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Abstract
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Background—Standard diffusion tensor imaging measures (e.g., fractional anisotropy; FA) are
difficult to interpret in brain regions with crossing white-matter (WM) fibers. Diffusion spectrum
imaging (DSI) can be used to resolve fiber crossing, but has been difficult to implement in studies
of patients with psychosis given long scan times.
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Methods—We used four fold accelerated compressed sensing to accelerate DSI acquisition to
investigate the superior longitudinal fasciculus (SLF) in 27 (20M/7F) patients with recent onset
psychosis and 23 (11M/12F) healthy volunteers. Dependent measures included the number of
crossing fiber directions, multi directional anisotropy (MDA), which is a measure sensitive to the
anisotropy of the underlying water diffusion in regions of crossing fibers, generalized FA (GFA)
computed from the orientation distribution function, FA and tract volume.
Results—Patients demonstrated a greater number of crossing WM fibers, lower MDA, GFA and
FA in the left SLF compared to healthy volunteers. Patients also demonstrated a reversal in the
normal (R>L) asymmetry of crossing fiber directions in the SLF and a lack of normal (L>R)
asymmetry in MDA, GFA and FA compared to healthy volunteers. Lower GFA correlated
significantly (p < .05) with worse overall neuropsychological functioning; posthoc tests revealed
significant effects with verbal functioning and processing speed.

Author Manuscript

Conclusions—Our findings provide the first in vivo evidence for abnormal crossing fibers
within the SLF among individuals with psychosis and their functional correlates. A reversal in the
normal pattern of WM asymmetry of crossing fibers in patients may be consistent with an aberrant
neurodevelopmental process.
Keywords
white matter; psychosis; diffusion spectrum imaging; superior longitudinal fasciculus; fractional
anisotropy

Introduction
Author Manuscript

Magnetic resonance (MR) imaging studies have identified white-matter connectivity deficits
in the neurobiology of psychosis, including individuals with schizophrenia (Voineskos,
2015) and bipolar disorder (Bellani et al., 2016; Mahon et al., 2009). The first generation of
diffusion tensor imaging (DTI) studies used voxelwise and region of interest approaches to
investigate white-matter microstructure in patients with psychosis and demonstrated that
abnormalities are present early in the course of illness and prior to extensive pharmacologic
intervention (Sun et al., 2015; Szeszko et al., 2005; Szeszko et al., 2008). Subsequent studies
used tractography to identify abnormalities within specific white-matter bundles among
individuals at risk for (Cho et al., 2016) and experiencing (Cho et al., 2016; Kikinis et al.,
2015) a first episode of psychosis. Moreover, white-matter abnormalities in schizophrenia
have been linked with poor treatment response (Reis Marques et al., 2014) and negative
symptoms (Voineskos et al., 2013), thus making them a potentially important target for
treatment intervention.

Author Manuscript

The proportion of white-matter voxels containing crossing white-matter fibers has been
estimated to be approximately 63% using automatic relevance determination and 90% using
constrained spherical deconvolution, thus exceeding prior estimates (Jeurissen et al., 2013).
Automatic relevance determination (Behrens et al., 2007) is a selection technique that
utilizes a complex model to fit the data ensuring that parameters not supported by the model
contribute minimal overall effect. This stands in contrast to other model selection techniques
that fit different models to the data separately and compare them through measures reflecting
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data fit and complexity. In spherical deconvolution (Tournier et al., 2004; Tournier et al.,
2007) fiber orientation can be assessed from high angular resolution diffusion imaging
without any need for assumptions regarding the number of fiber orientations that may be
present within a given voxel. This signal is expressed as a convolution over a sphere to yield
a response function along with a concomitant orientation distribution function (ODF), thus
allowing the fiber orientation distribution to be resolved using deconvolution.

Author Manuscript
Author Manuscript

Although the commonly used DTI model can perform well in regions consisting of a single
fiber direction, this approach cannot resolve fiber tracts aligned along different axes
(Farquharson et al., 2013). FA, measured through DTI, does not provide an accurate
representation of the underlying white-matter microstructure in regions of crossing whitematter fibers, making both interpretation of findings and tractography inaccurate. The
challenge of considering fiber crossing in image processing can be overcome using several
approaches. For example, Rathi et al. (2011) used unscented Kalman filter tractography with
a two tensor model and reported that 20 patients with first episode schizophrenia had at least
one significantly different diffusion measure in 740 among 1254 fiber bundles compared to
20 healthy controls. In addition, the field has moved toward the application of techniques
that provide high angular resolution such as diffusion spectrum imaging (Wedeen et al 2012)
to provide information regarding the constituent fibers and enable resolution of crossing
fibers. More specifically, in contrast to DTI q-space, which provides angular coverage along
a sphere, DSI samples q-space on a uniformly-spaced Cartesian grid (Figure 1 illustrates the
differences in these approaches). The additional q-space samples in DSI allow for the
calculation of the diffusion probability distribution function (PDF). The angular component
of the PDF is the orientation distribution function (ODF). Multiple fiber directions can be
resolved by identifying peaks and troughs of the ODF. Using diffusion spectrum imaging
(DSI) Griffa et al. (2015) reported that connectivity strength within an affected core of brain
regions, quantified using both generalized fractional anisotropy (GFA) and the apparent
diffusion coefficient, was abnormal in 15 patients with schizophrenia compared to healthy
volunteers. Wu and colleagues (2014) identified lower white-matter microstructural integrity
involving dorsal and ventral tracts assessed using DSI and concomitant lower functional
lateralization of the dorsal pathway in 18 patients with schizophrenia compared to 18
matched healthy volunteers.

Author Manuscript

The use of techniques that can resolve crossing white-matter fibers such as DSI can provide
complementary measures to traditional DTI and is better suited for tracking white-matter
bundles in the brain (Wedeen et al., 2005). The main drawback of DSI, however, is the long
scan time making it difficult to implement in clinical practice. Accelerated acquisition of
DSI may be accomplished, however, by leveraging the sparsity of diffusion data in a suitable
transform domain (Khare et al., 2012; Menzel et al., 2011). This acceleration uses
compressed sensing (Candès, 2006) which has become more widely adopted in MR imaging
research (Lustig et al., 2007). The purpose of applying compressed sensing to DSI is to
exploit the inherent sparsity of the diffusion propagator in a suitable transform domain (e.g.
wavelets) by first randomly under sampling the diffusion encoding space, and then using the
under sampled pattern to reconstruct missing data points.

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2019 February 02.
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A potentially important measure that can be derived from DSI includes the number of
crossing fiber bundles within a white-matter tract by identifying the peaks and troughs of the
ODF. In addition, similar to FA, GFA ranges from 0 to 1 (denoting zero to maximal
anisotropy), but normalizes the angular variability within the diffusion ODF to quantify the
angular dependence of diffusion mobility, thus deriving a measure that is generalized from
more than three eigenvalues of the DTI model (Glenn et al 2015). More specifically, a major
drawback of the tensor model is that it cannot represent non-Gaussian PDFs, which are more
likely to represent water diffusion properties in the brain. Therefore, an advantage of GFA
compared to FA is that it provides a more appropriate estimate of anisotropy from the
computed ODF to provide a potentially more valid estimate of water diffusion properties in
white matter (Tuch et al 2004). We also investigated a model independent, multi directional
anisotropy (MDA) measure that is analytically and experimentally equivalent to fractional
anisotropy (FA) in cases of single-direction diffusivity, but has been demonstrated
empirically to be superior to FA in its sensitivity to the underlying anisotropy of multidirectional diffusivity while considering crossing white-matter fibers (Tan et al., 2015).
Lastly, although not a main focus of the current study we also computed FA to enable
comparisons with previously published studies.

Author Manuscript

The neurobiology of psychosis likely involves structural alterations in multiple white-matter
tracts, but in the current study we focused a priori on the superior longitudinal fasciculus
(SLF) in light of prior work indicating that abnormalities in this tract are particularly robust
in the early stages of schizophrenia (Ruef et al., 2012) and psychotic bipolar disorder
(Emsell et al., 2013; Lin et al., 2011). Abnormalities in the SLF have also been identified
among individuals at risk for developing psychotic disorders (Karlsgodt et al., 2009; von
Hohenberg et al., 2014), which strongly predict deficits in neuropsychological and social/
role functioning (Hatton et al., 2014; Karlsgodt et al., 2009) and are predicted by childhood
and adolescent risk factors for psychosis in healthy adults. Moreover, a recent study from
our group (Schwehm et al., 2016) identified lower FA within the SLF using tractography in
2 independent cohorts of patients with psychosis (first episode and chronic) compared to age
matched healthy volunteers, converging with prior voxelwise studies implicating lower FA in
the SLF in patients with first episode (Szeszko et al., 2005) and recent onset (Szeszko et al.,
2008) schizophrenia compared to healthy volunteers.

Author Manuscript

Although the overall pattern of cortical asymmetry has been identified and referred to as
developmental torque (LeMay, 1976), investigation of asymmetry for the major white-matter
bundles has not been well characterized, especially among individuals with psychosis. Such
studies could provide novel information regarding etiopathology in psychosis given that they
presumably reflect neurodevelopmental mechanisms that occur in utero (Liu et al., 2010).
Findings regarding white-matter asymmetry for the SLF have been mixed with some studies
reporting rightward (Park et al., 2004; Yin et al., 2013) and others leftward (Choi et al.,
2010) asymmetry of FA that may be influenced by environmental factors (Oechslin et al.,
2009). Asymmetry of the SLF has been linked to unique connectivity patterns (Wang et al.,
2016), that have functional correlates including visuomotor processing and the control of
movement (Budisavljevic et al., 2017). In addition, studies investigating the comparative
neuroanatomy of the SLF implicate a unique role for this white-matter bundle in the
evolution of human fronto parietal networks associated with action imitation and
Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2019 February 02.
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concomitant social learning (Hecht et al., 2015) with other evidence suggesting that selfrecognition functions may relate to SLF asymmetry (Hecht et al., 2016).
In the current study we investigated fiber orientation complexity within the SLF using an
accelerated DSI acquisition to reduce scan time by a factor of four in 27 patients with recent
onset psychosis and 23 healthy volunteers. We tested the hypothesis that patients would have
a greater number of crossing white-matter fibers and lower GFA, MDA and FA within the
SLF compared to healthy volunteers and that patients would demonstrate an abnormal
pattern of asymmetry in these measures. We further investigated the neuropsychological
correlates of white-matter measures demonstrated to be significantly different between
groups. Moreover, as a check on the validity of our approach we predicted that lower FA
would be significantly correlated with a greater number of crossing white-matter fibers
within the SLF.

Author Manuscript

METHODS
Subjects

Author Manuscript

Twenty seven patients with recent onset psychosis were recruited from admissions to the
inpatient service at The Zucker Hillside Hospital in Glen Oaks, NY. All patients displayed
acute psychotic symptoms as reflected by a rating of 4 or more on one or more of the
positive symptom items from the Brief Psychiatric Rating Scale. One patient in the current
study had been included in our prior investigation of FA in white-matter tracts of patients
with first episode psychosis (Schwehm et al., 2016), but none of the others overlapped with
any of the samples in our previously published DTI studies. Prior to the DSI exam patients
may have received up to 2 years of antipsychotic treatment. Simultaneous treatment with
mood stabilizers or antidepressants was not allowed at the time of the scan, although
lorazepam or propranolol may have been administered for akathisia or other side effects as
needed. Antipsychotic medications administered prior to the scan are provided in Table 1.
Clinical raters were blind to medication status and trained using standardized clinical
procedures (Robinson et al., 2015).

Author Manuscript

All patients received a physical exam and laboratory screening to rule out medical causes
and a substance induced psychotic disorder for this illness episode. Mean age at first
psychotic symptoms was 21.5 years (SD=5.6). All patient diagnoses were based on the
SCID for Axis I DSM IV Disorders supplemented by information from clinicians and, when
available, family members. Diagnoses for patients included schizophrenia (n=19),
schizoaffective disorder (n=1), schizophreniform disorder (n=6) or Bipolar I with psychosis
(n=1). Twenty three healthy volunteers were recruited from advertisements posted on
websites and by word of mouth. Exclusion criteria for healthy volunteers included the denial
of any lifetime history of a major mood or psychotic disorder as determined by clinical
interview using the SCID NP. Exclusion criteria for all participants included: (a) MR
imaging contraindications; (b) any medical illness known to affect the brain (e.g.,
Huntington’s Disease, Parkinson’s disease, etc.); (c) prior psychosurgery; (d) DSM IV
mental retardation; (e) stroke and (f) pregnancy. The study was approved by the Northwell
Health Institutional Review Board. Written informed consent was obtained from all

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2019 February 02.

Szeszko et al.

Page 6

Author Manuscript

individuals, and from a parent or legal guardian in the case of minors. Written assent was
obtained from all minors.
Handedness
Laterality scores were based on a modified version of the Edinburgh Inventory (Oldfield,
1971). The total number of right and left hand items was scored and the laterality quotient
was computed: (Total R − Total L)/(Total R + Total L) yielding a range from +1.00 (totally
dextral) to −1.00 (totally nondextral). Individuals with a laterality score greater than .70
were categorized as dextral while individuals with scores ≤ .70 were categorized as
nondextral consistent with our prior definition (Schwehm et al., 2016). Data were missing
for two subjects and handedness for one individual was based on hand preference alone.
Clinical and Neuropsychological Assessments

Author Manuscript

Patients completed the 18 item Brief Psychiatric Rating Scale (Overall and Gorham, 1962)
and the total score was derived by summing all of the items. We also administered the
MATRICS Consensus Cognitive Battery (Green and Nuechterlein 2004) to patients, which
included: (1) speed of processing; (2) attention/vigilance; (3) working memory; (4) verbal
learning; (5) visual learning; (6) reasoning and problem solving; and (7) social cognition. A
measure of overall functioning was computed by standardizing the sum of these respective
domain T-scores based on a community sample. Due to missing data on some domains
overall neuropsychological indices could not be computed for 8 patients.
Magnetic Resonance Imaging Methods

Author Manuscript

Magnetic resonance imaging exams were conducted at the North Shore University Medical
Center on a 3T whole body MRI system (GE Healthcare, Waukesha, WI USA). Each study
began with a sagittal localizer, followed by a 26 minute compressed sensing DSI sequence
(T2 weighted image + 127 diffusion directions, bmax = 6,000 sec/mm2, FOV = 24 cm,
128×128 matrix, slice thickness = 3 mm, TR/TE = 12 sec/125–134 msec, 27–31 slices). To
accelerate DSI acquisition (from 105 minutes to 26 minutes), four-fold accelerated
compressed sensing was applied (reducing 514 diffusion samples based on an 11×11-cube
Cartesian q-space down to 127 randomly-distributed diffusion samples). Unlike multi-shell
diffusion sampling schemes, DSI q-space samples are regularly distributed on a Cartesian
grid. Based on an 11×11×11 q-space cube, 5 individual b-values along a Cartesian axis in
addition to the non-diffusion encoded (T2-weighted, b=0) acquisition are sampled. For
anatomical overlay and image registration, a high-resolution T1-weighted SPGR 3D spoiled
gradient echo sequence with 1 mm slices was also acquired (TR/TE = 7.5/3 msec, matrix =
256×256, FOV = 240 mm).

Author Manuscript

All DSI data were visually inspected for the presence of artifacts or signal drop-out that
could potentially create motion artifacts across the time series and none of the individuals
demonstrated any such artifacts that would preclude study participation. We further assessed
motion across the 127 volumes collected in this study by computing: (1) absolute translation
from the reference volume; (2) translation from the previous volume (relative translation);
(3) rotation angle from the reference volume; and (4) rotation angle from the previous
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volume (relative rotation). These variables were subsequently included as covariates in
statistical analyses.
Diffusion Image Processing and Analysis
The undersampled DSI data were reconstructed through a compressed sensing algorithm that
uses total variation and wavelets as sparsifying transforms (Khare et al., 2012; Menzel et al.,
2011). Compared to DTI, which permits single directional tractography per voxel,
compressed-sensing accelerated DSI provides the orientation distribution function, which
allows computation of multi-directional tractography per voxel. Deterministic fiber
tractography with the ODF computed from compressed sensing DSI was performed using a
small angle threshold of 38°, which significantly reduced false positives (compared to 55–
70° typically used in DTI).

Author Manuscript
Author Manuscript

Dependent measures in this study included: (1) number of crossing fiber directions, which
was defined as the total number of peaks located on the orientation distribution function that
was generated for 181 discretized directions on a hemisphere, equivalent to an approximate
10° tessellation angle; (2) multi dimensional anisotropy, which has been demonstrated
empirically to be superior to FA in its sensitivity to the underlying anisotropy of multi
directional diffusivity while considering crossing white-matter fibers (Tan et al., 2015); (3)
GFA, which is a more comprehensive measure of anisotropy compared to FA that
normalizes the angular variability within the diffusion ODF to quantify the angular
dependence of diffusion mobility, thus deriving a measure that more accurately reflects the
underlying fiber bundle anisotropy than what can be derived from the three eigenvalues of a
tensor model; (4) FA; and (5) volume (based on traversed locations for tract). No
thresholding or denoising was used to generate the number of crossing fibers as the ODFs
were derived from DSI data and did not undergo sharpening filters, as compared to fiber
orientation distribution functions obtained with spherical deconvolution that effectively
sharpen the ODFs to improve peak detection. A linear interpolation kernel was used to
create a smooth mask prior to creation of binary mask, to reduce pixellation effects that were
then used to measure FA and MDA from images.

Author Manuscript

We identified the right and left SLF by using seed regions of interest from a template (Tan et
al., 2014). Each region of interest was a sphere characterized by its position and radius,
whereby each tract was defined by one or more pairs of logical conditions such as “AND”
and “NOT.” Each ROI was manually optimized for visualization of each tract per subject
using the Trackvis software (Wang, Wedeen, MA, USA) similar to a previous DTI study
(Gruner et al., 2012) by an operator blind to group membership. Two spherical ROIs were
placed along the arcuate fasciculus in regions similar to Kamali et al., (2014), and an
additional spherical ROI was placed in the middle of these two ROIs. The ROIs (beginning
with inferior-posterior to superior-anterior) were 1.4cm, 1.1cm, and 1.1cm in diameter and
the radii were scaled to account for the size of the brain mask obtained from skull stripping
(Iglesias et al., 2011). Region of interest placements are illustrated for the right and left SLF
in Figure 2.
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We used repeated measures analysis of covariance to test the hypothesis that patients
differed from healthy volunteers in the number of crossing fiber directions, GFA, MDA, FA
and tract volume. In each analysis group served as the between-subjects factor and
hemisphere as the within-subjects factor. Age and sex were included as statistical covariates
in these models given their potential to influence white-matter microstructure and
asymmetry (Kitamura et al., 2011; Powell et al., 2012). We also repeated analyses while
controlling for Edinburgh laterality score and the 4 motion indices in subsequent models. We
additionally computed asymmetry indices ([(right − left) / (right + left)] * 100) for all
measures that demonstrated significant group × hemisphere interactions and compared them
between groups using independent t-tests (alpha =.05; two-tailed). Scatterplots were visually
inspected and Pearson product moment or Spearman rank order correlations were used to
investigate the relationship between MR imaging measures and neuropsychological
measures (alpha =.05; two-tailed). To limit Type I error in these analyses we only
investigated neuropsychological correlates of MR imaging measures that differed
significantly between groups; these correlations were first conducted in relationship to the
overall neuropsychological domain with subsequent posthoc analyses investigating
individual domains.

Results

Author Manuscript

Patients did not differ significantly (p>.05) from healthy volunteers in distributions of age,
sex, or handedness, but as expected healthy volunteers had significantly (p<.05) more
education compared to patients (Table 1). Mean total BPRS scores for patients at the time of
the scan was 43.5 (SD=6.3). Mean (SD) values for the dependent measures derived for the
SLF are provided in Table 2 for descriptive purposes only.

Author Manuscript

There were no significant main effects of group or hemisphere for any of the dependent
measures. There were significant group × hemisphere interactions for the number of
crossing fibers (F = 5.83, df = 46, p = .020), MDA (F = 5.13, df = 46, p = .028), GFA (F =
7.21, df = 46, p = .01) and FA (F = 7.91, df = 46, p = .007), but no significant group ×
hemisphere interaction for volume. Investigation of asymmetry indices revealed significant
group differences in the number of crossing fibers, MDA, GFA and FA within the SLF
(Table 2). Findings remained statistically significant while controlling for handedness and
movement indices. Post-hoc analyses indicated that patients demonstrated a significantly
greater number of crossing fibers, lower MDA, GFA and FA in the left hemisphere
compared to healthy volunteers in the absence of group differences in the right hemisphere
(Table 2).
Among patients, lower GFA and FA in the left SLF correlated significantly with worse
overall neuropsychological functioning (r = .46, df = 19, p = .047 and r = .61, df = 19, p = .
006, respectively). Posthoc analyses revealed significant effects for GFA and FA with
processing speed (r = .54, df = 24, p = .007 and r = .55, df = 24, p = .005, respectively) and
verbal functioning (r = .47, df = 24, p = .019 and r = .51, df = 24, p = .012, respectively).
MDA, number of crossing white-matter fibers or the asymmetry measures did not correlate
significantly with overall neuropsychological functioning.
Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2019 February 02.
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The correlation between the number of crossing fibers and FA was statistically significant
for both the right (r = −.43, df = 50, p =.002) and left (r = −.42, df = 50, p = .002) SLF
across both groups. When separated by group, however, the correlation between the number
of crossing fibers and FA was statistically significant in healthy volunteers for the right (r =
−.71, df = 23, p < .001) and left (r = −.49, df = 23, p = .018) hemispheres (Figure 3).
Although these correlations were not statistically significant in patients (one case was
excluded for being an outlier on the scatterplot), approximately 9% of the variance in FA
was still accounted for by number of crossing fibers in both the right and left hemispheres.
As expected the number of fiber directions did not correlate significantly with MDA or GFA
in either the right or left hemispheres among patients or healthy volunteers. None of these
findings were significantly changed when handedness score was included as a covariate in
analyses.

Author Manuscript

Discussion

Author Manuscript

The use of DSI could potentially clarify the role of crossing fibers in the neurobiology of
psychosis and move beyond the standard DTI framework; however, the main drawback
associated with this technique is the long scan time. In the current study we used
compressed sensing DSI to reduce scan time by a factor of four. Using this approach, our
primary finding is that patients with psychosis have a greater number of crossing whitematter fibers within the left SLF and demonstrate abnormal asymmetry in these crossing
fibers compared to healthy volunteers. In addition, we demonstrate group differences in
MDA, which can accommodate multiple crossing fiber directions and GFA, a
comprehensive measure of anisotropy computed over the diffusion ODF. The validity of our
approach is supported by the findings that FA differed between groups and that the number
of crossing fibers within the SLF correlated significantly with FA, but not MDA.
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The “normal” pattern of asymmetry in crossing fiber directions, MDA, GFA and FA was
reversed in patients compared to healthy volunteers. The presence of hemispheric
asymmetry in the human brain is evident at both the microscopic and macroscopic level
(Chance, 2014). An abnormality in asymmetry involving the left SLF among patients is
consistent with long standing hypotheses regarding the failure of left hemisphere
lateralization in the pathophysiology of schizophrenia (Crow, 1999; Ribolsi et al., 2009).
Empirical studies reported both functional and structural abnormalities in brain asymmetry
in patients with psychosis compared to healthy volunteers (Bilder et al., 1994; Ratnanather
et al., 2013; Royer et al., 2015; Szeszko et al., 2003) and greater gray matter volume loss
over time in left (compared to right) hemisphere regions assessed using meta-analysis and
meta-regression (Vita et al., 2012). Although it is possible that postnatal effects may play a
role in this process, we are unaware of any data indicating that asymmetry of crossing whitematter fibers is influenced by neurodegenerative or pharmacologic mechanisms and it may
be noteworthy that prior work has demonstrated that identification of asymmetry may be
improved at higher field strengths (Okada et al., 2006).
An aberrant neurodevelopmental process involving the white matter could reflect a defect in
the ability to appropriately prune connections throughout adolescence and contribute to
inefficient signal transduction and concomitant functional deficits in patients (Clark et al.,
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2012). In this regard we found that lower left hemisphere GFA was associated with worse
processing speed and lower verbal functioning in patients. Our findings thus converge with
prior studies identifying abnormal functional correlates involving FA in this white-matter
tract (Hatton et al., 2014; Karlsgodt et al., 2008), but now extend this to more comprehensive
measures such as GFA. It may be noteworthy that brain abnormalities were associated with
verbal memory deficits given the considerable evidence that individuals at genetic high risk
for schizophrenia demonstrate both structural and functional abnormalities in brain regions
associated with language functions mediated by left hemisphere brain regions (Li et al.,
2009).
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Although not a primary focus of this study, we report lower FA in the left SLF of patients
compared to healthy volunteers replicating prior findings by our group (Szeszko et al., 2005;
Szeszko et al., 2008) and others (Hatton et al., 2014) using independent cohorts of patients
with psychosis. Although we did not find evidence that MDA within the SLF was superior to
FA in distinguishing the groups, our results nevertheless implicate water diffusion
abnormalities in patients with psychosis compared to healthy volunteers while considering
fiber crossing. Moreover, DSI may provide complementary information regarding crossing
fibers that is directly related to FA. For example, the observation of lower MDA in patients
compared to healthy volunteers, suggests that additional factors other than number of fiber
directions (e.g., fiber structural integrity) may be influencing findings of abnormal water
diffusion among patients. Specifically, the lower correlations between number of fiber
directions and MDA compared to FA (at least in healthy volunteers) provide direct in-vivo
evidence that this measure is less affected by multiple fiber directions.

Author Manuscript

The neurobiological mechanism(s) potentially leading to more crossing fibers in patients
compared to healthy volunteers is largely unknown, but may be neurodevelopmental in
origin. Nonhuman primate studies indicate that brain fiber pathways are organized in a
curved 3-dimensional grid characterized by 3 primordial gradients (Wedeen et al 2012),
likely established during early embryogenesis. Thus, it is conceivable that abnormal fiber
crossings occur in-utero and requires an environmental “trigger” for psychosis onset. In
addition, several reviews indicate that patients with psychosis have a defect in the ability to
prune white-matter connections over the course of illness (Peters and Karlsgodt, 2015;
Kochunov and Hong, 2014), which may, in part, be genetic in origin (Voineskos, 2015; Duff
et al 2013). A possible interpretation of these findings is that a greater number of crossing
fibers may, in part, be influencing FA calculations in patients, consistent with the results of
this study and the large literature demonstrating lower FA in patients compared to healthy
volunteers.

Author Manuscript

An important advantage of using DSI compared with other advanced diffusion acquisition
approaches such as high angular resolution diffusion-weighted imaging is that diffusion
encoding space (or q space) is sampled on a Cartesian grid, allowing for the diffusion
propagator to be reconstructed using standard Fourier transforms. Therefore, DSI relies on
less stringent assumptions and does not depend on model based reconstruction (such as qball, spherical transforms, and spherical deconvolution) that is typically required with high
angular resolution diffusion-weighted imaging (Tuch et al., 2002). Similar to prior work that
used spherical deconvolution to control for crossing fiber pathways (Reijmer et al., 2012)
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our approach yielded larger and longer pathways of the SLF compared to our previously
reported DTI based methods. An additional advantage of using compressed sensing on a full
sphere is that all directions are uniformly sampled. In that regard one disadvantage of most
half sphere approaches is that a plane for separating the half sphere must be chosen that
could potentially lead to bias in directionality. In addition, half-sphere sampling speeds up
the process only by a factor of 2.
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There were a number of study limitations that should be acknowledged. We did not localize
abnormal crossing fibers to specific parts of the SLF and it is known that this tract is
heterogeneous and comprised of different subcomponents (e.g., SLF I, II and III) and
arcuate fasciculus (Martino et al., 2013; Thiebaut de Schotten et al., 2011). It should be
acknowledged that patients were receiving antipsychotic medications at the time of the scan
and it is conceivable that they could influence measures of water diffusion such as FA,
although the relationship between antipsychotic medications and crossing white-matter
fibers remains unknown. An additional study caveat is that we were unable to determine
whether the observed abnormalities in crossing white-matter fibers are specific to the white
matter within the SLF and/or are associated with greater crossing of other white-matter
tracts traversing the SLF. Thus, the underlying mechanisms contributing to abnormal
crossing white-matter fibers could not be determined in the current study.
In sum, using ODF-based metrics our DSI findings implicate a greater number of crossing
white-matter fibers within the SLF and concomitant lower GFA and MDA in patients with
recent onset psychosis compared to healthy volunteers. We also provide direct in-vivo
evidence for a relationship between fiber crossing and FA among healthy humans.
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Highlights
•

Diffusion tensor imaging cannot resolve fiber tracts aligned along different
axes in the same voxel.

•

Diffusion spectrum imaging (DSI) can quantify crossing white-matter fibers.

•

The main drawback associated with DSI is the long scan time.

•

Compressed sensing was used to accelerate DSI acquisition.

•

Patients with psychosis demonstrated abnormalities in crossing white-matter
fibers.
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Figure 1.
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Illustration of differences between diffusion tensor imaging and diffusion spectrum imaging
(DSI), regarding its diffusion-space sampling (q-space) and orientation distribution function
(ODF).
Note: In DTI, q-space is sampled on a spherical shell, whereas in DSI q-space is sampled on
a Cartesian grid bounded by a spherical surface of given maximum b-value (typically much
larger than usual b-values employed in DTI). In a simulation of a 90-degree, equal crossing
fibers, DTI is unable to resolve the two directions, whereas the added samples in DSI allow
for the computed ODF to resolve the two directions. The solid and dashed arrows point to
the peaks and troughs of the ODF that are used to resolve diffusion directionalities.
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Figure 2.
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Tractography renderings in the left (left panel) and right (right panel), illustrating the
superior longitudinal fasciculus (SLF) obtained using CS-DSI superimposed on the T2 (b=0)
image, and the two primary spherical ROIs (superior-anterior: 1.1 cm and inferior-posterior:
1.4 cm in diameter, 5.0 cm apart) used to define the SLF. An additional superior-inferior
ROI (1.1 cm diameter, not shown) in the approximate mid-section (approximately 2.7 cm
superior-medial of the inferior-posterior ROI) is also used with the first ROI to capture any
longitudinal fibers missed by the primary ROIs.
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Figure 3.

Scatterplots of Fractional Anisotropy and Number of Fiber Directions in the Right (Panel A)
and Left (Panel B) Superior Longitudinal Fasciculus in Healthy Volunteers and Patients.
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Ziprasidone

Data were unavailable for 2 patients.

Data were unavailable for 1 patient and 1 healthy volunteer.

2

1

Note: Means are provided with standard deviations in parentheses.
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Risperidone

Antipsychotics received prior to MRI4
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Attention

MATRICS Consensus Cognitive Battery T Score3
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Age (SD), years
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11M/12F
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= 1.26

χ2
t = 3.16

1

= 3.63

χ2

46

1

48

t = 1.45

Statistical Test

df

.003

NS

NS

NS

p value

Author Manuscript

Sample Demographics
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Data were unavailable for 3 patients

4

Data were unavailable for 3 patients on the reasoning/problem solving, speed of processing, verbal functioning, visual functioning, and working memory domains. Five individuals were missing attention
scores and 7 individuals (including 1 outlier > 3 SD from the mean) were missing social cognition scores.
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1.87 (0.15)
.475 (0.01)
.180 (.006)
.462 (0.02)
11.4 (3.0)

1.87 (0.09)
.476 (0.02)
.179 (.007)
.463 (0.03)
12.7 (4.5)

Number of Crossing Fibers

MDA

GFA

FA

Volume (cc)

NS

NS

NS

NS

NS

p-value

12.3 (3.9)

.472 (0.03)

.185 (.008)

.490 (0.02)

1.82 (0.10)

Controls
(N=23)

11.9 (2.9)

.453 (0.02)

.179 (.006)

.479 (0.01)

1.90 (0.14)

Patients
(N=27)

NS

.004

.006

01

.04

p-value

Left Superior Longitudinal Fasciculus

1.20 (10.2)

−1.05 (2.15)

−1.51 (1.84)

−1.43 (1.64)

1.19 (2.36)

Controls
(N=23)

−2.28 (11.1)

.96 (2.17)

.08 (1.94)

−.34 (1.54)

−.64 (2.30)

Patients
(N=27)

Asymmetry Index

NS

.002

.005

.019

.008

p-value

Notes. Number of crossing fibers = number of ODF peaks found for each voxel; MDA (multi directional anisotropy) = anisotropy calculated from ODFs by using ratio of peaks to troughs in the ODFs and
identical to FA for single-directional Gaussian diffusion with values ranging from 0 to 1; GFA (generalized fractional anisotropy) defined according to Tuch (2004); and FA (fractional anisotropy) =
anisotropy calculated based on a DTI model with values ranging from 0 to 1; Volume = volume based on traversed locations for tract. The asymmetry index was computed using the following formula = [(R
−L)/(R+L)] * 100.

Patients
(N=27)

Right Superior Longitudinal Fasciculus
Controls
(N=23)

Metric

Mean and Standard Deviation (in parentheses) for Right and Left Superior Longitudinal Fasciculus Metrics and Asymmetry Indices.
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