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ARTICLE INFO ABSTRACT

Arfiflf-’ history: Positive associations between human intelligence and brain size have been suspected for more than 150
Received 5 May 2015 years. Nowadays, modern non-invasive measures of in vivo brain volume (Magnetic Resonance Imaging)
Received in revised form 7 September 2015 make it possible to reliably assess associations with IQ. By means of a systematic review of published
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Available online 9 October 2015 studies and unpublished results obtained by personal communications with researchers, we identified

88 studies examining effect sizes of 148 healthy and clinical mixed-sex samples (>8000 individuals). Our
results showed significant positive associations of brain volume and IQ (r=.24, R? =.06) that generalize
over age (children vs. adults), IQ domain (full-scale, performance, and verbal 1Q), and sex. Application
In vivo brain volume of a number of methods for detection of publication bias indicates that strong and positive correlation
Meta-analysis coefficients have been reported frequently in the literature whilst small and non-significant associations
Meta-regression appear to have been often omitted from reports. We show that the strength of the positive association of
Reporting bias brain volume and IQ has been overestimated in the literature, but remains robust even when accounting
for different types of dissemination bias, although reported effects have been declining over time. While
it is tempting to interpret this association in the context of human cognitive evolution and species dif-
ferences in brain size and cognitive ability, we show that it is not warranted to interpret brain size as an
isomorphic proxy of human intelligence differences.
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1. Introduction

Associations between brain size and intelligence have been sub-
ject to investigation for more than a century. In 1836, Friedrich
Tiedemann, a German anatomist and physiologist wrote: “There is
undoubtedly a very close connexion between the absolute size of
the brain and the intellectual powers and functions of the mind”
(Tiedemann, 1836, p. 502). Thereafter, this assertion has been
entertained by influential minds (e.g., Darwin, 1871; Lombroso,
1864; Broca, 1861, as cited in Rushton and Ankney, 2009) until
today. It is extensively reflected in the literature (Deary et al., 2010;
Jensen, 1982; McDaniel, 2005; Rushton and Ankney, 2009; Van
Valen, 1974) and indeed in lay psychology and the common lan-
guage, as in the proverbial “big brained” as a synonym for being
smart. However, this alleged association has also been subjected
to intense debate and controversy (e.g., Deary et al., 2010; Gould,
1981; Jensen, 1982) about its meaning and strength. In this article
we will review the evidence on the strength of the linear asso-
ciation between brain size and measures of intelligence, with a
particular focus on the most comprehensive and detailed meta-
analysis of the relationship between human in vivo brain volume
and IQ. We will then critically discuss how this association can be
interpreted and how it relates to brain size differences between
species.

2. Surrogate measures of brain volume and intelligence

Even though an association between brain volume and intelli-
gence had been hypothesized early on, for long there was a lack
of good in vivo measures of brain volume. As a first attempt to
quantify the association between brain volume and intelligence,
Galton (1888) used linear external head measures (height, breadth,
depth) as a proxy for brain size and achievements at universities as
a measure for cognitive abilities. The introduction of intelligence
tests allowed assessment of cognitive abilities by means of stan-
dardized measures, but investigations still had to rely on crude
markers of brain volume (e.g., head circumference; Murdoch and
Sullivan, 1923). Such external measures have later been criticized
as yielding inaccurate estimates of inner skull capacity (intracranial
volume, ICV; Simmons, 1942). However, recent studies that com-
pared head circumference with ICV assessed precisely in vivo using
Magnetic Resonance Imaging (MRI) in large samples showed that
head circumference provides a reasonable estimate of ICV, with
correlations of .62 for men and .56 for women (Booth et al., 2015;
Wolf et al., 2003). Head circumference is actually a commonly used
surrogate for brain volume measurement, e.g., in epidemiological
cohort studies. However, expectably the correlation between head
circumference and IQ is weaker than the correlation between ICV
and IQ (Booth et al., 2015; MacLullich et al., 2002), and even though
it tends to be positive, it is not as reliable as some reviews suggest
(Rushton and Ankney, 1996, 2000, 2009).

ICV itselfis also often used as a surrogate for brain volume, espe-
cially in anthropological studies. But even ICV does not reflect brain
volume perfectly, as atrophy results in brain shrinkage relative to
the ICV, even in normal ageing (Royle et al., 2013). A thickening of
the inner skull in response to atrophy can also bias ICV when it is
used as an estimate of early-life or pre-morbid brain volume (Finby
and Kraft, 1972; May et al.,2011). However, the advent of MRI made
it possible to reliably and accurately measure in vivo brain volume
non-invasively. These studies now make up most of the available
evidence on an association between brain volume and IQ.

3. Meta-analysis of the association between in vivo brain
volume and IQ

In the first study using MRI, Willerman et al. (1991) reported
an association of r=.51 between brain volume and full-scale IQ of
the revised Wechsler Adult Intelligence Scale (WAIS-R; Wechsler,
1981) in a sample of 40 healthy college students. Subsequently, as
the use of MRI became more common, several replication attempts
of this strong effect of MRI-based studies (a previous review of head
circumference and IQ had found overall effects of only about r=.30;
Van Valen, 1974) were published, but varied considerably in size
and in some cases even in direction (e.g., Collinson et al., 2003).
Several narrative reviews on associations of brain size measures
and intelligence have been published since the mid-1990s (Gignac
et al., 2003; Miller and Penke, 2007; Rushton and Ankney, 1996,
2000, 2009; Vernon et al., 2000), concluding that there was strong
evidence for a positive relationship between these two variables.
However, narrative reviews are limited in their capability to deter-
mine the strength of such associations or influences of moderating
variables and are vulnerable to bias (e.g., Borenstein et al., 2009, pp.
301-302). Further insights on this topic may be gained from sys-
tematic quantitative reviews (i.e., meta-analyses), which provide a
large bandwidth of tools to assess overall strength of effects, group
differences, influences of moderating variables, and potential bias.

As a first step to shed light on the strength of this association
in a subset of the general population (namely healthy individ-
uals), a meta-analysis of in vivo brain volume and full-scale 1Q
was published in 2005 (McDaniel, 2005). For 24 studies compris-
ing 37 samples of healthy men and women (>1500 individuals), a
moderate significant association of brain volume and intelligence
was reported (r=.29). McDaniel (2005) found stronger effects for
women than men (r=.36 and r=.30) but similar correlations among
adults and children (r=.30 and r=.28) although there were no
formal significance tests reported. This paper attracted a lot of
attention in the scientific community, quickly becoming one of the
most highly cited articles of Intelligence, the leading journal in the
field of intelligence research.

However, McDaniel (2005) directed attention towards some
concerns about validity of results of his meta-analysis as he pointed
out that reporting practice in the literature gave reason to surmise



Table 1

Details of included studies.

Author year Review coverage Participants Mean age Sex Reporting IQ domain Measure Type of test n
R1 R2 \% G M R3
Yeo et al. 1987 X - X - - - Clinical 38.40 Mixed Reported FSIQ CT WAIS 41 .07
Yeo et al. 1987 - - - - - - Clinical 38.40 Mixed Reported Performance CT WAIS 41 .06
Yeo et al. 1987 - - - - - - Clinical 38.40 Mixed Reported Verbal CT WAIS 141 12
Willerman et al. 1991 X X X X X X Healthy 18.90 Women Reported FSIQ MRI WAIS-R 20 .33
Willerman et al. 1991 X X X X X X Healthy 18.90 Men Reported FSIQ MRI WAIS-R 20 51
Andreasen et al. 1993 X - X X X X Healthy 38.00 Women Reported FSIQ MRI WAIS-R 30 44
Andreasen et al. 1993 - - - - - - Healthy 38.00 Women Reported Performance MRI WAIS-R 30 .30
Andreasen et al. 1993 - - - - - - Healthy 38.00 Women Reported Verbal MRI WAIS-R 30 43
Andreasen et al. 1993 X - X X X X Healthy 38.00 Men Reported FSIQ MRI WAIS-R 37 40
Andreasen et al. 1993 - - - - - - Healthy 38.00 Men Reported Performance MRI WAIS-R 37 43"
Andreasen et al. 1993 - - - - - - Healthy 38.00 Men Reported Verbal MRI WAIS-R 37 33
Raz et al. 1993 X - X X X X Healthy 43.80 Mixed Reported Fluid MRI CFIT 29 43
Raz et al. 1993 - - - - - - Healthy 43.80 Mixed Reported Verbal MRI V3 29 .10
Castellanos et al. 1994 - - X - X X Healthy 12.10 Men Reported FSIQ MRI WISC-R 46 33
Egan et al. 1994 X - X X X X Healthy 22.50 Men Reported Performance MRI WAIS-R 40 24
Egan et al. 1994 - - - - - - Healthy 22.50 Men Reported Verbal MRI WAIS-R 40 24
Wickett et al. 1994 X - X X X X Healthy 25.00 Women Reported FSIQ MRI MAB 40 40
Wickett et al. 1994 - - - - - - Healthy 25.00 Women Reported Performance MRI MAB 40 28
Wickett et al. 1994 - - - - - - Healthy 25.00 Women Reported Verbal MRI MAB 40 44"
Harvey et al. 1994 X X - - - X Clinical 35.60 Mixed Reported Verbal MRI NART 26 38
Harvey et al. 1994 X X - - - X Clinical 31.10 Mixed Reported Verbal MRI NART 48 24
Harvey et al. 1994 X X X - - X Healthy 31.60 Mixed Reported Verbal MRI NART 34 69
Jones et al. 1994 - - X - - X Healthy 31.70 Mixed Reported Verbal CT NART and 67 .30
WAIS-R
Egan et al. 1995 X - X - X X Healthy 22.50 Men Reported FSIQ MRI WAIS-R 40 31
Egan et al. 1995 - - - - - - Healthy 22.50 Men Reported Performance MRI WAIS-R 40 22
Egan et al. 1995 - - - - - - Healthy 22.50 Men Reported Verbal MRI WAIS-R 40 21
Kareken et al. 1995 - - X - X X Healthy 27.66 Mixed PC FSIQ MRI WAIS-R 68 30
Haier et al. 1995 X - - - - X Clinical 26.52 Mixed Reported FSIQ MRI WAIS-R 26 65"
Raz et al. 1995 - - - - - - Clinical 35.20 Mixed Reported FSIQ MRI BCS and 11 24
WPPSI-R
Raz et al. 1995 - - - - - - Clinical 35.20 Mixed Reported Verbal MRI BCS 11 90"
Bigler 1995 - - - - - - Clinical 29.54 Mixed Reported FSIQ MRI WAIS-R 72 .03
Reiss et al. 1995 - - - - - - Clinical 10.80 Mixed Reported FSIQ MRI BS, SBIS and 51 25
WISC-R
Reiss et al.2 1995 - - - - - - Healthy 11.28 Mixed PC FSIQ MRI BS, SBIS and 87 .00
WISC-R
Reiss et al. 1996 - - X X X X Healthy 10.60 Women PC FSIQ MRI Not reported 57 37"
Reiss et al. 1996 - - X X X X Healthy 10.10 Men PC FSIQ MRI Not reported 12 52
Blatter et al. 1997 - - - - - - Clinical Not reported Not reported Reported Performance MRI WAIS-R 21 A7
Blatter et al. 1997 - - - - - - Clinical Not reported Not reported Reported Verbal MRI WAIS-R 22 57"
Paradiso et al. 1997 - - - - - - Healthy 24.80 Mixed Reported FSIQ MRI WAIS-R 62 38"
Paradiso et al. 1997 - - - - - - Healthy 24.80 Mixed Reported Performance MRI WAIS-R 62 .32
Paradiso et al. 1997 - - - - - - Healthy 24.80 Mixed Reported Verbal MRI WAIS-R 62 27
Mori et al. 1997 - - - - - - Clinical 70.20 Mixed Reported FSIQ MRI WAIS-R 60 407
Mori et al. 1997 - - - - - - Clinical 70.20 Mixed Reported Performance MRI WAIS-R 60 37
Mori et al. 1997 - - - - - - Clinical 70.20 Mixed Reported Verbal MRI WAIS-R 60 37"
Flashman et al. 1998 - X - X X X Healthy 27.00 Mixed Reported FSIQ MRI WAIS-R 90 25
Flashman et al. 1998 - - - - - - Healthy 27.00 Mixed Reported Performance MRI WAIS-R 90 .26
Flashman et al. 1998 - - - - - - Healthy 27.00 Mixed Reported Verbal MRI WAIS-R 90 .16
Gur et al. 1999 - X - X X X Healthy 25.00 Women Reported FSIQ MRI VLT, JLOT, and 40 407
WAIS-R
Gur et al. 1999 - - - X - - Healthy 25.00 Women Reported Verbal MRI WAIS-R and 40 40
CVLT
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Table 1 (Continued)

Author year Review coverage Participants Mean age Sex Reporting 1Q domain Measure Type of test n
R1 R2 \% M R3
Gur et al. 1999 - X - X X Healthy 27.00 Men Reported FSIQ MRI VLT, JLOT, and 40 39
WAIS-R
Gur et al.? 1999 - - - - - Healthy 27.00 Men PC Verbal MRI WAIS-R and 40 .00
CVLT
Tan et al. 1999 - X - X X Healthy 22.00 Women Reported Fluid MRI CFIT 54 62"
Tan et al. 1999 - X - X X Healthy 22.00 Men Reported Fluid MRI CFIT 49 28
Warwick et al.? 1999 - - - - Clinical 21.60 Women PC Verbal MRI Quick 11 .00
Warwick et al. 1999 - - - - - Clinical 21.55 Women PC Verbal MRI Quick 24 53”7
Warwick et al.2 1999 - - - - - Healthy 21.50 Women PC Verbal MRI Quick 13 .00
Warwick et al.? 1999 - - - - - Clinical 21.80 Men PC Verbal MRI Quick 10 .00
Warwick et al.? 1999 - - - - - Clinical 21.80 Men PC Verbal MRI Quick 10 .00
Warwick et al. 1999 - - - - - Clinical 21.63 Men Reported Verbal MRI Quick 45 31
Warwick et al.2 1999 - - - - - Healthy 21.50 Men Reported Verbal MRI Quick 25 .00
Leonard et al.2 1999 - - - - - Clinical 43.00 Men PC Performance MRI WAIS-R 37 .00
Leonard et al.? 1999 - - - - - Clinical 43.00 Men PC Verbal MRI WAIS-R 37 .00
Leonard et al.? 1999 - - - - - Healthy 42.00 Men PC Performance MRI WAIS-R 33 .00
Leonard et al.2 1999 - - - - - Healthy 42.00 Men PC Verbal MRI WAIS-R 33 .00
Pennington et al. 2000 - - - X X Healthy 19.06 Mixed Reported FSIQ MRI WISC-R and 36 31
WAIS-R
Pennington et al. 2000 - - - - X Healthy 16.97 Mixed Reported FSIQ MRI WISC-R and 96 427
WAIS-R
Wickett et al. 2000 - X X X X Healthy 24.97 Men Reported FSIQ MRI MAB 68 35"
Wickett et al. 2000 - - - - - Healthy 2497 Men Reported Performance MRI MAB 68 31
Wickett et al. 2000 - - - - - Healthy 24.97 Men Reported Verbal MRI MAB 68 33"
Garde et al. 2000 - - - X - Healthy 80.70 Women PC FSIQ MRI WAIS 22 22
Garde et al. 2000 - - - X - Healthy 80.70 Men PC FSIQ MRI WAIS 46 .07
Schoenemann et al. 2000 - - - X X Healthy 23.20 Women PC Fluid MRI RPM 72 21
Schoenemann et al. 2000 - - - X X Healthy 23.20 Women Reported Verbal MRI MAB 36 12
Lawson et al. 2000 - - - - - Clinical Not reported Not reported Reported ESIQ MRI WISC-III, 47 43"
WPPSI-R, DAS,
SBIS, and
GMDS
Kumra et al.2 2000 - - - - - Clinical 12.30 Mixed PC FSIQ MRI WISC-11, 27 .00
WISC-R, and
WAIS
Kumra et al.2 2000 - - - - - Clinical 14.40 Mixed PC FSIQ MRI WISC-1I, 44 .00
WISC-R, and
WAIS
Isaacs et al. 2000 - - - - - Healthy 7.75 Mixed PC FSIQ MRI WISC-III 11 .03
Isaacs et al. 2000 - - - - - Healthy 7.75 Mixed PC Performance MRI WISC-III 11 18
[saacs et al. 2000 - - - - - Healthy 7.75 Mixed PC Verbal MRI WISC-III 11 .04
[saacs et al. 2000 - - - - - Healthy 7.75 Mixed PC FSIQ MRI WISC-I1I 8 .55
Isaacs et al. 2000 - - - - - Healthy 7.75 Mixed PC Performance MRI WISC-III 8 .35
Isaacs et al. 2000 - - - - - Healthy 7.75 Mixed PC Verbal MRI WISC-III 8 .57
Castellanos et al. 2001 - - - - - Clinical 9.70 Women Reported FSIQ MRI WISC-R and 40 36
WISC-III
Coffey et al. 2001 - - - - - Healthy 74.85 Mixed Reported Performance MRI WAIS-R 318 .06
Coffey et al. 2001 - - - - - Healthy 74.85 Mixed Reported Verbal MRI Verbal fluency 319 .06
task
MacLullich et al. 2002 - - - X X Healthy 67.80 Men Reported Fluid MRI SPM 97 397
MacLullich et al. 2002 - - - - - Healthy 67.80 Men Reported Verbal MRI NART 97 307
Aylward et al. 2002 - - - X - Healthy Not reported Men PC FSIQ MRI Not reported 46 13
Aylward et al. 2002 - - - - - Clinical 18.80 Mixed Reported FSIQ MRI Not reported 67 .10
Aylward et al. 2002 - - - - - Clinical 18.80 Mixed Reported Performance MRI Not reported 67 .10
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Table 1 (Continued)

Author year Review coverage Participants Mean age Sex Reporting 1Q domain Measure Type of test n r
R1 R2 R3

Waiter et al. 2004 - - - Clinical 15.40 Men PC FSIQ MRI WISC-III and 16 —-.06
WAIS-IV

Waiter et al. 2004 - - - Clinical 15.40 Men PC Performance MRI WISC-III and 16 .10
WAIS-IV

Waiter et al. 2004 - - - Clinical 15.40 Men PC Verbal MRI WISC-III and 16 -.17
WAIS-IV

Waiter et al. 2004 - - - Healthy 15.50 Men PC FSIQ MRI WISC-III and 16 13
WAIS-IV

Waiter et al. 2004 - - - Healthy 15.50 Men PC Performance MRI WISC-III and 16 23
WAIS-IV

Waiter et al. 2004 - - - Healthy 15.50 Men PC Verbal MRI WISC-III and 16 .20
WAIS-IV

Rojas et al. 2004 - - - Clinical 30.30 Mixed PC FSIQ MRI WAIS-R and 15 .07
WAIS-III

Rojas et al. 2004 - - - Clinical 30.30 Mixed PC Performance MRI WAIS-R and 15 .15
WAIS-III

Rojas et al. 2004 - - - Clinical 30.30 Mixed PC Verbal MRI WAIS-R and 15 .30
WAIS-III

Rojas et al. 2004 - - - Healthy 43.62 Mixed PC FSIQ MRI WAIS-R and 17 31
WAIS-III

Rojas et al. 2004 - - - Healthy 43.62 Mixed PC Performance MRI WAIS-R and 17 27
WAIS-III

Rojas et al. 2004 - - - Healthy 43.62 Mixed PC Verbal MRI WAIS-R and 17 .19
WAIS-III

Thoma et al. 2005 - - - Healthy 23.50 Men Reported FSIQ MRI APM, COWA, 19 27
TMT, VKMRT,
WAIS-R

Antonova et al. 2005 - - - Clinical 40.49 Mixed PC Verbal MRI WAIS-III 44 .16

Antonova et al. 2005 - - - Healthy 33.72 Mixed PC Verbal MRI WAIS-III 43 24

Lodygensky et al. 2005 - - - Clinical 8.58 Mixed PC FSIQ MRI WISC-R 60 35"

Lodygensky et al. 2005 - - - Healthy 8.42 Mixed PC FSIQ MRI WISC-R 21 46

Witelson et al. 2006 - - X Clinical 54.60 Women Reported Performance WDM WAIS 33 32

Witelson et al. 2006 - - X Clinical 54.60 Women Reported Verbal WDM WAIS 40 59

Witelson et al. 2006 - - X Clinical 58.60 Men Reported Performance WDM WAIS 31 -.23

Witelson et al. 2006 - - X Clinical 58.60 Men Reported Verbal WDM WAIS 20 -.27

Witelson et al. 2006 - - X Clinical 58.60 Men Reported Verbal WDM WAIS 17 62"

Debanné et al. 2006 - - - Clinical 16.70 Mixed PC FSIQ MRI WISC-III and 43 .16
WAIS-III

Debanné et al. 2006 - - - Healthy 15.10 Mixed PC FSIQ MRI WISC-III and 41 .16
WAIS-III

Staff et al.P 2006 - - X Healthy 79.50 Mixed PC Fluid MRI SPM 102 -.10

Staff et al. 2006 - - - Healthy 79.50 Mixed PC Verbal MRI NART 102 —.14

Voelbel et al. 2006 - - - Clinical 10.16 Men PC FSIQ MRI WISC-III 38 .02

Voelbel et al. 2006 - - - Clinical 10.16 Men PC Performance MRI WISC-III 38 -.02

Voelbel et al. 2006 - - - Clinical 10.16 Men PC Verbal MRI WISC-III 38 .08

Voelbel et al. 2006 - - - Healthy 10.77 Men PC Performance MRI WISC-III 13 .06

Voelbel et al. 2006 - - - Clinical 10.08 Men PC FSIQ MRI WISC-III 12 -.14

Voelbel et al. 2006 - - - Clinical 10.08 Men PC Performance MRI WISC-III 12 —.48

Voelbel et al. 2006 - - - Clinical 10.08 Men PC Verbal MRI WISC-III 12 23

Voelbel et al. 2006 - - - Healthy 10.77 Men PC Verbal MRI WISC-III 13 -.15

Voelbel et al. 2006 - - - Healthy 10.77 Men PC FSIQ MRI WISC-III 13 -.11

Rojas et al. 2006 - - - Clinical 20.79 Men PC FSIQ MRI WAIS-III and 24 .30
WISC-III

Rojas et al. 2006 - - - Clinical 20.79 Men PC Performance MRI WAIS-III and 24 31

WISC-III
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Table 1 (Continued)

]84

Author year Review coverage Participants Mean age Sex Reporting 1Q domain Measure Type of test n r

R1 R2 \% G M R3

Amat et al. 2008 - - - - - - Healthy 31.50 Mixed PC FSIQ MRI WAIS-R 27 -.11
Amat et al. 2008 - - - - - - Healthy 31.50 Mixed PC Performance MRI WAIS-R 27 .18
Amat et al. 2008 - - - - - - Healthy 31.50 Mixed PC Verbal MRI WAIS-R 27 -.29
Raz et al. 2008 - - - - - - Clinical 59.75 Mixed PC Fluid MRI CFIT 32 -.02
Razetal. 2008 - - - - - - Clinical 59.75 Mixed PC Verbal MRI V2 and V3 31 .15
Raz et al. 2008 - - - - - - Healthy 51.11 Mixed PC Fluid MRI CFIT 55 .18
Raz et al. 2008 - - - - - Healthy 51.11 Mixed PC Verbal MRI V2 and V3 55 13
Ebner et al. 2008 - - - - - - Clinical 34.52 Mixed PC Verbal MRI MWT 44 .15
Ebner et al. 2008 - - - - - - Healthy 32.45 Mixed PC Verbal MRI MWT 37 -.13
Zeegers et al. 2009 - - - - - - Clinical 3.72 Mixed Reported FSIQ MRI MSEL 21 .06
Zeegers et al. 2009 - - - - - - Clinical 344 Mixed Reported FSIQ MRI MSEL 10 73
Miller et al. 2009 - - - - - - Clinical 16.53 Mixed Reported FSIQ MRI WJ-III 16 -.30
Miller et al. 2009 - - - - - - Healthy 9.25 Mixed Reported FSIQ MRI WI-III 12 23
Miller et al. 2009 - - - - - - Healthy 12.08 Not reported Reported Fluid MRI WI-III 11 -.11
Miller et al. 2009 - - - - - - Healthy 12.08 Not reported Reported Verbal MRI WJ-III 11 —.65
Miller et al. 2009 - - - - - - Clinical 9.25 Not reported Reported Verbal MRI WJ-III 5 .84
Miller et al. 2009 - - - - - - Clinical 16.53 Not reported Reported Verbal MRI WI-III 6 .76
Van Leeuwen et al. 2008 - - - - - - Healthy 9.10 Mixed Reported Fluid MRI SPM 214 20"
Van Leeuwen et al. 2008 - - - - - - Healthy 9.10 Mixed Reported Performance MRI WISC-III 214 28"
Van Leeuwen et al. 2008 - - - - - - Healthy 9.10 Mixed Reported Verbal MRI WISC-III 214 337
Shenkin et al. 2009 - - - - - - Healthy 78.40 Mixed Reported FSIQ MRI MHT, SPM, and 99 21
WMS
Shenkin et al. 2009 - - - - - - Healthy 78.40 Mixed Reported Verbal MRI CWAT 107 13
Qiu et al. 2009 - - - - - - Clinical 10.40 Mixed PC FSIQ MRI WISC-III and 47 .26
WISC-1V
Qiu et al. 2009 - - - - - - Clinical 10.40 Mixed PC Performance MRI WISC-III and 47 .20
WISC-IV
Qiuetal. 2009 - - - - - - Clinical 10.40 Mixed PC Verbal MRI WISC-III and 47 21
WISC-IV
Qiu et al. 2009 - - - - - - Healthy 10.50 Mixed PC FSIQ MRI WISC-III and 66 .26
WISC-1V
Qiu et al. 2009 - - - - - - Healthy 10.50 Mixed PC Performance MRI WISC-III and 66 12
WISC-IV
Qiuetal. 2009 - - - - - - Healthy 10.50 Mixed PC Verbal MRI WISC-III and 66 35”7
WISC-1V
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC Performance MRI HAWIE-R 13 .16
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC Verbal MRI HAWIE-R 10 -.17
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC FSIQ MRI HAWIE-R 10 .02
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC Performance MRI HAWIE-R 10 23
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC Verbal MRI HAWIE-R 13 .35
Weniger et al. 2009 - - - - - - Healthy 33.00 Women PC FSIQ MRI HAWIE-R 25 .15
Weniger et al. 2009 - - - - - - Healthy 33.00 Women PC Performance MRI HAWIE-R 25 24
Weniger et al. 2009 - - - - - - Healthy 33.00 Women PC Verbal MRI HAWIE-R 25 .00
Weniger et al. 2009 - - - - - - Clinical 32.00 Women PC FSIQ MRI HAWIE-R 13 27
Castro-Fornieles et al. 2009 - - - - - - Clinical 14.50 Mixed PC Performance MRI WISC-R 12 .38
Castro-Fornieles et al. 2009 - - - - - - Clinical 14.50 Mixed PC Verbal MRI WISC-R 12 11
Castro-Fornieles et al. 2009 - - - - - - Healthy 14.60 Mixed PC Performance MRI WISC-R 9 .55
Castro-Fornieles et al. 2009 - - - - - - Healthy 14.60 Mixed PC Verbal MRI WISC-R 9 43
[saacs et al.? 2010 - - - - - - Healthy 15.75 Women PC FSIQ MRI WISC-III and 24 .00
WAIS-III
[saacs et al.? 2010 - - - - - - Healthy 15.75 Women PC Performance MRI WISC-III and 24 .00
WAIS-III
[saacs et al.2 2010 - - - - - - Healthy 15.75 Women PC Verbal MRI WISC-III and 24 .00

WAIS-III
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[saacs et al. 2010 - - - - - - Healthy 15.75 Men Reported FSIQ MRI WISC-III and 26 36

WAIS-III
Isaacs et al. 2010 - - - - - - Healthy 15.75 Men Reported Performance MRI WISC-III and 26 .19
WAIS-III
[saacs et al. 2010 - - - - - - Healthy 15.75 Men Reported Verbal MRI WISC-III and 26 48"
WAIS-III
Betjemann et al. 2010 - - - - - - Healthy 11.40 Mixed Reported Performance MRI WISC-R 142 427
Betjemann et al. 2010 - - - - - - Healthy 11.40 Mixed Reported Verbal MRI WISC-R 142 .14
Lange et al. 2010 - - - - - - Healthy 10.88 Women Reported FSIQ MRI WASI 166 227
Lange et al. 2010 - - - - - - Healthy 10.88 Women Reported Performance MRI WASI 155 20"
Lange et al.? 2010 - - - - - - Healthy 10.88 Women PC Verbal MRI WASI 155 .00
Lange et al. 2010 - - - - - - Healthy 10.95 Men Reported FSIQ MRI WASI 143 23"
Lange et al. 2010 - - - - - - Healthy 10.95 Men Reported Performance MRI WASI 130 28"
Lange et al.? 2010 - - - - - - Healthy 10.95 Men PC Verbal MRI WASI 130 .00
Hogan et al. 2010 - - - - - - Healthy 68.69 Mixed PC Fluid MRI SPM 234 11
Hogan et al. 2010 - - - - - - Healthy 68.69 Mixed PC Verbal MRI NART 235 <.01
Hermann et al.€ 2002 - - - - - - Clinical 36.09 Mixed PC FSIQ MRI WAIS-III 77 21
Hermann et al.¢ 2002 - - - - - - Clinical 36.09 Mixed PC Performance MRI WAIS-III 77 .09
Hermann et al.¢ 2002 - - - - - - Clinical 36.09 Mixed PC Verbal MRI WAIS-III 77 .28
Hermann et al. 2002 - - - - - - Healthy 33.34 Mixed PC FSIQ MRI WAIS-III 67 31
Hermann et al.¢ 2002 - - - - - - Healthy 33.34 Mixed PC Performance MRI WAIS-1II 67 33"
Hermann et al.¢ 2002 - - - - - - Healthy 33.34 Mixed PC Verbal MRI WAIS-III 67 23
Wallace et al. 2010 - - - - - - Healthy 11.80 Mixed Reported FSIQ MRI WASI 649 14
Wallace et al. 2010 - - - - - - Healthy 11.80 Mixed Reported Performance MRI WASI 649 14
Wallace et al. 2010 - - - - - - Healthy 11.80 Mixed Reported Verbal MRI WASI 649 RER
Ashtari et al. 2011 - - - - - - Healthy 18.50 Men Reported FSIQ MRI WRAT-III 14 .57
Ashtari et al. 2011 - - - - - - Clinical 19.30 Men Reported FSIQ MRI WRAT-III 14 .29
Kievit et al. 2011 - - - - - - Healthy 21.10 Mixed PC Performance MRI WAIS-III 80 29
Kievit et al. 2011 - - - - - - Healthy 21.10 Mixed PC Verbal MRI WAIS-III 80 23
Tate et al.? 2011 - - - - - - Clinical 81.70 Mixed Reported FSIQ MRI Shipley Scale 194 .00
Royle et al. 2013 - - - - - - Healthy 73.00 Men Reported FSIQ MRI WAIS-1II 327 27"
Royle et al. 2013 - - - - - - Healthy 73.00 Women Reported FSIQ MRI WAIS-III 293 267
Burgaleta et al. 2012 - - - - - - Healthy 19.88 Mixed Reported FSIQ MRI APM, DAT, and 100 17
PMA
Aydin et al. 2012 - - - - - - Healthy 15.10 Men Reported FSIQ MRI WISC-R 30 40
Aydin et al. 2012 - - - - - - Healthy 15.10 Men Reported Performance MRI WISC-R 30 34
Aydin et al. 2012 - - - - - - Healthy 15.10 Men Reported Verbal MRI WISC-R 30 .26

Note. Review Coverage: x indicates that study had been included in previous review, —indicates that study had not been included in previous Review; PC = Personal communication; FSIQ = Full-scale IQ; CT = X-ray Computed Tomogra-
phy, MRI = Magnetic Resonance Imaging, WDM = Water Displacement Method; APM = Raven’s Advanced Progressive Matrices, BCS = Bracken Basic Concepts Scale, BS = Bayley Scales of Infant Development, CFIT = Cattell’s Culture Fair
Intelligence Test, COWA = Controlled Oral Word Association, CVLT = California Verbal Learning Test, CWAT = Controlled Word Association Test, DAS = Differential Ability Scale, DAT = Differential Aptitude Test, GMDS = Griffiths Mental
Developmental Scales, HAWIE-R = Revised German Version of the Wechsler Adult Intelligence Scale, JLOT = Judgment of line orientation test, MAB = Multidimensional Aptitude Battery, MHT = Moray House Test, MWT = Multiple-
choice Vocabulary Test, MSEL=Mullen Scales of Early Learning, NART = New Adult Reading Test, PMA=Primary Mental Abilities, Quick=Quick IQ Test, RPM =Raven’s Progressive Matrices, SBIS = Stanford Binet Intelligence
Scale, SILT = Shipley Institute of Living Test, SPM =Raven’s Standard Progressive Matrices, TMT =Trail Making Test, V2 =Vocabulary Test, V3 = Extended Vocabulary Test, VKMRT = Vandenberg and Kuse Mental Rotation Test,
WAIS =Wechsler Adult Intelligence Scale, WAIS-R=Wechsler Adult Intelligence Scale Revised, WAIS-IV =Wechsler Adult Intelligence Scale, 4th edition, WASI=Wechsler Abbreviated Scale of Intelligence, WISC-R=Wechsler
Intelligence Scale for Children Revised, WISC-III = Wechsler Intelligence Scale for Children, 3rd edition, WISC-IV = Wechsler Intelligence Scale for Children, 4th edition, WJ-IIl = Woodcock-Johnson-Test of Cognitive Abilities, 3rd
edition, WMS = Wechsler Memory Scale, WPPSI-R = Wechsler Preschool and Primary Scales of Intelligence Revised, WRAT-III = Wide Range Achievement Test, 3rd edition.

2 No numerical value reported for nonsignificant effect size, thus set to zero.

b parts of data of Staff et al. (2006) was reported in Staff (2002) and included in McDaniel (2005).

¢ Study author was contacted regarding a paper published in 2002 but provided more recent data from 2010; Review coverage = study included in the review of Rushton and Ankney (1996; R1), Rushton and Ankney (2000;
R2); Vernon et al. (2000; V), Gignac et al. (2003; G), McDaniel (2005; M), Rushton and Ankney (2009; R3).
" p<.05.
" p<.01.
" p<.001.
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= McDaniel
Additional Studies

Frequencies

Study year

Fig. 1. Study year of included studies.

confounding publication bias. Publication bias refers to the ten-
dency of researchers and journals to publish significant findings
and strong effects more often, quicker, and more prominently (e.g.,
Rothstein et al., 2005) which was not assessed due to the relatively
small number of correlations in McDaniel’s meta-analysis. Addi-
tionally, only a relatively small number of moderating variables was
accounted for (age and sex), and differences were assessed using
a rather crude method (i.e., subgroup analysis). Indeed, the pat-
tern of observed results of investigations examining associations
of brain volume and IQ make it evident that a positive association
of these variables is to be expected, yet the strength of this effect
and potentially moderating variables remain unclear. Moreover,
because scientific productivity on this particular topic has been
increasing recently, resulting in large numbers of recent investiga-
tions addressing relationships of in vivo brain volume and IQ (see
Table 1), results of the preceding meta-analysis need to be updated
(Fig. 1).

Differential associations could arise for full-scale, performance,
and verbal Q. Specifically according to g theory (Jensen, 1998),
full-scale 1Q is more strongly associated with the general factor
of intelligence (g) than lower-order factors such as performance or
verbal IQ (single domains of intelligence naturally display lower g-
loadings than full-scale IQ, because g should consist of all relevant
domains of mental ability; Jensen, 1998, pp. 73-81), and hence full-
scale IQ (as most highly loaded on g) should display the strongest
correlations.

In order to update previous analyses, and to shed more light on
moderating variables as well as generalizability to the general pop-
ulation and further intelligence domains, we present here the most
comprehensive meta-analysis on this subject thus far. Associations
of full-scale, performance, and verbal IQ with in vivo brain size of
healthy and clinical samples (more than three times more sam-
ples and five times more participants than McDaniel, 2005) were
investigated over a time-span of 25 years.

In the present meta-analysis, effect sizes were based on results
published in the literature and obtained through personal commu-
nications with researchers of this field, thus making it possible to
directly assess influences of selective reporting. In addition to more
conventional methods such as subgroup analyses, we calculated
hierarchical weighted multiple linear meta-regressions including
several moderating variables. Furthermore, several methods for
detection of publication bias were applied, as there is ample evi-
dence of excessive bias due to selective publication and reporting

in studies investigating associations of brain volume with other
variables (loannidis, 2011).

3.1. Methods

3.1.1. Literature search

First, we screened reference lists of six early reviews on asso-
ciations of brain size and IQ to obtain potentially relevant studies
(Gignac et al., 2003; McDaniel, 2005; Rushton and Ankney, 1996,
2000, 2009; Vernon et al., 2000). Second, we searched ISI Web
of Science for all studies citing at least one of these six reviews.
Third, we screened reference lists of retrieved studies for addi-
tional potentially eligible studies. Fourth, we entered search terms
“brain volume AND intelligence”, “brain volume AND IQ”, “brain
size AND intelligence”, and “brain size AND IQ” in three scientific
databases (ISI Web of Science, PubMed, Scopus) and assessed titles
for relevance. Finally, we screened abstracts of 444 possibly rele-
vant articles for eligibility (Fig. 2). Relevant literature was searched
until May 2012.

3.1.2. Inclusion criteria

In order for studies to be included in the present analysis, they
needed to fulfill three criteria. First, brain volume had to be assessed
in individuals. Partial assessment of the brain (e.g., grey-matter
only; Thompson et al., 2001; correlations of brain macro-structure
with IQ only; Posthuma et al., 2002) was insufficient for inclusion
in the analysis. Rather, assessment of whole brain or intracranial
volume by X-ray Computed Tomography (2 studies; Jones et al.,
1994; Yeo et al., 1987), Magnetic Resonance Imaging (MRI), or the
Water Displacement Method (1 study; Witelson et al., 2006) had
to be reported. Second, measures of full-scale IQ, performance IQ,
or verbal IQ had to have been completed by participants. Third,
reported data had to be independent of data of any other study
included in the present meta-analysis. In cases where these criteria
were met, but correlation coefficients were not reported, corre-
sponding authors were personally contacted by email and asked to
provide the relevant results. In our analyses, we used reported vs.
non-reported coefficients as a moderating variable because non-
reported coefficients may be expected to show lower values due to
underreporting (i.e., due to publication bias).

3.1.3. Coding

Two experienced researchers (J.P., M.Z.) independently coded
studies into categories (aim of study, inclusion in previous meta-
analysis, sample type, type of psychometric test instrument, type
of volumetric measure) and recorded relevant variables as well as
sample characteristics. Additionally, the number of statistical cor-
rections in the form of covariates used to calculate the effect sizes
(e.g., height, weight) were assessed in order to allow consideration
in meta-regressions as outlined in Section 2.6. Inconsistencies in
coding were resolved by discussion.

Inanumber of studies, correlation coefficients of non-significant
associations of IQ and brain volume were not reported. When-
ever this was the case, corresponding authors of the respective
articles were contacted and correlation coefficients were obtained
through personal communications. Otherwise, following a con-
servative approach as described by Pigott (2009, pp. 408-409),
non-significant effect sizes were set to zero (5, 11, and 3 effects
for full-scale, verbal, and performance IQ, respectively).

3.1.4. Data analysis

Overall strength of associations of brain volume and IQ was esti-
mated using random-effects models. As a descriptive measure of
variability we computed the index I2, which reflects the percent-
age of variability between effects due to true heterogeneity (i.e.,
bigger values of I, reflect more heterogeneity). Associations were
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Fig. 2. Flowchart of study inclusion.

meta-analyzed independently for full-scale IQ, performance IQ, and
verbal IQ, so that single studies could feature in each of the three
analyses.

Additionally, we performed sensitivity analyses by omitting one
effect size in each run of the overall analysis, respectively, in order
to assess potentially distorting effects of individual effect sizes. To
avoid well-known unfavorable effects of using the correlation coef-
ficient r for overall effect size estimations (e.g., underestimation of
effects), effect sizes were transformed to Fisher’s Z prior calcula-
tion, following standard meta-analytical protocols (e.g., Borenstein,
2009, p. 231). We used 1/(n — 3) as sampling variance. For ease of
interpretation, we report results after back-transformation (i.e., in
the r metric). In all calculations, studies were weighted according
to study precision (inverse standard error of effect sizes). All anal-
yses were performed using CMA (Comprehensive Meta-Analysis
v2.2.030), the open-source software R 3.1.1 (R Development Core
Team, 2014), and the packages metafor (Viechtbauer, 2010) and
pwr (Champely et al., 2012) for R.

3.1.4.1. Subgroup analysis. To assess possible influences of mod-
erating variables, we performed a series of subgroup analyses.
Effect sizes were grouped according to effect reporting (corre-
lation coefficient reported in publication or not), sample type
(clinical vs. healthy samples), and sex (men-only vs. women-
only sample). Calculations were based on mixed-effects models
(i.e., within-subgroup estimates are based on random-effects but
across-subgroup calculations on a fixed-effect analysis).

3.1.4.2. Meta-regression. In order to allow more fine-grained
analyses of moderating variables, we applied weighted linear
meta-regressions. First, for assessment of effect strength develop-
ment over time, meta-regressions for study year on study effects
were calculated for effect sizes of all healthy samples. Second,

percentage of men in samples was regressed on study effects
of healthy, clinical, and all samples, because previous findings
indicated significant differences regarding sex (McDaniel, 2005).
Third, theory-guided hierarchical weighted multiple mixed-effects
meta-regressions were calculated. Study year was used as a single
predictor in the initial model, as a time trend was hypothesized
(i.e., a decline in effect strength; Schooler, 2011). In a second block,
sample age (children vs. adults) and male percentage (percent-
age of men in samples) were included, because previous results
indicated influences of these predictors on the strength of asso-
ciations (McDaniel, 2005). In a third block, aim of study (main
study goal was assessment of IQ brain size correlation vs. differ-
ent main goal), effect reporting (correlation coefficient reported
in publication or not), number of included covariates in primary
study, sample type (clinical vs. healthy samples), and type of test
(Wechsler-type test or not) were added as predictor variables. In
the final model, inverse sample variances (as it can be considered
to be indicative of confounding publication bias) were included
as a predictor. Goodness of model fit was examined by changes
in explained variance (R2). Finally, interactions of significant pre-
dictors were explored by means of weighted multiple moderated
meta-regressions (Jaccard and Turrisi, 2003).

Results of all meta-regressions are reported in units of Fisher’s
Z, although in order to assess stability of results, calculations were
repeated using correlation coefficients. This approach was chosen
due to the skewed distributional characteristics of .

3.1.4.3. Publication bias. To further clarify the pattern and to shed
light on influences on strength of effects depending on whether
or not the correlation coefficient had been reported in a research
paper, several methods for assessment of publication bias were
applied. Application of a relatively large number of different
approaches seems appropriate, as ramifications of publication bias
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Fig. 3. Forest Plot for Meta-Analysis of Associations of Full-scale IQ and In Vivo Brain Size of Healthy Samples. Note. Overall effect size calculations are based on a random
effects model; diamond represents overall effect size; symbol size is varied according to relative study weight within analysis; numbers in brackets are 95% confidence

intervals of point estimation.

Table 2
Overall and subgroup-specific effect sizes for full-scale, performance, and verbal IQ.
Full-scale IQ Performance 1Q Verbal IQ
k n P2 r LCI ucl k n 2 r LCI uclI k n 2 r LCI udl
All samples 120 6778 3885 247 21 27 64 3806 1727 217 17 24 99 5458 5593 217 16 .25
Reported 53 3956 3339 30 25 34 28 2580 4135 24 19 30 47 3205 66.12 .28 21 34
Personal communication 67 2822 3441 177 13 23 36 1226 <0.01 .16 .10 .21 52 2253 3390 .14 .08 .19
Healthy samples 84 5040 3706 .26 22 29 41 2845 17.03 227 18 27 60 3943 5855 .18 13 24
Reported 38 3254 2214 30 26 34 21 2288 42,03 267 20 32 30 2508 6544 247 17 31
Personal communication 46 1786 3892 .19 12 25 20 557 <0.01 .16 .08 25 30 1435 4059 .11 .03 .18
Clinical samples 36 1738 4223 207 13 26 23 961 1611 .16 .08 23 39 1515 4348 257 .18 .33
Reported 15 702 5383 257 .13 37 7 292 4528 .17 .01 32 17 697 6262 36 23 .48
Personal communication 21 1036 2542 .16 .08 .24 16 669 134 157 07 23 22 818 <0.01 21 .14 .28

Note. I> = percentage of variability between effects due to true heterogeneity; LCI =lower bound of 95% confidence interval; UCI = upper bound of 95% confidence interval.

" p<.05.
" p<.01.
* p<.001.

have been frequently demonstrated (e.g., Pietschnig et al., 2010).
Importance of this matter is reflected by growing awareness of
this issue in the scientific community and the development of
new methods to account for it. The different approaches of these
methods allow a comprehensive assessment of publication bias by
providing differential perspectives on funnel plot asymmetry as
outlined below.

First, funnel plots were visually inspected for evidence of asym-
metry (Light and Pillemer, 1984). Second, Begg and Mazumdar’s
rank correlational method was employed (Begg and Mazumdar,
1994). This method is based on a significance test examining
whether or not there is an indication of an association between
study effect sizes and study precision. In absence of publication
bias, there should be no such association observable. It should be
noted that in presence of less than 25 samples, this method pos-
sesses only moderate power to detect publication bias (Sterne et al.,
2000). Third, we applied Sterne and Egger’s (2005) mixed effect

regression method. In this method, study precision is regressed on
the standard normal deviate of effect sizes (i.e., effect sizes divided
by their standard errors) which should not lead to an intercept dif-
fering from zero in case of absence of publication bias. Fourth, we
used loannidis and Trikalinos’ (2007) test for excess significance.
This test compares the number of observed significant effect sizes
with the number of expected significant effects based on the cumu-
lative power of studies (overall effect size estimates were used
in power calculations). Analyses for excess significance were per-
formed for all effect sizes as well as for reported effects only. Fifth,
we used Trim-and-fill analysis (Duval and Tweedie, 2000) which
detects funnel plot asymmetry on one tail of the effect size dis-
tribution (i.e., typically effects smaller in strength than the overall
effect) and fills in missing studies to correct for the estimated bias.
Moreover, Trim-and-fill provides an estimate of the overall effect
based on all observed and imputed studies, although the authors
of this method caution against interpretation of this effect other
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Fig. 4. Forest Plot for Meta-Analysis of Associations of Full-scale IQ and In Vivo Brain Size of Patient Samples. Note. See Fig. 3.

than a sensitivity analysis. Sixth, sensitivity analyses using differ-
ent selection models were performed. We used four different study
weight functions as specified by Vevea and Woods (2005) assum-
ing either moderate or severe and one- or two-tailed selection of
effect sizes. In absence of publication bias, overall effect estimates
should not substantially differ between the uncorrected estimate
and corrected estimates based on either of the specified selection
models. All calculations for publication bias were performed only
for effect sizes that had been reported (i.e., no fixed effect sizes
or such that had been obtained through personal communications
were included in these calculations) except for the excess signifi-
cance method.

3.1.5. Final sample

In all, 88 studies comprising 148 independent healthy and clini-
cal mixed-sex samples (8036 individuals) were included in the data
analyses (McDaniel, 2005, covered 21.1% of included studies). Clin-
ical samples were defined as samples comprising individuals with
conditions likely to affect cognitive processing (autism, schizophre-
nia, traumatic brain injury). Such conditions are likely to affect
associations between IQ and brain volume. For 28 of all samples,
no associations of full-scale IQ with brain volume were available,
so the main analysis was based on 120 effect sizes (54 reported,
66 obtained through personal communications or set to zero;
Table 1). Assessments of dependent variables of these studies were

based on 39 different but mainly Wechsler-type 1Q test meas-
ures. All data and R codes are available from the supplementary
material.

3.2. Results

3.2.1. Brain volume and 1Q

The 120 correlation coefficients yielded a highly significant
overall effect of r=.24 (p<.001; 95% CI [.21, .27]) for full-scale 1Q.
Forest plots (depicting single study effects, confidence intervals,
and overall effects) for healthy and clinical samples are depicted in
Figs. 3 and 4, respectively. The effect generalized to performance
IQ (r=.21) and verbal IQ (r=.21), although effect sizes were some-
what lower for these intelligence domains (no formal significance
test was carried out to assess these differences due to data depend-
encies). Of note, in all intelligence domains effects seemed to be
stronger (i) for healthy than for clinical samples and (ii) for reported
correlations than for such that had been obtained through personal
communications (except for stronger effects of clinical samples
for verbal IQ; Table 2). Sensitivity analyses revealed that omit-
ting single studies had negligible influences on strength of effects
for all three intelligence domains, thus demonstrating stability of
results (i.e., no threats to validity of results due to leverage points).
Although results invariably yielded significant positive associa-
tions of brain volume and intelligence, visual inspection of strength
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Table 3
Subgroup analyses for full-scale IQ according to age, sample type, sex, and publica-
tion status.

Comparison k Q p
Healthy vs clinical samples 120 2.57 .109
Adults vs children 120 0.41 521
Reported r vs personal communication 120 13.77 <.001
Healthy 84 10.70 .001
Clinical 36 2.01 157
Men vs women 57 0.81 369
Healthy 47 0.34 563
Clinical 10 0.95 330

Note. Threshold for classification as adult was being of age 19 or older; exclusively
female-only and male-only samples were used to calculate subgroup analyses for
men and women; Q = weighted sum of squared differences between individual study
effects and pooled study effect (Cochrans’Q); df=1 for all analyses.
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Fig. 5. Cross-Temporal Meta-Regression on Fisher’s z for Healthy Samples. Note.
Symbol size is varied according to relative study weight within analysis.

of effects indicated differentiated outcomes regarding moderating
variables (Table 2).

We acknowledge that some readers might feel more comfort-
able in interpreting overall effects without inclusion of effect sizes
that have been set to zero (i.e., thus providing a more liberal esti-
mate, instead of a conservative one). Removal of these assumed
zero effects yielded r=.25 (p<.001; 95% CI [.22, .29]; k=115) for
full-scale, r=.21 (p<.001; 95% CI[.17, .25]; k=61) for performance,
and r=.23 (p<.001; 95% CI [.18, .28]; k=388) for verbal 1Q. How-
ever, we suggest to interpret these effects cautiously because they
provide necessarily a somewhat inflated estimate.

3.2.2. Subgroup analysis

Table 3 summarizes results for subgroup analyses for full-scale
IQ of dichotomous moderator variables. Observed associations
between brain volume and full-scale IQ were significantly higher
in healthy samples and for correlation coefficients that had been
reported in published articles. No significant differences between
associations regarding sex or age of participants (children vs.
adults) could be shown. For performance IQ and verbal IQ, the pat-
terns of these results were virtually identical, although for verbal IQ
subgroup analyses for healthy and clinical samples failed to reach
significance (results omitted for brevity).

3.2.3. Meta-regression

First, when study year was regressed on all healthy sam-
ples a significant decrease of effects over time was observed
(slope=-0.008, p=.02; Fig. 5). Second, meta-regressions of per-
centage of men within samples on effect sizes did not yield

= 1
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Fig. 6. Meta-Regression of Percentage of Men in Samples on Fisher’s z. Note. Symbol
size is varied according to relative study weight within analysis; (A) overall samples,
(B) healthy samples, (C) clinical samples.

significant influences of sex in healthy, clinical, or overall sam-
ples (Fig. 6). Indeed, signs of slopes were negative in all
three regressions, indicating slightly stronger effects for women
(slopes=-0.001, —0.041, and —0.015, respectively).

Third, the initial model of the hierarchical weighted meta-
regression showed significant influences of study year as the single
predictor on the overall effect, indicating that effects decreased
in strength over time (R?=.10). When sample age (children vs.
adults) and male percentage (percentage of men within samples)
were added as predictors, all included predictors failed to reach
significance and explained variance decreased (R? =.04) indicating
worse model fit. In the third model, inclusion of study aim, effect
reporting (correlation coefficient reported in publication or not),
number of included covariates in primary study, sample type (clin-
ical vs. healthy samples), and type of test (Wechsler-type test or
not) as predictors increased explained variance again (R? =.15). In
this model, two significant predictors emerged (effect reporting
and sample type). Slopes of these predictors showed significant
stronger effects for reported coefficients and healthy samples. Our
fourth model explained the highest amount of explained variance
(R? =.30), thus indicating the best model fit. Four significant predic-
tors emerged, indicating stronger effects for reported coefficients,
healthy samples, small samples, as well as Wechsler-type tests (for
summary statistics of regression models, see Table 4).

Finally, weighted moderated regressions of significant model
predictors on effect sizes showed no meaningful significant first or
second order interactions. In order to assess robustness of these
results, all regression analyses were repeated using the correlation
coefficient r as dependent variable. Results were virtually identi-
cal to analyses based on Fisher's z (i.e., same predictors emerged
as meaningful in hierarchical regressions, moderated regressions
showed no meaningful significant interactions; numerical results
omitted for brevity).

3.2.4. Publication bias
Visual inspection of funnel plots indicated slight asymme-
try to the left of the overall effect for full-scale 1Q. Begg and
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Table 4
Hierarchical weighted meta-regression on effect sizes.
Coefficient b SE LBCI UBCI p R?
Initial model .10
Study year —-0.006 0.003 -0.012 >—.001 .046
Second block .04
Study year —0.006 0.003 -0.012 <.001 .052
Children (0) vs adult sample (1) 0.013 0.036 —0.058 0.084 713
Male percentage in sample —0.031 0.052 -.132 0.070 .553
Third block 15
Study year —0.005 0.003 —-0.011 0.001 .091
Children (0) vs adult sample (1) 0.020 0.036 —0.051 0.092 579
Male percentage in sample —-0.030 0.051 -0.129 0.070 .558
Assessment of association was not (0) or was (1) main goal of study -0.011 0.048 -0.105 0.084 .828
Effect obtained through personal communication or set to zero (0) vs reported effects (1) 0.095 0.045 0.008 0.183 .032
Healthy (0) vs clinical sample (1) —0.088 0.044 -0.174 —0.002 .045
Non-WAIS-type tests (0) vs WAIS-type tests (1) 0.063 0.039 -0.014 0.139 .107
Number of included covariates —0.006 0.022 —0.049 0.037 .780
Final model 0.30
Study year —-0.002 0.003 —0.008 0.005 .644
Children (0) vs adult sample (1) 0.017 0.035 —0.052 0.086 .634
Male percentage in sample —-0.031 0.049 -.128 0.065 523
Assessment of association was not (0) or was (1) main goal of study 0.010 0.047 —0.083 0.103 .832
Effect obtained through personal communication or set to zero (0) vs reported effects (1) 0.114 0.044 0.028 0.201 .010
Healthy (0) vs clinical sample (1) —0.087 0.043 -0.171 —0.003 .042
Non-WAIS-type tests (0) vs WAIS-type tests (1) 0.076 0.038 0.002 0.150 .045
Number of included covariates —0.006 0.021 —0.048 0.036 784
Inverse variance of samples >-0.001 <0.001 —0.001 >-0.001 .025

Note. k=115; LBCI =lower bound of 95% confidence interval; UBCI = upper bound of 95% confidence interval; Studies were weighted according to sampling variance (1/(n — 3));
b=unstandardized regression coefficient; calculations are based on mixed-effects models and Fisher’s z transformation.
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Fig. 7. Funnel Plot for Reported Healthy Samples. Note. Circles represent reported effect sizes; solid circles represent missing studies according to Trim-and-fill analysis for
publication bias; studies’ weights are displayed on the ordinate according to study precision (1/standard deviation of effects); hollow diamond represents observed overall

effect size; solid diamond represents adjusted effect size (Fisher's z).

Mazumdar’s rank correlation (15 =.08; p=.19) did not reach signif-
icance, thus indicating no evidence for publication bias, but Sterne
and Egger’s regression method did (p =.03). There was no clear indi-
cation of excess significance for the overall effect (p=.15 and .06
for reported and all coefficients, respectively). Trim-and-fill analy-
sis yielded 14 missing studies to the left of the overall effect, thus
indicating considerable inflation of the overall effect and neces-
sity for effect adjustment (Fig. 7). Results from our selection model

analyses corroborated the above evidence for effect size inflation
(for a summary of results see first column of Table 5).

When calculations of these methods were performed separately
for effect sizes of healthy and clinical samples, different patterns
emerged for these two groups. Begg and Mazumdar’s method again
did notreach significance, but Sterne and Egger’s regression yielded
strong evidence for publication bias for healthy samples. Similarly,
reported effect sizes of healthy but not clinical samples showed
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Table 5
Results of five different indicators for publication bias for full-scale IQ effect sizes.

Overall (k=53) Healthy samples (k=38) Clinical samples (k=15)

Begg & Mazumdar p Value .19 12 35
Egger p Value 0.03 0.001 .90
Excess significance (based on reported coefficients only) x*(1)/p value 2.08/.15 5.29/0.02 1.05/.31
Excess significance (based on all coefficients) x%(1)/p value 3.57/0.06 2.63/.10 0.57/0.45
Trim-and-fill Observed r 30 30 25
Adjusted r 24 23 25
Added studies 14 16 0
Selection models (Vevea and Woods, 2005) No selection 30 30 25
Moderate one-tailed selection 28 29 22
Severe one-tailed selection .26 .28 15
Moderate two-tailed selection 28 29 24
Severe two-tailed selection 27 28 22

Note. Only published studies were used to calculate measures for publication bias except for excess significance tests; all calculations were based on random effects models;

p values for both Begg & Mazumdar’s and Egger’s test are 1-sided.

excess of significant results. Trim-and-fill analysis indicated sixteen
missing effects to the left of the observed effect for healthy samples
(more than a third of observed effects) but no missing studies for
clinical samples. Interestingly, selection model approaches showed
evidence for effect size inflation in both healthy and clinical samples
(second and third column of Table 5). This pattern was virtually
identical for performance IQ and verbal IQ, although evidence for
effect inflation was strongest for verbal IQ and was observed for
clinical samples as well (results omitted for brevity).

3.3. Discussion of the meta-analysis

In all, our findings demonstrate a moderate positive associa-
tion of in vivo brain volume and intelligence that generalizes over
full-scale IQ, performance IQ, and verbal IQ, but is differentiated in
respect to test and sample type and is possibly inflated by selective
reporting of significant effects. Our results indicate substantially
weaker associations of brain volume and IQ than previous esti-
mates.

Our findings raise several points of interest. First, brain volume
was significantly positively associated with all three investigated
intelligence domains (full-scale 1Q, performance IQ, verbal IQ). In
all, 6%, 4%, and 4% of variance, respectively, were attributable to
these associations, thus yielding a moderate effect (Cohen, 1988).
As hypothesized, these associations were stronger for full-scale
IQ than for performance IQ and verbal IQ. This result was to
be expected, because associations of full-scale IQ should display
stronger effects than single components of the general construct
due to higher loadings on psychometric g. These differences should
be interpreted while keeping in mind that assessment of statis-
tical significance of differences of effect strength was not possible
because of data dependency (i.e., most studies provided correlation
coefficients for all three intelligence domains based on the same
sample).

Second, when inclusion criteria were specified to the criteria
used by McDaniel (2005; i.e., inclusion of healthy samples only)
study year turned out to be a significant predictor, thus possi-
bly indicating a lag of publication of weaker and non-significant
effects. This phenomenon is well-known and has been extensively
discussed in the literature (Ioannidis, 1998; Schooler, 2011).

Third, effects were stronger when correlation coefficients had
been reported in a publication, than when they had been obtained
through personal communications as indicated in subgroup anal-
ysis. These results were consistent with the finding of stronger
effects for reported (vs. non-reported) effect sizes and small sam-
ples in our regression analysis. This suggests reporting bias (i.e.,
more detailed, faster, and more visible reporting of results in the
research literature in case of significant and strong effects; e.g.,
Hahn et al., 2002) as a conceivable source of effect inflation and

validates the concerns raised by McDaniel (2005) in respect to
validity of the observed overall effect due to selective reporting
in previous meta-analyses. Additionally, analyses for publication
bias indicated missing effect sizes at the lower tail of the effect size
distribution (i.e., to the left of the observed mean effect) for pub-
lished effects. This is consistent with previous findings of selective
reporting in published literature investigating associations of brain
volume with other variables (loannidis, 2011) and further corrob-
orates stronger effects of published results. A correction using the
Trim-and-fill method lowered the mean estimates to r=.24,r=.21,
and r=.17 for full-scale IQ, verbal IQ, and performance IQ, respec-
tively. This further illustrates effect inflation in all IQ domains due
to publication bias.

Fourth, IQ as measured by Wechsler-type intelligence tests was
more strongly associated with brain volume than other intelli-
gence test measures. This finding may be explained by the relative
narrowness of other employed test instruments and their smaller
saturation in g. Although it cannot be completely ruled out that this
effect might have been due to systematically higher reliabilities
of Wechsler-type intelligence test, the typically high reliabilities
of the included intelligence test measures render this alternative
explanation less likely than the proposed effect of g.

Fifth, subgroup analysis showed stronger effects for healthy
than clinical samples. This finding is not surprising, because indi-
viduals in included clinical samples suffered from a variety of
conditions affecting cognitive processing (i.e., autism, schizophre-
nia, traumatic brain injury) which are likely to blur associations. In
fact, all effect sizes of clinical samples were numerically lower than
effect sizes of healthy samples except for associations with verbal
Q.

Sixth, in contrast to findings reported by McDaniel (2005), we
did not observe significant sex differences. Noticeably, this non-
significant result was not only shown by subgroup analysis for
overall, healthy, and clinical samples, but also emerged in more
fine-grained analyses (i.e., meta-regressions), which should be
more sensitive in detection of differences.

Finally, no significant effects of sample age could be found. This
emphasizes the robustness of the association as effect strength does
not seem to be influenced by brain growth, but remains stable over
age. Admittedly, it would have been preferable to include age as a
continuous rather than dichotomous variable as this would have
provided a more detailed assessment. However, because inclusion
as continuous predictor would have led to a considerable loss of
includable effect sizes due to infrequent reporting of mean age,
inclusion as a dichotomous variable was preferred.

Of note, we did not apply range restriction corrections for sam-
ple attenuation in the present meta-analysis which might have led
to a slight underestimation of overall effects. We decided not to
apply corrections because for a majority of the included samples



J. Pietschnig et al. / Neuroscience and Biobehavioral Reviews 57 (2015) 411-432 427

standard deviations for test performance were not reported. There-
fore, correcting for range restriction would have required us to
interpolate estimates for these studies based on a comparatively
small number of reported parameters, thus introducing further
uncertainty rather than allowing us to assess a hypothesized true
value. Considering this, the present estimate based on the actual
observed values was deemed a more reliable estimation of the over-
all association. Similarly, no corrections for measurement error of
intelligence tests and volumetric measures were applied because
both intelligence tests (Hunt, 2011) as well as volumetric measure-
ments (MacLaren et al., 2014) have been typically observed to be
highly reliable.

In all, the present study clearly demonstrates a positive mod-
erate association of in vivo brain volume with intelligence.
Furthermore, we could show that this effect is observable in healthy
individuals as well as (albeit smaller) in clinical samples. Although
the association is confounded by reporting bias and therefore
smaller than presumed according to previous investigations, it is
robust as it generalizes over age, intelligence domain, and sex.

4. Why is brain size associated with intelligence?

In vivo MRI studies clearly confirm earlier findings of an asso-
ciation between intelligence and brain size based on surrogate
measures such as head dimensions or inner skull volume. Interest-
ingly, the association generalizes across sex despite marked sexual
dimorphism in brain volume, and the relationship with intelligence
even seems to hold when correcting for height and body mass
(Rushton and Ankney, 2009). Furthermore, post-mortem studies of
brain weight also show an association with intellectual achieve-
ment (Broca, 1861, as cited in Rushton and Ankney, 2009) and
IQ (Witelson et al., 2006). This is surprising, because the relation-
ships of intelligence could very well be different with absolute and
relative brain volume, within and across sexes, with internal and
external volume measures, and with brain volume and brain weight
(Cairo, 2011). Yet no matter how it is measured, larger brains show
a small but reliable association with higher IQ.

Early on this finding was linked to evidence that brain volume
differs between species. It is sometimes used to conclude that there
are intelligence differences between species, human populations,
and men and women as well (e.g., Rushton and Ankney, 2009). But
are these conclusions valid? And do, in turn, species differences
tell us anything about why brain size is robustly associated with
intelligence among humans?

4.1. Species differences in brain size and cognitive capability

Historically, interest in a relationship between brain size and
intelligence among humans was certainly sparked by the common
understanding humans are the most intelligent species on earth
(see Brancucci, 2012; Cairo, 2011), often defined in the comparative
literature as being cognitively or behaviorally flexible when deal-
ing with the environment (Roth and Dicke, 2005), combined with
the belief that humans have exceptionally large brains. Implicitly
or explicitly, this assumed cross-species relationship seems to be
used as the main explanation why brain size and IQ are robustly
correlated within our species. Cross-species studies of brain size
and cognitive ability have long been plagued by problems how to
define and measure both variables in a comparatively meaning-
ful way, as well as by a lack of good data (Cairo, 2011; Healey
and Rowe, 2007; Roth and Dicke, 2005). However, an impressive
collaborative endeavor recently showed a robust association of, in
particular, absolute brain size with comparable tests of cognitive
self-control across 36 species, including birds, rodents, carnivores,
elephants and primates (MacLean et al., 2014). It has to be kept

in mind though that humans are not the species with the largest
absolute brain size, as elephants and some cetaceans have multiple
times larger brains. Nor do humans have the largest brains relative
to body mass or size (a measure that was less well correlated with
cognitive ability in MacLean et al., 2014), or an exceptionally large
or neuron-rich cortex or frontal lobe relative to brain size (Barton
and Venditti, 2012; Cairo, 2011; Herculano-Houzel, 2012).

The brain index most famously placing humans and primates
on top is the encephalization quotient (EQ, Jerison, 1973). The
EQ standardizes brain size (or sometimes weight) by body weight
according to the formula:

brain size (cm3)

EQ

- .12 x (body weight in grams)'67

In this formula, 0.12 and 0.67 were empirically derived parame-
ters that fit the results best to the cognitive differences between
species. It is thus not surprising that it confirms the a priori
assumption that humans should have the highest EQ of all species.
However, more recent studies, based on better assessments of both
brain size and cognitive ability, provide clear evidence that abso-
lute brain size outperforms the EQ, as well as any other relative
measure of brain size, in predicting cognitive differences between
species (Deaner et al., 2007; MacLean et al., 2014). Therefore the
EQ is increasingly disregarded as a useful index.

The meaningfulness of between-species comparisons of brain
size relies to a certain extent on the assumption that the brains
of different species are mostly up-scaled or down-scaled versions
of the same brain architecture (Herculano-Houzel, 2012), implying
that different brain structures always evolve together. This con-
certed evolution hypothesis postulates that the development of a
given brain structure is constrained by the development of other
brain structures, meaning that they should develop predominantly
as a whole, and there is some evidence supporting this model
(Finlay and Darlington, 1995).

In the last decade, the isotropic fractionator method, which pro-
vides accurate counts of different cell types in defined brain regions,
allowed major progress in comparative brain studies (Herculano-
Houzel and Lent, 2005). Applied to over 30 species from three
mammalian orders, it revealed different brain architectures and
scaling rules for different orders. Human brains exhibit precisely
the same compact brain architecture as all other primates, which
allows for densely packed neurons. Among primate brains, the
human brain is merely an up-scaled version, with exactly the
amount of neurons (about 86 billion) that can be expected from
its absolute size. Still humans have the largest brain of all primates,
which they could probably afford due to their nutrition-rich, cooked
diet. The absolute human brain size combined with the compact
primate brain architecture makes humans to the best of our knowl-
edge the species with the largest number of neurons, which most
likely plays an important role in their exceptional cognitive func-
tions (Herculano-Houzel, 2012).

However, more neurons are unlikely the sole explanation of
humans’ exceptional cognitive capacities, as there is also consid-
erable evidence for brain re-organization even within the primate
order (Smaers and Soligo, 2013). Brain structures are not com-
pletely constrained to evolve in concert. The mosaic evolution
hypothesis postulates that different brain structures can inde-
pendently evolve in response to specific environmental demands
(Barton and Harvey, 2000). Indeed, genetic correlations between
different brain macrostructures in mice appear to be modest, indi-
cating that there are no major constraints on their independent
evolution (Hager et al., 2012). Based on phylogenetic analyses of
brain structure data, Smaers and Soligo (2013) argue that across
more than 40 million years of anthropoid primate evolution,
mosaic changes contribute more to explaining neural diversity than



428 J. Pietschnig et al. / Neuroscience and Biobehavioral Reviews 57 (2015) 411-432

changes in relative brain size, and different mosaic patterns are
differentially selected for when brains increase or decrease in size.

Overall, absolute brain size, more so than brain size relative to
body mass or EQ, is a reasonable rough indicator of a species’ cog-
nitive capabilities. Furthermore, while many aspects of the human
brain are not as exceptional as previously thought and brain re-
organization appeared to have played an at least as important role
as size increases in the anthropoid lineage, its large absolute size
combined with the compact basic primate brain architecture that
let it host, as far as we know, the largest number of neurons in
nature. This way, absolute brain size certainly plays some role in the
evolution of the exceptional cognitive capabilities of our species.
However, does this immediately translate to an explanation for the
robust brain size-1Q association among humans?

4.2. How can the brain size-1Q association be interpreted?

While increases in brain size, as a proxy for higher neuron num-
bers, apparently played some causal role in the evolution of higher
cognitive abilities within the primate lineage, deducing a similar
causal role of brain size differences among humans for individual
differences in intelligence does not seem to be warranted. For one,
how much individual differences in brain size among humans are
due to differences in neuron number is not undisputed. Although
evidence from an older study using stereological methods suggests
that neuron number is substantially positively related to the size
of various cerebral macrostructures in humans (Pakkenberg and
Gundersen, 1997), to our knowledge no estimate is available to
date for total brain size. This would be possible using more modern
methods such as the isotropic fractionator (Herculano-Houzel and
Lent, 2005), which has profoundly revised our knowledge about
brain cell numbers (Herculano-Houzel, 2009, 2012). Interestingly,
recent unpublished data by Mortera and Herculano-Houzel (cited
in Herculano-Houzel, 2009, p. 9) showed no association of brain
volume with neuron counts among mice of the same age. In the
light of the inconsistent pattern and comparatively small amount
of evidence for this association, the strength of the contribution of
cerebral neuron count must be considered inconclusive.

The problems also become apparent when looking at the largest
brain size differences within the human species. Megalencephaly
syndromes are rare disorders characterized by markedly enlarged
brain sizes of 2.5 SD or more above the population average. Despite
their unusually large brains, individuals with primary megalen-
cephaly tend to show decreased IQ and are at risk of mental
retardation (Petersson et al., 1999). In the normal range, the largest
human brain size differences are between men and women. While
sex differences in height-adjusted brain size have been criticized as
potential statistical artifacts (Forstmeier, 2011), highlighting one
reason why body size-adjusted indices of brain size (like the EQ)
are even more problematic for within-species comparisons (Cairo,
2011), the sex difference for absolute brain size is clear. On average,
men have a 10.8% larger total brain volume than women, a dif-
ference of 2.1 standard deviations or 131 ml. Differences are even
more pronounced for intracranial and cerebrum volumes (Ruigrok
et al., 2014). Some evidence suggests that these sex differences
are due to higher cerebral neuron numbers in men compared to
women (Pakkenberg and Gundersen, 1997; Pelvig et al., 2008). Still,
despite some reports to the contrary (e.g., Jackson and Rushton,
2006; Nyborg, 2005), careful analyses of datasets not limited by
range restriction clearly indicate the absence of sex differences in
IQ(Dykiertetal.,2009; Flynn,2012; Johnson et al., 2009). Thus large
brains and neuron numbers do not need to translate into higher
intelligence among humans.

The brains of men and women differ not only in size, but also
in structure. For example, women show more white matter con-
nections between the hemispheres and more complex cortical

gyrification (Luders et al., 2004). Imaging studies indicate that men
and women use their structurally different brains differently in
order to reach comparable results in intelligence tests (Deary et al.,
2010). For example, higher intelligence is more associated with
fronto-parietal grey matter volume and temporal-occipital corti-
cal thickness in men, and with white matter volume, grey matter
volume in Broca’s area, and frontal cortical thickness in women
(Haier et al., 2005; Narr et al., 2007).

While the categorical nature of sex differences makes them
arguably the most obvious individual differences among humans,
it is reasonable to believe that a similar logic applies to brain and
intelligence differences within the sexes (Deary et al., 2010). Neu-
roscientific studies have identified several structural and functional
correlates of individual differences in intelligence beyond and inde-
pendent of mere brain size, including functional parieto-frontal
neuronal networks (Langeslag et al., 2014; Vakhtin et al., 2014),
neuronal efficiency (Neubauer and Fink, 2009), and white matter
integrity (Penke et al., 2012; Valdes Hernandez et al., 2013). Intel-
ligence is also robustly associated with developmental stability, as
approximated by body fluctuating asymmetry (Banks et al., 2010),
a relationship that appears to be independent of brain size as well
(Bates, 2007). Critically, many of these factors have effects on IQ that
are incremental and compensatory to those of brain size, indicat-
ing that none of these factors seems to be necessary or sufficient for
intelligence, with supervenience (‘many-to-one’), not isomorphism
(one-to-one), best describing their relationship (Kievit et al., 2011;
Ritchie et al., 2015). Thus, while increases in neuron numbers, and
as a consequence brain size, appeared to be one important causal
factor in the evolution of human intelligence, differences in brain
size among humans are only one of many interchangeable and com-
pensatory correlates of intelligence differences—and, as suggested
by the current meta-analysis, a modest one.

In addition, the direction of causality between individual differ-
ences brain size and intelligence is not completely straightforward.
Of course the most intuitive interpretation is that brain size, just
as neuroanatomy in general, precedes cognitive development and
is thus assumed to cause intelligence differences. Indeed neu-
roanatomy is highly heritable and strongly genetically correlated
with IQ (Posthuma et al., 2002; see also Deary et al., 2010, for a
review). However, even high heritabilities do not indicate that a
trait is innate or genetically determined, and even strong genetic
correlations do not necessarily indicate shared underlying genetic
variants in any biologically meaningful sense, but might simply
indicate a role of one variable in the development of the other
(Johnson et al., 2011; Solovieff et al., 2013). Also, a causal link
between brain size and IQ might partly go in the opposite direc-
tion, as practice and experience can lead to volume increases in
relevant brain areas (Brown et al., 2003; Steffener and Stern, 2012).
Maybe as a consequence, cortical thickness in old age is predicted
by childhood IQ, with childhood IQ also fully accounting for the cor-
relation between old-age IQ and cortical thickness (Karama et al.,
2014). Similarly, a famous study by Shaw et al. (2006) found that
IQ was not related to cortical thickness per se, but to the plasticity
of cortical thickness during childhood. So even though it is plausi-
ble that brain size is at least partially a causal factor for IQ, more
research is necessary to fully unravel the interplay between genes,
environment, brain anatomy and cognitive development.

5. Conclusion

In conclusion, we could show a robust, albeit modest, asso-
ciation between IQ and brain size in humans. Surprisingly, this
association remains robust across age, intelligence domain, and sex
of participants and even holds when accounting for effect inflation
due to publication bias.
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However, invoking the literature on cross-species comparisons
and primate cognitive evolution to argue for brain size as an iso-
morphic proxy for human intelligence differences is not warranted.
Such assumptions are often made in studies on human popula-
tion differences in brain size and IQ (Rushton and Ankney, 2009),
a literature that is furthermore constrained by limited data quality
(Wicherts et al., 2010a,b).

Instead, brain size, likely a proxy for neuron number, is one
of many neuronal factors associated with individual differences
in intelligence, alongside parieto-frontal neuronal networks, neu-
ronal efficiency, white matter integrity, cortical gyrification, overall
developmental stability, and probably others. These factors seem
to influence intelligence interchangeably, leading to heterogeneity
in how much each factor plays a role in each individual’s 1Q level.
The functional implications and interplay of these factors should be
the focus of future research on the neuronal foundations of human
intelligence differences.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.neubiorev.2015.
09.017.
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