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Nonpsychotic Siblings of Patients With
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Context: Nonpsychotic siblings of patients with childhood-onset schizophrenia (COS) share cortical gray matter abnormalities with their probands at an early age; these
normalize by the time the siblings are aged 18 years, suggesting that the gray matter abnormalities in schizophrenia could be an age-specific endophenotype. Patients with
COS also show significant white matter (WM) growth
deficits, which have not yet been explored in nonpsychotic siblings.
Objective: To study WM growth differences in nonpsychotic siblings of patients with COS.
Design: Longitudinal (5-year) anatomic magnetic resonance imaging study mapping WM growth using a novel
tensor-based morphometry analysis.
Setting: National Institutes of Health Clinical Center,

Bethesda, Maryland.

Main Outcome Measure: White matter growth rates.
Results: We compared the WM growth rates in 3 age

ranges. In the youngest age group (7 to ⬍14 years), we
found a significant difference in growth rates, with siblings of patients with COS showing slower WM growth
rates in the parietal lobes of the brain than age-matched
healthy controls (false discovery rate, q = 0.05; critical
P=.001 in the bilateral parietal WM; a post hoc analysis
identified growth rate differences only on the left side,
critical P = .004). A growth rate difference was not detectable at older ages. In 3-dimensional maps, growth
rates in the siblings even appeared to surpass those of
healthy individuals at later ages, at least locally in the
brain, but this effect did not survive a multiple comparisons correction.

Conclusions: In this first longitudinal study of nonpsy-

Participants: Forty-nine healthy siblings of patients with
COS (mean [SD] age, 16.1 [5.3] years; 19 male, 30 female) and 57 healthy persons serving as controls (age,
16.9[5.3] years; 29 male, 28 female).

chotic siblings of patients with COS, the siblings showed
early WM growth deficits, which normalized with age.
As reported before for gray matter, WM growth may also
be an age-specific endophenotype that shows compensatory normalization with age.

Intervention: Magnetic resonance imaging.
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S

CHIZOPHRENIA IS A COMPLEX

psychiatric disorder with a
strong genetic predisposition.1 Childhood-onset schizophrenia (COS) is neurobiologically continuous with the adult disorder
but is usually more clinically severe, with
onset of psychosis before age 13 years.2,3 Psychotic symptoms found in COS are complex, variable, and difficult to summarize,
and it is important to seek reliable brain
imaging measures to quantify disease severity and assess risk for developing the illness. Brain imaging studies consistently
show enlarged lateral ventricles, progressive loss of cortical gray matter (GM), and
GM deficits in medial temporal lobe structures.4-7 The GM abnormalities, particu-
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larly the loss observed during childhood and
early adolescence, are typically greater in
COS relative to patients with the adultonset disorder.2,3
Brain measures obtained using structural magnetic resonance imaging (MRI)
may also serve as targets for genetic analysis.8,9 Nonpsychotic first-degree relatives—
siblings who share risk genes with the patients but remain healthy—offer a unique
opportunity to identify brain measures associated with heightened genetic risk.
These siblings share up to 50% of their genetic polymorphisms (and their environment in many cases) with the patients.
Nonpsychotic siblings of patients with
adult-onset schizophrenia show inconsistent findings: most studies10 do not de-
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tect cortical GM deficits in the nonpsychotic siblings. Studies of patients with COS provide a unique opportunity
to study very young nonpsychotic siblings, allowing earlier prospective studies of brain development than previously carried out for adult schizophrenia. The brain can
therefore be assessed, in some cases even longitudinally, well before the typical age at onset for schizophrenia near late adolescence. In some cases, the brain can
be examined both before and after disease onset.11
In earlier studies, young nonpsychotic siblings of patients with COS showed significant GM deficits in the prefrontal and temporal cortices at earlier ages that, interestingly, normalized by the time the siblings were 18 years
old.12 These findings were recently replicated in a nonoverlapping sample of 43 nonpsychotic siblings of patients with COS (68 scans) and 86 matched healthy controls (136 scans).13 This allowed us to identify the location
and duration of derailed brain development that was associated with increased genetic liability. The GM deficits
seen in relatives of patients with COS may therefore be age
specific; currently unknown protective factors (environmental or genetic) may help to normalize these deficits with
age in individuals who remain nonpsychotic.14
White matter (WM) abnormalities in schizophrenia are
relatively underexplored. Compared with controls, smaller
and larger volumes of lobar WM have been reported in
groups of patients with schizophrenia.15 Similarly, abnormal WM connectivity16,17 or integrity18-20 has been reported in schizophrenia, as measured by diffusion tensor
imaging (DTI). However, only one study has assessed WM
integrity in populations with early-onset schizophrenia. A
DTI study21 in adolescent-onset schizophrenia showed widespread areas of lower fractional anisotropy (FA) in the brain.
In another study22 using tensor-based morphometry, the
only longitudinal study of COS patients to date, we found
slower WM growth rates in COS patients relative to the typical WM development in controls during the adolescent
years. Recent studies of WM volume in twins discordant
for schizophrenia indicate genetic influences on decreased WM volume in schizophrenia,23 with no clear influences on WM changes.24,25 Another pertinent study is a
cross-sectional DTI analysis from Utrecht, the Netherlands, in which the arcuate fasciculus exhibited significantly different FA values in full siblings of patients with
schizophrenia compared with matched healthy controls.
Healthy siblings had higher FA in this tract compared with
controls, perhaps suggesting a compensatory increase.26
White matter abnormalities may also be markers of genetic risk for the illness. We hypothesized that, similar to
the GM findings, WM growth rate abnormalities would be
detectable in siblings at earlier ages but would normalize
as the siblings became older.
In this study, we examined longitudinal brain development in nonpsychotic siblings of COS patients and compared them with matched healthy controls, using tensorbased morphometry to compute growth rates in different
parts of the brain.27 We hypothesized that nonpsychotic
siblings would show WM developmental abnormalities
compared with healthy controls at earlier ages. To study
age effects, we divided the sample into 3 age groups: preadolescence (age, 7 to ⬍14 years; included only children
who had not passed their 14th birthday), postpubertal/

adolescence (age, 14 to ⬍18 years), and young adult (age,
18-28 years).
METHODS
All participants were recruited as part of an ongoing National
Institute of Mental Health study of COS and normal brain development. Forty-nine healthy siblings of patients with COS
(19 male, 30 female) and 57 healthy individuals serving as controls (29 male, 28 female), matched for age, sex, and scan interval, were evaluated prospectively during a 5-year longitudinal study.

PARTICIPANTS
All available full biological siblings of patients with COS participated in the study and were scanned prospectively every 2
years along with the patients. From this data set, there were
49 healthy siblings with at least 2 usable scans acquired 1 to 4
years apart. The midinterval mean (SD) age for the group was
16.1 (5.3) years. Siblings were evaluated using structured psychiatric interviews for Axis I (using either the Schedule for Affective Disorders and Schizophrenia or the Schedule for Affective Disorders and Schizophrenia for School-age Children)28 and
Axis II (using the Structured Interview for the DSM-IV-TR Personality Disorders)29 diagnoses, and their Global Assessment
Scale scores were estimated by a child psychiatrist. Siblings were
considered healthy if they were free of any psychotic or schizophrenia spectrum disorder (which included schizophrenia, schizoaffective disorder on Axis I, or paranoid, schizotypal, schizoid, or avoidant personality disorders on Axis II). Other Axis I
and Axis II diagnoses are reported in the Table. Most common among these is depressive illness at some point in life, often attributable to the stress of having a schizophrenic proband in the family. Additionally, symptom counts for all Axis
II disorders were calculated for individual disorders and cumulatively for schizophrenia spectrum diagnoses. As expected, none of the siblings was receiving antipsychotic or mood
stabilizer medications, and only 3 siblings had taken a selective serotonin reuptake inhibitor or stimulant medications either
for anxiety/depression or attentional issues, respectively.
A group of 57 unrelated healthy individuals serving as controls was selected from a sample of community volunteers recruited as part of a prospective study of normal brain development. They were matched for sex, age, and scan interval.
Controls were free of lifetime medical or psychiatric disorders, as determined by clinical examination and standardized
interview. Psychiatric illness in a first-degree relative was also
exclusionary. The mean (SD) midinterval age for the control
group was 16.9(5.3) years.
The parental socioeconomic status score was obtained using
the Hollingshead index.30 With the current cohort, it was not
possible to obtain controls with matched socioeconomic status; however, for COS probands, we have not seen any significant influence of socioeconomic status on the structural findings and do not expect this in siblings.
The study was approved by the National Institute of Mental
Health institutional review board. Written informed consent was
obtained from parents and controls and patients older than 18
years, and written informed assent was obtained from minors.

MRI ACQUISITION
All images were acquired using a 1.5-T MRI scanner (Signa; General Electric) at the National Institutes of Health Clinical Center,
Bethesda, Maryland. Three-dimensional (acquisition matrix, 256
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Table. Demographics

Characteristic
Sex
Female
Male
Handedness
Left
Right
Race
Asian
Black/African American
Hispanic
Other/mixed race
White
Socioeconomic status, mean (SD) b
Vocabulary score, mean (SD)
Age at scan, y
Overall, mean (SD)
Median (range)
Time 1, mean (SD)
Median (range)
Time 2, mean (SD)
Median (range)
Scan interval, y
Median (range)
Comorbid Axis I disorders, lifetime c
Anxiety disorder
Alcohol/substance abuse
Behavioral disorder
Depressive mood
Bipolar disorder
Other Axis II disorders, lifetime

Healthy Controls
(n = 57)

Nonpsychotic Siblings of COS
Patients
(n = 49) a

28
29
4
53

Test Statistic With df

P Value

30
19

12 = 1.55

.21

2
47

12 = 0.42

.52

42 = 4.62

.32

t104 = 0.77
t97 = 1.12

.03
.26

t210 = 1.06

.44

t104 = 0.93

.35

t104 = 0.61

.54

t104 = 2.45

.02

1
6
5
4
41
41.9 (20.3)
11.5 (2.1)

1
8
4
9
27
51.4 (24.7)
10.9 (2.9)

16.9 (5.3)
16.3 (8.3-28.3)
15.7 (5.2)
15.2 (6.9-27.8)
18.0 (5.3)
17.7 (9.6-28.8)
2.3 (0.6)
2.13 (0.98-3.70)

16.1 (5.3)
16.1 (7.8-27.2)
14.8 (5.1)
15.0 (7.2-26.4)
17.4 (5.5)
17.2 (8.4-28.0)
2.6 (0.7)
2.42 (1.26-3.91)

...
...
...
...
...
...

9
2
5
15
0
7

Abbreviation: COS, childhood-onset schizophrenia.
a None of the nonpsychotic siblings were receiving antipsychotic medication. Only 3 had taken either selective serotonin reuptake inhibitor or stimulant
medication at some point in their lifetime.
b Socioeconomic status was measured using the Hollingshead index.30 Higher scores reflect lower socioeconomic status.
c Axis I disorders were not present in the control group.

⫻ 256 ⫻ 124; voxel dimension, 0.9375 ⫻ 0.9375 ⫻ 1.5 mm),
T1-weighted, fast-spoiled gradient-echo MRI volumes were acquired longitudinally. Imaging parameters were axial section thickness,1.5 mm; echo time,5 milliseconds; repetition time, 24 milliseconds; flip angle,45°; and field of view, 24 cm. All participants
were scanned identically at baseline and follow-up.
All structural scans collected on the 1.5-T MRI scanner were
acquired with the standard single-channel quadrature coil (General Electric). The head coil was unchanged over the years. After each software and gradient upgrade, a set of participants was
scanned before and after the change to reestablish reliability.
To date, we have found no significant difference in measurements before and after these upgrades.

IMAGE PROCESSING
Scalp and other nonbrain tissues were removed to ensure that
the tissue change maps were derived from brain tissues and not
affected by the growing thickness of the skull or scalp. A wholebrain binary mask and brain tissue type classification (GM, WM,
and cerebrospinal fluid) were generated for each participant’s
raw baseline scan using a skull-stripping meta-algorithm.31,32
This algorithm uses a skull-stripped reference image and identifies a consensus-based brain mask based on the results of several independent skull-stripping algorithms. The skull-

stripped brain image data were then converted to binary masks
and manually edited to eliminate any segmentation errors. A
follow-up mask was then created by linearly registering the baseline to the follow-up image and applying the resulting transformation parameters to the baseline mask. Again, visual inspection and manual editing were used to ensure segmentation
accuracy. A nonparametric, nonuniform, intensity normalization (N3) bias field correction algorithm was applied to
reduce the intensity inhomogeneity in the MRIs caused by nonuniformities in the radio frequency receiver coils.33 Skullstripped follow-up scans were globally aligned to the same
individual’s baseline scan using 12-parameter affine registration, and both were then aligned to the International Consortium for Brain Mapping single-subject, high-resolution brain
template34 to adjust for intersubject differences in overall brain
size and head alignment. The scaling factors for longitudinal
registration were recorded and later used to rescale the Jacobian maps. All images were resampled with an isotropic
matrix of 220 voxels in the x, y, and z dimensions; each
interpolated voxel was 1 mm ⫻1 mm ⫻1 mm.

MINIMAL DEFORMATION TEMPLATE
A minimal deformation template (MDT) was created on the
basis of data from 40 healthy controls to serve as an unbi-
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Figure 1. Contrast maps show growth rate differences between siblings of patients with childhood-onset schizophrenia and healthy controls. A, Red areas signify
regions with faster growth rates in controls, observed in parietal white matter. B, Significant difference in growth rate was noted in the youngest age group. C and
D, Later ages showed no significant differences.

ased group-average template, as previously reported. 27
Briefly, an affine average image was first created from globally aligned baseline scans. Each scan was then nonlinearly
registered to the affine average template, using a nonlinear,
inverse, consistent elastic registration algorithm. 35 The
deformation field was determined by maximizing a compound measure of the mutual information of the aligned
image intensities and the elastic energy of the deformation.
The nonlinear average brain image was created by voxelwise
averaging of the intensities of the resampled images that
were nonlinearly registered to the affine average template.
Finally, the MDT was created by adjusting the nonlinear
average with an inverse geometric centering of the displacement fields.36 The MDT was subsequently used as the target
for intersubject registration.

LONGITUDINAL GROWTH MAPS
Individual 3-dimensional maps of brain tissue growth, also
known as Jacobian maps, were derived from the deformation
fields that spatially align the follow-up scan to the baseline scan,
using elastic image registration.35,37 The Jacobian maps were then
resampled with the displacement vector fields that spatially normalized the baseline scans to the MDT. Spatial normalizations
among different brains enable cross-subject and group comparisons. To compute maps of growth rates (annual tissue
change), the individual Jacobian maps were divided by their
interscan intervals in years. Finally, a scaling factor, derived
from the 12-parameter affine registration of baseline and follow-up scans, was applied to include any global growth modeled by the 12-parameter affine registration. All statistical analy-

ses were based on the annualized Jacobian maps adjusted for
the scaling of the brain at baseline.

VOXELWISE LINEAR REGRESSIONS
At each point in the brain, a linear regression model was fitted
to model the relationships between the growth rate and factors influencing the growth rate. Predictors included the
midinterval age of the participant (B1), sex (B2), diagnosis (B3;
nonpsychotic siblings of COS patients, 1; matched healthy
controls, 0), age ⫻ diagnosis interactions (B4), and an agesquared term (B5) to model any evidence for a nonzero rate of
acceleration or deceleration in the effect of age on growth
rates.
In this model, the growth rate is directly modeled; therefore, if the age term fits, it implies a deceleration or acceleration of the growth rate. The age-squared term is included to
assess even higher-order effects, ie, if the rate of acceleration
or deceleration itself depends on age. As is typically the case,
the age⫻diagnosis interaction term is designed to detect any
group difference in the age effect on growth rates.
We applied these statistics using voxelwise (at each point
in the brain) multiple regressions to assess whether the local
rate of brain tissue change was significant and whether it depended on the covariates of interest. Statistical or “P value” maps
were generated to visualize the pattern of voxelwise significance. To control for false-positives, we enforced a standard
false discovery rate (FDR) correction for multiple statistical comparisons across voxels in the whole brain and inside each brain
lobe, using the conventionally accepted false-positive rate of
5% (q=0.05).38
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RESULTS

CTL

AVERAGE GROWTH RATES IN DIFFERENT
AGE GROUPS
We studied 3 age- and sex-matched groups (16 participants per group) representing the following age groups:
preadolescents (age, 7 to ⬍14 years), postpubertal adolescents (age, 14 to ⬍18 years), and young adults (age,
18-28 years). The mean (SD) ages for the healthy control groups were 11.0 (1.5) (6 male/10 female), 16.0
(1.4) (9 male/7 female), and 22.3 (2.8) years (8 male/8
female), respectively; the corresponding mean ages for
the COS sibling groups were 10.0 (1.5) (7 male/9 female; 3 individuals had depressive mode disorders),
16.1 (1.4) years (8 male/8 female; 5 individuals had depressive mode disorders), and 22.1 (3.0) years (4
male/12 female; 6 subjects had depressive mode disorders), respectively. The average ages were not significantly different between siblings and controls within
any of the age ranges (2-sample t tests; preadolescence,
P = .06; adolescence, P = .82; young adult, P = .84).
Demographic data for these subgroups are available in
the eTable (http://www.archgenpsychiatry.com).
We compared growth rates in each age range, and
only in the youngest age group (age, 7 to ⬍14 years) did
we find a significant difference in growth rates
(Figure 1A and B). The COS siblings showed slower
parietal WM growth rates than healthy controls at similar ages (FDR, q = 0.05, critical P = .001) in the bilateral
parietal WM; a post hoc analysis, split by hemisphere,
detected a growth rate difference only on the left side
(critical P = .004). The growth rate difference was no
longer detectable at older ages (Figure 1C and D).
From the 3-dimensional maps shown, the growth rates
in the siblings appeared to surpass those of healthy controls at later ages, at least locally in the brain (eg, see
the blue region in Figure 1D), but this effect did not
survive the standard FDR-based correction for multiple
comparisons.
AVERAGE GROWTH RATES
Figure 2 shows a 3-dimensional map of the mean growth

rates (in percentage per year) for healthy children and
nonpsychotic siblings of patients with COS and a comparison of growth rates between the 2 groups when all
age groups were combined. Both groups showed active
WM growth, as expected (1%-2% per year, bilaterally).
When all age groups were combined, there was no significant difference overall between the 2 groups across
the whole brain spatially.
AGE EFFECTS ON GROWTH RATES
IN HEALTHY CONTROLS
According to the correlation coefficient maps (␤ maps,
Figure 3A) and P value maps (Figure 3B), the rate of

WM growth slows as the healthy controls age, by as much
as 0.5% to 1% per year in some regions. Critical P values
for the age effects (B1) after correction for multiple com-

SIB

SIB vs CTL

– 2%

– 1%

0

1%

2%

Figure 2. Mean growth rate maps for healthy controls (CTL), nonpsychotic
siblings of patients with childhood-onset schizophrenia (SIB), and group
difference maps. Both groups show stereotypical patterns of rapid growth in
the white matter, and difference maps are near zero across the whole brain,
suggesting similar growth rates. Standard radiologic convention was used to
display the images.

parisons were as follows: whole brain, P=.01; parietal lobe,
P =.01; frontal lobe, P =.02; occipital lobe, P=.009; and
temporal lobe, P=.02.
AGE EFFECTS ON GROWTH RATES IN HEALTHY
SIBLINGS OF COS PATIENTS
The B4 term in the linear regression model accounts for
any group difference in age effects on growth rates between siblings of patients with COS and healthy controls (Figure 4A, B). Figure 4C shows the age effects
on growth rates in the siblings. In the parietal and occipital lobes, the deceleration of WM growth rates was
less (weaker) in the siblings compared with healthy
controls. In other words, the siblings of patients with
COS sustained a more constant growth rate compared
with the controls (the sibling WM growth was not slowing as much as the growth for healthy controls). The
growth rates in the siblings were slowing by approximately 0.2% to 0.8% per year (Figure 4C), while the
rates in healthy controls were slowing by 0.5% to 1%
per year (Figure 3A). Critical P values for the
age ⫻ diagnosis interaction (B4) after correction for
multiple comparisons were as follows: parietal lobe,
P=.004; occipital lobe, P =.01. The age ⫻ diagnosis interactions for the whole brain and the frontal and temporal lobes were not significant.
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Figure 3. Partial correlation coefficient maps of the age effects (B1). A, Transverse view. B, Sagittal view. C, Coronal view. The correlation coefficient maps show
how age affects growth rates in healthy controls, corrected for multiple comparisons inside each brain lobe. In these regions, there is evidence that growth rates
slow with age. The color bar shows the annual rate of change in the growth rate (as a percentage) per year. As such, the red colors show that the annual growth
rate drops by approximately 0.5% to 1% per year. This is in line with common sense because the growth rate should slow as children age. Standard radiologic
convention was used to display the images.

THE AGE-SQUARED EFFECT
ON GROWTH RATES
We identified a significant age-squared effect on growth
rates, a term modifying the age effect on growth rates (note
that this is an “age-cubed” effect on brain volumes). Signs
of the correlation coefficients for B5 were positive, in contrast to the values of B1, the age effects on growth rates.
The fit of the age-squared term showed that the rate of
acceleration or deceleration was also changing; this is reasonable because all rates and their higher-order temporal derivative should reach equilibrium when the growth
rate approaches zero. The growth rate plateaus before it
declines in older age (at approximately 30 years), so it is
reasonable that the ␤ values of B5 were much smaller than
B1 (B5 is typically approximately 25- to 50-fold smaller
than B1). Critical P values for the age-squared term (B5)
after correction for multiple comparisons were as follows: whole brain, P = .009; parietal lobe, P = .007; frontal lobe, P=.01; occipital lobe, P=.006; and temporal lobe,
P=.02.
BASELINE DIFFERENCES
To assess whether any group differences were detectable at baseline, we performed a voxel⫻ voxel analysis
of brain volume differences, comparing siblings with controls, for each age group separately. We applied a standard FDR correction over the whole cerebral WM, as well
as inside each brain lobe. In this baseline analysis, no
group differences survived the standard FDR-based correction for multiple comparisons.
COMMENT

To our knowledge, this is the first study to explore WM
growth rates from early childhood through adulthood in
nonpsychotic siblings of patients with COS. Nonpsychotic siblings showed abnormally slow WM growth rates
before age 14. These differences normalized over time
and were no longer detectable after the typical age at onset for COS. This normalization effect has also been re-

ported for the GM deficits in these siblings.12,13 As with
healthy controls, the siblings showed nonlinear (slowing) WM growth with age; however, the initial brain
growth rate in the siblings, which was slower than that
of the controls, was maintained, whereas growth rate in
the controls slowed more rapidly with age. This process
of initial lag followed by normalization was detected significantly in parietal regions and qualitatively in prefrontal regions (Figure 1).
Nonpsychotic full siblings shareapproximately 50%
of their genetic variations with the patients, manifest no
schizophrenia spectrum symptoms, and have no antipsychotic medication exposure. Any shared brain abnormalities are likely to be markers of genetic liability for
the illness.8 Prior studies of this population12 showed that
nonpsychotic siblings shared GM deficits in prefrontal
and temporal cortices at early ages and normalized as the
siblings grew older, past the typical age at onset for schizophrenia. Gray matter deficits may therefore be age specific. Alternatively, the age-dependent normalization in
growth rates may be a sign of “resilience” in siblings who
do not become ill. It is important to determine whether
the slowed growth seen here in siblings is mechanistically similar to that seen in individuals with schizophrenia. Such a study might examine both the siblings and
patients and calculate relative risk of shared regions of
abnormal growth. Supporting the notion that delayed
growth is shared by siblings and patients, an earlier study,22
the only longitudinal study of patients with COS to date,
compared 3-dimensional maps of local WM growth rates
in patients with COS with those in healthy children (12
participants per group; age range, 12-16 years). We found
slowed WM growth rates throughout the brain in the COS
group. We did not include the COS patients in the current study to avoid duplication of data and difficulties
in matching a 3-way sample on age, available scan numbers, scan intervals, and other parameters. We are in the
process of collecting additional scans from COS patients and will expand the analysis to include controls,
nonpsychotic siblings of patients with COS, and COS
patients when we obtain a matched sample of COS
patients.
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Figure 4. Maps of age effects on growth rates. A, Partial correlation coefficient maps for interaction between age effect and diagnosis in white matter (B4). B, P maps of
significance for interaction between age effect and diagnosis in white matter (B4). C, Derived age effects in siblings of patients with childhood-onset schizophrenia
(COS) corrected for multiple comparisons inside the white matter of each brain lobe (B1 ⫹B4). White matter growth rates slow with age in nonpsychotic siblings of patients with COS. The color bar shows the annual rate of change in the growth rate (in percentage) per year. The red colors show that the annual growth rate drops by
approximately 0.2% to 0.8% per year, less than those in healthy controls. Standard radiologic convention was used to display the images.

Relatively few studies have addressed abnormalities
of brain growth rates in schizophrenia, and still fewer have
addressed them in patients’ relatives. Volumetric studies show altered lobar WM volumes in schizophrenia15,20; however, some studies have reported larger39 and
others smaller20,40,41 WM volumes in patients compared
with controls, depending on the region examined. More
recently, studies of WM integrity and connectivity using
DTI have shown widespread reductions in the FA values in patients with schizophrenia compared with controls, as discussed in a review.20 However, the question
whether these abnormalities are endophenotypes remains unaddressed. Volumetric studies, for the most part,
have failed to show WM volume abnormalities in adult
siblings of patients with schizophrenia.42-46 However, a
recent study47 showed lower WM FA in the left prefron-

tal cortex and hippocampus in siblings of patients with
schizophrenia. None of these studies included younger
siblings or a longitudinal component covering the age
range from children to young adults. As in the case of
GM abnormalities, the WM alterations in siblings may
normalize by late adolescence and hence are not seen in
these samples. In a recent DTI study, Boos et al26 detected no WM abnormalities in adult siblings of patients with schizophrenia, but the arcuate fasciculus was
described as thicker in siblings compared with probands. This raises the possibility of a compensatory thickening for possible functional normalization. Our findings suggest a similar compensatory increase in parietal
(and perhaps prefrontal) WM, suggesting that a sustained growth rate with age (unlike that in healthy individuals) may compensate for an early lag in brain
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growth. This is supported to some extent by our regression analysis showing that growth trajectories between
siblings and controls differ (Figure 4).
In siblings, the GM deficits normalize with age, and
the parietal GM deficits are the earliest to appear as well
as to normalize.12 The parietal GM deficits also normalize in patients with COS as they age.48 Thus, whether the
growth rate alteration is primary or secondary to underlying GM changes is a difficult issue to determine with
current MRI resolution. Slowed WM growth may therefore be an early-age endophenotype that normalizes with
age. Studies of neurocircuitry development will examine this further. Siblings may also show more pronounced functional neurocircuitry abnormalities that improve with age.
In COS as well as adult schizophrenia, the GM and
WM deficits are most commonly located in the frontal
and temporal lobes.14 In this study, the growth abnormalities were localized mainly to occipital and parietal
areas. Interestingly, occipital and parietal GM deficits are
the ones to normalize earliest in the siblings of patients
with COS. Taken together, these findings suggest that
these regions may have a more resilient, early compensatory/corrective response in healthy siblings.
It may be useful to relate the WM growth to the profiles of cortical GM loss in patients and their siblings, for
example, using GM thickness as a covariate to determine whether it accounts for the rates of WM growth or
differences in those rates. As detailed by Gogtay et al in
2007,12 the cortical thickness measurements in our prior
reports, defined as the distance between linked vertices
of the GM and WM boundaries, were calculated at 40 962
cortical points. Even so, there is no natural point-topoint correspondence between each GM thickness measure (at a cortical point) and a WM volume measure (over
a volume). Including cortical thickness as a covariate that
might explain some of the variance in WM change would
be difficult to achieve, since it would not be clear which
part of the cortex to use for each internal WM point (such
a mapping might be possible with DTI scans). Additionally, the GM trajectory follows a wavelike pattern, so average thickness might not be ideal. Future DTI studies
may make it possible to relate GM to WM trajectories and
determine how variance in one tracks or correlates to variance in the other.
The group aged 18 years or older was chosen because previous GM studies, now replicated in 2 independent samples,12,13 showed striking normalization of
deficits by age 18 (the end of adolescence). We could have
divided the sample as before and after age 18; however,
we believed that it was scientifically interesting to see the
changes at earlier ages. The division between 7 to less
than 14 and 14 to less than 18 years was guided primarily by the available number of individuals with scans and
an effort to balance the 3 groups. There is no consensus
definition in the literature regarding prepubertal and postpubertal age; however, motivated by these and prior GM
findings, we are making strong efforts to recruit more siblings in early age groups and hope to map the nonlinear
growth from early ages well into adulthood. In this study,
we did not assess pubertal stage (eg, using Tanner scales),
although we used pubertal stage as a convenient way to

refer to the age groups (preadolescents and postpubertal adolescents). Healthy siblings do not undergo a physical examination (which is not permitted by the current
institutional review board–approved design of the protocol); hence, staging according to the Tanner scales was
not done.
To control for false-positives when conducting multiple statistical comparisons across the brain, we applied a standard FDR correction over the whole cerebral
WM as well as inside each brain lobe. Generally, using a
larger search region (whole-brain WM) will be more conservative than the smaller regions of interest (individual
brain lobes). Group differences in age effects on growth
rates were significant only in the parietal and occipital
lobes, not at the whole-brain level, suggesting a local and
relatively subtle effect. Our study is exploratory in that
it consists of a unique group of siblings in a specific age
range. As such, a less conservative approach can be justified to identify differences in unaffected individuals with
an increased risk of psychosis.
Based on our past experiments,49 the MDT converges
to a sharp and stable image once 20 to 40 brains are included, with a negligible difference obtained by adding
more. Because of this, we chose 40 participants to make
the MDT. In theory, one can use all participants; however, from experience and studies of how the mean template converges with increasing sample size,49,50 it is not
vital and would increase computational demands (in terms
of both time and memory). For smaller studies (⬍40 participants), one could use all available individuals. Participants were selected in an unbiased way (ie, randomly) but with certain criteria (age and sex) to ensure
that the MDT group (n = 40) was representative of the
larger group (n=57). We balanced the subgroup demographically to avoid any risk of bias in aligning new scans
to the MDT.
The difference in interscan interval was significant but
was relatively small. The interval used should not affect
our analysis, since we divided the change maps by the
scan interval. All final growth maps represent the average amount of change per year (or estimated growth rate).
In other words, we normalized each tissue-change map
to show the annual change rates. We might have estimated growth in the healthy children with slightly higher
accuracy because longer intervals tend to involve greater
changes, and the reproducibility error of serial scanning
may be lower as a proportion of the overall change.
We did not collect IQ data on the siblings of patients
with COS; only vocabulary scores were obtained. However, we are now collecting IQ scores on all newly recruited siblings, and these will be included in future analyses. Mismatch of IQ between study groups is always a
limitation, since it is difficult to acquire IQ-matched controls. Also, lower IQ is part of the schizophrenia phenotype, and there is an argument to be made that findings
should not be covaried for IQ.
Our study has several limitations. We examined the
largest sample of nonpsychotic siblings of COS patients
to date from a longitudinal perspective, but only 2 scans
were included per participant. The use of each person’s
baseline scan as a reference to compute growth provides excellent statistical power to detect change, but co-
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hort effects are possible because different individuals were
present at each end of the broad age range examined. Although the average ages were not significantly different
between the siblings and controls in any of the age ranges
examined (all P ⬎.05), there was a trend for an age difference in the youngest age group (7 to ⬍14 years; P=.06),
in which a significant difference in growth rate was identified. Even so, we note that this slight difference, if regarded as a confounder, would have worked against the
findings we reported here. The youngest group had siblings with a mean (SD) age of 10.0 (1.5) years and controls with a mean age of 11.0 (1.5) years. If anything,
growth is expected to slow as a child ages, so the marginally older controls should have slightly slower growth
than if we had scanned them a year younger. There is
strong a fortiori evidence that the slower growth in siblings in this age range cannot be ascribed to the imperfect age matching because, if anything, the slight age difference would have worked against finding slower growth
in the siblings, and we did find slower growth in the siblings. Matching with regard to sex was not ideal in the
young adult group (18-28 years: healthy controls, 8 male/8
female; siblings of COS patients, 4 male/12 female). Even
so, a strong sex difference in brain change rates is not expected at this age. Together with the possible cohort effect, we deem our findings preliminary. Also, limited neurocognitive data were available on siblings, precluding
meaningful correlations with brain growth. Efforts are being
made to acquire neurocognitive and functional imaging data
to explore neurocircuitry development across this age range.
Additionally, the youngest child in the study was 7 years
old, so we cannot infer whether WM growth has slowed
at earlier ages (birth to 7 years). We are actively recruiting
younger individuals and hope to use a mixed-effects model
(with ⱖ3 scans per sibling) in future studies to more fully
model the trajectory of brain growth in the siblings of patients with COS. Despite these limitations, our study provides the first evidence of WM growth alterations in nonpsychotic siblings of patients with COS as a time-limited
trait marker. Ongoing studies with alternative imaging modalities will investigate the agreement across measures of
brain maturation and examine connectivity patterns across
development.
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