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Background: Diffusion tensor imaging (DTI) studies in psychotic disorder have shown reduced FA, often
interpreted as disturbed white matter integrity. The observed ‘dysintegrity’ may be of multifactorial ori-
gin, as changes in FA are thought to reflect a combination of changes in myelination, fiber organization
and number of axons. Examining the structural substrate of the diffusion tensor in individuals with (risk
for) psychotic disorder may provide better understanding of the underlying structural changes.
Methods: DTI scans were acquired from 85 patients with psychotic disorder, 93 siblings of patients with
psychotic disorder and 80 controls. Cross-sectional group comparisons were performed using Tract-Based
Spatial Statistics (TBSS) on six DTI measures: axial diffusivity (AXD), radial diffusivity (RD), mean diffu-
sivity (MD), and the case linear (CL), case planar (CP) and case spherical (CS) tensor shape measures.
Results: AXD did not differ between the groups. RD and CS values were significantly increased in patients
compared to controls and siblings, with no significant differences between the latter two groups. MD was
higher in patients compared to controls (but not siblings), with no difference between siblings and con-
trols. CL was smaller in patients than in siblings and controls, and CP was smaller in both patients and
siblings as compared to controls.
Conclusion: The differences between individuals with psychotic disorder and healthy controls, derived
from detailed diffusion data analyses, suggest less fiber orientation and increased free water movement
in the patients. There was some evidence for association with familial risk expressed by decreased fiber
orientation.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

White matter integrity changes in psychotic disorder can be
examined by measuring fractional anisotropy (FA). However, the
FA provides information on white matter integrity combining
myelination, fiber organization and number of axons in a single
measure, making it a rather non-specific measure (Mori and
Zhang, 2006; O’Donnell and Pasternak, 2015). A systematic review
on voxel-wise diffusion-weighted imaging (DWI) studies in psy-
chotic disorder reported reduction of FA in the left frontal lobe
and the temporal lobe (Ellison-Wright and Bullmore, 2009). In
addition, lower FA in the splenium of the corpus callosum and
the cingulum bundle may also be associated with psychotic disor-
der (Domen et al., 2013; Fitzsimmons et al., 2014). A more recent
study found decreased FA in the right temporal lobe in a group
with schizotypal personality disorder (Y. Sun et al., 2016). Further-
more, a review on early onset schizophrenia showed a widespread
lower FA in patients relative to controls (Tamnes and Agartz, 2016).
The available evidence for individuals at higher than average
genetic risk suggest that white matter integrity is reduced, com-
pared with healthy controls, in the corpus callosum (Knochel
et al., 2012), the inferior longitudinal fasciculus, the left inferior
fronto-occipital fasciculus (Oestreich et al., 2015) and the superior
longitudinal fasciculus (K. A. Clark et al., 2011; Nakamura et al.,
2012; H. Sun et al., 2015), although not all studies agree (Domen
et al., 2013).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainres.2017.07.002&domain=pdf
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Table 1
Demographical characteristics.
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As described above, FA alterations may have several origins.
Therefore, additional DWI measures that provide more specific
information on white matter integrity in psychotic disorder may
be of interest. The axial diffusivity (AXD) describes the diffusion
of water diffusion parallel to the white matter tracts (k1, see
Fig. 1) and may reflect axonal function related to the number of
axons. A decrease in AXD may be indicative of axonal injury/loss
(Song et al., 2003). The radial diffusivity (RD) measures the diffu-
sion of water perpendicular to the white matter tracts and may
be a marker for myelin content; an increase in RD indicates
demyelination (Giorgio et al., 2008; Song et al., 2005). Previous lit-
erature suggests that the disruption of connectivity in psychotic
disorder may be associated with dysfunction in myelin mainte-
nance and repair and less with a decrease in the number of axons
(Davis et al., 2003; Ruef et al., 2012). Indeed, higher RD in the bilat-
eral cortico-spinal tracts, left arcuate fasciculus (de Weijer et al.,
2013) and right superior longitudinal fasciculus (Ruef et al.,
2012) have been reported.

Mean diffusivity (MD) measures the total water diffusion;
increased MDmay indicate an increase in the cellular or interstitial
fluid compartments (Narr et al., 2009). Psychotic disorder has con-
sistently been associated with increased ventricular enlargement
and an overall increase in cerebrospinal fluid (Shenton et al.,
2001). This cerebrospinal fluid increase may originate from specific
white matter alterations, such as demyelination. For example, pre-
vious studies on psychotic disorder have found an increase in free
water movement (increased RD and MD) for commissural fibers
and projection fibers (Scheel et al., 2013).

AXD and RD are related to respectively diffusion parallel and
perpendicular to the of fiber tracts, while geometrical measures
(tensor shapes) take all three eigenvalues into account (Fig. 1).
With the tensor shape representation method, more knowledge
on white matter composition can be provided by specifying the lin-
ear (CL), spherical (CS), and planar (CP) tensor shape measures
(Westin et al., 2002). An increase in CL may be related to increased
anisotropy, which is associated with fibers being more oriented in
one primary direction. In highly organized and myelinated white
matter regions, such as the corpus callosum, CL will be high
(Alexander et al., 2000; Westin et al., 2002).

CS is related to the diffusion of water in any direction, having no
profound preferable direction. In highly isotropic matter, such as
cerebrospinal fluid, the CS will be high because water molecules
can go in any direction not having one distinct preference. The
more isotropic, the more spherical (CS towards one) the tensor
becomes. CP is probably associated with fiber orientation and
structure (Alexander et al., 2000). High CP reflects areas with
Fig. 1. Diffusion tensor model depicted by three eigenvectors.
increased complexity of the fiber orientation (Westin et al.,
2002). The more crossing, kissing and twisting of the fibers in a
plane, the more complex the fiber structure becomes and the
higher the CP. High CP can, for example, be found in the arcuate
fasciculus, because of the crossing and twisting of fibers and over-
lap of gray matter (Alexander et al., 2000).

Previously, we examined FA in the same sample as described in
the present study, and found dispersed FA was reduced in the
patient group (Domen et al., 2013). We now examined structural
disconnectivity at a more fine-grained level, using the above-
described six DWI measures. It was hypothesized that individuals
with (risk of) psychotic disorder have altered DWI shape measures
and that these are caused by alterations in fiber complexity and
increased isotropic diffusion.
2. Results

2.1. Demographics and clinical data

Table 1 shows the demographic characteristics. Patients had a
lower educational level compared to controls and siblings, and
the proportion of males in the patient group was different from
the control group. The frequency of lifetime cannabis and other
drug use was higher in patients than in controls and siblings
(Table 1).

Most of the patients were receiving antipsychotic medication
(second generation: n = 67; first generation: n = 3). The mean cur-
rent dosage of antipsychotic medication in terms of standard
haloperidol equivalents was 5.5 mg (mg) (SD = 4.6). A total of 16
patients used antidepressants, 6 used benzodiazepines, 5 used
anticonvulsants, and 2 used lithium. Three siblings and 3 control
participants used antidepressants, and one control participant used
benzodiazepines.
2.2. Whole brain differences in DWI measures

The reported skeleton mean values were calculated in R and the
reported number of voxels were derived from randomise (P < 0.05
and P < 0.01; see Supplemental information) and this is true for
all measures presented below.
Controls
(n = 80)

Siblings
(n = 93)

Patients
(n = 85)

Age (years) 30.8 ± 10.8 29.4 ± 8.8 28.3 ± 7.0
Handedness 76.3 73.9 72.9
Education (level) 5.4 ± 1.8 5.1 ± 2.1 4.1 ± 2.0
Male sex (%) 29 (36%) 49 (53%) 58 (68%)
Age of onset (years) – – 22.8 ± 6.4
Illness duration (years) – – 5.4 ± 3.6
Antipsychoticsa – – 6692.71 ± 6254.18
Cannabis (lifetime)b 7.8 ± 21.9 19.3 ± 37.2 44.0 ± 47.0
Other drugs (lifetime)b 0.90 ± 4.7 6.2 ± 31.4 42.4 ± 90.8
Alcoholc 5.0 ± 7.0 9.8 ± 17.3 5.0 ± 9.1
PANSS
Positive symptoms 7.3 ± 1.1 7.3 ± 0.9 10.4 ± 5.0
Negative symptoms 8.2 ± 1.0 8.4 ± 2.0 12.0 ± 5.9
Disorganization 10.2 ± 1.2 10.3 ± 0.7 12.5 ± 4.1
Excitement 8.3 ± 1.1 8.6 ± 1.4 9.7 ± 2.7
Emotional distress 9.2 ± 2.1 9.9 ± 2.6 13.2 ± 5.2

Means ± standard deviations are reported.
Abbreviations: PANSS, Positive and Negative Syndrome Scale
aLifetime exposure in haloperidol equivalents.
bLifetime mean number of times of substance use.
cWeekly consumption during last 12 months.
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2.2.1. Axial diffusivity
The mean AXD value did not show significant differences

between the groups in any of the six comparisons.

2.2.2. Radial diffusivity
The mean RD value was significantly higher in patients

(0.00052 mm2/s) compared to controls (0.00050 mm2/s) in
12,838 voxels dispersed over the brain (Fig. 2A). The following
brain areas were significant using a more conservative threshold
P < 0.01: right anterior limb internal capsule, bilateral retrolenticu-
lar part of internal capsule, bilateral anterior/superior/posterior
corona radiata, bilateral posterior corona radiata, bilateral saggital
striatum, bilateral external capsule, right superior longitudinal fas-
ciculus, right superior fronto-occipital fasciculus, right uncinate
fasciculus, bilateral tapetum and corpus callosum fibers (total
number of voxels: 12,048). In addition, the mean RD value was sig-
nificantly higher in patients compared to siblings (0.00050 mm2/s)
in a total of 13,275 voxels dispersed over the brain (Fig. 2B). The
brain areas that survived the threshold of P < 0.01 were: bilateral
anterior/superior/posterior corona radiata and corpus callosum
fibers (total number of voxels: 8886). The RD value of siblings
was not significantly different from controls.

2.2.3. Mean diffusivity
The mean MD value was higher in patients (0.00079 mm2/s)

compared to controls (0.00078 mm2/s) in 7503 significant voxels
(Fig. 2C). Most voxels with higher MD values were found in bilat-
eral projection and commissural fibers. The brain areas that sur-
vived the threshold of P < 0.01 were: bilateral retrolenticular part
of internal capsule, bilateral anterior/superior corona radiata and
Fig. 2. Statistical significance maps for RD (A: patients > controls and B: patients > siblin
and the standard MNI space (Z = 98). The patient-sibling comparison for MD did not show
the right).
corpus callosum fibers (total number of voxels: 5552). Patients
had a slightly higher mean MD than siblings (0.00079 mm2/s),
but not at the a priori set significance threshold. The mean MD
value of siblings was not significantly different from controls.

2.2.4. Linear shape measure
The CL measure showed a lower value in patients (0.5273) com-

pared to controls (0.5370) in 4715 significant voxels. Atlas labeling
showed that all fiber types had decreased values, with a larger
number of voxels in the right hemisphere (3037 voxels) than in
the left hemisphere (1678 voxels) for patients compared to con-
trols (Fig. 3A). The left superior corona radiata, and the body of
the corpus callosum (total number of voxels: 1929) were upheld
using the threshold of P < 0.01. The patients had a lower CL com-
pared to siblings (0.5348) in 10,460 significant voxels, with a
slightly higher number of voxels in the right hemisphere for the
projection and association fibers (Table 2 and Fig. 3B). Using a
more conservative threshold P < 0.01 the following regions were
upheld: right anterior limb of internal capsule, bilateral anterior/-
superior corona radiata, right posterior corona radiata, right exter-
nal capsule, right superior longitudinal fasciculus, right superior
fronto-occipital fasciculus and the corpus callosum fibers (total
number of voxels: 7748). The CL was lower in siblings compared
to controls, but there was no significant difference.

2.2.5. Planar shape measure
The case planar (CP) showed a lower value in patients (0.1550)

compared to controls (0.1567) in 6498 significant voxels. The
decreased CP in patients over controls was more profound in the
left hemisphere (4089 voxels) than in the right hemisphere
gs) and MD (C: patients > controls) overlaid on the white matter skeleton (in green)
any significant differences. Images are radiologically oriented (participant’s left is to



Fig. 3. Statistical significance maps for CL (A: patients < controls and B: patients < siblings) and CS (C: patients > controls and D: patients > siblings) overlaid on the white
matter skeleton (in green) and the standard MNI space (Z = 95). Images are radiologically oriented (participant’s left is to the right).

Table 2
Number of significant voxels by fiber type for the geometrical DWI measures (case linear (CL), case planar (CP) and case spherical (CS)) in the group comparisons.

CL CP CS

Type Patients < controls Patients < siblings Patients < controls Siblings < controls Patients > controls Patients > siblings

Total
Projection 1743 4696 2602 1215 8485 6594
Association 930 1719 34 0 3532 1836
Commissural 2042 4045 3862 2985 5594 5479

Left
Projection 388 1963 2064 948 4072 3569
Association 374 808 34 0 1820 1155
Commissural 916 2057 1991 1871 2810 2777

Right
Projection 1355 2733 538 267 4413 3025
Association 556 911 0 0 1712 681
Commissural 1126 1988 1871 1114 2784 2702

Results from tract-based spatial statistics. Table shows number of voxels at the P < 0.05 threshold.
Note: Not all significant voxels were labeled, because the atlas did not cover the entire skeleton.

124 S. Michielse et al. / Brain Research 1671 (2017) 121–130
(2409 voxels), and located in the projection and commissural fibers
(Table 2). The following brain areas were significant using a more
conservative threshold P < 0.01: left anterior/posterior limb of
internal capsule, right retrolenticular part of internal capsule, bilat-
eral anterior/superior/posterior corona radiata, left superior
fronto-occipital fasciculus and the corpus callosum fibers (total
number of voxels: 6462). Similarly, CP values were lower in sib-
lings (0.1554) than in controls (0.1567) in 4200 significant voxels,
with more voxels in the left (2819 voxels) than in the right (1381
voxels) hemisphere, and located in the projection and commissural
fibers (Table 2). The bilateral anterior corona radiata, left superior
corona radiata and genu/body of the corpus callosum (total num-
ber of voxels: 3431) survived the more conservative thresholding.

2.2.6. Spherical shape measure
The CS measure was higher in patients (0.3177) compared to

controls (0.3063) in 17,611 significant voxels (Fig. 3C). The follow-
ing brain areas were significant using a more conservative thresh-
old P < 0.01: bilateral anterior/posterior limb internal capsule,
bilateral retrolenticular part of internal capsule, bilateral anterior/-
superior/posterior corona radiata, bilateral posterior corona radi-
ata, right sagittal striatum, bilateral external capsule, left
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cingulum, bilateral fornix, bilateral superior longitudinal fascicu-
lus, bilateral superior fronto-occipital fasciculus, right uncinate fas-
ciculus, bilateral tapetum and corpus callosum fibers (total number
of voxels: 17,253). In addition, the CS was higher in patients com-
pared to siblings (0.3099) in 13,909 significant voxels (Fig. 3D). The
findings in the left retrolenticular part of internal capsule, bilateral
anterior/superior/posterior corona radiata, bilateral posterior tha-
lamic radiation, right superior longitudinal fasciculus, bilateral
tapetum and the corpus callosum fibers (total number of voxels:
11,190) were upheld at P < 0.01. Increased CS in patients and sib-
lings was found in many white matter areas, with no significant
difference between siblings and controls (Table 2). The areas with
increased CS and decreased CL were partly overlapping.

2.3. Models with drug- and medication use

2.3.1. Cannabis and other drug use
Tract-based spatial statistics analyses did not show major dif-

ferences in the amount of voxels detected in atlas labels when con-
trolled for cannabis and other drug use (see Supplementary Tables
1–4). Generally, the amount of significant voxels in all DWI mea-
sures increased slightly, and in some instances decreased slightly,
when controlled for cannabis and other drugs.

2.3.2. Antipsychotic medication use
Controlling for medication use in tract-based spatial statistics

showed an overall decrease of 4% in the amount of significant vox-
els detected in all group comparisons, with an exception for the CL
measure where an increase in the patient-sibling comparison (pro-
jection fibers 2% for both left and right hemispheres) was found.
Also the CS measure showed an increase in the amount of voxels
in the patient-sibling comparison (10% projection fibers and 19%
association fibers right side) (data available on request).

There was no main effect of medication on the outcome mea-
sures. Antipsychotic medication use lifetime was non-
significantly associated with any of the DWI measures in patients
(AXD: B = �7.49 � 10�11 P = 0.933; RD: B = -1.42 � 10�10,
P = 0.815; MD: B = �1.21 � 10�10, P = 0.845; CL: B = �1.57 � 10�7,
P = 0.679; CP: B = 8.25 � 10�8, P = 0.588; CS: B = 5.88 � 10�8,
P = 0.884).
3. Discussion

The results from this study in individuals with (increased risk
for) psychotic disorder provide novel insights into microstructural
connectivity and suggest less fiber orientation and increased free
water movement in the patients. The study, showed an increase
in RD in patients compared to controls and siblings, with no differ-
ences between the latter two groups. MD was increased in patients
compared to controls, whereas AXD was not different between the
groups. Furthermore, there was evidence for increased CS and
decreased CL in patients compared to both controls and siblings.
CP, in comparison with controls, showed a decrease in both
patients and siblings.

3.1. Non-FA diffusivity measures

The absence of differences in AXD between patients and con-
trols is consistent with previous whole brain voxel-wise studies
(Kikinis et al., 2015; Lee et al., 2013; Reid et al., 2016; Scheel
et al., 2013; Seal et al., 2008; Zeng et al., 2016), denoting preserva-
tion of axonal cells in the white matter (Song et al., 2003). This
indicates that the decrease in FA in the patients, as reported previ-
ously (Domen et al., 2013), may not be related to a reduction in the
number of axons. The results suggest that this also applies to
individuals at higher than average genetic risk for schizophrenia.
Only one previous study included siblings: this study reported
decreased AXD, although in a much smaller sample (n = 33) and
based on a region of interest analysis of language fiber connections
(Y. Sun et al., 2016).

The current study showedan increase inRD inpatients compared
to controls and siblings. Increased RDmay reflectmyelin loss rather
than changes in the number of axons, as demonstrated in an animal
study (Song et al., 2002). These demyelineation processes (and less
directed fibers) may also occur in human white matter (Beaulieu,
2002). In the present study, clusters of significantly increased RD
weredispersedover thebrain andalso represented in the corpus cal-
losum of patients with psychotic disorder. Previous whole brain
voxel-wise studies (K. Clark et al., 2012; Koch et al., 2011; Lu et al.,
2011; Reid et al., 2016; Whitford et al., 2010) and region of interest
based studies (McCarthy-Jones et al., 2015; Ohtani et al., 2014; Seitz
et al., 2016) in psychotic disorder have found similar increases in RD,
although some region of interest studies reported reduced RD in
specific areas (Carletti et al., 2012; Kikinis et al., 2015; Koch et al.,
2011). In addition, increased RD has been found in individuals at
ultra high-risk for psychotic disorder (Carletti et al., 2012), suggest-
ing that alterationsmay already be present in the prodromal stages.
Similarly, RD changes in the left anterior thalamic radiation may be
apparent in specific stages of psychotic disorder (Lagopoulos et al.,
2013). In the current study, fewer areaswith increased RDwere pre-
sent in the patient-sibling comparison than in the patient-control
comparison. This might hint to less difference in RD between
patients and siblings compared to patients and controls.

MD was increased in patients compared to controls. An increase
of free water molecules in the white matter may indicate an
increase of isotropy and therefore an increase in MD. The MD can
be seen as a marker for microstructural changes related to cere-
brospinal fluid increase in psychotic disorder (Narr et al., 2009).
However, MD captures the overall mean water molecular displace-
ment in a volume (Brubaker et al., 2009), representing a non-
specific measure and therefore unable to point to myelin or axonal
alterations (O’Donnell and Pasternak, 2015). Increased MD in
patients with psychotic disorder compared to healthy controls
has been demonstrated in previous studies (Ardekani et al.,
2011; K. A. Clark et al., 2011; Zeng et al., 2016) and concurs with
the extensive literature on cerebrospinal fluid abnormalities in
psychotic disorder (Narr et al., 2009). The MD increase in the pre-
sent study was mainly localized in areas close to the lateral ventri-
cles, which may be partly due to cerebrospinal fluid contamination
(Metzler-Baddeley et al., 2012). From the current cross-sectional
data-analyses, it is unclear whether cerebrospinal fluid alterations
are cause or consequence of demyelination processes in nearby
white matter tracts, though there is some evidence for an influence
of increased cerebrospinal fluid on white matter myelin composi-
tion (Narr et al., 2009). The MD in siblings did not differ signifi-
cantly from MD in patients and controls, although siblings
displayed intermediate MD values. In the sparse literature on MD
to date there is no evidence of MD alterations in siblings as com-
pared to healthy controls, and no evidence for an MD intermediate
phenotype (K. A. Clark et al., 2011; Goghari et al., 2014). It cannot
be ruled out that (part of the) MD alterations are caused by the
complexity of the white matter microstructure (Vos et al., 2012).
While the findings in AXD are in line with the literature some cau-
tion should be taken when interpreting the RD and MD findings.

3.2. Tensor shape measures

Besides the AXD and RD previously described, CL, CP, and CS
may provide more specific information on alterations in
psychotic disorder by measuring geometrical tensor properties
(Wheeler-Kingshott and Cercignani, 2009). The tensor shape can
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be changed due to several factors and provides specific information
on fiber orientation. Interestingly, CS was significantly increased in
many white matter areas in patients compared to siblings and con-
trols, with no significant difference between the latter, although
with an intermediate position for the siblings. This may imply that
the amount of cerebrospinal fluid is increased in these white mat-
ter areas, given that in cerebrospinal fluid the isotropy is maxi-
mized (Westin et al., 2002). However, whether microstructural
white matter changes lead to increased cerebrospinal fluid or vice
versa warrants further investigation.

In contrast to CS increase, CL was significantly decreased in
patients compared to controls and siblings, again with an interme-
diate position for siblings. The decrease in CL may reflect less ori-
ented fibers or alterations in the myelin sheets (Westin et al.,
2002). Many white matter fibers showed a generally decreased
CL and increased CS in patients compared to controls (see Table 2).

CP is thought to be associated with fiber orientation. The finding
of lower CP in both patients and siblings compared to controls may
reflect less crossing and twisting fibers, making the white matter
structure less oriented (Alexander et al., 2000). The left superior
fronto-occipital fasciculus (interconnecting the occipital and fron-
tal lobe) showed lower CP in patients compared to controls. These
alterations may be related to auditory and/or visual hallucinations,
as described by De Weijer and colleagues (de Weijer et al., 2013).
In addition, fibers connecting the internal capsule showed lower
CP mainly in the left hemisphere in patients and siblings. Further-
more, a third area with lower CP in both patients and siblings, com-
pared to controls, was the corpus callosum. However, findings in
CP have to be interpreted with caution, since noise in the data
may influence this measure more than the other tensor shape mea-
sures (Alexander et al., 2000).

In conclusion, these new findings on tensor shape measures in
psychotic disorder may hint at alterations in fiber orientation
rather than axonal loss. In addition, increased CS in combination
with decreased CL and CP was found.

3.3. Cannabis use

Most fibers showed slight increases and some showed slight
decreases in the amount of significant voxels when adding canna-
bis and other drug use to the tract-based spatial statistics models.
In general, there was no evidence for major effects of these sub-
stances on any of the outcome measures. This fits with previous
cross-sectional studies showing absence of associations between
cannabis and white matter structure (DeLisi, 2008; Domen et al.,
2013; Peters et al., 2010; Solowij et al., 2011). However, a study
of patients with adolescent-onset psychotic disorder with early
cannabis use showed FA decrease in the internal capsule, corona
radiata and superior and inferior longitudinal fasciculus with
respect to controls (James et al., 2011). The study sample described
by James and colleagues included relatively young participants
compared to our sample and as white matter is still developing
during adolescence, the impact of cannabis use may be more
prominent in this stage of life. This is supported by a recent longi-
tudinal, 18-months follow-up, study in adolescents with early
onset psychotic disorder, showing that cannabis use during adoles-
cence may lead to a decrease in FA in the left inferior longitudinal
fasciculus and the left inferior fronto-occipital fasciculus (Epstein
and Kumra, 2015). As stated in recent reviews (Cookey et al.,
2014; Lubman et al., 2015), more research is needed on the impact
of cannabis use on risk for psychotic disorder.

3.4. Medication use

The results showed that there was a decrease in the amount of
significant voxels for most of the outcome measures after correct-
ing for cumulative antipsychotic medication exposure. However,
there was no evidence for a main effect of antipsychotic medica-
tion on the six outcome measures. The exact influence of antipsy-
chotic medication on FA alterations is not clear (Domen et al.,
2013; Minami et al., 2003). However, a longitudinal study has
described increased FA values after 12 weeks of clozapine exposure
(Ozcelik-Eroglu et al., 2014). Another longitudinal study reported
that AXD decreased (indicative of axonal loss) and RD increased
(indicative of myelin preservation) over time, in response to
antipsychotic medication use (Szeszko et al., 2014). Therefore,
the influence of antipsychotic medication on myelin and axons
within the white matter needs further attention and investigation.

3.5. Methodological considerations

A tract-based spatial statistics processing stream was used, in
which only the white matter in the skeleton was taken into the
analysis. This method reduces the amount of voxels and focuses
only on the core of the main white matter tracts making it robust
for group comparisons. Although this method is widely used, some
detail on the white matter is lost and it may not be sensitive to
detect changes in peripheral regions located on the skeleton
(Edden and Jones, 2011). Moreover, the skeleton thickness and
thus the statistical power depends on the orientation of the brain
in the scanner (Edden and Jones, 2011). Finally, as with all voxel-
based methods, registration of the FA data to a template may cause
both type I and II errors (Jones and Cercignani, 2010).

Related to this consideration is the atlas labeling method. Most
of the voxels, but not all, got a label and arbitrary borders are set in
the specific atlases used. Therefore, some significant voxels located
closely to borders were not assigned to the specific area delineated
by the atlas.

Interpretation of the outcomes of the study is limited to the mil-
limeter scale resolution, capturing many individual cells, while
several processes like demyelination and axonal loss can take place
within a single voxel (O’Donnell and Westin, 2011). With the pro-
tocol used it may not be possible to disambiguate the effects of
microstructural architecture and pathological processes on our
findings. More advanced scan acquisitions and analysis techniques
are required to accomplish this complex task (Jones et al., 2013).

Since the application of tensor shape measures in psychotic dis-
order is relatively new, the results need replication. In addition,
post-mortem research can add to the biological understanding of
changes in diffusion tensor shape measures. Longitudinal assess-
ment of shape measures may contribute to further interpretation
and understanding of these measures in the neurobiology of psy-
chotic disorder.
4. Conclusion

The study showed that geometrical tensor shape diffusion ten-
sor measures might contribute to our understanding of the neuro-
biological alterations associated with psychotic disorder. Patients
with psychotic disorder, and in part their siblings, showed changes
at the level of white matter and may be related to alterations in
fiber orientation rather than number of axons. The data support
the notion that cerebral vulnerability underlying psychotic disor-
der may be detectable in white matter.
5. Methods and materials

5.1. Participants

Data were collected in the context of a multicenter longitudinal
study (Genetic Risk and Outcome of Psychosis, G.R.O.U.P) in the
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Netherlands. In selected representative geographical areas in the
Netherlands and neighboring Belgium, patients were identified
through representative clinicians providing health care for those
with psychotic disorder. Siblings were contacted through partici-
pating patients. Mailings and advertisements were effectuated in
local newspapers of the same geographical area in order to recruit
control participants. The total sample consisted of 258 partici-
pants: 85 patients with a psychotic disorder, 93 siblings without
a psychotic disorder and 80 healthy controls. Familial relatedness
of the participants has been described previously (Domen et al.,
2013). For the current analyses, baseline data were used.

Inclusion criteria were: age range 16–50 years, a good com-
mand of Dutch language and for patients: a diagnosis of non-
affective psychotic disorder with an illness duration of <10 years.
Siblings and controls did not have a lifetime diagnosis of any
non-affective psychotic disorder. In addition, controls had no
first-degree relative with a lifetime diagnosis of any psychotic dis-
order, assessed using the Family Interview for Genetic Studies
(FIGS) (Maxwell, 1992). Diagnosis was based on the Diagnostic
and Statistical Manual of Mental Disorder-IV (DSM�IV) criteria
(APA, 2000), measured with the Comprehensive Assessment of
Symptoms and History (CASH) interview (Andreasen et al., 1992).
Patients were diagnosed as follows: schizophrenia (n = 59),
schizoaffective disorder (n = 9), schizophreniform disorder (n = 4),
brief psychotic disorder (n = 2), and psychotic disorder not other-
wise specified (n = 11). Psychopathology in the siblings and con-
trols was also assessed and respectively 18 and 12 participants
had a history of a major depressive disorder. None of these met
the criteria for a current depressive episode.

All participants were screened before MRI scanning using the
following exclusion criteria: brain injury with unconsciousness
> 1 hour, meningitis or other neurological diseases with possible
impact on brain structure or function, cardiac arrhythmia requiring
medical treatment and severe claustrophobia. In addition, partici-
pants with metal corpora aliena were excluded from the study,
as were women with intrauterine device status and (suspected)
pregnancy. The standing ethics committee approved the study pro-
tocol, and all the participants gave written informed consent in
accordance with the committee’s guidelines.

5.2. Measures

Level of psychotic symptomatology at the time of scanning was
assessed with the Positive and Negative Symptom Scale (PANSS)
(Kay et al., 1987) in all three groups. The five factor model by
van der Gaag and colleagues (van der Gaag et al., 2006) was used.
Level of education was defined as the highest accomplished level of
education. Handedness was assessed using the Annett Handedness
Scale (Annett, 1970), ranging from +100 (fully right-handed) to
�100 (fully left-handed).

In the patient group, antipsychotic (AP) medication use was
determined by patient report and verified with the treating consul-
tant psychiatrist. Best estimate lifetime (cumulative) antipsychotic
medication use was determined by multiplying the number of days
of antipsychotic medication use with the corresponding haloperi-
dol equivalents and summing these scores for all periods of
antipsychotic medication use (including the exposure period
between baseline assessment for the G.R.O.U.P. study and the
moment of baseline MRI scanning), using the standard conversion
formulas for antipsychotic medication dose equivalents described
by Andreasen and colleagues (Andreasen et al., 2010).

Substance use was measured with the Composite International
Diagnostic Interview (CIDI) sections B-J-L (WHO, 1990). Use of can-
nabis and other drugs was assessed as reported frequency of use
during the last 12 months, as well as lifetime use. CIDI frequency
data on lifetime cannabis and other drug use was available for
respectively 250 participants (3% missing data) and 256 partici-
pants (1% missing data). Alcohol use was defined as the reported
number of weekly consumptions during the last 12 months.

5.3. MRI data acquisition

Magnetic resonance imaging scans were obtained at Maastricht
University, the Netherlands, using an Allegra syngo MR A30 (Sie-
mens, Erlangen, Germany) operating at 3.0Tesla. The following
anatomical scan parameters were used: Modified Driven Equilib-
rium Fourier Transform (MDEFT) sequence; 176 slices, 1 mm iso-
tropic voxel size, echo time 2.4 ms, repetition time 7.92 ms,
inversion time 910 ms, flip angle 15�, total acquisition time
12 min 51 s; Magnetization Prepared Rapid Acquisition Gradient-
Echo (MPRAGE; Alzheimer’s Disease Neuroimaging Initiative)
sequence 192 slices, 1 mm isotropic voxel size, echo time 2.6 ms,
repetition time 2250 ms, inversion time 900 ms, flip angle 9�, total
acquisition time 7 min 23 s. The matrix size was 256 � 256 and
field of view was 256 � 256 mm2. The number of excitations was
one. Two sequences were used because of a scanner update during
data collection.

Microstructural anatomy was examined using diffusion tensor
imaging with an echo-planar-imaging sequence (field of view
230 � 230 mm2, TR 10,800 ms, TE 84 ms, voxel size
1.8 � 1.8 � 1.8 mm3, b-value 1000 s/mm2, noise level 40, 85 slices,
no overlap). As a result of the scanner update, two DTI sequences
were used: one with 76 directions (of which 4 T2-weighted (B0)
and 72 diffusion-weighted (B)), and one with 81 directions (8xB0
and 73xB). The proportion of scans with 76 directions was bal-
anced between the groups (78% in controls, 75% in siblings and
69% in patients (v2 = 1.52, P = 0.468), preventing any systematic
bias. Total acquisition time of the DTI sequence was 15 minutes.

5.4. Data preprocessing

Raw DICOM images were converted to NIfTI standard using the
tool ‘‘dcm2nii” from the MRIcron software package (Rorden and
Brett, 2000) and T1 data were cropped to remove slices containing
background noise. All imaging data were visually inspected for
artifacts and only data without artifacts got included.

5.5. DWI processing

DWI data were processed in ExploreDTI v4.8.3 (Leemans et al.,
2009) in a MatLab (The MathWorks, Inc., Natick, Massachusetts,
United States) programming environment. Subject motion and
eddy-current induced geometrical distortions were corrected by
realigning the DW images to the B0 images incorporating B-
matrix rotation (Leemans and Jones, 2009). The DWI data were
coregistered to the individual’s T1 data to correct for echo-planar
imaging (EPI) distortion (Irfanoglu et al., 2012; Klein et al., 2010).
Next, diffusion tensors were estimated using the Robust Estimation
of Tensors by Outlier Rejection (RESTORE) method (Chang et al.,
2005). Finally, eigenvalue-maps per dataset were produced provid-
ing the primary (k1), secondary (k2) and tertiary (k3) eigenvalues
sorted in decreasing order, all expressed in mm2/s. The AXD is
equal to the k1, RD is the average of k2 and k3 and the mean dif-
fusivity (MD) is the average of k1, k2 and k3. In addition, geomet-
rical tensor shape measures CL ((k1 � k2)/k1), CS (k3/k1) and CP
((k2 � k3)/k1) were calculated (Westin et al., 2002). All measures
were calculated using an in-house build MatLab script.

Subsequent analysis of the six DWI measures was performed
using tract-based spatial statistics v1.2 in FSL 4.1.6 (FMRIB Analysis
Group, Oxford, UK, http://www.fmrib.ox.ac.uk/analysis/research/
tbss/TBSS). Non-linear registration aligned each FA volume to
1 � 1 � 1 mm standard FMRIB58_FA space containing a template

http://www.fmrib.ox.ac.uk/analysis/research/tbss/TBSS
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derived from high-resolution images of 58 participants in a well-
aligned population (Smith et al., 2006). After co-registration, a
group mean FA skeleton was derived and thresholded at 0.25 to
obtain the major white matter pathways, to exclude smaller
peripheral tracts that would cause excess inter-participant vari-
ability, and to diminish non-linear registration misalignments. In
addition, this threshold setting avoided inclusion of regions that
are likely to be composed of multiple tissue types or fiber orienta-
tions. Finally, each registered FA volume was projected onto this
skeleton and concatenated into a 4D volume containing the FA
skeletonised data to be used for voxel-wise group comparison. In
a similar way, using the warps from the FA volumes and the
thresholded FA skeleton, the AXD, RD, MD, CL, CP and CS 4D skele-
tonised data were derived for voxel-wise group comparisons.

5.6. Statistical analyses

Statistical voxel-wise group analysis on the AXD, RD, MD, CL, CP
and CS skeletons was based on linear model permutation testing
(Anderson and Robinson, 2001) by means of ‘‘randomise” in FSL
(v2.1) controlling the family-wise error (FWE) (Winkler et al.,
2014). The threshold-free cluster enhancement (TFCE) option
(Smith and Nichols, 2009) was enabled to find clusters without set-
ting an initial cluster level. Statistical maps, corrected for multiple
comparisons, were used for assessing differences between groups.
A total of six contrasts per DWI measure were created to test for
significant (P < 0.05) differences: i) patients have higher/lower out-
come measures than controls, ii) siblings have higher/lower out-
come measures than controls, and iii) patients have higher/lower
outcome measures than siblings. The a priori hypothesized con-
founding variables age, sex, handedness and level of education
and lifetime (non-)cannabis/other drug use were used in the statis-
tical models. The models with and without drug use were com-
pared. Additionally, cumulative antipsychotic medication
exposure was added as an additional covariate to the model in
tract-based spatial statistics.

A number of 10,000 permutations were applied to reduce the
error margin to an acceptable level of 8.7%, corresponding to
±0.0044 at P = 0.05. After the randomisation testing, the statistical
maps were thresholded at a level of P < 0.05 (and P < 0.01 to correct
for multiple testing) and assigned with a label from a specific white
matter tract name. Labels were taken from the Johns Hopkins
University International Consortium for Brain Mapping (JHU-
ICBM)-DTI-81 white-matter atlas (Mori et al., 2008) and the JHU
white-matter tractography atlas (Hua et al., 2008). Combining
these two label atlases provided sufficient coverage of the signifi-
cant voxels produced by randomise.

All fibers were grouped based on different types of fiber sys-
tems: projection, association and commissural fibers. This pro-
vided a total of 7 projection and 8 association fibers both left and
right separately. The fornix (column and body of the fornix) and
the 3 corpus callosum fiber types were taken as a whole, except
for the tapetum (for which left and right were separated). Addi-
tionally, the forceps minor and major from the JHU white-matter
tractography atlas were included as a whole.

To extend the tract-based spatial statistics analyses with multi-
level random regression, taking into account the familial related-
ness of the individuals, mean DWI value per area from all six
diffusion measures were extracted from the tract-based spatial
statistics skeleton and exported to R version 3.2.0 (Team, 2008).
Associations between group and respectively AXD, RD, MD, CL,
CP, and CS measures were examined using a hierarchical ‘long for-
mat’ dataset, with the 38 regions (level 1) nested in participants
(level 2) being part of families (level 3), with the number of voxels
per region used as an analytic weight factor and with region as
covariate. The ‘‘lme” package was used to fit these multilevel
random regression models, with the six different DWI measures
as the dependent variables and participant/family number mod-
eled as random effects with age, sex, handedness and level of edu-
cation as covariates. In patients, associations between the
cumulative lifetime antipsychotic medication dose and the respec-
tive DWI measures were examined and expressed by regression
coefficients (B).
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