demented human adults. In investigations comparing normal controls with another

group of psychiatric or neurological patients, only data from normal control group were

considered for inclusion. When two studies emerged from the same lab and there was

insufficient information to determine whether the samples were independent, only effect

sizes calculated from the study with larger sample size were used. Samples including

children that were younger than 18 years were excluded.

Of the 231 articles screened, 52 studies appeared acceptable for inclusion in the meta-

analyses. From these 52 studies, two studies (Head et al., 2002; Nestor et al., 2010) were

dropped because of significant sample overlap, whereas other two studies with only 26%

sample overlap (Gunning-Dixon and Raz, 2003; Raz et al., 1998) were kept. We excluded

17 studies that reported the relationships between executive functions and prefrontal

structure size only after controlling some other variables such as age and education, but

didn’t report zero-order correlations. Therefore, 33 studies were retained in the final

selection of meta-analyses (Table 1). One article (Gautam, 2011) examined both cortical

thickness and volume. Thus there were 27 studies on prefrontal volume and 7 studies on

cortical thickness. Six papers (Burzynska et al., 2012; Gautam et al., 2011; Gianaros et al.,

2006; Gur et al., 2000; Kochunov et al., 2009; Takeuchi et al., 2013) examined two separate

samples of different age or gender treated as independent sources of the effect size. Final

analyses were conducted on 31 independent samples on prefrontal volume, and 10

independent samples on prefrontal gray matter thickness. The total number of participants in

the analyzed studies was 3272.

3. Variables Coded

The following variables were gleaned from the selected articles and coded: sample size, age,

education, percentage of females in the sample, percentage of left-handers, where the study
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was conducted, magnet field strength, software used in imaging processing, cognitive tests

used to measure executive function, sub-region of the frontal lobe analyzed in the study, and

method of MRI image quantification.

The mean age was treated as a continuous variable, and the standard deviation (sd) was

selected as an indicator of the age dispersion in a sample. Nakamura and colleagues

(Nakamura et al., 2008) reported the average age of 25 healthy subjects, however the

relationship between cognitive performance and ROI volume was assessed in 21 subjects.

The mean and sd of age of 25 subjects were used to estimate the mean and sd in 21 subjects,

a subsample. Similarly, the standard deviation of age in one study (Salat et al, 2002) was

estimated from standard error of age in 31 subjects, though only 30 subjects were included

in assessment of the effect size.

The measurement method was coded as a binary categorical variable: whole-brain

evaluation vs. ROI-based morphometry. We did not distinguish among various type and

brands of software employed in these analyses.

Cognitive test type was coded into several categories: Wisconsin Card Sorting Test (WCST),

Trail Making Test (TMT), fluency, working memory (WM), interference and composite

score. If the results of two or more tests of executive functions were reported for a sample,

then a combined effect size was calculated by averaging the Fisher's z-scores of these tests,

and was used as the overall effect size of this sample.

The PFC region examined in each study was coded as whole prefrontal cortex (PFC), lateral

prefrontal (LPFC), orbito-frontal (OFC) and medial prefrontal (MPFC) cortices. The overall

effect size for each sample was assessed from the whole prefrontal area, if it is available.

Otherwise, if the associations between executive functions and prefrontal structure sizes

were reported in two or more sub-regions of prefrontal structure, then the effects were

averaged into one overall effect size.

The other coded variables, including education, percentage of females, percentage of left-

handers, place where the study was conducted, magnetic strength and software used in

imaging processing, were not included in the moderator analyses due to insufficient reports

or minimal variability.

For the majority of cognitive measures, higher scores were indicative of better performance.

However, for some measures such as reaction time and number of errors, a higher score

reflected poorer performance. Therefore, these measures were reversely coded so that all

outcome measures were in the same direction, with higher score indicating better

performance. Accordingly, positive effect size implied that larger prefrontal cortex was

associated with better executive functions, and negative effect size indicated that larger

prefrontal cortex was associated with poorer executive performance.

4. Computation of Effect Sizes and Outlier Analysis

All study results were converted to correlations (r) and Fisher transformed z-scores (Zr). Zr

was used as effect size. The computations were based on correlations (r), p-values, and
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bivariate linear regression statistics (R2). Only raw correlations (bivariate correlations) were

used to compute effect sizes. The majority of studies reported Pearson correlations r,

whereas three studies (Baare et al., 1999; Morgen et al., 2006; Zuffante et al., 2001) reported

Spearman rank-order correlations r. These Spearman rank-order correlations were treated

the same as Pearson correlations. For studies that reported a “significant” relationship, but

did not report an actual statistic, the effect sizes were conservatively estimated from p =

0.049 if alpha level of 0.05 was used, or p = 0.009 if alpha level of 0.01 was used in the

study. For studies that reported a "non-significant" relationship, but did not report an actual

statistic, the effect sizes were conservatively estimated from r = 0. One article (Tullberg et

al., 2004) reported bivariate linear regression statistics (R2) for the association between

executive functions and volume of frontal gray matter. The correlation was estimated from

square root of R2.

For studies that used a whole-brain approach to assess association between executive

functions and structure size, the average effect in a cluster was used if it is available.

Otherwise, effect size was conservatively estimated from p value. The peak values were not

used.

The indices of brain-cognition association in two hemispheres were combined. When results

were reported separately for right and left hemispheres, the arithmetic averages of effects

were computed. If an article reported significance in one hemisphere, but did not mention

the other hemisphere, then it was presumed that the other hemisphere was not reported

because of non-significance, and thus effect size was estimated as r = 0.

If both the volumes of frontal lobe (gray matter + white matter) and prefrontal gray matter

were reported in a paper, the correlation between executive functions and gray matter

volume was selected. Analyses were conducted both with and without the studies reporting

only the correlation between executive functions and volume of gray matter plus white

matter.

For each executive task, if a study used more than one measure, e.g. perseverative errors and

categories achieved in WCST, these measures were averaged to generate an overall effect

size for the test. If more than one test of executive functions or more than one region was

reported in a study, then effect sizes were collapsed so that there was one single effect size

for each sample. This single effect size was calculated by averaging the Fisher's z-scores

across the executive tests and averaging the Fisher's z-scores across the sub-regions. All

standardized effect sizes (Zr) were assessed for outliers.

5. Statistical methods

The metafor package in R was used to conduct the meta-analyses with random-effects model

estimation. The meta-analyses followed the DerSimonian-Laird method (DerSimonian and

Laird, 1986), and the underlying formulas are listed in Appendix A. The summary effect

sizes of relationship between executive functions and prefrontal cortex size were separately

analyzed for cortical thickness and volume. Random-effects model was used because there

might be different effect sizes underlying different studies included. The studies differed in

participants and in methods, and as a result, there was no reason to assume that the true
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effect size was exactly the same in all the studies. Thus to capture the variability in true

effect size, we chose random-effects model rather than fixed-effect model.

Moderating effects of sample mean age, sample age dispersion (standard deviation, sd) and

measurement method were estimated separately. Cognitive test type and sub-region were not

used as moderators because a study could employ more than one cognitive test and might

assess the cognition-structure association in more than one sub-region. Instead, in subsidiary

analysis exploring the potential effect of region, the summary effect sizes were computed

individually for the volumes of LPFC, OFC and MPFC, without collapsing effect sizes

across subregions. Similarly, in another subsidiary analysis exploring the potential effect of

cognitive test type, the summary effect sizes were calculated individually for WCST, TMT,

WM, fluency test and interference test.

Results

1. Strength of association between executive functions and PFC volume

The mean of Fisher’s z-transformed correlation between assorted measures of executive

functions and prefrontal volume across 31 samples was 0.153 (se = 0.039, Ztest = 3.927, p <.

001, 95% CI: 0.077/0.230; Figure 1), indicating a moderate positive association between

executive performance and the volume of PFC. The effect size corresponds to Cohen’s d = .

31.

The fail-safe analysis (Orwin, 1983) revealed that 17 additional studies with null findings

would be needed to offset the observed effect size. The estimate did not change significantly

after excluding six samples that reported correlations between executive functions and

combined volume of frontal gray matter and white matter. In the remaining 25 samples that

measured prefrontal gray matter volume, the estimated mean effect size was 0.167 (se =

0.045, Ztest = 3.702, p <.001, 95% CI: 0.078/0.255), corresponding to Cohen’s d = .34. The

heterogeneity of the summary effect was significant, before (Q χ2 (30) = 118.03, p < .001)

and after excluding the samples of combined frontal gray and white volume (Q χ2 (24) =

114.46, p < .001).

2. Summary effect for executive functions-PFC thickness studies

The weighted mean effect size, correlation between executive functions and prefrontal

cortical thickness across ten samples was 0.096 (se = 0.042, Ztest = 2.254, p = 0.024, 95%

CI: 0.013/0.179; Figure 2), corresponding to Cohen’s d = .19 and indicating a weak but

significant association between cognitive and neuroanatomical indices. The heterogeneity

among these 10 samples showed a trend towards significance (Q χ2 (9) = 14.98, p = 0.091).

Better performance on the tests of executive functions was associated with larger prefrontal

cortical volume and cortical thickness, as indicated by the significantly positive mean effect

sizes. Although the mean effect size for volume was greater than that for cortical thickness,

the 95% confidence intervals of effect sizes overlapped. Thus, the two indices of prefrontal

cortical integrity exhibited equivalent modest association with performance on tests of

executive functions.
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3. Heterogeneity and moderator tests

Strength of association between executive functions and measures of structural integrity of

the PFC, varied significantly across samples. Fisher’s z transformed correlation coefficient

ranged from −0.25 to 0.56 (Figure 1 and Figure 2).

The random-effects model used in the current meta-analysis is predicated on the idea that

the effect sizes are sampled from a distribution, and that the true effects do not have to be

equal across studies. Thus, under the random-effects model, a part of the dispersion in

observed effects stems from a sampling error, whereas the other part may reflect real

differences in effect size across studies. In a sample of 31 studies of PFC volume and

executive functions, 75% of the total variability in the effect size was attributable to

heterogeneity, and the estimated standard deviation of the distribution of the true effects (τ)

was 0.173 (Figure 3). For 10 samples that had cortical thickness measures, 40% of the total

variability was due to heterogeneity, and the estimated τ was 0.077 (Figure 3).

The observed heterogeneity suggested that some factors might affect the relationship

between executive performance and prefrontal volume or cortical thickness. However,

because the number of cortical thickness studies (10) was too small for moderator analyses,

we evaluated moderator effects only for 31 samples of prefrontal volume. In that sample of

studies, we examined three moderators: the sample mean age, sample age sd and the

measurement method used for assessment of PFC volume.

3.1. Parameters of age distribution as moderators of effect size—The mean age

of a sample did not moderate the effect size: QM χ2 (1) = 0.029, p = 0.866, figure 4.

Differences in the mean age among samples did not significantly account for the

heterogeneity of correlation between prefrontal volume and executive functions. As

presented in Table 2, the 95% confidence intervals of estimated mean effects overlapped

across age groups.

On the other hand, the dispersion of age in the sample, age sd, emerged as a significant

moderator of the effect size: QM χ2 (1) = 17.097, p < 0.001. As illustrated in Figure 5, larger

age sd was associated with stronger correlation between PFC volume and executive

functioning. However, after accounting for the contribution of sample age variance to the

estimated effect size, the residual heterogeneity remained significant: χ2 (27) = 62.793, p <

0.001. Thus, additional factors influenced the relationship between executive functions and

PFC volume.

3.2. Volume measurement method as a moderator—The measurement method

significantly moderated correlation effects (QM χ2 (1) = 4.076, p = 0.044), although the

95% confidence intervals of estimated mean effects in two subgroups of studies overlapped:

0.116/0.261 across 26 samples using ROI approach and −0.225/0.227 across 5 samples

using whole-brain approach. Thus, in contrast to studies using whole-brain method of local

volume estimation, the studies employing ROI measures reported stronger association

between prefrontal cortex volume and executive functions.
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4. Effect of test type

In addition to mean age, variance of age and measurement method, two factors were

evaluated as potential variables influencing effect sizes: the type of cognitive tests to assess

executive functions, and sub-region of prefrontal area correlated with test performance.

They were not examined as moderators, because a number of studies used more than one

type of cognitive test to evaluate the correlation between prefrontal volume and executive

performance, and several studies reported effects in multiple sub-regions of prefrontal

cortex. Instead, the summary effects were individually estimated at each level of these two

variables.

The mean effect sizes were calculated for each of the tests in the study, including Wisconsin

Card Sorting Test (WCST), Trail Making Test (TMT), working memory (WM), fluency test

and interference test, and are summarized in Table 3. As presented in Table 3, heterogeneity

was significant for TMT and WM but not for WCST, fluency and interference tests. Further

examination revealed, however, that the heterogeneity in TMT could be explained by an

outlier (Paul et al., 2009, effect size = −0.321, Z-score = −2.109). After removal of this

outlier, the heterogeneity in TMT was no longer significant (p = 0.458). On the other hand,

no outliers were detected in the distribution of WM effects. Moreover, moderator analysis

indicated that mean age and measurement method did not moderate the heterogeneity of

effects in WM, whereas the age dispersion moderated the correlation between working

memory and PFC volume (QM χ2 (1) = 8.102, p = 0.004). Among the 16 samples reporting

effect sizes of WM, 6 used digit backwards span (DBS) to measure WM; another 5 reported

the correlation between PFC volume and composite WM scores; 2 samples employed a four

word short-term memory test; 2 studies used CANTAB and the other one used spatial

delayed response task and self-ordered pointing test to assess WM ability. The heterogeneity

test was not significant in the samples of digit backwards span, suggesting that the observed

heterogeneity in WM effects might result from the vast diversity of WM tests. The estimated

τs were 0.091, 0, 0.049, 0, 0.147, 0, respectively, for WCST, fluency test, interference test,

TMT without outlier, WM, and DBS. As the estimated τs equaled zero for fluency test,

TMT and DBS, the estimations of these three tests collapsed into fixed-effect model. The

estimated distributions of true effect sizes of each cognitive test are presented in Figure 3.

The estimated mean effects for WCST (Figure 6), WM (Figure 7), DBS and interference test

(Figure 8) differed significantly from zero (all p < 0.001; Table 3), whereas the estimated

mean effect for fluency test (Figure 9) did not (p = 0.207). Without the identified outlier, the

estimated mean effect in TMT was significant and positive (p < 0.001), but was not

significantly different from zero if the outlier was kept (Figure 10).

The positive correlation of prefrontal volume with WCST score was significantly larger than

its correlations with TMT, DBS and fluency scores, as indicated by the non-overlapping

95% confidence intervals (Table 3) and significant differences in estimated mean effects

(WCST-TMT: Z*diff = 3.598; WCST-Fluency: Z*diff = 3.644; WCST-DBS: Z*diff = 2.630;

all p < 0.01). Although the mean effect size for interference tests was larger than for TMT

(Z*diff = 3.609, p < 0.001), fluency tests (Z*diff = 3.630, p < 0.001) and DBS (Z*diff = 2.596,

p < 0.01), the small number of samples that used interference tests (5) casts some doubt on
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this finding. No significant difference was found among the mean effect sizes of DBS, TMT,

and fluency tests.

5. Effect size in PFC sub-regions

The effect sizes were examined separately in the three sub-regions of prefrontal cortex:

LPFC (Figure 11), OFC (Figure 12) and MPFC (Figure 13). As summarized in Table 4, the

heterogeneity tests were significant in both LPFC and OFC (p < 0.001), and showed a trend

towards significance in MPFC (p = 0.089). The estimated τs were 0.171, 0.246 and 0.141

for LPFC, OFC and MPFC, respectively. The effect sizes in LPFC and OFC were

significantly moderated by dispersion of sample age (QM χ2 (1) = 9.087 for LPFC and QM

χ2 (1) = 10.452 for OFC, both p < 0.01). After controlling for sample age sd, the residual

heterogeneity was no longer significant for OFC (p = 0.14) but still significant for LPFC

(QE χ2 (16) = 34.532, p < 0.01). There was a significantly positive correlation between

executive functions and LPFC, MPFC volume (both p < 0.05), but not in OFC. The

estimated mean effect in OFC was smaller than in LPFC (Z*diff = 2.391, p = 0.017), and

with a trend to be smaller than in MPFC (Z*diff = 1.893, p = 0.058). The fail-safe analysis

revealed that 23 additional studies with null findings (i.e., more than doubling of the sample

size) would be needed to offset the observed effect size in LPFC.

Discussion

The main finding of this meta-analysis is that in healthy adults, larger prefrontal cortex,

especially its lateral part, is associated with better performance on tests of executive

functions. Although the association between the analyzed measures of brain and cognition is

modest and the range of reported effects is very broad, the link is quite robust in lateral PFC

area. This finding is consistent with the reported associations between PFC lesions and

performance on executive tasks (Alvarez and Emory, 2006), although the magnitude of the

association is not as strong.

Significant heterogeneity of effect sizes indicates that multiple factors may account for the

reported differences in findings, but in this analysis we were able to examine only a few of

potential moderators. A notable finding here is that the more age-heterogeneous the study

sample, the more likely is that study to report a significant association between PFC volume

and executive performance. Thus, within-sample age variability rather than differences in

the mean age of the sample contribute to the effect size. The importance of within-sample

age variability for the link between PFC volume and executive performance may reflect a

fact that both PFC (Raz and Kennedy, 2009) and executive functions (Rhodes, 2004;

Rodriguez-Aranda and Martinussen, 2006; Salthouse, 1991; Tombaugh, 2004) evidence

significant age differences. Thus, differences in age-related variability may be a reason for

discrepancy in the size and direction of effects reported in the studies. The variance of

executive functioning and PFC volume could be limited if the age range was compressed,

and the association between cognitive and brain variable could be reduced even further if

both distributions were truncated. It appears, therefore, that the association of executive test

scores with the PFC volume may reflect significant commonality of the variance of these

variables with age. This problem has been pointed out in several analyses of mediational
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models in aging and development (Hofer and Sliwinski, 2001; Lindenberger and Potter,

1998) and needs to be addressed within the framework of longitudinal design (Raz and

Lindenberger, 2011).

Additional factors, some of them age-related may moderate the relationship between PFC

size and executive cognition. Unfortunately, studies vary in the level of detail in their

sample description. Although all report age range and variance, information regarding other

factors that may affect both brain structure and cognitive performance is frequently left out.

Several age-related health factors, especially vascular risk indicators may exert negative

influence on both PFC (Jennings et al., 2012; Raz et al., 2003) and executive test scores

(Raz et al., 2003; Saxby et al., 2003; Vicario et al., 2005). As noted more than six decades

ago with reference to such effects, “impairment of cerebral functions equivalent to that seen

in patients with surgical removal of both frontal lobes may occur early in the course of

essential hypertension” (Apter et al., 1951). Failure to include measures of vascular health in

the models assessing the associations between structural characteristics of the PFC and

executive performance needs to be addressed before we are able to fully describe the nature

of the observed structure-function associations.

The observed relationship between the PFC volume and executive performance was stronger

in the studies that used ROI-based methods than in those that relied on whole-brain

computational methods. That difference may reflect methodological peculiarities of whole-

brain measurement, in which voxels within anatomical structures rather than valid

anatomical structures such as gyri serve as units of analysis. With regards to age-related

differences, correspondence between voxel-oriented (peak of significance) regional volumes

and ROI-based measures is weak (Kennedy et al., 2009). Multiple comparisons correction

across a large number of voxels may be too conservative. As a result, the overall effect

generated by whole-brain analysis was smaller than the overall effect from ROI

measurement.

Not all tests of executive functions reveal similar associations with PFC volume. Even

within the limitations of the small sample of studies, the WCST yields significantly stronger

associations than other measures do, and some – verbal fluency – shows no link to PFC

volume at all. The literature on WCST, a test that was introduced more than 70 years ago

(Weigl, 1941) is rich, and many aspects of this complex test have been examined in clinical

and experimental studies. Its sensitivity (though not specificity) to frontal lesions has been

confirmed (Alvarez and Emory, 2006; Demakis, 2003) and with the addition of this finding,

it seems that investigations of the neural foundations of executive functions may benefit

from deconstruction of the WCST and identifying the critical ingredients that are

responsible for its sensitivity to normal variations of the PFC volume. Some studies suggest

working memory as the key to age differences in WCST (Fristoe et al., 1997; Hartman et al.,

2001), but as this meta-analysis shows, use of WM tests yields smaller effect than the use of

WCST. The latter finding may, however, reflect the heterogeneity of WM tests employed by

various studies.

Unlike other executive tests in this sample of studies, the WM measures exhibited

significant within-group heterogeneity of effect sizes, i.e. it mattered what type of WM test
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was used to asses executive functions. It is possible that the construct of “working memory”

may be not sufficiently defined for the purpose of examining associations with regional

brain volumes. Moreover, functional neuroimaging literature shows that WM is supported

by a wide variety of cross-cortical networks that include PFC but are not limited to it

(Cabeza and Nyberg, 2000; Owen et al., 2005; Yendiki et al., 2010). Comparison of effect

sizes in the regions that participate in such networks as well as in control regions that are not

expected to influence executive processing would be of great interest. Dissociations among

these regions would bolster the claim of specificity of PFC role in executive performance;

whereas finding of similar effect sizes would negate such a proposition. Unfortunately, only

a handful of the reviewed studies have attempted such dissociations, and there is little

consistency among them in selection of control regions.

Primary visual cortex (VC) would be a good choice to play a role of a control area, because

according to the literature, it is supposed to have little involvement in the executive tasks

(Laird et al., 2005; Rottschy et al., 2012). Regrettably, only two studies compared the

association between executive function and regional brain volumes of PFC and primary VC.

In both, better working memory was associated with larger dorsolateral PFC volume,

whereas the correlation with volume of occipital cortex is not significant (Raz et al., 1999;

unpublished data from Head et al., 2009). In other studies, secondary visual cortex (fusiform

gyrus, FG) alone or in combination with VC exhibited correlations with executive functions

that were smaller (though not significantly) than those observed for the LPFC (Raz et al.,

1998; Gunning-Dixon & Raz, 2003). Another study using occipital gray matter volume as

control structure found significant correlation with executive functions neither for occipital

cortex, nor for the PFC volume (Van Petten et al., 2004). Although the differences between

correlations did not reached significance in some of these studies, in almost all of them the

associations between executive tests and LPFC were stronger than between the same tests

and volumes of primary and secondary visual cortices. Thus, we surmise that more

numerous comparison studies could have made a stronger case for specificity of the LPFC-

executive functions relationship. As summarized in Table 5, positive and null effects were

reported in a wide range of non-PFC regions, though no negative relationships (“smaller –

better”) were reported in the reviewed ROI-based studies.

A limited remedy to the lack of ROI comparison studies may be found in comparing the

regions within the PFC. As the comparison among PFC sub-regions showed, performance

on executive functions tests was significantly related to the volume of lateral and medial

PFC but not of the OFC. The null effect in orbital PFC suggests that the positive effect

observed in PFC, especially lateral PFC, cannot reflect differences across the brain. This

regional comparison supports the specific role of lateral PFC in executive functioning.

The problem of establishing specificity of a region for support of a cognitive operation is

seemingly easier to find in VBM studies that examine the associations of executive

performance with local brain density and volume that are hypotheses-free and relay solely

on statistical decision criteria. Such studies are expected to reveal a larger set of structure-

function relationships than hypotheses-driven ROI studies can. Indeed, voxel-based studies

revealed associations between executive functions and local cortical volume or thickness in

PFC as well as non-PFC regions. The latter included paracentral lobule (Burzynska et al.,
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2012; Haldane et al., 2008), parietal cortex (Burzynska et al., 2012; Dickerson et al., 2008;

Haldane et al., 2008; Tu et al., 2012), cingulate gyrus (Haldane et al., 2008) and cerebellum

(Haldane et al., 2008), which all evidenced positive correlations between local volume or

thickness and executive test scores. In addition, however, VBM studies yielded negative

associations between executive cognition and the size of temporal (Burzynska et al., 2012)

and insular cortices (Koutsouleris et al., 2010), i.e. greater local volume or thickness was

associated with poorer performance. Because there was little consistency among VBM

studies in reporting the associations between executive tests and non-PFC regions we could

not subject these findings to meta-analysis. Notably, none of the VBM studies reported

significant correlations between executive functions and occipital cortex volume or density

thus presenting a good reason to view that part of the brain as a suitable control region.

The results of this meta-analysis do not yield themselves to a simple interpretation, and it is

unclear why bigger brain regions are associated with better cognitive performance. The

neurobiological reality behind variability in volumes and cortical thickness observed on

MRI is complicated and poorly understood. Although, recent work in rodents points to a

strong link between changes in local volume and density of neuropil (Qiu et al., 2013), other

studies reveal association between hippocampal volume and attrition of neurons (Bobinski et

al, 2000; Lee et al., 1995). Other possibilities, such as reduction in neuronal size, decline in

glial population, and reduction in capillary density remain unexplored. Because cognitive

training may affect local brain structure (e.g., Engvig et al., 2010), it is possible that

differences in any of the brain components listed above could be reciprocally related to

cognitive performance, either by providing better infrastructure for neurocomputation or by

representing a response to increased cognitive activity. Because the cause and effect

relationship between local cortical volumes and executive cognitions cannot be established

in cross-sectional studies, in this meta-analysis, we take a correlational view and evaluate

the strength of associations between regional structural measures and executive functions.

Limitations of the current meta-analyses

The conclusions of this meta-analysis are constrained by several limitations. First, we

aggregated the findings across variable definitions of the PFC regions across the studies.

Some investigators measured relatively large PFC regions incorporating many Brodmann

areas (8, 9, 10, 45, 46) to ensure high reliability (Gautam, 2011; Hanninen et al., 1997; Raz

et al., 1998). In other studies, however, the volume of much smaller regions of the PFC was

used in investigation of its association with executive functions. For example, Zuffante et al.

manually traced Brodmann’s area 46 (Zuffante et al., 2001); whereas in another study, the

PFC ROI comprised areas 9 and 46 (Paul et al., 2009). Although there is a basic agreement

on what part of the frontal lobe constitutes PFC (Fuster, 2008), each laboratory uses locally

developed and validated rules to define PFC ROIs. Not all studies report the reliability of the

measures and those that do, use various indices of reliability. Thus, discrepancy in reliability

and validity of PFC measures may account for a significant part of inter-study variance in

effect size.

The problem of heterogeneity of ROI definitions is not restricted to manual morphometry

studies. The regions demarcated by whole-brain semi-automatic methods, also differ among

Yuan and Raz Page 14

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



studies. The prefrontal cortex is a cytoarchitectonically and functionally heterogeneous

region (Petrides and Pandya, 2002; Stuss et al., 2002). Anatomically, distinct regions in PFC

project to multiple cortical regions via white matter pathways that may be differentially

related to cognitive performance (Madden et al., 2009 for review). Moreover, PFC has dense

connections to the subcortical nuclei and the cerebellum (Strick et al., 2009). Various

executive functions may depend on different regions of prefrontal cortex (Stuss et al., 2002;

Stuss et al., 1995). However, variability on ROI definitions and cortical parcellation among

the studies may not be greater than variability in the size and location of the damage in

lesion studies (Alvarez and Emory, 2006). Thus, although heterogeneity of anatomical

measures limits the validity of this meta-analysis, it should not preclude integration across

studies. If anything, refinement of the measures may reduce error variance and increase the

observed effect size in the future studies.

A common limitation of many meta-analyses is publication bias or a file-drawer effect.

Indeed, the effect sizes in published studies are generally larger than the effect sizes in

unpublished studies (Lipsey and Wilson, 1993), and the overall effect size may be

overestimated. In this meta-analysis, we have shown that at least for the association between

executive performance and the lateral PFC volume, the effect is robust, even with potential

overestimation taken into account. To nullify the observed overall effect in lateral PFC, the

proverbial file drawer will have to contain at least 23 studies with null finding, more than

120% of valid samples used in the current meta-analysis. This minimum number will even

increase, if studies with positive effect size are also included in the file drawer.

In conclusion, a quantitative analysis of the extant studies revealed a modest but robust

positive association between performance on tests of executive functions and prefrontal

cortical size in healthy adults. Larger PFC, especially lateral and medial PFC volume and

larger prefrontal cortical thickness were associated with better executive performance,

although such relationship is stronger for some tests and in samples with greater variation of

age. In short, the results support at least a limited version of the “bigger is better” hypothesis

of brain-behavior relationships. Improvement in specificity of executive tests and refinement

of neuroanatomical measurements as well as rigorous description of the sample health

characteristics should help to improve the quantification of structure-function relationship in

the future studies.
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Appendix A. Underlying formulas of the current meta-analyses

1. Converting correlation coefficient (r) to Fisher transformed z-score (Zr):

.

2.

Generic summary effect , where n is the sample size of each sample.
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3.
Weighted sum of squares: , where Wi = n−3, Yi is the effect size

(Fisher's z) of each sample and k is the number of samples.

4.

5.
Variance of the true effects: , where df = k − 1.

6.
Within-study variance: .

7.
Weight of each study under random-effects model: .

8.

Weighted mean under random-effects model: .

9.
Variance of the weighted mean: .

10.
Standard error of the weighted mean: .

11. The 95% confidence upper and lower limits of weighted mean:

a. ULM* = M* + 1.96× SEM*,

b. LLM* = M* − 1.96× SEM*.

12.
Converting Fisher's z to correlation coefficient: .

13.

Evaluating the significance of r by: .

14. The proportion of real variance of effect size in the total observed dispersion:

.

15.

Comparing the mean effect for subgroups: .
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Highlights

We examined strength of association of executive functions & PFC size in 28 studies.

Larger PFC volume and greater thickness correlated with better executive functions.

Stronger correlations found in samples with wider age dispersion.

Effect size depended on executive task type and methods of volume estimation.
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Figure 1.
Effect sizes (correlations) for associations between executive functions and PFC volume.
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Figure 2.
Effect sizes (correlations) for associations between executive functions and prefrontal cortical thickness.

Yuan and Raz Page 24

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Estimated distributions of true effect sizes.
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Figure 4.
Scatterplot of effect size vs. sample mean age. The areas of circles are proportional to sample sizes.
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Figure 5.
Standard deviation of sample age as a moderator. The areas of circles are proportional to sample sizes.
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Figure 6.
Effect sizes (correlations) for associations between WCST performance and PFC volume.
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Figure 7.
Effect sizes (correlations) for associations between WM and PFC volume.
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Figure 8.
Effect sizes (correlations) for associations between interference score and PFC volume.
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Figure 9.
Effect sizes (correlations) for associations between fluency test score and PFC volume.

Yuan and Raz Page 31

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10.
Effect sizes (correlations) for associations between TMT score and PFC volume.
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Figure 11.
Effect sizes (correlations) for associations between executive functions and LPFC volume.
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Figure 12.
Effect sizes (correlations) for associations between executive functions and OFC volume.
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Figure 13.
Effect sizes (correlations) for associations between executive functions and MPFC volume.
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