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Background and Hypothesis: An existing model suggests
that some brain features of relatives of people affected by psy-
chosis can be distinguished from both the probands and a con-
trol group. Such findings can be interpreted as representing a
compensating mechanism. Study Design: We studied white
matter features using diffusion tensor imaging in a cohort
of 82 people affected by psychosis, 122 of their first-degree
relatives, and 89 control subjects that were scanned between
two to three times with an interval of approximately 3 years
between consecutive scans. We measured both fractional
anisotropy and other standard diffusivity measures such as
axial diffusivity. Additionally, we calculated standard con-
nectivity measures such as path length based on probabi-
listic or deterministic tractography. Finally, by averaging
the values of the different measures over the two or three
consecutive scans, we studied epoch-averagely the difference
between these three groups. Study Results: For several tracts
and several connectivity measures, the relatives showed dis-
tinct features from both the probands and the control groups.
In those cases, the relatives did not necessarily score between
the probands and the control group. An aggregate analysis in
the form of a group-dependent score for the different modes
of the analysis (e.g., for fractional anisotropy) supported this
observation. Conclusions: We interpret these results as evi-
dence supporting a compensation mechanism in the brain of
relatives that may be related to resilience that some of them
exhibit in the face of the genetic risk they have for being af-
fected by psychosis.

Key words:  psychosis/first-degree  relatives/familial
risk/diffusion tensor imaging/connectivity/resilience

Introduction

Extensive findings concerning subjects diagnosed with
psychosis (D), their first-degree relatives, and the general

population fit the “Familial Risk” model."! According to
this model, some alterations in the brain of the D group
will be detected to a lesser extent in the brain of their
relatives.? These brain abnormalities would represent
the increased liability of the relatives to be affected by
psychosis.>*

An alternative model suggests that the average brain
of relatives is different from the average brain of the
affected probands but also different from the average
brain of the general population. In its extreme form, this
model suggests an inverse U-shape relationship between
the genetic liability to psychosis and brain function-
ality.>® A more moderate framework (“Compensating
Mechanisms”) is based on the same assumption. However,
it interprets these features as the manifestations of com-
pensatory, protective, or resilience mechanisms that en-
able relatives to function similarly to subjects from the
general population. Note that these two models are not
mutually exclusive, as some brain features might follow
one of the models while other features follow the second
one. Moreover, different relatives groups (monozygotic
twins, dizygotic twins, siblings, parents, etc.) might ex-
hibit different familial risk or compensation features due
to a different genetic load and environmental factors.

Many studies’!* support the “Familial Risk” model, for
example, concerning white matter (WM) volume!! or spe-
cific WM tracts.">!* There is also widespread evidence for
abnormalities in WM among people at high risk for psy-
chosis (not necessarily as part of the relatives’ group).'#6

Despite the stress on risk factors in psychiatry, the in-
terest in understanding resilience or plasticity mechanisms
currently increases.!” 2 Therefore, it is valuable to consider
evidence supporting the “Compensating Mechanisms”
model or evidence suggesting a more complex state of af-
fairs than a simple familial risk. Indeed, several studies
suggested the latter case. For example, several studies
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showed no correlation between Polygenic Risk Score
for Schizophrenia (szPRS) and brain abnormalities.”*
Similarly, while excessive abnormalities might be expected
at old age with increased szPRS, several graph-theoretical
measures were not associated with szPRS.?

Some studies also showed both vulnerability and re-
silience patterns in the brain of relatives.”>* For ex-
ample, siblings showed stronger structural connectivity
compared to a control group in some brain regions,
while in other regions, both the siblings and the affected
probands showed similar patterns of vulnerability.?”’

Finally, some studies also suggested the existence of a
compensation mechanism among siblings. For example,
an increased Fractional Anisotropy (FA) value was
observed among adolescent relatives in the tracts con-
necting the nucleus accumbens compared to a control
group.?® Similarly, reduced szPRS was associated with
enlarged total ventricles’ volume for subjects with rela-
tively low cortisol levels and not a reduced one.”

The Genetic Risk and Outcomes of Psychosis
(GROUP) cohort provides an intriguing option to study
the possibility of a compensation mechanism in the brain
of relatives. The reason is that this cohort consists of
several repeated measurements taken over several years
(several epochs of measurements) and studied as subjects
both people diagnosed with psychosis, their relatives, and
a control group. Previous structural research in this co-
hort discussed the possibility of a compensatory mech-
anism in some WM tracts in the brain of relatives.*
Similarly, another study of the first wave of that cohort
suggested such a mechanism based on the assessment of
the tissue-FA.3' Nevertheless, whether an indication of a
compensation mechanism in the brain of relatives from
this cohort exists remains an open question. To search
for an indication of such a mechanism, we investigated
WM in the brain of relatives based on Diffusion Tensor
Imaging (DTI) measurements.’> We studied the epoch-
averaged behavior over two to three waves of the GROUP
cohort concerning (1) various forms of diffusivity meas-
ures such as Fractional Anisotropy (FA) and (2) various
structural connectivity measures. In addition, we carried
out a linear mixed model analysis of the longitudinal as-
pect of those measures. Our working hypothesis for this
study was that a compensating mechanism in the brain of
the relatives group would be found.

Methods

We used the data from the three epochs (i.e., waves) of the
Utrecht site GROUP cohort.* This cohort contains DTI
measurements of three groups of people—a diagnosed
group, a control group, and relatives (all siblings).
Altogether, we have analyzed data of 82, 89, and 122
subjects from the diagnosed, control, and relatives groups
(15, 47, 71 females) that had two or three consecutive
scans and that passed our quality-control procedure (see
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below). For general characteristics, see tables S1-S3 and
figures S1-S3 of the supporting information (SI). Note
that the percentage of females is different between the
D and the other groups (y? test P-value for the control-
diagnosed groups 5.9¢-06; y test P-value for the relatives-
diagnosed groups 3.5e¢-08) but not between the control
and relatives groups ()* test P-value 0.5234). Hence, we
have corrected the results for sex as is detailed below.

For image acquisition, see* and the Supporting Text
in the SI. For the image processing pipeline, see figure la
and the Supporting Text. Since we used an extensive data
analysis procedure as is described below, for the clarity of
reading we provide, in addition, a detailed graphical pres-
entation of the data analysis pipeline in Supplementary
figure S4 in the form of a flowchart.

For each individual and each epoch of the study, the
processing pipeline resulted in a set of diffusivity meas-
ures (for 48 different tracts) for four different diffusivity
modes [FA, Mean Diffusivity (MD), Axial Diftusivity
(AD), and Radial Diffusivity (RD)], and a set of con-
nectivity measures (thirteen graph matrix measures—see
the SI**%) for four different modes of connectivity ma-
trix calculation. These modes are: (a) connectivity matrix
based on a deterministic tracking algorithm; (b) connec-
tivity matrix based on a probabilistic tracking algorithm;
(c) connectivity matrix based on sampling FA along the
tracts obtained from the deterministic algorithm; (d) con-
nectivity matrix based on sampling FA along the tracts
obtained from the probabilistic algorithm.

Before analysis, we applied a two-layered quality-
control procedure to reject unreliable scans—see figure S5
and the Supporting Text in the SI for further details.

All data analysis was carried using the statistical com-
puting environment R.*’

Epoch-Averaged Data Analysis
Data Preparation

To identify the stable component behavior over all epochs
of the study, the average value for each subject and for each
measure was calculated over two or three measurements
(see table S3 of the SI). These average values for each
measure (denoted with subscript m) as well as the average
age (denoted age ) at the time of measurement were used
for the epoch-averaged analysis.

We added a partial least square (PLS) analysis (using
the pls package of R) separately to the diffusivity and
connectivity sets.® PLS is a statistical method similar
to principal components analysis that identifies latent
variables which are (optimal) linear combinations of
variables. A standard method of PLS calculation include
identifying the best number of components for the PLS
calculation followed by ranking of the loading of each
variable into these components. In this PLS calculation,
we involved the number of components that minimized
the root-mean-square (RMS) mocked Group Ilabel
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Fig. 1. Summary of processing and analysis pipelines. (a) Summary of the computational pipeline used to processes the scans and
calculate form them diffusivity and connectivity values. For calculation we used FSL,” MR trix™ and FreeSurfer.” First, scans are
pre-processed to remove distortion. Next, a DTI model is built, and the FA, MD, AD, and RD are calculated for each tract from the
JHU ICBM MW atlas. In parallel, tractography is conducted using both deterministic and probabilistic tractography algorithms, and
connectivity matrices are calculated based on the HCP-MMP1 parcellation atlas (using the corresponding T1w scan processed via
FreeSurfer).” In addition, connectivity matrices are calculated for both algorithms by sampling FA values along the tracts. From these
four connectivity matrices, several graph matrix measures are calculated (see the Supporting Text at the SI). (b) and (c) Scheme for
diffusivity and connectivity data analysis. For each connectivity or diffusivity mode, the average values for all available data for each
individual were calculated, and an epoch-averaged Tukey’s Test Analysis and epoch-averaged slope analysis was carried. In parallel,

a longitudinal analysis was carried using a linear mixed model and analyzing the difference of the values (A). Note that the outliers

filtering step is not shown.

prediction error and used this number for subsequent
calculation of the PLS value (see figure S6a, b of the SI).
The mocked Group labels were 1—for controls, 2—for
relatives, 3—for the D group. Next, with this number
of components, we calculated a loading factor for each
measure. Usually, the sorted loading values showed an
elbow-like behavior with some variables having a high
loading and some having a low loading—see an example
of a scree-plot in figure S6c¢ of the SI. To choose variables
with high loading and obtaining the relevant measures
for the PLS calculation, we fitted the four measures
with the highest loading and the ten measures with the
smallest loading to straight lines and found the inter-
sect of these two fitted lines (see figure S6c, d of the SI).

Measures with loading higher than the intersect value
were included in the calculation of the PLS average. For
the diffusivity case, the PLS average was the arithmetic
mean of all the tracts with the accepted loading. For
the connectivity case, measures were first normalized
by dividing each value by the maximum value for that
measure and then averaging the standardized values. For
the diffusivity measures, we also included the average
FA ,MD_, AD_, and RD_, over all 48 tracts. Thus, we
ended up with 50 (48 tracts + PSL average + general av-
erage) diffusivity measures for each mode of diffusivity
calculation and 14 connectivity measures (13 graph ma-
trix values + PLS average) for each mode of connec-
tivity matrix calculation.
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For connectivity measures, we applied an additional
preparation step. It is known that many connectivity
measures depend on the density.** Hence, for each con-
nectivity measure (besides density), we constructed a
model Measure_~ Density . Next, we checked the model
P-value. For cases where the model P-value was below
0.05, we regressed the density dependency. Consequently,
the residuals derived from such regression analysis
correcting for density became data in the subsequent
epoch-averaged analysis.

For each one of the diffusivity or connectivity meas-
ures, we applied two types of epoch-averaged analysis.
First, we used analysis of covariance (ANCOVA) followed
by Tukey’s test analysis. Second, we directly calculated
the age-dependent epoch-averaged slope for each group.
In both cases, after analyzing each measure separately,
we studied the results of all measures together. This was
achieved by calculating scoring results for each diffusivity
mode and each of the four ways of connectivity matrix
calculations according to the formulas described below.
Such scoring calculation allows us to identify a general
pattern of difference between the three groups. Finally,
we studied longitudinal aspects of the data. All those
analysis modes are described below.

Tukey’s Test Analysis

We compared the distribution of values of each Measure
and each mode of calculation between the three groups.
For this purpose, we used a hierarchical approach.
First, to account for the relative incidence of females
and males among the three groups, we constructed a
linear model for each measure with sex, age, and group
labels as covariates. The model had the form: Measure_
~ Age_+ GROUP + Sex. Next, for cases where the
model Sex label P-value was below 0.1, we equated the
average value of the female group to the male group
by adding the value of the model Sex label to each fe-
male individual. That is, we obtained Measure  (females,
corrected) = Measure_ (females, uncorrected) + Sex.

Next, using the set of corrected data, we compared
the three groups by constructing an ANCOVA model of
the form Measure ~ Age + GROUP, and running an
ANOVA on the GROUP label. Moreover, we used Tukey’s
test of the ANCOVA model for comparison between the
group label values of each two groups. Using the Tukey’s
test we compared the Control and Diagnosed groups (C-D),
Relatives and Diagnosed groups (R-D), and the Control
and Relatives groups (C-R). The Tukey’s test resulted
in P-values for the C-D, R-D and C-R comparisons for
each measure. These P-values were corrected for multiple
testing (50 tests for diffusivity and 14 tests for connectivity)
using the False Discovery Rate (FDR) method.

Finally, as a Supplementary Test, we used Duncan’s
test to rank the relative level of each group. This test
attributes a level to each group depending on how much
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is it different from the other two groups. Note that this
test suffers from an inflated family-wise Type I error rate.
Hence, it was only used as supplementary evidence to
support the findings of the Tukey’s test.

Tukey’s test scoring—We collected all measures with
an FDR corrected P-value (¢-value) below 0.05 for score
calculations. For each relevant measure from each anal-
ysis mode, we matched a score equal to [(0.05—¢g-value)
X M]. The multiplication factor (M) was equal to 1, 0.5,
and 1/3 for cases where only one, two, or three of the
three group comparisons had a g-value below 0.05. The
multiplication factor provides a simple way to weight dif-
ferently cases where only one comparison is meaningful
versus those of two or three comparisons. Finally, we
summed up the scores for all measures related to each
diffusivity or connectivity analysis modes.

Slope Analysis

For the slope analysis, we have used a hierarchical ap-
proach. For each measure, we constructed three models
(in R notation) (a) a general model: Measure ~Age ; (b)
Group-dependent model: Measure ~ Group/Age ; (c)
Group and Sex model: Measure ~ (Group X Sex)/Age .
Next, we calculated the ANOVA P-value between model
(a) and the others. For cases that the ANOVA P-value
was below 0.05, we collected all slope values (for each
group or each sex-dependent group) with a P-value lower
than 0.1. These slope values were incorporated into our
slope analysis scores (see below).

Slope analysis scoring—The scoring system was sim-
ilar to the one for Tukey’s test analysis with some mod-
ification. In this case, for cases model (b) was the most
significant, the score was equal to: [(0.1—P-value
M]. The multiplication factor (M) was equal to 1, 0. 5D 1/3
if the slope P-value was below 0.1 for only one, two, or
three out of the groups. Note that we chose to work with
P-values smaller than 0.1 rather than the more common
one of 0.05. This difference however is taken into account
by the 0.1—P-value factor. For cases where females and
males were fitted separately [model (c)], the multiplica-
tion factor was divided by 2. Finally, we summed up the
scores for all measures related to each diffusivity or con-
nectivity mode of analysis.

Longitudinal Data Analysis

To reduce the problem of multiple comparisons, we have
used a hierarchical approach, which allowed us to reduce
the number of measures taken into account for the FDR
g-value calculation. First, for each of the diffusivity and
connectivity measures, we calculated the age-dependent
slope for each individual separately. Next, we draw all slopes
for each measure and checked if they show differential
age-dependency behavior between the different groups by
ANOVA of the three models (similar to the age-dependent



epoch-averaged analysis). Only measures for which at least
one group, the males or females separately or together,
showed a slope P-value below 0.05 at the subjects set level
were qualified for the linear mixed model analysis.

For these measures, we compared two longitudinal
linear mixed models, (a) a general model with fixed effects
for the scanner, sex, age, epoch, and group labels and a
random effect for the subject nested in the family label.
In R notation this model is: Measure ~ (MRI_Scan + Se
x + Age + Epoch + Group) + (1] Family:Subject); and a
model (b), similar model to (a) but with an additional
fixed-effect of group*age. Namely, Measure ~ (MRI_Sca
n + Sex + Age + Epoch + Group + Age*Group) + (1]
Family:Subject). In addition, for connectivity measures
other than the density, we also added density as an ad-
ditional fixed-effect factor. Next, we checked that both
models converged, and for those models calculated the
ANOVA P-value between models (a) and (b) to determine
if adding the interaction effect resulted in a significantly
better fit. This procedure resulted in a set of measures (or
an empty set) for each data analysis mode. For each set,
we calculate the FDR corrected ¢g-value. Finally, for meas-
ures that had an ANOVA ¢-value below 0.05, we studied
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the functional-dependency of A, . (Age) = Value , (Age)
- Value_ (Age), where Value (Age) is the value of some
measure for some individual subject at the X epochs of
the study [X = First (T1), Second (T2), or Third (T3)].
Similarly, we studied A, . (Age) and A, | (Age).

T3-T!
Results

Tukey’s Test Analysis
Diffusivity Measures.

FA Values  Results of Tukey’s test comparisons are
shown in figure 2 and table S4 of the SI. Only six tracts
were identified as having a g-value below 0.05. All these
tracts had ANOVA FDR corrected P-value (g-value)
below 0.05. These tracts are the body of corpus callosum,
middle cerebellar peduncle, uncinate fasciculus left, un-
cinate fasciculus right, anterior corona radiata right,
and the superior fronto occipital fasciculus left. For the
four first measures, these tracts had Tukey’s test g-value
below 0.05 only for comparing the control and relatives
groups but not between the control and diagnosed groups
or relatives and diagnosed groups. Duncan’s test labeled
the relatives with the diagnosed group for the middle

FA

(a) Body of corpus callosum
0.65-
<
Y 0.60-
o . .
()
= L
Y 0.55- \Y?/
B eesaaee.
(©]
0.50-
Control Relatives Diagrllosed
GROUP
(c) Uncinate fasciculus Left
0.50-
A
i 0.45-
©
(O]
0 0.40-
o
Q 0.35-
@)
I
0.30-

Relatives Diagﬁosed

GROUP

Control

(b) Middle cerebellar peduncle
A |
E 0.45-
©
]
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g
o 0.40-
@) v ’
Control Relatives Diagr'wsed
GROUP
(d) Uncinate fasciculus Right
&

0.50-
0.45-
0.40-
N\,
0.35- '

Control Relatives Diagﬁosed

GROUP

Fig. 2. Tukey’s test comparisons analysis of FA results—largest effect. Violin plots for four corrected FA values measures that showed
the larges Tukey’s test difference (FDR corrected g-value below 0.05) when comparing one of the three possible comparisons between the
different groups. lL.e., the control-diagnosed groups, control-relatives groups, and relative-diagnosed groups. Orange squares represent the
median data values, and orange boxes represent SD. For the body of the corpus callosum, the figure represents values after correction for
sex and age. For the middle cerebellar peduncle and the left uncinate fasciculus the figures represent values after correction for sex alone.

No correction was applied for the right uncinate fasciculus.

Page 5 of 13


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgac055#supplementary-data

Y. Caspi

cerebellar peduncle, uncinate fasciculus left, and unci-
nate fasciculus right. For the body of corpus callosum,
the relatives were labeled separately from the other two
groups. However, as can be seen in figure 2, in all four
cases, the relatives had, on average, higher FA values in
these tracts than the other two groups.

For the anterior corona radiata right and the supe-
rior fronto occipital fasciculus left, the only Tukey’s test
g-value below 0.05 was for the R-D comparison. In these
two cases, Duncan’s test also labeled the relatives alone
while the control and diagnosed groups were labeled
together.

No Tukey’s test showed a g-value below 0.05 for the
C-D comparison.

When accounting for FDR ¢g-values between 0.05 and
0.1 for the ANOVA and Tukey’s test, we identified many
more tracts (see table S5 of the SI). In all these cases,
it was the comparison between the relatives and con-
trol groups that showed Tukey’s test g-value below 0.1.
Duncan’s test labeled the relatives’ group as having the
most extreme value. This fact suggests a slight tendency
for average FA value differences between the control and
the relatives groups.

MD, RD, and AD Values No tract had an FDR g-value
below 0.05 (or below 0.1) for any of the Tukey’s test
comparisons between the different groups.

Connectivity Measures

Deterministic Tracts Construction.  The Tukey’s test
comparisons results are shown in Fig. S7 and Table S6
of the SI. Only two measures, the residuals of the
assortativity (after density correction), and the PLS av-
erage (containing the residuals of the assortativity,
residuals of modularity, residuals of the mean participa-
tion coefficients, and transitivity) showed a ¢g-value below
0.05 and only for the C-D case. The trivariate ANOVA
g-value was also below 0.05. Duncan’s test classified the
relatives group with the diagnosed group for the PLS av-
erage and as an intermediate group between the other
two groups for the residuals of the assortativity.

All Other Connectivity Measures. ~ No Tukey’s test com-
parison had a g-value below 0.05 (or below 0.1).

Epoch-Averaged Slope Analysis

The facts that, (1) for FA, we found g-value differences
below 0.05 only for Tukey’s test comparison of the
C-R or R-D groups, (2) these findings were consistent
with the previous finding from the first wave of this co-
hort,**3! and (3) many tracts showed g-value between 0.05
and 0.1, inspired us to look more closely into the data
using an additional mode of analysis. In this mode of
analysis, we analyzed which of the three groups had an
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epoch-averaged structural age-dependency. The results
are detailed below.

Diffusivity Measures

FA Values  The epoch-averaged FA slope analysis results
are shown in Figs. 3a—d and Table 1. Several tracts had
P-value for the age-dependent slope of the fit below 0.1
for at least one of the three groups (control, relatives, or
diagnosed). Many of these tracts were previously identified
as relevant for psychosis, such as the fornix, body and genu
of the corpus callosum (CC), and tracts that radiate from
the CC (corona radiata). Also, some thalamic-related tracts
and corticospinal tracts (posterior limb of the internal cap-
sule) showed group-dependent age-related change, at least
for some sex. Interestingly, in many cases, the relatives
group showed a unique epoch-averaged age-dependence
behavior in comparison to the control or diagnosed groups.

MD Values The epoch-averaged MD slope analysis
results are shown in figure S8 and Table S7 of the SI. Only
four tracts showed age-dependent functional-behavior
for one or more of the groups and for both sexes or one
sex separately. In that case, the relatives group showed the
smallest number of tracts with epoch-averaged structural
age-dependency behavior.

AD Values The epoch-averaged AD slope analysis results
are shown in figure S9 and Table S8 of the SI. Many tracts
that were implicated in the FA analysis were also implicated
in the AD analysis. However, in this case, values for the age-
dependency obtained a P-value below 0.1 only for males or
for females separately but not together. Moreover, the con-
trol group showed the largest number of tracts with age-
dependency, while the diagnosed group showed the smallest
number of structural age-dependency behavior.

RD Values  The epoch-averaged RD slope analysis
results are shown in figure S10 and Table S9 of the SI.
Similar to the MD analysis, only a few tracts showed an
epoch-averaged age-dependency. These tracts included
the fornix and genu of the CC, but also the Cingulum
hippocampus and the Pontine crossing tract.

Connectivity Measures

Deterministic Tracts Construction.  The epoch-averaged
slope analysis results are shown in figure S11 and Table
S10 of the SI. The only measure that showed a struc-
tural epoch-averaged age-dependent behavior was the
residuals of the mean participation coefficients and only
for the control group.

FA Values Along Tracts Constructed by a Deterministic
Algorithm.  The epoch-averaged slope analysis results
are shown in figure S12 and Table S11 of the SI. The
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Fig. 3. Slope analysis—Ilargest scores. Four FA tracts as a function of age (a—d) and four graph matrix values from the FA along the
tracts of the probabilistic tractography as a function of age (e-h) that obtained the highest epoch-averaged slope score according to the
ordered from (a) to (d) for FA and (e) to (h) for the connectivity. All four connectivity measures were corrected for density and the values
represent the residuals after corrections. The tables below the graphs provide fitting parameters with their P-values. Values in the table are
for the male and females groups together (a—g) or separately when it is relevant (h). Note that for the relatives and diagnosed groups, the
intercept is a relative value to the control group and not an independent number. Similarly, for females, the intercept values are relatives
to the males. Slope values represent absolute values. Hence, only values for the slopes were included in the score calculations. In cases
where females and males values were fitted separately, solid lines are for the females and dashed lines for the males. In brown—P-values

below 0.05. In yellow, P-values between 0.05 and 0.1.

diameter and the residuals of the global efficiency, local
efficiency, modularity, path length, and the number of
connections after density correction showed a struc-
tural epoch-averaged age-dependency. For the diagnosed
group, such functional-dependency was observed only
for the diameter and the residuals of the modularity. For
the relatives group, an epoch-averaged age-dependency
was detected only for the diameter. The control group
showed the widest level of epoch-averaged age-dependent
behavior. For this group, all relevant measures besides the
diameter showed epoch-averaged age-dependency.

Probabilistic Tracts Construction.  The epoch-averaged
slope analysis results are shown in figure S13 and
Table S12 of the SI. We identified only three meas-
ures as having an epoch-averaged age-dependency and
only for the females. These measures are the residuals
of the assortativity, mean betweenness, and the total
number of connections after density correction. For
the diagnosed group, an epoch-averaged functional-
dependency was detected for the residuals of the
assortativity. For the control group, such functional-
dependency was detected for the residuals of the mean
betweenness and the total number of connections.

For the relatives group, no age-dependent functional-
behavior was detected.

FA Values Along Tracts Constructed by a Probabilistic
Algorithm.  The epoch-averaged slope analysis results
are shown in figures 3e-h and Table S13 of the SI. Three
measures, the residuals of the local efficiency, path length,
and the total number of connections after density correc-
tion showed an epoch-averaged age-dependency. In all
this cases, only the control group showed such pattern. In
addition, for males, also the residuals of the global effi-
ciency after density correction showed an epoch-averaged
age-dependency for the control group (and marginally for
the diagnosed group). For the relatives group no epoch-
averaged age-dependency was detected.

Scoring Results. We developed a scoring system to
summarize our results concisely (see “Methods” sec-
tion). Scoring results are summarized in table 2. As
can be seen, for Tukey’s test comparison analysis, FA
stood as an almost unique characteristic showing FDR
corrected g-value below 0.05 between the relatives and
some other group (mainly with the control group). An
expansion of the analysis to include also tracts with
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Table 1. Slope analysis of FA values

Tract Control group Relatives group Diagnosed group

FA Slope £ SD [1/year] P-value Slope + SD [1/year] P-value Slope = SD [l/year] P-value
Anterior corona radiata L -8.45E-04 + 3.41E-04 0.0137  -9.83E-04 = 3.19E-04  0.0022  -1.00E-035.18E-04  0.0537
Anterior corona radiata R -8.23E-04 + 3.30E-04 0.0132  -6.68E-04 = 3.08E-04 0.0312  -8.28E-045.01E-04  0.0998
Body of corpus callosum -3.73E-05 + 3.33E-04 0.9110  -7.81E-04 £ 3.11E-04 0.0126  -6.90E-045.06E-04  0.1737
Cingulum hippocampus L -2.34E-04 + 3.15E-04  0.4590 1.36E-04 £ 2.95E-04  0.6458  -1.48E-034.79E-04  0.0022
External capsule L -2.43E-04 + 2.17E-04 0.2627  -1.43E-04 £ 2.03E-04 0.4815 -6.41E-043.29E-04  0.0527
Fornix -2.24E-03 + 6.30E-04 0.0004  -1.95E-03 = 5.89E-04 0.0010  -2.15E-039.57E-04  0.0257
Genu of corpus callosum -3.81E-04 + 2.70E-04 0.1600  -7.69E-04 + 2.53E-04  0.0026  -7.92E-044.11E-04  0.0548
Medial lemniscus R 1.16E-03 = 4.74E-04  0.0150 496E-04 + 4.52E-04  0.2737 2.04E-031.11E-03  0.0688
Posterior corona radiata L -3.44E-04 + 2.90E-04 0.2358  -6.25E-04 £ 2.71E-04 0.0217  -7.47E-044.40E-04 0.0904
Posterior limb of internal capsule ~ -6.94E-04 + 3.84E-04 0.0716  -1.01E-033.52E-04 0.0044  -7.00E-044.48E-04 0.1192
L

Posterior limb of internal capsule  -7.79E-04 + 3.72E-04  0.0370 -1.00E-033.41E-04 0.0036  -4.93E-044.34E-04  0.2565
R

Posterior thalamic radiation L -4.03E-04 + 3.26E-04 0.2182 -8.82E-043.05E-04 0.0041  -9.18E-044.95E-04  0.0650
Posterior thalamic radiation R -9.27E-04 + 5.17E-04 0.0741 -8.88E-044.75E-04 0.0625  -8.77E-046.04E-04  0.1472
Posterior thalamic radiation R -4.86E-04 + 4.59E-04 0.2901 -1.01E-034.38E-04 0.0218  -5.05E-041.08E-03  0.6400
Retrolenticular part of internal -1.47E-04 + 398E-04 0.7115  -4.29E-053.80E-04 09101  -1.65E-039.37E-04  0.0797
capsule L

Retrolenticular part of internal -7.55E-04 + 4.51E-04 0.0951 -1.15E-034.14E-04 0.0057  -6.67E-045.26E-04  0.2061
capsule R

Sagittal stratum L -2.28E-04 + 3.94E-04 0.5633  -4.72E-043.61E-04 0.1929  -8.26E-044.59E-04  0.0732
Sagittal stratum L -6.15E-04 + 3.49E-04 0.0789  -3.21E-043.33E-04 0.3353  -1.47E-038.21E-04 0.0743
Sagittal stratum R -4.63E-04 + 4.19E-04 0.2702  -8.71E-043.85E-04 0.0243  -9.92E-044.89E-04  0.0435
Superior longitudinal fasciculus R -5.26E-04 + 2.78E-04 0.0595 8.25E-052.60E-04 0.7507  -1.93E-044.22E-04  0.6486

Note: Values represent the fitting slope parameters obtained from fitting the FA value as a function of age for the whole group (black),
males (red), or females (blue). Bold—slope fitting P-value below 0.05. Underline—slope fitting P-value between 0.05 and 0.1.

L, left hemisphere, R, right hemisphere.

FDR corrected value below 0.1 showed similar pat-
tern (see table 2). Similarly, for the epoch-averaged
slope analysis, only for AD and RD, the scoring system
supports a naive ‘Familial Risk’ model where the value
of the relatives group is intermediate between that of
the control and that of the diagnosed groups. By con-
trast, the relatives’ group showed either the most or the
least epoch-averaged age-dependent behavior relative to
the two other groups for FA, MD, and three of the four
connectivity modalities.

Longitudinal Data Analysis.  For the diffusivity meas-
ures, the longitudinal analysis did not provide a substan-
tial indication for an Age*Group dependency. See figures
S14, S15, and the Supporting Text in the SI.

No indication of longitudinal Age*Group was detected
for the deterministic and probabilistic connectivity.

For the connectivity of the FA along the tracts cal-
culated using the deterministic algorithm, several meas-
ures had a g-value below 0.05 when comparing a linear
mixed model with an Age*Group fixed-effect relative to
a model without this factor. These measures are the local
efficiency, path length, and the number of connections.
In addition, the global efficiency and the modularity had
a g-value between 0.05 and 0.1. For the connectivity of
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the FA along the tracts calculated using the probabilistic
algorithm, the results were similar, but the mean partic-
ipation coefficients also showed a g-value between 0.05
and 0.1. However, for all these measures besides the local
efficiency, we noticed lower values of the measures for the
first epoch of the study relative to the other two epochs.
Hence, the hetero-skedasticity of the linear mixed model
was not maintained, and the results cannot be trusted.
Results of the longitudinal local efficiency for the FA
along the tracts are shown in figure 4 for the probabilistic
algorithm and figure S16 of the SI for the deterministic
algorithm. As can be seen, incorporating the Age*Group
fixed effect improved the model predictions mainly for
the control and diagnosed group but not for the relative
group. Interestingly, in this case, as can be seen from the
tables below the figures, the longitudinal age-dependency
was most pronounced for the difference between the
control and diagnosed groups. In contrast, the relatives
group showed a longitudinal age-dependency interme-
diate between the other two groups. However, this effect
was minimal, less than one percent of the local efficiency
absolute value. It was also not detected when comparing
the A values between the different epochs using a Tukey’s
test for the probabilistic analysis and only rarely for the
deterministic analysis (results not shown, see “Method”
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Table 2. Scores of the three groups comparison

A Possible White Matter Compensating Mechanism

Tukey’s test comparisons

Slope analysis

C-D R-D C-R C R D

FA 0 0.050 £0.013 0.057 £ 0.007 0.188 £0.013  0.451 £0.023 0.282 £ 0.023
(0.075 £ 0.012) (0.623 £ 0.018)

MD 0 0 0 0048 £0.016  0.033 £0.016  0.092 = 0.021
AD 0 0 0 0.261 £0.015 0.128 £0.014  0.052 + 0.008
RD 0 0 0 0.057 £0.016  0.131 £0.036  0.156 = 0.035
Deterministic connec- 0.155 £ 0.026 0 0 0.100%* 0* 0*
tivity
Deterministic connec- 0 0 0 0.332£0.043 0.039+0.016 0.094 +0.024
tivity—FA along tracts
probabilistic
Probabilistic connec- 0 0 0 0.066 £ 0.026 0* 0.004 £ 0.002
tivity
Probabilistic connec- 0 0 0 0.285 £ 0.035 0* 0.006 + 0.003

tivity—FA along tracts

Note: Scores were calculated as is described in the “Methods” section. C-D—aggregate comparison between the control and the
diagnosed groups. R-D—aggregate comparison between the relatives and diagnosed groups. C-R—aggregate comparison between the
control and relatives groups. C—control group. R - Relatives group. D—diagnosed group. For Tukey’s test comparisons analysis, bold
represents the largest value. For FA the value in the parenthesis represent similar analysis to the score analysis but including all tracts
with FDR corrected g-value below 0.1 instead of 0.05. In this case, the formula for calculating the score was adjusted accordingly,
replacing the value 0.05 by 0.1 (see “Methods” section). For the epoch-averaged slope analysis, bold represents the largest value, and an
underline the smallest. *Standard deviation (SD) could not be calculated since all values are 0. **SD could not be calculated since there is

only one value.

section). Hence, these results should be taken with
caution.

Discussion

In this study, we showed a putative WM-based structural
compensation mechanism in the brain of relatives. Such
a mechanism might protect the relatives group against
the deleterious load associated with their genetic back-
ground. We inferred such a putative compensation mech-
anism based on the scoring results of Tukey’s test analysis
for FA and the epoch-averaged scoring results for the age-
dependent slope for diffusivity and connectivity. In the
last case, the relatives’ group often showed the most or
the least epoch-averaged age-dependent change.

In particular, in Tukey’s test epoch-averaged analysis,
six tracts showed such unique behavior for the relatives
group (see “Results” section). Previously, some of these
tracts were implicated in the pathophysiology of psychosis
or as a risk factor for psychosis.*’ From the FA epoch-
averaged age-dependent slope, tracts that show unique
behavior for the relatives group (for females, males, or
females and males together) were the left posterior co-
rona radiata, left posterior thalamic radiation, right pos-
terior thalamic radiation, right retrolenticular part of the
internal capsule, and left sagittal stratum. For the AD,
these tracts were the right cerebral peduncle, left medial
lemniscus, and left superior fronto occipital fasciculus.
For the RD, it was the Genu of corpus callosum.

Concerning connectivity, the control group showed
an epoch-average slope dependency for some meas-
ures, especially for the local efficiency, path length, and
the number of connections. The relatives and diagnosed
groups did not show such a pattern. By contrast, there
were measures where the diagnosed group also showed
epoch-average slope dependency, while the relatives did
not. These measures were, for example, modularity (de-
terministic FA along tracts), assortativity (probabilistic
tractography for females), or global efficiency (prob-
abilistic FA along tracts for males). Hence, overall, the
relatives group showed the least epoch-averaged age-
dependency over three of the four modes of analysis.

Years of studies suggested group-level gray matter
abnormalities in the brain of people diagnosed with psy-
chosis.*'** Accumulated evidence from DTI studies also
shows group-level white matter (WM) abnormalities for
the same group, mainly concerning the FA.#¢ Structural
connectivity studies suggested a similar pattern con-
cerning measures of brain segregation and integration.?’
These structural abnormalities are suspected to be related
to the negative, positive and cognitive symptoms associ-
ated with psychosis.*®

The previously published results in the scientific lit-
erature are a bit more complex for relatives of people
diagnosed with psychosis. On the one hand, there is wide-
spread evidence for gray matter, WM,* functional
connectivity,®? and task-based functional analysis®***
abnormalities that support the “Familial Risk” model.
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Fig. 4. Longitudinal analysis of local efficiency obtained from sampling the FA values along the probabilistic connectivity tracts.
Longitudinal analysis of the local efficiency, the only reliable measure that showed an FDR corrected ANOVA ¢-value below

0.05 when comparing two linear mixed models. Model (a) in R notation—Local_Efficiency ~ (MRI_Scanner + Sex + RMS_
Movement + Age + Epoch + Density + GROUP) + (1 | Family:Subject). Model (b) in R notation—Local_Efficiency ~ (MRI_
Scanner + Sex + RMS_Movement + Age + Epoch + Density + GROUP + Age*GROUP) + (1|Family:Subject). (a—c) graphs for
females. (d—f) graphs for males. (a, d)—Control group. (b, e)—Relatives group. (c, f)—Diagnosed group. Green dots are the actual values
measured (along all three epochs of the study). Red dots are the predictions of model (a). Blue dots are the predictions of model (b).
When no red dot is seen, it means that the prediction of model (a) and model (b) were indistinguishable. The tables below the graphs
show the ANOVA results between the two models, the Age* GROUP y?, and the Holm’s method analysis of the Age*GROUP factor.
AIC, akaike information criterion; BIC, Bayesian Information Criterion; C-D, difference between the control and D groups; C-R,
difference between the control and relatives groups; D-R, difference between the D and relatives groups (note that in this case, C-D and

similar notations represent a minus sign, unlike Tukey’s test case).

On the other hand, some evidence also suggests unique
features of the relatives compared to both the control and
the probands groups concerning the gray matter devel-
opment during adolescence,’* gray matter level during
adulthood,”*® and functional brain activity.” When such
unique features are found, it is interesting to interpret
these features as representing compensation or resilience
mechanism as was done in the context of some psychi-
atric conditions.®® Following this logic, we interpret our
finding in that direction.

It is well-known that in findings concerning brain
features in psychosis among probands, the effect sizes
are usually small to medium. Similar, or smaller, effect
sizes are also found among relatives. Consequently, it is
relatively hard to identify unique or psychopathological
features of these groups in neuroimaging studies. To tackle
this obstacle, we have used two strategies. First, to reduce
the possibility of a regression to the mean, we studied
epoch-averaged values of three separate measurements.
Second, we aggregated our results using a single score
analysis to obtain an overall picture of the group compar-
ison. Hence, instead of pointing at specific tracts or con-
nectivity features unique to the relatives’ group, we would
like to point to the aggregated unique epoch-averaged
findings among the relatives group and the general idea of
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a compensation mechanism. Further research in that di-
rection is essential since some WM abnormalities among
the diagnosed group might represent pathophysiological
processes rather than a pre-condition.®!

Note that the previous GROUP cohort work suggested
a WM “Familial Risk” model concerning some brain
features.®>% However, in other studies from the same co-
hort, when assessing other brain features, the relatives did
not show statistically significant differences compared to
the control group.3%% A similar conclusion concerning
structural connectivity was also obtained in another site
of the GROUP cohort.* Yet, in other cases from the
GROUP cohort, a unique behavior of some relatives’
brain features was observed.’!*’ Finally, several psycho-
logical resilience factors among patients or relatives were
identified through research in the GROUP cohort.%¢
Hence, it is also consistent to say that the GROUP co-
hort does not fully support the “Familial Risk” model.

When assessing the current study, it is important to
recall that it has several limitations. First, it is based
on scanners with relatively low field strength, which
makes it hard to track crossing fibers. Second, overall
the size of the analyzed cohort is only of a medium to
small size. Third, the current cohort includes mainly
young-adulthood individuals and does not assess



developmental or aging processes. Fourth, it is known
that psychosis is a diverse condition with many dif-
ferent sub-types.” Hence, it is hard to infer from this
cohort for other populations. Fifth, it is known that dif-
ferent choices of the parcellations atlas can influence
MRI analysis results.”! Sixth and importantly, the per-
centage of males and females is not equal between the
three groups. In particular, there are many more males
than females among the people diagnosed with psy-
chosis compared to the other two groups. We have tried
to control for this factor at various analysis steps (see
“Methods” section). Nevertheless, a better study design
would have been achieved if the number of females and
males in the three groups had been balanced and equal
already during the data acquisition stage.

In light of these limitations, it is clear that our study
will need further replication and might represent a unique
feature of the GROUP cohort. We also suggest taking our
results with a cautionary note, especially when it comes
to the idea of an inverse U-shape relationship between
genetic liability to psychosis and brain functioning.”
Nevertheless, this study can contribute to the developing
idea of compensation (or protective) mechanisms in the
brain of the relatives group.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin Open online.
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