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Abstract

Two psychological mechanisms seem to be associated with the obsessive-compulsive cycle: (1) an emotional
mechanism characterized by intense emotional arousal associated with intrusive thoughts of impending danger; (2)
a cognitive mechanism exemplified by difficulties with inhibitory control. Several studies found more extensive
cognitive deficits in Obsessive Compulsive Disorder (OCD) beyond problems of inhibitory control and emotional
regulation, namely: visual-spatial processing and memory. Thus, there is now extensive research showing that
alterations of these psychological mechanisms in OCD (i.e., inhibitory control, emotional regulation, working
memory, and visual spatial processing) are associated with morphological gray matter alterations in widespread
brain regions. More recently, researchers have started looking at white matter abnormalities in OCD. In this
article we review the research looking at white matter morphometric and structural connectivity alterations in
OCD. Altogether, while some contradictory findings are still present, there 1s now evidence for widespread white
matter morphometric and connectivity abnormalities affecting major white matter tracts (superior longitudinal
fasciculus, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, cingulum bundle, semioval center,
mternal capsule, different regions of the corpus callosum, thalamic radiation, uncinate fasciculus and optic
radiation) as well as white matter in regions adjacent to gray matter structures (superior frontal gyrus, dorsolateral
prefrontal medial frontal cortex; inferior frontal gyrus, caudate, insulate cortex, parietal cortex, supramarginal and
lingual gyri, and thalamus). These white matter alterations may help explaining the diversity of OCD psychological
impairments in inhibitory control, emotional regulation, memory and visual spatial processing.
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Introduction

Obsessive compulsive disorder (OCD) is characterized
by the presence of intrusive unwanted thoughts, images,
ideas, urges involuntarilly entering consclousness
(obsessions), which the individual tries to neutralize by
repetitive behaviors (e.g., checking) or mental actions (e.g.,

praying) (compulsions). Two psychological mechanisms

seem to be associated with the obsessive-compulsive cycle:
(I) an emotional mechanism characterized by intense
emotional arousal associated with intrusive thoughts of
impending danger; (2) a cognitive mechanism exemplified
by difficulties with inhibitory control.

The intense emotional arousal reported by patients 1s
probably the expression of an affective-motivational
imbalance between the defensive (i.e., fear response) and
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appetitive mechanisms (l.e., Ingestion, copulation, and
care giving responses) which may be responsible for a
extended emotional deregulation (Gongalves,
Soares, et al., 2015). Additonally, there is abundant

evidence on the existence of executive functioning deficits

more

particularly involving response inhibition (Snyder, Kaiser,
Warren, & Heller, 2015). More recently, several studies
suggest other cognitive deficits in OCD beyond executive
functioning and emotional regulation, namely visual-spatial
processing (S. N. Kim, Lee, Yoon, & Kwon, 2016) and
memory (Jaafari et al., 2013).

There 1s now extensive research showing that
alterations of these psychological mechanisms in OCD
(l.e., inhibitory control, emotional regulation, working
memory, and visual spatial processing) are associated with
morphological gray matter alterations in widespread brain
regions (Piras et al., 2015). Only recently, researchers have
started looking at white matter abnormalities in OCD.
This research effort was driven by two main reasons. First,
given that several shape and volumetric abnormalities were
found in widespread gray matter structures, one can easily
infer that the structural connectivity between those

structures may as well be altered. Second, shape
abnormalities in gray matter territories may be suggestive
of problems with development and maturation of the
central system and as such thought to affect white matter
pathways. Therefore, in this paper we discuss research
imvolving the study of white matter alterations in OCD.
We start by presenting data from morphometric studies
on white matter alterations followed by a report of studies

in white matter connectivity changes in OCD.

Evidence from White Matter Morphometric
Studies
Based on clinical

neuroimaging and chirurgical

evidence of white matter abnormalities 1n regions
associated  with  the cortico-striatal-thalamus-cortical
(CSTC) pathways, Duran, Hoexter, Valente, Miguel, and
Busatto, (2009) conducted a volumetric study looking for
evidence of white matter abnormalities in the cingulum
bundle (CB) and the anterior imb of the internal capsule
(ALIC) in OCD patients when contrasted with healthy
controls. ALIC is a pathway connecting the thalamus with
the anterior cingulate and orbitofrontal cortices and a part
of the CSTC loop involved in cognitive and emotional
(Sullivan, Zahr, Rohlfing, & Pfefferbaum,

2010). The CB is a major white-matter fasciculus

regulation

connecting structures from the frontal, parietal and
temporal cortices and thought to play a role in executive
functioning as well as In  emotional regulation
(Heilbronner & Haber, 2014). Even though no significant
differences were found between OCD and controls in

terms of volumetric changes in CB and ALIC, a significant

decrease on overall white matter volumes was found for
the OCD patients. Additionally, and in spite of the overall
white matter reduction, an increase of white matter
volume 1n the bilateral ALIC was found to be associated
with symptomatic OCD severity, suggesting that these
pathways may be implicated in OCD pathophysiology.
Another white matter region -septum pellucidum- has
important  marker  of

been  suggested as an

neurodevelopmental disruption in several psychiatric
disorders, namely schizophrenia, schizotypal personality
and affective disorders (Kwon et al., 1998). The closure of
the septum pellucidum takes place around the 6th week of
gestation and the non-union of both lamina results in the
presence of a space referred to as cavum septum
pellucidum (CSP). The presence or absence of CSP may
represent a good indicator on the maturity of associated
regions such as the corpus callosum and hippocampus
(Hosseinzadeh, Luo, Borhani, & Hill, 2013). Chon, Choi,
Kang, Jung, and Kwon (2010) carried out one study done
so far trying to compare both the existence and the size of
the CSP in OCD patients when compared with healthy
controls. The results pointed out to the presence of
significantly more CSP in OCD patients than healthy
controls, which was associated with the severity of OCD
symptomatology. However, contrary to what was found
with other disorders (e.g., schizophrenia) no significant
differences were found in the frequency of abnormally
large CSP (greater than grade 2).

Another major white matter structure that has been
object of morphometric studies is the corpus callosum
(CC). CC is the core white commissure connecting the
two brain hemispheres. Different regions of the CC
(rostrum, genus, body, isthmus and splenium) connect
different gray matter regions that have been associated
with OCD pathophysiology. Park et al. (2011) conducted
a study assessing both the area and the thickness of five
different CC regions (i.e., CC1-CC5 - rostral to caudal) in
OCD patients when compared with matched healthy
controls. The authors found evidence for a significant
increase of the overall CC area in the OCD sample, with
significant enlargements of the CC1, CC2 and CC) areas.
Additionally, OCD patients were found to have a
significantly thicker CC in the midbody and splenium
regions. The evidence of volumetric and thickness
alterations in the posterior CC (splenium) may be
evidence of abnormal hemispheric connectivity between
posterior temporal, parietal and occipital regions, which is
consistent with findings on memory and visual spatial
deficits in OCD. Volumetric alterations on more anterior
genus CCI1 regions confirm abnormalities in the white
matter tracts connecting frontal regions that may be
associated with most of prefrontal executive deficits

present in OCD (e.g. cognitive flexibility, inhibitory
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control, working memory). Volumetric changes in CC2
mid body may underlie problems with motor regulation in
OCD.

Later, Lopez et al. (2013) did a manual segmentation
of the five CC regions, comparing OCD and healthy
matched controls. Contrasting to Park et al. (2011), this
study found significant volume decreases in CC2 (mid
body) and CC5 (splenium) regions in OCD patients. This
was further confirmed by Di Paola et al. study (2013), in
which OCD patients exhibited decreased density n
anterior and posterior regions of the CC when comparing
to healthy controls.

More recently Jose et al. (2015) in a study with
medication naive OCD patients compared with healthy
controls found significant enlargement of both total CC as
well as CC body parcellation. However, in this study the
total CC volume, as well as isthmus and splenium regions,
were negatively correlated with the compulsive scale of the
Yale-Brown Obsessive Compulsive Scale (YBOCS)..

In sum, several morphological abnormalities have
been reported in the CC as whole as well as its
parcellations. However the results remain inconsistent,
probably due to different segmentation methods used
(e.g.,
heterogeneity of the OCD samples (e.g. medicated versus

manual versus automatic segmentation) and
treatment naive).

Recent studies have been also exploring white matter
morphometric abnormalities in regions adjacent to gray
matter structures that were reported altered in OCD. A
large scale mega-analysis on a multicenter consortium data
base by de Wit et al. (2014) confirmed evidence of
volumetric white matter alterations in regions associated
with the CSTC territories, particularly medial, middle and
inferior prefrontal regions along with the thalamus.
However, recent studies have found evidence of abnormal
white matter volumes to regions outside the CSTC. For
example, a recent voxel based morphometry study by S.-
E. Park and Jeong (2015) comparing OCD patients and
healthy controls, observed white matter increases in both
anterior (right dorsolateral prefrontal cortex, middle
frontal gyrus) and posterior regions (precuneus, inferior
parietal) consistently with gray matter studies (Piras et al.,
2015). Again, these findings may contribute to explain the
existence of executive, emotional and visual processes
impairments reported in OCD patients.

Interesting to note that studies with pediatric OCD
populations have been reporting widespread alteration in
the white matter morphology across several brain regions.
For example a study by Chen, Silk, Seal, Dally, and Vance
(2013) OCD and typical

development controls, found decreased white matter in

comparing children with

the bilateral cingulate, right frontal, bilateral occipital, right

parietal, left temporal cortices, as well as in the corpus
callosum.
Concluding, morphometric alterations have been
reported in several white matter tracks and regions,
limb of the

(potentially associated with emotional and cognitive

namely: (1) anterior internal  capsule
regulation); (2) cavum septum (possible evidence of
neurodevelopment abnormalities; (3) several regions of
the corpus callosum (eventually associated with prefrontal,
frontal,

connections abnormalities that may underlie executive,

parietal and  temporal  interhemispheric
emotional, memory and visual spatial impairments in
OCD); (4) alterations in white matter regions adjacent to
the dorsolateral prefrontal cortex and the thalamus
(possible  contribution for executive 1mpairments,
particularly in terms of cognitive flexibility and inhibitory
control); and () alterations in white matter regions
adjacent to parietal regions (eventual associations with
visual processing deficits).

Evidence from White Matter Connectivity Studies

In this section we discuss the main findings of the
research looking at white matter connectivity using
Diffusion Tensor Imaging (DTT). DTT is a neuroimaging
method that
connectivity alterations in the white matter fibers
(Alexander, Lee, Lazar, & Field, 2007). DTI provides

indexes of water diffusion in the brain tissue, allowing the

allows the inference of microstructural

estimation of several indexes, namely: Fractional
anisotropy (FA), Mean diffusivity (MD), Radial diffusivity
(RD), and Axial diffusivity (AD). FA is a measure
describing the degree of water anisotropy diffusion in the
brain. High FA values indicate a diffusion of water
molecules along the fiber and are usually seen as
synonymous with white matter integrity. On the contrary,
MD expresses the existence of nonspecific barriers for
free diffusion in the fiber. AD is a measure of longitudinal
diffusion and seems to be a marker of axonal damage.
Finally, RD is a measure of the transverse direction of
diffusion and represents a good marker of altered
myelination processes.

Consistent  with  morphometric  studies, diffusion
abnormalities were also found in the corpus callosum. For
example, Saito et al. (2008) did a DTT study comparing
the levels of mean diffusivity and fractional anisotropy in
five regions of CC of OCD patients contrasted with
healthy controls. While the OCD patients were found to
show MD levels similar to the controls, a statistically
significant reduction on FA was found for the OCD
patients in the rostral region of the CC. Additionally, FA
OCD
symptomatology. It 1s important to remind that the
fibers of the

suggesting the existence of

levels  were  negatively  associated — with

rostrum contains connecting regions

orbitofrontal  cortex,
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microstructural abnormalities in  white matter tracks
associated with difficulties In emotional and cognitive
regulation.

Later, Oh et al. (2012), tried to dissociate callosal
fibers projecting either towards the ventral or the dorsal
regions of the prefrontal cortex in OCD and healthy
controls. Significant lower FA levels were found in the
orbitofrontal and dorsolateral prefrontal CC projections.
Additionally, evidence for an integrity imbalance between
ventral and dorsal projections was also reported (ventral-
greater-than-dorsal asymmetry of FA values). This i1s an
mteresting finding suggesting that,
abnormalities in both pathways, differences of integrity
may be present in tracts associated with emotional and
cognitive regulation.
have been

diffusivity  indexes

reported n extended brain regions besides de the CC. For

Abnormalities 1n

example, a DTT study by Szeszko et al. (2005) looked at
patterns of white matter integrity as expressed by FA in
OCD when compared with healthy controls. Consistent
with the authors’ hypotheses, significantly decrease of FA
levels was found for OCD in the anterior cingulate white
matter. Additionally, and consistent with similar findings
for gray matter, decreased FA levels were observed in the
(bilateral

supramarginal gyri), and occipital lobe (lingual gyrus).

posterior right cingulate, parietal lobes
Most interestingly, the FA levels in these posterior regions
correlated negatively with symptomatic severity. Diffusion
alterations in the supramarginal gyrus and occipital cortex
may be associated with visual spatial processing deficits.
Of note is also the report of abnormalities on the lingual
gyrus, a region of the brain that is associated with the
processing of emotionally charged visual stimuli,
suggesting that the processing of these type of stimuli may
be impaired in OCD patients.

(2005)

Cannistraro et al. (2007) reported FA increases in the left

Contrasting with Szeszko et al. findings,
cingulum bundle (CB) and in the anterior limb of the
mternal capsule (ALIC) and a FA decrease in the right
CB. While the findings of a decreased FA 1n the right CB
are consistent with the data reported above, the FA
increase may be associated with an exaggerated coherence
underlying functional hyperconnectivity between frontal
and subcortical regions. It is worth pointing out that this
study was conducted on a small sample of § OCD patients
and 10 healthy controls. However, a study by Yoo et al.
(2007) with drug naive patients and matched healthy
controls, partially confirmed these data, finding significant
FA increases in several white matter regions such as the
corpus callosum, internal capsule and white matter in the
region of the right caudate. Interestingly enough, these
differences disappeared after 12 weeks of treatment with
citalopram.

independently of

Consistent with data from Yoo et al. (2007), Lochner
et al. (2012) found evidence of significant increases in FA
levels in the anterior hmb of the internal capsule
(bilaterally) body
contrasting with FA decreases in the right side of the

near the of the caudate region,
anterior imb of the internal capsule close to the head of
caudate. Again, this data seems to point to alterations of
connectivity in major CSTC pathways with evidence of
increased connectivity in striate regions (body of caudate
connectivity in  prefrontal

(head of

Additionally, a decrease MD was found in the left anterior

region), and decreased

projection  pathways caudate  region).
cingulum and body of the right cingulum. Again, this data
may point towards an increased structural connectivity in
these regions. Contrasting with several studies reported
previously, no significant differences were found between
OCD and healthy controls in the genus of the CC and
uncinate fasciculus.

Nakamae et al. (2008) tried to bring some light into
contradictory results on increased versus decreased FA in
OCD (e.g., anterior cingulum) by analyzing both the FA
and the apparent diffusion coefficient - ADC (i.e., degree
of apparent water diffusivity) across the whole brain.
Opverall, no regions were found with decreased FA levels
in the OCD patients. On the contrary, and in line with the
studies of Cannistraro et al. (2007) and Yoo et al. (2007),
an increased FA was found for the OCD group in the
bilateral semioval center extending to the subinsular white
matter. No significant results were observed in the ADC
index (other than a trend to an increased ADC 1n the left
medial frontal gyrus). Along with Cannistraro et al. (2007),
the authors interpreted their results in terms of increased
connectivity in these brain regions which may be
associated with most of the alterations of functional
connectivity and symptomatic expression of OCD. As an
example, the authors point out that the insula has been
associated with emotional processing of disgust to which
OCD patients seem to have higher sensitivity.

Menuzies et al. (2008) extended the scope of previous
studies by looking at white matter abnormalities in a DTI
study comparing OCD patients with unaffected OCD
relatives (first degree) and healthy controls. The results
confirmed that decreased FA levels in certain regions co-
with
specifically,

mcreased levels 1n other More

OCD

decreased FA 1in the right parietal region and increased FA

existed areas.

patients were found to exhibit
in the right medial frontal region. Interestingly, those same
findings were evident in first degree relatives of the OCD
patients pointing out to the existence of white matter
endophenotypes of increased risk for OCD. While the
finding of increased FA on medial frontal regions seems
to point, once again, to an hyperconnectivity in the frontal-

subcortical circuits, the data on a decreased FA in the
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parietal regions suggest a possible disconnectivity in these
regions consistent with similar finding reported on
morphometric white and gray matter studies, and possibly
associated with visual spatial processing impairments.
Building on data presented above on the involvement
of extended white matter abnormalities, Garibotto et al.

(2010) looked at

connecting orbitofrontal

long intrahemispheric  pathways
with parietal and occipital
regions. In this study, the FA levels and the principal
diffusion direction - PDD (L.e., index revealing the
structural anatomy through the analysis of the fiber
direction within each voxel) of the most prominent
intrahemispheric longer fiber tracts were analyzed in OCD
patients and healthy controls. Significant decreased FA
and alteration of the PDD levels were found in most of
the pathways, namely the superior longitudinal fasciculus,
the optic radiation, the inferior fronto-occipital fasciculus,
along with the corpus callosum and the cingulate bundle.
Additionally, FA levels were found to be significantly
correlated with different symptomatic and
neuropsychological measures. Particularly interesting was
the correlation between FA levels and visual spatial
processing measures (i.e., Trail Making - A), in line with
the parietal white abnormalities reported by Menzies et al.
(2008) and Szeszko et al. (2005).

One possible reason for the inconsistent results
regarding white matter abnormalities is the diversity of
DTI methodologies used. While most of the studies
referred above used a voxel-based morphometry approach
to DTI, Nakamae et al. (2011) suggested the analysis of
FA using a Tract-Based Spatial Statistics - TBSS (Smith et
al., 2006). In this study a sample of non-medicated OCD
patients was compared with healthy controls. Contrary to
some of the studies presented before, but consistent with
Garibotto et al. (2010), no regions with increased FA were
found. On the contrary, OCD patients had significantly
lower FA on the anterior body of the corpus callosum
fibers and
dorsolateral prefrontal cortex) as well as a tendency for

(particularly the connecting dorsomedial
decreased FA 1n the right cingulum and left anterior limb
of the internal capsule.

In the same line, Chiu et al. (2011) tried to overcome
some of the inconsistencies in most of DTI studies that
have used either a voxel-based morphometry or a region
of interest analysis approach, by suggesting the use of
diffusion spectrum imaging (DSI) based tractography in
which a mapping of the angular distribution of water
molecules  displacement 1s obtained by a diffusion
tractography approach called tract-specific analysis. The
authors calculate the Generalized Fractional Anisotropy
(GFA) in two white matter tracts previously associated with
OCD - the anterior cingulum bundle and the anterior
Again, a significant decreased

thalamic  radiation.

diffusivity index (mean GFA) was evident in OCD patients
in both the right anterior thalamic radiation and the left
anterior cingulum bundle.

Bora et al. (2011) moved a step further trying to clarify
if white matter abnormalities in OCD were either due to
axonal damage or changes in myelination processes. In
order to do that, they looked at the FA levels as well as
AD (an index of axonal damage) and RD (an index of
abnormal myelination) in OCD patients when compared
with healthy controls. In terms of FA, a Tract-Based
Statistic Analysis showed that the only significant finding
was, again, a decrease of FA levels in the body of the
corpus callosum for the OCD patients. More interestingly,
those differences seemed to be due to an RD increase
than AD, thus
myelination rather than axonal damage.

rather and pointing to abnormal

However, completely different findings were reported
by Li et al. (2011) in a study of several white matter
indexes (e.g., FA, RD, AD) in a group of OCD patients
compared with healthy matched controls. Contrasted with
Bora et al. (2011), no areas of decreased FA were
reported and increased FA levels were found in right
superior frontal gyrus as well as in the corpus callosum.
Interestingly, FA increases were associated with increased
AD in the same regions. Once again, we are in face of
contradictory findings that may be due to the different
methods used (e.g., Tract-Based Statistic Analysis in
Bore’s et al. study).

A recent study by Gongalves et al. (2015) examined
white matter connectivity in the inferior frontal gyrus and
its parcelations (pars orbitalis POrb, pars opercularis
POper, pars triangularis PTri), as captured by several DTI
(FA, MD, RD, AD).

They found evidence for significant alterations in brain

indices and
connectivity for persons with OCD, as expressed by low
levels of fractional anisotropy and high levels of diffusivity
i the whole IFG as well as its parcellations (the POper,
POrb and PTr). Additionally, these alterations seem to
impact structural connectivity in the left and right
hemispheres. Finally, while differences in RD were
widespread through most regions analyzed (except for the
IPOrb), higher levels of AD were restricted by region (e.g.
the IIFG, 1Ptr1). These alterations suggest the existence of
axonal pathology (.e. Increased axial diffusivity) and
altered myelination (i.e. increased radial diffusivity) in
white matter adjacent to a core brain region implicated in
mhibitory control.

Li et al. (2014) used a support vector learning machine
method to test the possibility of correctly classify OCD
and normal controls based on DTI data from OCD
patients and healthy controls. The machine learning
algorithm was able to classify individuals with significant
levels of accuracy (849%) based on alterations of a
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distributed brain network, including: bilateral prefrontal
and temporal regions, inferior fronto-occipital fasciculus,
superior fronto-parietal fasciculus, splenium of corpus
callosum and left middle cingulum bundle. These results
suggest that diffusivity abnormalities widespread in the
brain are promising markers for OCD.

Trying to put together data from gray matter and white
matter DTT alterations, Kim, Jung, Kim, Jang, and Kwon
(2015) search for latent covariance patterns of gray and
white matter that may contribute to structural alterations in
the in MRI and DTT images from OCD patients and
healthy controls. The authors confirmed alterations of the
mterrelated matter networks (gray and white matter) in the
occipital and parietal lobes, interhemispheric connections
in the frontal lobe and cerebellum.

Several meta-analysis have been trying to pool together
some of the major findings exemplified above. For
example, Fontenelle et al. (2009) published the first
narrative review of brain white matter abnormalities in
OCD including morphometric, spectroscopic and DTI
of DTI, FA
were found in

studies. In terms alterations  (mostly

reductions) different brain regions,
particularly, semioval center, corpus callosum, parietal
white matter, subinsular white matter, anterior cingulate
and internal capsule. Overall, these results are consistent
with results reported about morphometric alterations in
the corpus callosum, parietal, anterior cingulate and
iternal capsule. Additionally, diffusion alterations were
evident in the semioval center and subinsula white matter.
The semioval center is a mass of projection and
assoclation white matter fibers underneath the cerebral
cortex. Diffusivity alteration in these regions may be
with cortical-subcortical — and

associated problems

intercortical  connectivity.  Subinsular  white  matter
alterations may play a role in interoceptive awareness and
emotional processing impairments (e.g., disgust).

A subsequent meta-analysis by Peng et al. (2012), with
seven DTI studies, found decreased FA levels in several
white matter tracts, namely: cingulum bundle, inferior
fronto-occipital fasciculus, and superior longitudinal
fasciculus. On the contrary, higher FA was evident in the
uncinate fasciculus. As discussed before, the cingulum
bundle connects regions from the frontal, temporal, and
parietal and may be associated with OCD deficits in
executive functioning and emotional regulation. The
iferior fronto-occipital fasciculus connects the frontal and
occipital lobes and involved in the executive integration of
auditory and visual processing (Takeuchi et al., 2013).
The superior longitudinal fasciculus connects frontal,
parietal, temporal and occipital regions from each
hemisphere. This fasciculus has several components and
i1s involved in motor regulation, visual spatial attention,

working memory (Kamali, Flanders, Brody, Hunter, &

Hasan, 2014). All these functions have been reported as
mpaired in OCD. More curious 1s the increased
connectivity in the uncinate fasciculus connecting the
anterior temporal lobe with the inferior frontal lobe. In its
trajectory, uncinate fasciculus connects amygdala and
hippocampus to the insular cortex. Some studies have
mvolved the fasciculus in autonoetic consciousness
(Keenan, Wheeler, Gallup, & Pascual-Leone, 2000) and
one can speculate that increased FA 1n this fasciculus may
be associated with OCD tendency for increased self-
consciousness (i.e., overawareness of one's thoughts) (J.
Koch & Exner, 2015).

A more recent meta-analysis of DTT studies by Piras,
and Spalletta (2013)

widespread alterations of multiple brain networks, even

Piras, Caltagirone, confirmed
though 1n directions not completely consistent with
previous analyses. In a systematic review of 15 studies, the
authors confirmed a pattern of dissociated connectivity
characterized by increased connectivity in several frontal-
subcortical pathways (e.g. anterior limb of internal capsule,
genus of the corpus callosum, posterior limb of internal
capsule, and thalamus) and decreased connectivity n
tracks linking frontal, parietal and occipital regions (e.g.,
cingulum bundle, uncinate fasciculus, inferior fronto-
occipital  fasciculus, inferior longitudinal fasciculus,
superior longitudinal fasciculus). This is the first time the
inferior longitudinal fasciculus is reported to be altered in
OCD. This 1s a tract connecting the anterior temporal
lobe with the occipital lobe that has been reported as
mvolved n thought disorders, and visual emotional
processes (Ashtari, 2012)

Reviewing both voxel and tract-based D'TT studies, K.
Koch, Reess, Rus, (2014)

acknowledge the conflicting findings in current research

Zimmer, and Zaudig
but point out to the consistent decrease FA in the corpus
callosum and in the cingulum bundle and growing
evidence of extension of decrease connectivity in parietal
and occipital regions, helping explaining the diversity of
psychological impairments in OCD.

Radua et al. (2014) in a first multimodal meta-analysis
DTI
existence of widespread abnormalities in white matter
(c.g.,
longitudinal fasciculus, middle and inferior longitudinal

of morphometric and studies confirmed the

cingulum bundle, corpus callosum, superior

fasciculi, anterior thalamic radiation, internal capsule,
frontal tract
fasciculus) particularly by increased volume and decreased

aslant and/or inferior fronto-occipital
FA in the anterior midline tracts (i.e., crossing between the
anterior parts of the cingulum bundle and the body of
CQ).

These results are consistent with a meta-analysis by
Eng, Sim, and Chen (2015) combining data from gray

matter, white matter and functional studies. The authors
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found, in terms of white matter: decreased FA in the right

superior longitudinal fasciculus (temporal part), left
posterior corona radiate, right posterior thalamic
radiation; inferior fronto-occipital fasciculus; inferior

longitudinal fasciculus, left putamen; forceps major and
minor of the corpus callosum. On the contrary, increased
FA values were found in: right frontal and medial frontal
gyrus, body of the corpus callosum; forceps minor;
anterior thalamic radiate; right superior longitudinal
fasciculus (near inferior parietal lobule). The FA decrease
in the corona radiate deserves a comment.. Corona
radiate 1s a set of fibers projecting from and to the cortex
and includes, among others, the corticospinal tract, and 1s
mvolved in motor functions.

Opverall, the studies reported above are suggestive of
structural connectivity abnormalities that are widely spread
in the brain. Diffusions abnormalities (independent of the
several major projection,

direction) were found In

association and commissural tracts: (1)  superior
longitudinal fasciculus (thought to play a role in motor
regulation, visual attention and working memory); (2) the
(associated  with

inferior  fronto-occipital ~ fasciculus

executive functioning, particularly the integration of
perceptual processes); (3) inferior longitudinal fasciculus
(related with wvisual and emotional processing); (4)
cingulum bundle (important role in inhibitory control and
(cortical-

emotional regulation); (5) semioval center

subcortical and intracortical regulation); (6) internal
capsule (associated with inhibitory control); (7) different
regions of the corpus callosum (associated with emotional,
cognitive and perceptual regulation); (8) thalamic radiation
(possible association with the integration of cognitive,
emotional and sensory regulation); (9) optic radiation (a
core role in visual processing); (10) uncinate fasciculus
(possible associations with increased self-consciousness) .
Additional diffusion abnormalities were reported in white
matter adjacent to some gray matter structures: (1)
superior frontal gyrus (core role in working memory); (2)
medial frontal gyrus (possible associations with emotional
regulation); (3) inferior frontal gyrus (playing an important
role in mhibitory control); (4) caudate (role in cognitive
flexibility and working memory); (5) insulate cortex

(emotional processing); (6) parietal cortex (possibly

associated with visual spatial processing); (7) thalamus
(possible associations with inhibitory control deficits), (8)
supramarginal and lingual gyri (associated with visual

processing and emotional processing).

‘White Matter in Different OCD Cohorts
As we have been seeing, despite some consensus in

white  matter  morphometric  and  connectivity

abnormalities In white matter, the direction of these

changes is still very inconsistent. Part of this is due to the
different methods that have been used across different
studies and problems associated with the technique such
as: technical problems associated with different fiber-
crossing 1n distinct regions, diversity of signal estimation
methods, and dissimilar algorithms used in fiber tracking
(Liu et al., 2015).
Inconsistencies may also be product of the
heterogeneity of OCD endophenotypes (Taylor, 2012).
Therefore, there i1s a possibility that the white matter
abnormalities exhibited by OCD patients have a genetic
basis. A DTI study by Den Braber et al. (2011) compared
both FA and white matter volumes (VBM approach) in
concordant and discordant monozygotic twins scoring high
and low on OCD. More specifically the following
hypotheses were tested: (1) environmental risk hypothesis
-testing the FA and volumetric differences in high versus
low scoring twins from discordant pairs; (2) genetic risk
hypothesis - testing the FA and volumetric differences in
concordant high when compared with concordant low-
risk

hypotheses the authors found that twins scoring high on

scoring twins. In terms of the environmental
OCD symptoms when compared with their low scoring
pairs have significantly increased FA levels in the right
orbitofrontal, left dorsolateral prefrontal, left precentral,
left corpus callosum, left cingulate, left insula, right
superior parietal, right temporal and bilaterally in
cerebellar regions as well as evidence for decreased FA
levels in other brain regions: bilaterally medial frontal and
temporal regions, right insula, left parietal, and right
occipital, regions and left brainstem/pons. The white
matter volumetric analysis confirmed a significantly
increase in the left dorsolateral prefrontal cortex and
decrease in the right medial frontal and left parietal
regions. In terms of the genetic risk hypothesis the authors
found that comparing concordant high-scoring twins with
low-scoring ones there were increased FA levels in the
right medial frontal, right temporal and bilateral parietal
and decreased FA in the left inferior frontal lobe.
Additionally, i terms of white matter volumetry, a
significant decrease was found in the left inferior frontal
lobe in the high-scoring concordant twins when compared
with the low scoring. Overall the results from this study
point to the fact that changes in white matter structures are
associated with different types of risk, with the genetic
versus environmental risks cohorts affecting the brain in
different ways.  This fact may help explaining the
inconsistency in finding derived from previous studies and
calls for the need for differentiating endophenotypes in
OCD research.

However, other characteristics of the OCD population
(other than genetic versus environmental risk) may

contribute to the confounding findings presented so far.
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For example, a study by Benedetti et al. (2013) using
TBSS for comparing FA, RD and AD in a sample of drug
naive OCD when compared with medicated, was able to
find evidence of decreased widespread FA levels and
increased MD and RD, but only in medicated OCD
patients. This data may indicate medication as a potential
confounding factor in most of the studies reported above.
‘While authors
evidence of the effects of medication in the white matter
equally

interpreted the findings as possible

microstructure a, possible and plausible
hypothesis, 1s that these results may be associated with
OCD severity.

Qing Fan et al. (2012) looking at several diffusion
mdexes 1n unmedicated OCD patients and healthy
controls were able to find increased RD in several brain
regions (e.g., left medial superior frontal gyrus, temporo-
parietal lobe, occipital lobe, striatum, insula and right
midbrain) but also that some of these regions were
responsive to the effects of medication by decreasing RD
levels (e.g., left striatum and right midbrain). More
recently, S. Fan et al. (2016) comparing white matter
changes in un-medicated OCD patients, their unaffected
siblings, and healthy controls, showed decreased FA in the
left cingulate bundle in the un-medicated OCD group, as
compared to healthy controls. Despite not statistically
significant, the OCD unaffected siblings also exhibited
decreased FA as compared to the healthy control group.

K. Koch et al. (2012) tried to correlate alteration in
white matter diffusivity and patterns of symptomatic
configuration (checking, washing, ordering, hoarding,
obsessing and neutralizing) in OCD patients. Two main
results are worth mention here. First, the obsessing
dimension was found to be negatively associated with FA
levels in the corpus callosum and the cingulate bundle.
Second, and most interestingly, patients scoring high in
ordering tend to have decreased FA levels in areas
assoclated with visual processing, such as the right inferior
fronto-occipital fasciculus and the right optic radiation.

Also, in what was the first multimodal study combining
DTI (FA and ADC) with magnetic transfer imaging (MT1
- ratio between free mobile protons and immobile
protons), Glahn, Prell, Grosskreutz, Peschel, and Miiller-
Vahl (2015) analyzed both gray and white matter indexes
m OCD patients and healthy controls. The authors found
evidence of significant negative correlations between the
ADC maps in the white matter of the left cingulate cortex

and compulsion scores in the Y-BOCS. No significant
correlations were found between ADC and obsessions.
Scores of obsessions correlated significantly with the left
inferior parietal lobe MRT maps.

that  white

abnormalities may be associated with: (1) type of risk

Altogether, research  shows matter
(genetic versus environmental); (2) medication history; (3)

type of OCD; and severity of OCD symptoms.

Conclusion

There 1s now evidence for widespread white matter
morphometric and connectivity abnormalities affecting
major white matter tracts: superior longitudinal fasciculus;
inferior fronto-occipital fasciculus; inferior longitudinal
fasciculus; cingulum bundle; semioval center; internal
capsule; different regions of the corpus callosum; thalamic
radiation; uncinate fasciculus and optic radiation. Despite
some contradictory findings, probably due to different
methods and the heterogeneity of OCD cohorts, these
evidences are consistent with gray matter studies.
Additionally, white matter in regions adjacent to gray
matter  structures were also shown to exhibit
morphometric and/or connectivity abnormalities, such as:
superior frontal gyrus; dorsolateral prefrontal medial
frontal gyrus; inferior frontal gyrus; caudate; insulate
cortex; parietal cortex; supramarginal and lingual gyri; and
thalamus.

Figure 1 presents the possible association between
white matter alterations and OCD major psychological
mmpairments. While trying to be as comprehensive as
possible it is important to remark that, mainly when it
comes to white matter tracts, several psychological
processes are involved and each track can play an
immportant role in several psychological processes and

OCD symptoms.
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Figure 1. Relationship between white matter alterations
and OCD major psychological features (green - white
matter tracts; blue - white matter adjacent to gray matter
structures; red - psychological dimensions)

Despite the increase understanding brought by ever-
more-sophisticated methods for white matter imaging, the
present conclusions are still hmited by methodological
with  different
algorithms as well as characteristics and heterogeneity

constrains  associated techniques and

among the selected OCD cohorts.
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