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34The impact of genetic and environmental factors on human brain structure is of great importance for
35understanding normative cognitive and brain aging as well as neuropsychiatric disorders. However, most
36studies of genetic and environmental influences on human brain structure have either focused on global
37measures or have had samples that were too small for reliable estimates. Using the classical twin design, we
38assessed genetic, shared environmental, and individual-specific environmental influences on individual
39differences in the size of 96 brain regions of interest (ROIs). Participants were 474 middle-aged male twins
40(202 pairs; 70 unpaired) in the Vietnam Era Twin Study of Aging (VETSA). They were 51–59 years old, and
41were similar to U.S. men in their age range in terms of sociodemographic and health characteristics. We
42measured thickness of cortical ROIs and volume of other ROIs. On average, genetic influences accounted for
43approximately 70% of the variance in the volume of global, subcortical, and ventricular ROIs and
44approximately 45% of the variance in the thickness of cortical ROIs. There was greater variability in the
45heritability of cortical ROIs (0.00–0.75) as compared with subcortical and ventricular ROIs (0.48–0.85). The
46results did not indicate lateralized heritability differences or greater genetic influences on the size of regions
47underlying higher cognitive functions. The findings do provide key information for imaging genetic studies
48and other studies of brain phenotypes and endophenotypes. Longitudinal analysis will be needed to
49determine whether the degree of genetic and environmental influences changes for different ROIs from
50midlife to later life.
51© 2009 Published by Elsevier Inc.

5253

54

55

56 Elucidating the extent to which genetic and environmental factors
57 influence adult brain structure is of great importance for understand-
58 ing age-related normal and pathological changes in brain and
59 cognition. Twin studies provide the optimal behavioral genetic
60 method for clarifying this issue because they make it possible to
61 decompose the variance of any variable into genetic, shared
62 environmental influences, and individual-specific environmental
63 influences. The twin method also complements molecular genetic

64approaches in that heritability – the proportion of phenotypic variance
65due to genes – is a key component for selection of phenotypes.
66Despite many published magnetic resonance imaging (MRI)
67studies involving twins (reviewed by Glahn et al., 2007; Peper et al.,
682007; Schmitt et al., 2007a), the picture regarding the heritability of
69specific brain regions remains incomplete. In some studies, samples
70sizes were quite small and are thus likely to provide unstable
71estimates (Visscher, 2004). With a couple of exceptions, relatively few
72specific regions of interest (ROIs) have been examined. The different
73ROIs that have been measured in previous studies have often been
74examined in different samples. It would be advantageous to be able to
75compare heritabilities of different ROIs in the same individuals, thus
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76 circumventing the problem of variation of estimates due to differ-
77 ences in sample characteristics or imaging methods. Assessing all of
78 the ROIs within the same individual allows for direct comparison of
79 one brain structure to another.
80 Examination of a large number of ROIs in the same people has been
81 performed in a small study of adults in which 92 ROIs (46 per
82 hemisphere) plus total brain volume and lateral ventricles were
83 examined in 9 monozygotic (MZ) and 10 dizygotic (DZ) twin pairs
84 (Wright et al., 2002), and the large NIMH twin sample of children and
85 adolescents (126 twin pairs plus siblings) in which ROIs throughout
86 the neocortex plus a few subcortical and ventricular ROIs were
87 measured (Wallace et al., 2006 #1845; Lenroot et al., 2007 #1999;
88 Schmitt, 2008 #1998). Another large study of children (105 nine-
89 year-old twin pairs) examined global brain measures plus the lateral
90 ventricles and cerebellum (Peper et al., 2009).
91 We are aware of only two relatively large published adult MRI
92 twin samples: a sample of older men (NHLBI study; 145 pairs)
93 (Carmelli et al., 1998) and a Dutch adult sample (112 pairs)
94 (Posthuma et al., 2000). These samples focused mainly on global
95 brain measures or a few selected ROIs. To our knowledge, the present
96 study is the first large-scale study to include a comprehensive
97 assessment of genetic and environmental influences on cortical,
98 subcortical, and ventricular ROIs all in the same individuals. We refer
99 here specifically to ROI-based analyses. We are aware of important
100 studies using point-by-point gray matter density analyses or voxel-
101 based methods (e.g., Hulshoff Pol et al., 2006; Peper et al., 2009;
102 Thompson et al., 2001), but we have not focused on these here, in
103 part, because they are not very comparable to ROI-based analyses
104 (see Discussion).
105 In adults, heritabilities tend to be very high for global measures,
106 averaging around 80% or more for whole-brain volume, total gray
107 matter, and total white matter (Carmelli et al., 1998; Posthuma et al.,
108 2000; Wright et al., 2002). The heritability of lateral ventricular
109 volume has yielded very mixed findings with estimates ranging from
110 0% to 78% (Baaré et al., 2001; Carmelli et al., 2002; Chou et al., 2008;
111 Schmitt et al., 2007b; Wright et al., 2002). The heritability of
112 hippocampal volume has been estimated at 40% in older adults and
113 66%–71% in younger andmiddle-aged adults (Sullivan et al., 2001; van
114 Erp et al., 2004; Wright et al., 2002). The heritability of cerebellar
115 volume was 66%–67% in younger adults and 81% in middle-aged
116 adults (Posthuma et al., 2000; Wright et al., 2002).
117 In the case of children and adolescents, Pennington et al. (2000)
118 reported monozygotic (MZ) and dizygotic (DZ) twin correlations
119 that suggest heritabilities of approximately 80% for total brain
120 volume and 66% and 56% for right and left hemisphere volumes,
121 respectively. In the NIMH sample, heritabilities ranged from 77% to
122 89% for total gray and white matter and lobar volumes (Wallace
123 et al., 2006). Heritabilities were 80% for the caudate nucleus (Wallace
124 et al., 2006), 72% for thalamus, 81% for basal ganglia, 55% for total
125 cerebellum volume, and 32% for lateral ventricles (Schmitt et al.,
126 2007b). All but the caudate were subsequently analyzed controlling
127 for total brain volume or intracranial volume; these analyses resulted
128 in lower heritabilities of 42% for thalamus, 64% for basal ganglia, 24%
129 for cerebellum, and 17% for the lateral ventricles (Lenroot et al.,
130 2007; Schmitt et al., 2007b, 2008). The average heritability of the
131 thickness of 54 cortical ROIs (27 per hemisphere) in the NIMH
132 sample was 32% (range: 1%–57%). Estimates of shared environmental
133 variance were zero or near zero for virtually all of the cortical and
134 subcortical ROIs.
135 In the present study, the Vietnam Era Twin Study of Aging
136 (VETSA), we comprehensively assessed the heritability of 96 brain
137 ROIs in 404 middle-aged male twins (202 pairs). Specification of this
138 as a midlife sample with a narrow age range is important because
139 gene expression may be age dependent, and different genetically
140 mediated processes may affect brain structure at different ages
141 because of substantial brain growth and development during

142childhood and processes influencing loss of brain tissue in adults.
143Because the same phenotype may be influenced by different genetic
144factors at different developmental stages, such potential age-related
145differences may also have important implications for genetic
146association studies. However, the present analyses do not address
147age-related changes because these data represent only the first wave
148of this longitudinal study of genetic and environmental contributions
149to cognitive and brain aging.

150Methods

151Participants

152An overview of the longitudinal VETSA project can be found
153elsewhere (Kremen et al., 2006). The study was approved by the
154Human Subjects Committees of all involved institutions, and all
155participants gave written informed consent. A total of 1237 twins
156participated in wave 1. They were randomly selected from a larger
157pool of individuals in a prior Vietnam Era Twin Registry study
158(Tsuang et al., 2001). Registry members are male–male twin pairs
159born between 1939 and 1957 who both served in the United States
160military between 1965 and 1975. The registry is not a VA or a
161patient sample, and the large majority was not in Vietnam or
162exposed to combat. Registry members are currently middle-aged
163men living throughout the United States. We began the VETSA MRI
164study in the third year of the primary VETSA study. At the time of
165this report, there were 474 individual VETSA participants with
166analyzable MRI data; 241 were scanned in San Diego and 231 were
167scanned in Boston. Of those, 404 were paired (i.e., 202 twin pairs):
168110 MZ and 92 DZ pairs. The unpaired twins contribute to the
169calculations of means and variances, but the focus of the genetic
170analyses is the paired twins. Zygosity was initially classified
171according to questionnaire and blood group information. These
172classifications are being updated on the basis of 25 satellite markers.
173To date, 56% of the MRI study participants have DNA-determined
174zygosity. Consistent with the overall VETSA project, 95% of the
175questionnaire/blood group-based classifications were in agreement
176with the DNA-based classifications; when differences occurred we
177used the DNA-based classifications.
178Participants were given the option of traveling to San Diego or
179Boston for a day-long series of assessments. The MRI session was
180typically the day after the in-lab evaluation. Only 6% of VETSA
181participants whowere invited to undergoMRI declined to participate;
18259% were included. The remaining participants were excluded from
183the MRI study for reasons such as possible metal in the body (7%),
184claustrophobia (3%), unwillingness to travel to the MRI study sites
185(5%), scanner problems (8%), co-twin being excluded (9%), and other
186reasons (3%).
187Mean age of the MRI participants was 55.8 (2.6) years (range: 51–
18859), mean years of education was 13.9 (SD=2.1), and 85.2% were
189right-handed. Most participants were employed full-time (74.9%),
1904.2% were employed part-time, and 11.2% were retired. There were
19188.3% non-Hispanic white, 5.3% African-American, 3.4% Hispanic, and
1923.0% “other” participants. Self-reported overall health status was as
193follows: excellent (14.8%); very good (36.5%); good (37.4%); fair
194(10.4%); and poor (0.9%). These demographic characteristics did not
195differ from the entire VETSA sample, nor were there significant
196differences between MZ and DZ twins. Basic demographic and health
197characteristics of the VETSA sample are comparable to U.S. census
198data for similarly aged men. For example, the prevalence of
199hypertension and diabetes in American men between 2003 and
2002006 based on reports of diagnosis by a doctor was 41.2% and 9.6%,
201respectively (National Centers for Disease Control and Prevention,
2022003–2006); the corresponding prevalences for the VETSA sample
203were 39% and 11%.
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204 Image acquisition

205 Images were acquired on Siemens 1.5 Tesla scanners (241 at
206 University of California, San Diego; 233 at Massachusetts General
207 Hospital). Sagittal T1-weighted MPRAGE sequences were employed
208 with a TI=1000 ms, TE=3.31 ms, TR=2730 ms, flip angle=7de-
209 grees, slice thickness=1.33 mm, and voxel size=1.3×1.0×1.3 mm.
210 Raw DICOMMRI scans (including two T1-weighted volumes per case)
211 were downloaded to the MGH site. Images were automatically
212 corrected for spatial distortion caused by gradient nonlinearity and
213 B1 field inhomogeneity. The two T1-weighted images were registered
214 and averaged to improve signal-to-noise.

215 Image processing

216 Volumetric segmentation (Fischl et al., 2002, 2004a) and cortical
217 surface reconstruction (Dale et al., 1999; Dale and Sereno, 1993; Fischl
218 et al., 1999, 2002, 2004a,b) methods were based on the publicly
219 available FreeSurfer software package. The semi-automated, fully 3D
220 whole-brain segmentation procedure uses a probabilistic atlas and
221 applies a Bayesian classification rule to assign a neuroanatomical label

222to each voxel (Fischl et al., 2002, 2004a). A widely used training atlas
223has been shown to be comparable to that of expert manual labeling
224and is sensitive to subtle brain changes in Alzheimer's disease and
225normal aging (Fischl et al., 2002, 2004a). However, we created a new
226manually derived training set from 20 unrelated, randomly selected
227VETSA participants. Both atlases were created at the same laboratory
228at the MGH Center for Morphometric analysis using the same
229reliability criteria. The rationale for the VETSA-specific atlas was
230that it would be more representative of the VETSA sample, thus
231yielding more accurate measurements. As an example, Fig. 1 shows
232the results of different versions of the general atlas and the VETSA-
233specific atlas for some subcortical and global structures in comparison
234to the “gold standard,” manually segmented brains. The figure shows
235the ROIs based on each atlas in standard deviation units from the
236manually segmented brains. The zero-point represents the manual
237measurements. As can be seen, the VETSA-specific atlas yielded the
238most accurate measurements, all of which were very close to the
239manual measurements and within the 99% confidence intervals (CIs).
240In addition, FreeSurfer provides an estimate of total intracranial
241volume (TIV) derived from the atlas scaling factor on the basis of the
242transformation of the full brain mask into atlas space (Buckner et al.,

Fig. 1. FreeSurfer automated segmentation compared with expert manual measurements based on VETSA-specific and other atlases. ASeg 1 refers to the initial automated
segmentation results based on the atlas of Buckner et al. (2004). ASeg 2 refers to automated segmentation after updates in the FreeSurfer processing stream. VETSA refers to
automated segmentation based on the VETSA-specific atlas. The center vertical line at Z=0 represents the manual segmentation measurements, which were done at the MGH
Center for Morphometric Analysis for both atlases.
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243 2004). TIV was used to control for differences in head size for
244 volumetric measures.

245 Volume measures
246 Volumetric measures were created for hippocampus, amygdala,
247 caudate, putamen, thalamus, nucleus accumbens, cerebellum, ven-
248 tricles, cerebral cortex, cerebral white matter, and abnormal hypoin-
249 tense white matter regions. Measured white matter abnormalities
250 reflect areas within the white matter that have abnormally low, or
251 hypointense, signal values relative to normal white matter; these
252 areas are analogous to the more commonly referenced hyperinten-
253 sities derived from T2-weighted images and may reflect areas of
254 inflammation, demyelination, or axonal loss.

255 Cortical thickness measures
256 Using semi-automated cortical surface reconstruction methods
257 (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl
258 et al., 1999, 2004b) available in FreeSurfer, we measured thickness at
259 each surface location, or vertex. Intensity variations due to magnetic
260 field inhomogeneities are corrected, a normalized intensity image is
261 created, and the skull (non-brain) is removed from the normalized
262 image. The preliminary segmentation is partitioned using a connected
263 components algorithm, with connectivity not allowed across the
264 established cutting planes that separate the cerebral hemispheres and
265 disconnect brainstem and cerebellum. Any interior holes in the
266 components representing white matter are filled, resulting in a single
267 filled volume for each cortical hemisphere. The resulting surface is
268 covered with a triangular tessellation and smoothed to reduce metric
269 distortions. After the initial surface model has been constructed, a
270 refinement procedure is applied to obtain a representation of the
271 gray/white boundary. This surface is subsequently deformed out-
272 wards to obtain an explicit representation of the pial surface.
273 The surface was then divided into distinct cortical ROIs (Fischl
274 et al., 2004b). Each surface location, or vertex, was assigned a
275 neuroanatomical label based on (1) the probability of each label at
276 each location in a surface-based atlas space, based on a manually
277 parcellated training set; (2) the local curvature information; and (3)
278 the contextual information, encoding spatial neighborhood relation-
279 ships between labels (conditional probability distributions derived
280 from the manual training set). The parcellation scheme labels cortical
281 sulci and gyri according to Desikan et al. (2006), and thickness values
282 are calculated in the 66 ROIs (33 per hemisphere) produced by this
283 parcellation. We renamed the regions referred to as the posterior and
284 isthmus cingulate in the original parcellation scheme (Desikan et al.,
285 2006); these are referred to here as the rostral posterior cingulate and
286 retrosplenial cortex, respectively. We also use the term “subcortical”
287 as a shorthand for the following cerebral gray matter ROIs that are not
288 included in the cortical surface reconstruction: thalamus, caudate,
289 putamen, pallidum, nucleus accumbens, hippocampus, and amygdala.

290 Quality control
291 Dr. Dale and colleagues developed and refined the image
292 acquisition and processing methods for the present study in
293 conjunction with the Morphometry Biomedical Informatics Research
294 Network (BIRN; http://www.nbirn.net/research/morphometry/
295 index.shtm), which is sponsored by the National Institutes of Health
296 and the National Center for Research Resources. A major goal of the
297 BIRN is to develop tools to enable cross-site and cross-platform
298 reliability, and BIRN-affiliated studies have consistently demonstrated
299 the reliability and validity of these image acquisition and processing
300 methods across different sites and platforms (Dickerson et al., 2008;
301 Fennema-Notestine et al., 2007; Han et al., 2006; Jovicich et al., 2006,
302 2009). Once generated, the cortical surfacemodel is visually inspected
303 and edited for technical accuracy by trained technicians. Minimal
304 manual editing – blind to any participant characteristics – was
305 performed in alignmentwith standard, objective editing rules. Studies

306demonstrate a high correlation of automatic and manual measures in
307vivo and ex vivo (Fischl and Dale, 2000; Walhovd et al., 2005).
308Qualitative review of the volumetric segmentation was also per-
309formed to check for technical failure of the application. Of the 493
310scans available at the time of these analyses, quality control measures
311excluded 0.6% (3 cases) due to scanner artifact and 3% (16 cases) due
312to inadequate image processing results (e.g., poor contrast caused
313removal of non-brain to fail).

314Statistical analysis

315ROI volume or thickness was adjusted for age and site in all
316analyses. Although site effects on the means of MRI measures were
317observed for some regions, these made very little difference to the
318estimates of heritability (results available on request). In addition,
319volume measures were analyzed with and without adjustment for
320TIV. The primary focus was on analyses adjusted for TIV because we
321wanted to examine heritabilities for specific ROIs over and above
322general effects of head size and because most studies report values
323based on similar adjustments. The primary emphasis for analyses of
324cortical thickness did not include any adjustment for TIV because, as
325shown in the Results section, adjusting cortical thickness for ICV had
326virtually no effect on heritability. All of the ventricular and white
327matter hypointensity measures were log transformed in order to
328normalize their distributions.
329The standard twin (“ACE”) model estimates the proportion of
330phenotypic variance due to additive genetic effects (A), shared or
331common environmental effects (C), and individual-specific environ-
332mental effects (E) (Eaves et al., 1978; Neale and Cardon, 1992).
333Shared environmental influences are those that make twins similar;
334individual-specific environmental influences are those that make
335twins different. Because measurement error is assumed to be
336random, it is uncorrelated within twin pairs; consequently; it is
337included in the individual-specific environmental variance. Fig. 2
338shows the basic univariate ACE model: (1) additive genetic factors
339correlate 1.0 for MZ twins and 0.5 for DZ twins; (2) shared
340environmental factors correlate 1.0 across twins regardless of
341zygosity; and (3) individual-specific environmental factors are
342uncorrelated across twins. The fit of the models to the data was
343tested by means of Mx, a maximum-likelihood-based structural
344equation modeling program (Neale et al., 2003).
345If MZ correlations are substantially more than double the DZ
346correlations, non-additive (dominant/epistatic) genetic influences
347may also be operating. These effects can be incorporated into an
348“ADE” model in which D refers to non-additive/dominance genetic

Fig. 2. Univariate ACE model. A=Additive genetic influences; C=Shared (common)
environmental influences; E=Individual-specific (unique) environmental influences.
a, c, and e=parameter estimates for A, C, and E, respectively.
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349 effects; in the ADE model, non-additive genetic factors are assumed
350 to correlate 0.25 in DZ twins. We first compared the fit of the full
351 (ACE or ADE) models with saturated models, which are models that
352 fit the data perfectly. For only 3 of the 97 (ROIs including TIV) was
353 the fit of the full model significantly worse than the fit of the
354 saturated model; there were for right cerebral cortex, white matter
355 hypointensities, and left pericalcarine cortex). Because this outcome
356 is fewer than would be expected by chance, based on an alpha level
357 of 0.05, we consider the model testing to be appropriate. These
358 results are not presented here but are available from the authors. We
359 did not have sufficient power to differentiate between A and D
360 effects in the ADE models, but broad heritability estimates (A+D)
361 were extremely similar to estimates based on the A component in
362 the corresponding ACE models. We present only the ACE models so
363 that it is easier to compare results across ROIs. ADE model results are
364 available from the authors.
365 After fitting univariate ACE models for each ROI, we tested the
366 significance of each A, C, and E parameter by dropping each from
367 the model. This procedure produces nested submodels in which the
368 difference in maximum likelihood asymptotically follows a χ2

369 distribution with degrees of freedom equal to the difference in
370 the number of free parameters in most cases (Eaves et al., 1978;
371 Neale and Cardon, 1992). Models were compared using the

372likelihood-ratio chi-square (LRC) statistic. The LRC is obtained by
373comparing the −2 log-likelihood (−2LL) of the comparison model
374to the −2LL of a nested (reduced) model. The LRC statistic is the
375difference in −2LL. A significant LRC indicates that the component
376removed from the model accounts for a statistically significant
377proportion of variance.

378Results

379MZ and DZ correlations and the proportions of variance
380accounted for by genetic, shared environmental, and individual-
381specific environmental influences for each of the age, site, and TIV-
382adjusted volume-based ROIs are shown in Table 1. The same indices
383for the ROIs measured by thickness (adjusted for age and site only)
384are shown in Table 2 and in Fig. 3. MZ correlations were consistently
385higher than DZ correlations, suggesting genetic influences on the size
386of almost all ROIs. The full (ACE) models are shown, although the
387estimates of shared environmental (C) effects were near zero in most
388cases. On average in the full models, individual-specific environ-
389mental influences accounted for 29% of the variance in the size of
390specific subcortical ROIs and 51% of the variance in the size of specific
391cortical ROIs.

Table 1t1:1

Regional brain volume measures adjusted for age, site, and total intracranial volume: parameter estimates for univariate ACE Models and tests of submodels.
t1:2
t1:3 Region of interest rMZ rDZ Variance components p-values

t1:4 a2 95% CI c2 95% CI e2 95% CI −2Lnl no A no C no AC

t1:5 Global measures
t1:6 Total intracranial volumea 0.80 0.49 0.79 (0.52; 0.87) 0.04 (0; 0.30) 0.17 (0.13; 0.23) 1020.68 <0.0001 0.79 b0.0001
t1:7 Cerebral cortex—L 0.83 0.39 0.77 (0.40; 0.85) 0.10 (0; 0.40) 0.20 (0.14; 0.27) 749.50 <0.0001 1.00 b0.0001
t1:8 Cerebral cortex—R 0.76 0.33 0.70 (0.51; 0.83) 0.00 (0; 0.22) 0.24 (0.17; 0.34) 716.04 <0.0001 0.58 b0.0001
t1:9 Cerebral WM—L 0.76 0.36 0.76 (0.46; 0.83) 0.00 (0; 0.27) 0.25 (0.18; 0.35) 688.84 <0.0001 1.00 b0.0001
t1:10 Cerebral WM—R 0.63 0.04 0.75 (0.45; 0.73) 0.00 (0; 0.08) 0.38 (0.27; 0.55) 676.67 <0.0001 1.00 b0.0001
t1:11 WM hypointensities 0.83 0.39 0.62 (0.44; 0.83) 0.00 (0; 0.32) 0.23 (0.17; 0.31) 1017.61 <0.0001 1.00 b0.0001
t1:12

t1:13 Subcortical gray matter regionsb

t1:14 Thalamus—L 0.68 0.35 0.68 (0.35; 0.77) 0.00 (0; 0.29) 0.32 (0.23; 0.43) 893.37 <0.0001 1.00 b0.0001
t1:15 Thalamus—R 0.71 0.48 0.60 (0.30; 0.81) 0.14 (0; 0.41) 0.26 (0.19; 0.35) 869.31 <0.0001 0.36 b0.0001
t1:16 Caudate—L 0.87 0.52 0.79 (0.54; 0.91) 0.09 (0; 0.34) 0.12 (0.09; 0.17) 807.28 <0.0001 0.53 b0.0001
t1:17 Caudate—R 0.82 0.47 0.70 (0.43; 0.86) 0.11 (0; 0.37) 0.19 (0.14; 0.26) 856.31 <0.0001 0.49 b0.0001
t1:18 Putamen—L 0.86 0.42 0.85 (0.56; 0.90) 0.01 (0; 0.29) 0.14 (0.10; 0.19) 881.26 <0.0001 0.96 b0.0001
t1:19 Putamen—R 0.85 0.34 0.84 (0.63; 0.88) 0.00 (0; 0.21) 0.16 (0.12; 0.22) 890.61 <0.0001 1.00 b0.0001
t1:20 Pallidum—L 0.69 0.41 0.66 (0.33; 0.78) 0.05 (0; 0.34) 0.29 (0.22; 0.40) 927.95 <0.0001 0.78 b0.0001
t1:21 Pallidum—R 0.76 0.33 0.75 (0.44; 0.81) 0.00 (0; 0) 0.25 (0.19; 0.34) 941.07 <0.0001 1.00 b0.0001
t1:22 Nucleus accumbens—L 0.64 0.12 0.60 (0.39; 0.70) 0.00 (0; 0) 0.40 (0.30; 0.53) 1045.27 <0.0001 1.00 b0.0001
t1:23 Nucleus accumbens—R 0.53 0.15 0.48 (0.14; 0.60) 0.00 (0; 0) 0.52 (0.40; 0.66) 1080.91 0.01 1.00 b0.0001
t1:24 Hippocampus—L 0.66 0.21 0.63 (0.36; 0.72) 0.00 (0; 0) 0.37 (0.28; 0.49) 975.32 0.00 1.00 b0.0001
t1:25 Hippocampus—R 0.70 0.05 0.64 (0.47; 0.74) 0.00 (0; 0.14) 0.36 (0.27; 0.47) 955.97 <0.0001 1.00 b0.0001
t1:26 Amygdala—L 0.65 0.27 0.63 (0.28; 0.72) 0.00 (0; 0.31) 0.37 (0.28; 0.49) 990.35 0.00 1.00 b0.0001
t1:27 Amygdala—R 0.69 0.25 0.66 (0.33; 0.74) 0.00 (0; 0.30) 0.34 (0.26; 0.45) 969.31 0.0002 1.00 b0.0001
t1:28

t1:29 Cerebellum
t1:30 Cerebellum cortex—L 0.77 0.41 0.64 (0.33; 0.81) 0.11 (0; 0.40) 0.25 (0.18; 0.33) 916.02 <0.0001 0.53 b0.0001
t1:31 Cerebellum cortex—R 0.81 0.38 0.76 (0.44; 0.85) 0.03 (0; 0.34) 0.21 (0.15; 0.28) 914.60 <0.0001 0.87 b0.0001
t1:32 Cerebellum WM—L 0.82 0.29 0.79 (0.54; 0.84) 0.00 (0; 0.23) 0.21 (0.16; 0.29) 877.48 <0.0001 1.00 b0.0001
t1:33 Cerebellum WM—R 0.83 0.28 0.81 (0.61; 0.86) 0.00 (0; 0.19) 0.19 (0.14; 0.26) 882.03 <0.0001 1.00 b0.0001
t1:34

t1:35 Ventricles
t1:36 Lateral ventricle—L 0.79 0.11 0.76 (0.63; 0.82) 0.00 (0; 0.11) 0.24 (0.18; 0.33) 928.65 <0.0001 1.00 b0.0001
t1:37 Lateral ventricle—R 0.76 0.22 0.73 (0.53; 0.80) 0.00 (0; 0.18) 0.27 (0.20; 0.37) 948.68 <0.0001 1.00 b0.0001
t1:38 Inf. lateral ventricle—L 0.68 0.19 0.65 (0.40; 0.73) 0.00 (0; 0.21) 0.35 (0.27; 0.47) 1029.27 <0.0001 1.00 b0.0001
t1:39 Inf. lateral ventricle—R 0.39 0.10 0.37 (0.02; 0.51) 0.00 (0; 0.27) 0.63 (0.49; 0.79) 1077.54 0.04 1.00 b0.0001
t1:40 3rd ventricle 0.76 0.42 0.79 (0.52; 0.85) 0.00 (0; 0) 0.21 (0.15; 0.28) 946.32 <0.0001 1.00 b0.0001
t1:41 4th ventricle 0.76 0.28 0.75 (0.53; 0.81) 0.00 (0; 0.19) 0.25 (0.19; 0.35) 1025.94 <0.0001 1.00 b0.0001

a2=additive genetic influences; c2=shared (common) environmental influences; e2=individual-specific (unique) environmental influences; CI=confidence interval; −2Lnl=
−2 log-likelihood for the full model; no A=test of CE model, i.e., hypothesis of no additive genetic (A) effects; no C=test of AE model, i.e., hypothesis of no shared environmental
effects; no AC=test of E only model, i.e., hypothesis of no familial (additive genetic or shared environmental) effects; WM=white matter; Inf.=inferior.

t1:42 Significant genetic influences based on ACE models (pb0.05 in “no A” column) are shown in bold font.
t1:43 a Total intracranial volume is adjusted for age and site only.t1:44

b Use of the term subcortical is a shorthand for these cerebral gray matter ROIs that are not included in the cortical surface reconstruction.t1:45
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Table 2t2:1

Regional cortical thickness measures adjusted for age and site: parameter estimates for univariate ACE models and tests of submodels.
t2:2
t2:3 Region of interest rMZ rDZ Variance components p-values

t2:4 a2 95% CI c2 95% CI e2 95% CI −2Lnl no A no C no AC

t2:5 Frontal lobe
t2:6 Superior frontal gyrus—L 0.79 0.21 0.75 (0.53; 0.81) 0.00 (0; 0.21) 0.25 (0.19; 0.34) 1003.70 <0.0001 1.00 b0.0001
t2:7 Superior frontal gyrus—R 0.72 0.26 0.68 (0.33; 0.76) 0.00 (0; 0.32) 0.32 (0.24; 0.42) 1026.60 0.0001 1.00 b0.0001
t2:8

t2:9 Middle frontal gyrus
t2:10 Rostral division—L 0.48 0.13 0.45 (0.15; 0.58) 0.00 (0; 0.24) 0.55 (0.42; 0.70) 1076.41 0.01 1.00 b0.0001
t2:11 Rostral division—R 0.53 0.23 0.52 (0.16; 0.63) 0.00 (0; 0.30) 0.48 (0.37; 0.62) 1072.43 0.01 1.00 b0.0001
t2:12 Caudal division—L 0.63 0.06 0.57 (0.35; 0.67) 0.00 (0; 0.17) 0.43 (0.33; 0.56) 1089.44 0.0001 1.00 b0.0001
t2:13 Caudal division—R 0.60 0.36 0.41 (0.03; 0.68) 0.17 (0; 0.50) 0.42 (0.32; 0.55) 1083.08 0.04 0.37 b0.0001
t2:14

t2:15 Inferior frontal gyrus
t2:16 Pars opercularis—L 0.64 0.23 0.62 (0.36; 0.72) 0.00 (0; 0.23) 0.38 (0.28; 0.50) 1075.05 0.0001 1.00 b0.0001
t2:17 Pars opercularis—R 0.42 0.08 0.37 (0; 0.50) 0.00 (0; 0.31) 0.63 (0.50; 0.78) 1099.11 0.05 1.00 b0.0001
t2:18 Pars triangularis—L 0.48 0.13 0.44 (0.08; 0.57) 0.00 (0; 0.31) 0.56 (0.43; 0.70) 1126.59 0.02 1.00 b0.0001
t2:19 Pars triangularis—R 0.44 0.06 0.40 (0.14; 0.54) 0.00 (0; 0.20) 0.60 (0.46; 0.75) 1119.28 0.01 1.00 b0.0001
t2:20 Pars orbitalis—L 0.42 0.07 0.37 (0.08; 0.51) 0.00 (0; 0.22) 0.63 (0.49; 0.79) 1086.29 0.02 1.00 b0.0001
t2:21 Pars orbitalis—R 0.48 0.20 0.47 (0.13; 0.59) 0.00 (0; 0.27) 0.53 (0.41; 0.68) 1115.41 0.01 1.00 b0.0001
t2:22

t2:23 Orbitofrontal cortex
t2:24 Lateral division—L 0.50 0.12 0.47 (0.21; 0.59) 0.00 (0; 0.20) 0.53 (0.41; 0.68) 1067.63 0.003 1.00 b0.0001
t2:25 Lateral division—R 0.56 0.07 0.52 (0.32; 0.64) 0.00 (0; 0.15) 0.48 (0.36; 0.63) 1097.87 0.0002 1.00 b0.0001
t2:26 Medial division—L 0.38 0.11 0.35 (0; 0.49) 0.00 (0; 0.32) 0.65 (0.51; 0.80) 1126.70 0.07 1.00 b0.0001
t2:27 Medial division—R 0.39 0.17 0.39 (0; 0.53) 0.00 (0; 0.30) 0.61 (0.47; 0.77) 1111.77 0.05 1.00 b0.0001
t2:28 Frontal pole—L 0.37 0.01 0.32 (0.07; 0.47) 0.00 (0; 0.17) 0.68 (0.53; 0.86) 1131.85 0.02 1.00 0.00
t2:29 Frontal pole—R 0.17 0.01 0.14 (0; 0.31) 0.00 (0; 0.20) 0.86 (0.69; 1.00) 1128.59 0.33 1.00 0.30
t2:30 Precentral gyrus—L 0.37 −0.01 0.66 (0.43; 0.74) 0.00 (0; 0.19) 0.34 (0.26; 0.45) 1064.42 <0.0001 1.00 b0.0001
t2:31 Precentral gyrus—R 0.17 0.01 0.60 (0.22; 0.73) 0.05 (0; 0.38) 0.35 (0.27; 0.46) 1045.79 0.00 0.78 b0.0001
t2:32 Paracentral lobule—L 0.69 0.20 0.62 (0.26; 0.71) 0.00 (0; 0.32) 0.38 (0.29; 0.49) 1074.72 0.001 1.00 b0.0001
t2:33 Paracentral lobule—R 0.67 0.34 0.64 (0.37; 0.73) 0.00 (0; 0.25) 0.36 (0.27; 0.47) 1071.23 <0.0001 1.00 b0.0001
t2:34

t2:35 Parietal lobe
t2:36 Postcentral gyrus—Postcentral Gyrus – L 0.63 0.21 0.59 (0.26; 0.69) 0.00 (0; 0.29) 0.41 (0.31; 0.53) 1074.82 0.001 1.00 b0.0001
t2:37 Postcentral gyrus—R 0.71 0.20 0.65 (0.33; 0.73) 0.00 (0; 0.29) 0.35 (0.27; 0.46) 1053.04 0.0002 1.00 b0.0001
t2:38 Supramarginal Gyrus—L 0.61 0.23 0.58 (0.21; 0.68) 0.00 (0; 0.32) 0.42 (0.32; 0.54) 1083.97 0.003 1.00 b0.0001
t2:39 Supramarginal gyrus—R 0.56 0.15 0.51 (0.19; 0.63) 0.00 (0; 0.28) 0.49 (0.37; 0.62) 1094.60 0.004 1.00 b0.0001
t2:40 Superior parietal cortex—L 0.64 0.24 0.62 (0.30; 0.71) 0.00 (0; 0.28) 0.38 (0.29; 0.50) 1060.71 0.0005 1.00 b0.0001
t2:41 Superior parietal cortex—R 0.70 0.15 0.67 (0.47; 0.75) 0.00 (0; 0.17) 0.33 (0.25; 0.44) 1049.06 <0.0001 1.00 b0.0001
t2:42 Inferior parietal cortex—L 0.67 0.23 0.65 (0.37; 0.74) 0.00 (0; 0.24) 0.35 (0.26; 0.46) 1026.90 <0.0001 1.00 b0.0001
t2:43 Inferior parietal cortex—R 0.52 0.16 0.50 (0.18; 0.61) 0.00 (0; 0.26) 0.50 (0.39; 0.65) 1064.35 0.01 1.00 b0.0001
t2:44 Precuneus—L 0.71 0.09 0.66 (0.47; 0.74) 0.00 (0; 0.15) 0.34 (0.26; 0.46) 1085.46 <0.0001 1.00 b0.0001
t2:45 Precuneus—R 0.64 0.07 0.57 (0.33; 0.67) 0.00 (0; 0.21) 0.43 (0.33; 0.55) 1073.97 0.0003 1.00 b0.0001
t2:46

t2:47 Occipital lobe
t2:48 Lingual gyrus—L 0.57 0.28 0.57 (0.19; 0.67) 0.00 (0; 0.32) 0.43 (0.33; 0.56) 1072.86 0.004 1.00 b0.0001
t2:49 Lingual gyrus—R 0.61 0.27 0.60 (0.28; 0.70) 0.00 (0; 0.27) 0.40 (0.30; 0.53) 1059.52 0.001 1.00 b0.0001
t2:50 Pericalcarine cortex—L 0.57 −0.09 0.46 (0.27; 0.58) 0.00 (0; 0.15) 0.54 (0.42; 0.68) 1107.95 0.001 1.00 b0.0001
t2:51 Pericalcarine cortex—R 0.43 0.15 0.39 (0; 0.51) 0.00 (0; 0.39) 0.61 (0.49; 0.76) 1100.20 0.11 1.00 b0.0001
t2:52 Cuneus—L 0.59 0.02 0.51 (0.27; 0.62) 0.00 (0; 0.20) 0.49 (0.38; 0.62) 1076.76 0.001 1.00 b0.0001
t2:53 Cuneus—R 0.62 0.17 0.57 (0.26; 0.67) 0.00 (0; 0.27) 0.43 (0.33; 0.56) 1062.02 0.001 1.00 b0.0001
t2:54 Lateral occipital cortex—L 0.61 0.17 0.57 (0.27; 0.67) 0.00 (0; 0.25) 0.43 (0.33; 0.56) 1073.60 0.001 1.00 b0.0001
t2:55 Lateral occipital cortex—R 0.59 0.16 0.55 (0.26; 0.65) 0.00 (0; 0.25) 0.45 (0.35; 0.58) 1064.85 0.001 1.00 b0.0001
t2:56

t2:57 Temporal lobe
t2:58 Lateral aspect
t2:59 Superior temporal gyrus—L 0.60 0.03 0.53 (0.33; 0.64) 0.00 (0; 0.16) 0.47 (0.36; 0.60) 1098.14 0.0002 1.00 b0.0001
t2:60 Superior temporal gyrus—R 0.71 0.34 0.54 (0.18; 0.74) 0.12 (0; 0.45) 0.33 (0.25; 0.44) 1036.85 0.003 0.54 b0.0001
t2:61 Middle temporal gyrus—L 0.44 0.10 0.39 (0.02; 0.52) 0.00 (0; 0.31) 0.61 (0.48; 0.76) 1093.45 0.04 1.00 b0.0001
t2:62 Middle temporal gyrus—R 0.45 0.21 0.46 (0.05; 0.58) 0.00 (0; 0.32) 0.54 (0.42; 0.70) 1082.33 0.03 1.00 b0.0001
t2:63 Inferior temporal gyrus—L 0.45 0.25 0.45 (0.01; 0.58) 0.00 (0; 0.35) 0.55 (0.42; 0.71) 1075.43 0.04 1.00 b0.0001
t2:64 Inferior temporal gyrus—R 0.51 0.35 0.40 (0; 0.66) 0.14 (0; 0.46) 0.45 (0.34; 0.60) 1059.33 0.05 0.43 b0.0001
t2:65 Transv. temporal cortex—L 0.58 0.21 0.58 (0.32; 0.68) 0.00 (0; 0.20) 0.42 (0.32; 0.56) 1100.85 0.0004 1.00 b0.0001
t2:66 Transv. temporal cortex—R 0.55 0.12 0.50 (0.19; 0.61) 0.00 (0; 0.26) 0.50 (0.39; 0.64) 1101.37 0.005 1.00 b0.0001
t2:67 Banks Sup. Temp. sulcus—L 0.02 0.09 0.00 (0; 0.22) 0.05 (0; 0.19) 0.95 (0.78; 1.00) 1129.39 1.00 0.61 0.74
t2:68 Banks Sup. Temp. sulcus—R 0.21 0.15 0.08 (0; 0.37) 0.13 (0; 0.32) 0.79 (0.63; 0.95) 1099.91 0.76 0.57 0.02
t2:69 Medial aspect
t2:70 Entorhinal cortex—L 0.32 0.28 0.21 (0; 0.51) 0.14 (0; 0.40) 0.65 (0.49; 0.82) 1127.90 0.40 0.46 b0.0001
t2:71 Entorhinal cortex—R 0.38 0.19 0.34 (0; 0.52) 0.04 (0; 0.39) 0.62 (0.48; 0.79) 1095.55 0.17 0.84 b0.0001
t2:72 Parahippocampal gyrus—L 0.44 0.24 0.46 (0; 0.59) 0.01 (0; 0.37) 0.53 (0.41; 0.70) 1084.41 0.05 1.00 b0.0001
t2:73 Parahippocampal gyrus—R 0.56 0.22 0.55 (0.24; 0.66) 0.00 (0; 0.25) 0.45 (0.34; 0.58) 1075.46 0.002 1.00 b0.0001
t2:74 Temporal pole—L 0.56 −0.03 0.47 (0.26; 0.59) 0.00 (0; 0.17) 0.53 (0.41; 0.67) 1082.58 0.001 1.00 b0.0001
t2:75 Temporal pole—R 0.32 −0.07 0.25 (0; 0.40) 0.00 (0; 0.20) 0.75 (0.60; 0.92) 1112.59 0.06 1.00 0.01
t2:76 Fusiform gyrus—L 0.47 0.20 0.46 (0.05; 0.58) 0.00 (0; 0.33) 0.54 (0.42; 0.69) 1048.02 0.03 1.00 b0.0001
t2:77 Fusiform gyrus—R 0.52 0.28 0.54 (0.12; 0.65) 0.00 (0; 0.34) 0.46 (0.35; 0.61) 1045.61 0.01 1.00 b0.0001
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393 Global volumes measures, subcortical gray matter ROIs (thalamus,
394 caudate, putamen, pallidum, hippocampus, amygdala, nucleus accum-
395 bens), and ventricular measures were generally highly heritable. The
396 average heritabilities for these three groups of measures were 0.82,
397 0.73, and 0.71, respectively.

398 Volume measures adjusted for TIV

399 The average heritability of the global volume measures was 0.72.
400 Heritabilities for total gray matter and white matter volumes ranged
401 from 0.70 to 0.77, and the heritability of white matter hypointensity
402 volume was 0.62. The mean heritability of subcortical gray matter

403ROIs was 0.68 for both left–right hemisphere regions (range=0.48–
4040.85). These tended to be highest in basal ganglia structures (puta-
405men, caudate, pallidum), with a range of 0.66 to 0.85. The next highest
406heritabilities were in limbic and diencephalic regions (hippocampus,
407amygdala, thalamus), with a range of 0.60 to 0.68. The average
408heritability of ventricular measures was 0.68. The reductions in
409heritability for these volume measures after adjusting for TIV
410averaged 8%.

411Cortical thickness measures

412The average heritability of the individual ROIs within each major
413lobe was 0.60 for parietal, 0.53 for occipital, 0.49 for frontal, and
4140.40 for temporal. The average left–right difference was less than

t2:78 Table 2 (continued)

t2:79 Region of interest rMZ rDZ Variance components p-values

t2:80 a2 95% CI c2 95% CI e2 95% CI −2Lnl no A no C no AC

t2:81 Cingulate cortex
t2:82 Rostral anterior division—L 0.25 0.16 0.14 (0; 0.40) 0.10 (0; 0.33) 0.76 (0.60; 0.92) 1117.04 0.61 0.65 0.01
t2:83 Rostral anterior division—R 0.22 0.27 0.00 (0; 0.36) 0.24 (0; 0.37) 0.76 (0.62; 0.89) 1118.24 1.00 0.14 b0.0001
t2:84 Caudal anterior division—L 0.23 0.28 0.00 (0; 0.38) 0.26 (0; 0.38) 0.74 (0.60; 0.88) 1129.26 1.00 0.14 b0.0001
t2:85 Caudal anterior division—R 0.45 0.13 0.43 (0.12; 0.56) 0.00 (0; 0.24) 0.57 (0.44; 0.72) 1103.94 0.01 1.00 b0.0001
t2:86 Rostral posterior division—L 0.43 0.15 0.42 (0.04; 0.55) 0.00 (0; 0.31) 0.58 (0.45; 0.73) 1102.90 0.03 1.00 b0.0001
t2:87 Rostral posterior division—R 0.48 0.07 0.47 (0.21; 0.60) 0.00 (0; 0.20) 0.53 (0.40; 0.68) 1074.89 0.003 1.00 b0.0001
t2:88 Retrosplenial cortex—L 0.56 0.21 0.54 (0.20; 0.65) 0.00 (0; 0.28) 0.46 (0.35; 0.59) 1100.87 0.003 1.00 b0.0001
t2:89 Retrosplenial cortex—R 0.47 0.35 0.20 (0; 0.58) 0.27 (0; 0.52) 0.53 (0.41; 0.68) 1106.43 0.34 0.18 b0.0001

a2=additive genetic influences; c2=shared (common) environmental influences; e2=individual-specific (unique) environmental influences; CI=Confidence interval; −2Lnl=
−2 log-likelihood for full the model; no A=test of CE model, i.e., hypothesis of no additive genetic (A) effects; no C=test of AE model, i.e., hypothesis of no shared environmental
effects; no AC=test of E only model, i.e., hypothesis of no familial (additive genetic or shared environmental) effects; Transv.=transverse; Sup. Temp.=superior temporal.

t2:90 Significant genetic influences based on ACE models (pb 0.05 in “no A” column) are shown in bold font.t2:91

Fig. 3. Heritabilities of the thickness of specific cortical ROIs defined according to Desikan et al. (2006).
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415 0.01 for each of the major lobes. The average heritabilities were not
416 different for the lateral (0.39) and medial (0.41) aspects of the
417 temporal lobe. Average heritability of thickness for all specific
418 cortical ROIs was 0.47 in the left hemisphere and 0.45 in the right
419 hemisphere (range=0.00–0.75). Heritability was moderate for
420 parahippocampal gyrus (0.46 left; 0.55 right) but lower for
421 entorhinal cortex (0.21 left; 0.34 right). The average heritability of
422 the cingulate cortex thickness was 0.29 for both the left and the
423 right hemisphere, but there was considerable variability with
424 estimates ranging from 0.00 to 0.54.

425 Cortical volume measures

426 Our focus was on thickness, but many studies report volume
427 measures of cortical ROIs. The overall average heritability of the
428 unadjusted cortical ROI volumes was 0.44 compared with 0.46 for the
429 overall average for thickness ROIs. Adjusting for TIV did not affect
430 cortical thickness heritability (mean=0.45), but it did reduce average
431 cortical volume heritability to 0.31. This constitutes an average
432 reduction of 30% for the heritability of cortical volumes compared
433 with only 2% for cortical thickness.

434 False discovery rate

435 Significance of the heritabilities can be determined by the column
436 showing no A effects or by the 95% CIs in the tables. All of the
437 heritabilities for global, subcortical, and other volume-based ROIs
438 were statistically significant. In total, there were 96 ROIs, and based
439 on the ACE models, 91 of the 96 ROIs (95%) had significant
440 heritability at the pb 0.05 level. As defined by Benjamini and
441 Hochberg (1995), the false discovery rate is determined by
442 computing ai by ranking the p-value of each of the n tests from
443 smallest (p1) to largest (pn) and multiplying each p-value by n
444 divided by the rank (i) of that p-value (ai=pi⁎n/i). If we allow for a
445 5% false discovery rate, all tests for which aib 0.05 would be
446 considered as significant. Based on that criterion, only 4 out of 91
447 ROIs would be considered false discoveries. Even those four would be
448 considered marginally significant, with ai values ranging from 0.053
449 to 0.055. Because the C estimates were near zero in most cases, it
450 was possible to drop C without any significant loss in model fit. In the
451 resulting AE models, the 95% CIs for the A components were much
452 narrower than they were in ACE models and only two had p-values
453 N0.05. The AE models may also be useful for comparison with other
454 reports; see Supplementary Table 1 for volume-based measures and
455 Supplementary Table 2 for cortical thickness measures. Finally,
456 homologous regions in the left and right hemispheres tended to
457 have very similar heritabilities. There was considerable overlap in the
458 95% CIs for all homologous left–right pairings, suggesting that
459 differences in heritability were not significant.

460 Discussion

461 To our knowledge, this is the first large-scale study to
462 comprehensively examine genetic and environmental influences
463 on the size of specific cortical, subcortical, and ventricular brain
464 structures all in the same individuals. On average, about 70% of the
465 variance in the size of subcortical ROIs and ventricles is determined
466 by genetic factors. Cortical ROIs showed a moderate degree of
467 genetic influence, accounting, on average, for about 45% of the
468 variance in thickness. There was also greater variability among the
469 cortical ROIs, with heritabilities ranging from 0.00 to 0.75 compared
470 with 0.48 to 0.85 for the subcortical ROIs. On average, heritabilities
471 for homologous left hemisphere and right hemisphere regions were
472 roughly equivalent.

473Cortical thickness measures

474The left and right hemisphere similarities are consistent with the
475NIMH child and adolescent sample. The average heritability of all
476specific cortical ROIs of 0.46 in the present studywas somewhat higher
477than the average of 0.31 in the NIMH sample. With regard to specific
478cortical regions, superior frontal gyrus, pre- and postcentral gyri, and
479supramarginal gyrus were among those with the highest heritabilities
480in both studies. However, there were also several inconsistencies
481regarding specific regionswith the highest or lowest heritabilities. The
482results in the present study were not especially consistent with those
483ofWright et al. (2002), but their sample size of only 19 twin pairs may
484be unlikely to provide reliable heritability estimates.
485There are also voxel-based or point-by-point analyses of brain
486structure. We have performed similar analyses in other work with the
487VETSA sample (unpublished data), but such analyses to be readily
488comparable to ROI-based analyses. For example, Thompson et al.
489(2001) examined a continuous map of gray matter density (i.e.,
490proportion of voxels classified as gray matter), so that there are not
491ROIs that can be compared with the present study. Many of the
492heritabilities reported in that study were between 0.90 and 1.00,
493higher than any observed in the present study. Heritabilities in
494homologous left and right regions were reported to be significantly
495higher in Wernicke's areas than in its right hemisphere homologue.
496However, as stated by Thompson et al. (2001), “With a sample size of
497only 40 twins, heritability coefficients cannot be estimated precisely,
498and limited statistical power precludes the detection of differences in
499heritability between individual regions of cortex.” Hulshoff Pol et al.
500(2006) identified 14 gray matter density voxels with significant
501heritability and the regions in which they were located, but it may be
502misleading to compare significant heritability in a few voxels within
503an ROI versus the heritability of the entire ROI. Indeed, if the other
504voxels within the ROI were not significantly heritable, the logical
505conclusion may be that the size of that ROI as a whole is not heritable.
506Also, in these studies, dramatic adjustments were made to the family-
507wise error rate to correct for multiple testing. That approach protects
508against any type I error but substantially increases the risk of failing to
509detect true effects. In our study, we controlled the expected false
510discovery rate, i.e., the proportion of significant results that are
511actually type I errors. That analysis indicated that 79 of 83 significant
512heritabilities were likely to be truly significant. Given the prior
513literature on the heritability of brain structures, it is reasonable to
514expect that most ROIs would be heritable.
515In contrast to our detailed characterization of cortical thickness,
516we presented only a brief summary of results for cortical volume
517measures. An advantage of cortical thickness is that, unlike cortical
518volume measures, heritability estimates were unrelated to TIV.
519Consequently, the difficulties of interpreting adjusted versus unad-
520justed ROIs are avoided for cortical thicknessmeasures. Elsewhere, we
521have shown that cortical thickness and surface area are determined by
522largely independent sets of genes; because volume is basically the
523product of thickness and surface area, it is not possible to separate
524these two sources of genetic variance if the phenotype is cortical
525volume (Panizzon et al., 2009). Analysis of genetic and environmental
526influences on the surface area of each of the cortical ROIs is the subject
527of a separate article.

528Volume measures

529The present results are consistent with two of three reports for
530hippocampal volume (Sullivan et al., 2001; van Erp et al., 2004;
531Wright et al., 2002). Our heritability estimates for cerebellar volume
532were fairly similar to that of another large adult twin sample
533(Posthuma et al., 2000), but they were substantially lower in the
534NIMH sample (Wallace et al., 2006). The most extreme variability
535across studies is in the heritability of the lateral ventricles. Our
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536 estimate of 0.78 (left–right average) was similar to that of an older
537 adult sample (Carmelli et al., 2002), but varied substantially from that
538 of two younger adult samples that yielded estimates of zero (Baaré
539 et al., 2001; Wright et al., 2002), and the estimate of 0.17 from the
540 NIMH sample (Schmitt et al., 2007b; Wallace et al., 2006).

541 Accounting for differences in heritability

542 Previous results on a more limited set of ROIs suggest that sex
543 differences are unlikely to account for the observed differences
544 between the VETSA and other samples (Baaré et al., 2001).
545 Nevertheless, this provides only a limited test of sex effects.
546 Differences in image acquisition, image processing, and definition of
547 ROIs could account for differences across studies. Also, except for the
548 NIMH study, other studies measured cortical volume or gray matter
549 density rather than cortical thickness. Age differences are another
550 possible reason for differences across studies. Heritabilities were
551 somewhat higher in the present study compared with the NIMH
552 sample, and there could be a tendency for the heritability to increase
553 from adolescence to adulthood as has been suggested for some other
554 phenotypes (McClearn et al., 1997). It is also noteworthy that
555 subcortical heritabilities measured in the NIMH child and adolescent
556 sample were reduced by 21% and 42% after adjusting for total brain
557 volume, but only by an average of 7% after adjusting for TIV in the
558 present adult sample. This difference may reflect the impact of
559 developmental factors in the child and adolescent sample as there is
560 still growth of total brain volume and TIV during this period
561 (Courchesne et al., 2000).
562 Comparison of the middle-aged VETSA sample and the NHLBI
563 sample indicates very similar heritabilities of 0.78 for left and 0.70
564 for right lateral ventricle size in that older sample (Carmelli et al.,
565 2002). Heritability of white matter abnormalities in the NHLBI
566 sample was 0.71 (Carmelli et al., 1998) compared with 0.62 in
567 VETSA. Average heritability of hippocampal volume was 0.64 in
568 VETSA and 0.40 in the NHLBI study (Sullivan et al., 2001). Differences
569 could be due to methodological factors such as the use of T1-
570 weighted images in VETSA and T2-weighted images in the NHLBI
571 study to measure white matter abnormalities. In any case, the
572 direction of age-related differences in heritability is not consistent
573 for these different ROIs. A more definitive answer to the question of
574 how genetic and environmental influences on brain structure change
575 beyond midlife must await longitudinal assessments as are planned
576 in the VETSA projects.
577 Although the heritability estimates for lateral ventricle volumes
578 were highest in the two older samples, it is not clear that there is a
579 simple increase in heritability with age because the lateral ventricles
580 showed the greatest inconsistency across studies. The inconsistency is
581 intriguing, in part, because the lateral ventricles are one of the easiest
582 ROIs to measure reliably. The degree of genetic versus environmental
583 control of lateral ventricular size may be particularly important for
584 aging-related disorders of cognition such as Alzheimer's disease or for
585 psychotic disorders such as schizophrenia, both of which are
586 associated with parenchymal shrinkage and ventricular enlargement.
587 Key questions to be addressed will be whether these two processes
588 are determined by the same or different sets of genetic influences, and
589 whether change in one or both is more environmentally determined.
590 It has been suggested that brain regions that are most important
591 for higher cognitive functions have higher heritabilities (Lenroot et al.,
592 2007; Thompson et al., 2001). Given that the brain is designed for
593 adaptation and learning, the opposite viewpoint seems equally
594 plausible. There is empirical evidence indicating that environmental
595 manipulations can influence human brain structure (Draganski et al.,
596 2004). It may be adaptive for brain regions that aremost important for
597 higher cognitive functions to be most malleable in response to
598 environmental influences. Development of language-related abilities,
599 for example, is contingent upon considerable environmental input. In

600the present study, the thickness of language-related cortical regions
601was generally not more highly heritable than other regions.
602Conversely, the thickness of some prefrontal regions, which underlie
603some of the highest cognitive functions, were among the most highly
604heritable. Thus, it does not appear that the extent of genetic influences
605on the size of neuroanatomic regions maps onto the complexity of
606cognitive function in any straightforward way. From an evolutionary
607perspective, one might expect that genetic variance (and thus,
608heritability) would be low for older structures because natural
609selection processes might be nearer to “completion” for those
610structures (Falconer, 1989). However, subcortical ROIs had higher
611heritabilities relative to cortical ROIs in both children (NIMH sample)
612and middle-aged adults (present sample).

613Environmental factors

614Despite our emphasis on genetic factors, environmental factors do
615play a major role as well, accounting for over one-half of the variance
616in the thickness of cortical regions, and over one-quarter of the
617variance in subcortical regions. In almost all cases, the environmental
618influences were individual specific, not shared. In general, power to
619detect shared environmental effects in twin studies is relatively low,
620but the fact that the estimates of shared environmental effects were
621often near zero suggests that the lack of significant effects was not due
622to insufficient power.

623Limitations

624The present study has some limitations that should be noted. We
625cannot be certain about generalizability of the findings to women. As
626stated in the methods section, our index of TIV is an estimated
627measure, although Buckner et al. (2004) have shown that the one-
628parameter scaling factor implemented in FreeSurfer does provide a
629reasonable TIV estimation that is correlated with manual TIV
630measurements. This issue is relevant to only a subset of volumetric
631ROIs that included adjustment for TIV, and most of the heritability
632estimates for those measures did tend to be comparable to those
633found in other studies. FreeSurfer's index of white matter hypointen-
634sities based on T1-weighted images almost certainly underestimates
635white matter abnormalities compared with measures derived from
636T2-weighted indices of hyperintensities. It is not clear in what
637direction, if any, this might affect heritability estimates. Although not
638an optimal measure, we do have evidence for the construct validity of
639our white matter hypointensity measure in that it is correlated with
640hypertension and some cognitive measures in ways that are similar to
641findings based on standard T2-weighted hyperintensity measures
642(unpublished data).
643One might consider it a limitation that VETSA participants were
644not screened for exclusion criteria other than MRI safety considera-
645tions. These and other illness/injury factors are typically exclusion
646criteria for neuroimaging studies because they are viewed as
647confounds. On the other hand, that means that what is mostly
648known about brain aging is about highly screened segment of the
649population—what has sometimes been referred to as “super-normal”
650(Kendler, 1990). The epidemiological approach taken in the present
651study was to minimize screening, and as noted in the methods section
652the VETSA sample is similar to American men in terms of overall
653health characteristics. Illnesses or injuries are not regarded as
654confounds. Rather, they are additional factors contributing to the
655total genetic and environmental variances that influence the size of
656brain structures. This approach does not mean that the role of specific
657factors in contributing to the heritability of brain structure is
658unimportant, but the examination of those relationships requires
659multiple separate analyses that are beyond the scope of this article.
660Elsewhere we have noted advantages of examining patterns in
661continuous maps of cortical thickness that are not constrained by
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662 traditional ROI boundaries (Rimol et al., 2007), although it is
663 important to examine genetic and environmental influences on the
664 basis of traditional ROIs as well. These types of ROIs are widely used,
665 and they do have anatomical and functional significance and provide
666 comparison for much existing work. Moreover, subcortical structures
667 without the layered structure of the cortex are less amenable to
668 continuous maps.

669 Implications

670 The considerable variability in heritability across individual ROIs
671 provides insight toward a better understanding of the effect of genes
672 on brain structure and function, an important goal in the post-
673 genomic era. The findings are also relevant to candidate gene and
674 genetic association studies because they contribute important
675 information regarding brain endophenotypes that might be used in
676 the study of cognitive and brain aging as well as neurological and
677 psychiatric disorders. Future work may elucidate the genetic
678 architecture across different brain regions in multivariate analyses,
679 and longitudinal analyses may reveal changes in genetic and
680 environmental influences that take place in normal and pathological
681 brain aging.
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