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Abnormal functional-structural cingulum
connectivity in mania: combined functional
magnetic resonance imaging-diffusion
tensor imaging investigation in different

phases of bipolar disorder

Martino M, Magioncalda P, Saiote C, Conio B, Escelsior A, Rocchi G,
Piaggio N, Marozzi V, Huang Z, Ferri F, Amore M, Inglese M,
Northoff G. Abnormal functional-—structural cingulum connectivity in
mania: combined functional magnetic resonance imaging-diffusion
tensor imaging investigation in different phases of bipolar disorder.

Objective: The objective of the study was to investigate the relationship
between structural connectivity (SC) and functional connectivity (FC)
in the cingulum in bipolar disorder (BD) and its various phases.
Method: We combined resting-state functional magnetic resonance
imaging and probabilistic tractographic diffusion tensor imaging to
investigate FC and SC of the cingulum and its portions, the SC-FC
relationship, and their correlations with clinical and neurocognitive
measures on sustained attention in manic (n = 21), depressed (n = 20),
and euthymic (n = 20) bipolar patients and healthy controls (HC)

(n = 42).

Results: First, we found decreased FC between the anterior and
posterior parts of the cingulum in manic patients when compared to
depressed patients and HC. Second, we observed decreased SC of the
cingulum bundle, particularly in its anterior part, in manic patients
when compared to HC. Finally, alterations in the cingulum FC (but not
SC) correlated with clinical severity scores while changes in the
cingulum SC (but not FC) were related with neurocognitive deficits in
sustained attention in BD.

Conclusion: We demonstrate for the first time a reduction in FC and
concomitantly in SC of the cingulum in mania, which correlated with
psychopathological and neurocognitive parameters, respectively, in BD.
This supports the central role of cingulum connectivity specifically in
mania.
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Significant outcomes

e The manic phase of bipolar disorder (but not the depressive and euthymic phases) shows a decrease
in both functional connectivity and structural connectivity within the cingulum.

e Cingulum changes in functional connectivity correlate with clinical severity scores, while changes in
structural connectivity correlate with neurocognitive deficits in bipolar patients.

e Functional connectivity and structural connectivity in the cingulum seem to show dynamic changes
across the phases of bipolar disorder and may have clinical relevance.

Limitations

e Patients under treatment
e Patients with different illness duration
e The cross-sectional design of the study

Introduction

In recent years, a growing number of anatomo-
functional brain’s alterations have been detected in
patients affected by bipolar disorder (BD) (1-3).
Among the investigated structures, the cingulum, a
core component of the limbic system, is a central
candidate for abnormality in psychiatric illnesses
in general (4), and in BD in particular (5). Indeed,
the cingulum shows alterations in functional con-
nectivity (FC) and structural connectivity (SC) in
BD, especially in its anterior part, and these abnor-
malities could be central in the pathophysiology of
this illness (6-8). However, it remains unclear
whether the structural and functional cingulum
changes are related to specific phases or states
within BD, that is, manic or depressive phases, or
are rather trait-dependent as related to BD inde-
pendently of its specific phases.

Previous resting-state functional magnetic reso-
nance imaging (fMRI) studies found differences in
the FC patterns of the prefrontal cortex (PFC),
and especially the anterior cingulate cortex (ACC),
with other cortical and subcortical areas in BD
patients in general (regardless of the phase of ill-
ness) (7, 9). In particular, a hypoconnection was
especially observed in the anterior midline regions
of the default mode network (DMN) (10-12), of
which the perigenual ACC (PACC) and posterior
cingulate cortex (PCC) constitute the core midline
structures (13). However, it is still unclear whether
specific FC alterations of the cingulum manifest in
specific phases of BD (manic, depressed, and
euthymic) and whether the FC of specific portions
of the cingulum (anterior, middle, and posterior)
are differently affected.

Concerning SC, recent meta-analyses on whole-
brain diffusion tensor imaging (DTI) studies
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including BD patients in the various phases of
illness found widespread white matter (WM) alter-
ations, and especially the anterior and posterior
cingulum and some of the connected areas (genus
of corpus callosum and WM fibers close to the
parahippocampal gyrus) were found as the most
constantly altered tracts in BD (14, 15). These
studies mostly reported a decrease in fractional
anisotropy (FA) as well as an increase in mean dif-
fusivity (MD) and radial diffusivity (RD) and, in
few cases, changes in axial diffusivity (AD) (14,
15). However, previous tractography studies that
specifically reconstructed the cingulum bundle and
included only euthymic or remitted patients only
partially confirmed the DTI changes in the cingu-
lum that were found in whole-brain studies includ-
ing BD patients in all phases (4, 16-22). Therefore,
structural alterations in the cingulum were mainly
found in BD samples overall (regardless of the
phase of illness) with respect to euthymic/remitted
patients; this inconsistency may suggest that struc-
tural abnormalities are dynamic rather than static
and change across the different phases of illness.
However, studies investigating the cingulum and
its different portions in the various phases of BD
are still lacking. Furthermore, although it was
already shown in healthy subjects that SC could
underlie FC in the cingulum (as part of the DMN)
(23), to date, to the best of our knowledge, the
relationship between the cingulum FC and the
underlying SC remains to be investigated in BD in
general and in its various phases (see though (24)
for a combined investigation of the hippocampal
FC and SC in remitted BD patients).

Moreover, abnormalities in FC and SC may
play a role at a clinical level. In addition to the
specific psychopathological symptomatology, BD
was found to be associated with various cognitive



deficits, with profile changes across the different
phases of illness (25). Interestingly, in recent stud-
ies in BD patients, neurocognitive alterations and
clinical severity scores were found to be related to
WM microstructural abnormalities and functional
disconnectivity, respectively (10, 26, 27). In partic-
ular, sustained attention is one of the most affected
cognitive domains in BD (25, 28), showing differ-
ences across the active phases—for example, more
commission errors during mania while more omis-
sion errors during depression (25). Importantly,
sustained attention was found to be mediated by
the cingulum in healthy subjects (29). However,
the impact of the functional and structural discon-
nectivity of the cingulum on clinical and neurocog-
nitive (e.g., sustained attention) dysfunction in
patients in the various phases of type I BD needs
to be further investigated.

Aims of the study

The general aim is to investigate the functional
connectivity and structural connectivity of the cin-
gulum as well as their role in psychopathology and
cognition in the various phases of bipolar disorder
type I—mania, depression, and euthymia—and
healthy controls.

Our specific aims are to investigate the
following:

i) The cingulum functional connectivity between
perigenual anterior cingulate cortex and poste-
rior cingulate cortex, as well as the functional
connectivity of the different portions of the cin-
gulum, in the various phases of illness. As pre-
vious functional magnetic resonance imaging
data in bipolar disorder suggested a disconnec-
tion within the cingulum as well as within
default mode network (of which perigenual
anterior cingulate cortex and posterior cingu-
late cortex represent the main midline regions)
(see above), we hypothesized reduced func-
tional connectivity in the cingulum between
perigenual anterior cingulate cortex and poste-
rior cingulate cortex, but no functional connec-
tivity alterations in the other portions of the
cingulum, possibly in specific phases of illness.

ii) The cingulum structural connectivity between
perigenual anterior cingulate cortex and poste-
rior cingulate cortex, as well as the structural
connectivity of the different portions of the
cingulum, in the various phases of illness, and
its correlation with the functional connectivity.
As previous diffusion tensor imaging findings
in bipolar disorder showed white matter alter-
ations mainly localized in the anterior and
posterior parts of the cingulum, we
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hypothesized reduced structural connectivity
—that is, reduced fractional anisotropy and
increased mean diffusivity and radial diffusiv-
ity—in the cingulum (between perigenual ante-
rior cingulate cortex and posterior cingulate
cortex), possibly mainly in the anterior part.
As structural connectivity was found to be
related with functional connectivity in healthy
controls (see above), structural connectivity
reduction may also correlate with potential
functional connectivity alterations.

ii1) The correlations of cingulum structural con-
nectivity and functional connectivity with neu-
rocognitive and psychopathological-clinical
measures. As in bipolar disorder patients,
white matter microstructural abnormalities
and functional disconnectivity were found to
be related to neurocognitive alterations and
clinical severity scores, respectively (see above),
we hypothesized possible differential correla-
tions of neurocognitive and clinical parameters
with structural connectivity and functional
connectivity.

Methods and material

Participants were recruited from the in-patient and
out-patient service of the Psychiatric Clinic at the
University of Genoa (IRCCS AOU San Martino
—IST, Department of Neuroscience, Rehabilita-
tion, Ophthalmology, Genetics and Maternal and
Child Health, Section of Psychiatry). The Ethical
Committee of San Martino Hospital approved the
study, and a written informed consent was
obtained from all the participants.

The study was conducted on 61 bipolar patients
—21 in manic, 20 in depressive, and 20 in euthymic
phases—and 42 healthy controls (HC). All patients
met DSM-1IV criteria for current BD type I with-
out major comorbidities, as assessed by the Struc-
tured Clinical Interview for Axis-I Disorders/
Patient edition (SCID-I/P) (30), and depressive
and manic symptom severity was measured using
Hamilton Depression Scale (HAM-D) (31) and
Young Mania Rating Scale (YMRS) (32) respec-
tively. Other comorbidities consisted of panic dis-
order (n = 4), social phobia (n = 3), generalized
anxiety disorder (n = 2), obsessive—compulsive dis-
order (n = 5), somatoform disorders (n = 3), and
bulimia (n = 5). Finally, almost all the bipolar
patients were under medication with mood stabi-
lizers (lithium: n = 17; valproate: n = 26; other
antiepileptic drugs: n = 23), antipsychotics (atypi-
cal antipsychotics: n = 30; typical antipsychotics:
n=7), antidepressants (serotonin reuptake
inhibitors: n = 10; tricyclic antidepressants: n = 6;
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duals and others antidepressants: n = 10), and
benzodiazepines (n = 21) (Table S1). Moreover, all
the participants were administered the continuous
performance test (CPT), a computerized test used
to evaluate distractibility and impulsivity in the
study of sustained attention (33).

All images were acquired at 1.5-T with a GE
scanner, that is, resting-state fMRI, DTI, and
structural sequences.

Functional connectivity

After standard resting-state fMRI preprocessing, a
FC analysis with a ROI-to-ROI approach was per-
formed using the PACC and PCC as ROIs of the
midline structures of the DMN (13), according to
our a priori hypothesis on the disconnectivity of
the anterior region with the posterior region of the
cingulate cortex. To first detect differences between
the whole bipolar group and control group, the
PACC-PCC FC was entered into a two-sample
t-test between BD and HC. After obtaining signifi-
cant differences between BD and HC, the PACC-
PCC FC was entered in an analysis of variance
(aNova) followed by post hoc Games-Howell test
to detect differences between the various sub-
groups, that is, manic, depressed, and euthymic
patients, and HC. All results were thresholded at a
corrected P < 0.05.

Subsequently, a whole-brain voxel-wise FC
analysis using the PACC as seed region was per-
formed to further confirm the results of the ROI-
to-ROI approach and the specific role of PACC.
The same procedure was performed using the
PCC, as well as the supragenual ACC (SACC) and
middle cingulate cortex (MCC) as seed regions of
control.

Finally, the FC within the anterior, middle, and
posterior parts of the cingulum were entered in
ANovAs and post hoc tests to explore eventual FC
alterations in specific portions of the cingulum and
control the specificity of the PACC-PCC FC
results.

Structural connectivity

First, after standard DTI preprocessing, probabilis-
tic tractography of the cingulum was performed by
adapting the ROIs used in the FC analysis. The
mean FA, MD, RD, and AD of the cingulum were
calculated and entered into a 4 (DTI parame-
ters) x 4 (subgroups) ANovA and post hoc test to
detect differences in the cingulum SC between the
various subgroups. Then, each of the DTI parame-
ters hypothesized to be altered (FA, MD, and RD,
as well as AD values for control analysis) was
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entered into an ANovaA and post hoc test to control
which DTI parameter is specifically altered. All
results were thresholded at a corrected P < 0.05.

Second, we obtained the anterior, middle, and
posterior parts of the cingulum and the corre-
sponding DTI parameters were calculated. The
altered DTI parameters were entered into separate
ANovAs and post hoc tests for each portion of the
cingulum to explore which of them is mainly
affected. Then, each of the DTI parameters of each
altered portion of the cingulum was entered into
an ANovA and post hoc test to control which DTI
parameter is specifically altered in the different cin-
gulum portions.

Finally, the inferior frontal occipital fasciculus
(IFOF) was reconstructed and analyzed in the
same manner as a control tract.

Furthermore, within the entire sample, partial
correlations controlling for subgroup status were
performed between the altered DTI parameters
and PACC-PCC FC to detect potential relation-
ships between functional and structural disconnec-
tions. All correlation results were considered
significant at the Bonferroni-corrected P < 0.05.

Cognitive—clinical and neuroimaging correlations

Finally, within the entire sample, partial correla-
tion analyses controlling for subgroup status were
performed between the neurocognitive variables
on sustained attention as well as for YMRS and
HAM-D total scores on the one hand, with the
altered parameters of cingulum connectivity, that
is, the altered DTI parameters and PACC-PCC
FC, on the other. Furthermore, correlation analy-
ses were performed for medication variables and
illness duration with the same neuroimaging
parameters. All correlation results were considered
significant at the Bonferroni-corrected P < 0.05.

See the supporting information (Data S1) for a
detailed description of sample, acquisition parame-
ters, imaging processing, and statistical analyses.

Results
Functional connectivity

First, in the ROI-to-ROI analysis, the two-sample
t-test of the PACC-PCC FC between BD and HC
showed a significant decrease in FC in bipolar
patients when compared to controls (¢t = —2.076;
P =0.041). The aNova and post hoc analysis of the
PACC-PCC FC detected a significant difference
between subgroups (F = 4.224; P = 0.008) with
manic patients showing decreased PACC-PCC FC



when compared to both HC (P = 0.003) and
depressed patients (P =0.019) (Fig. 1 and
Table S2).

Second, in the voxel-wise control analyses, BD
patients showed a significant decrease in FC
between the PACC (as seed) and PCC, as well as
SACC/area eight right, insula right, temporal—
parietal junction left and middle temporal gyrus
left (Table S3a). Among subgroups, manic patients
showed decreased FC between the PACC (as seed)
and PCC (and insula right) when compared to HC
(Figure Sla and Table S3a). Euthymic patients
showed decreased FC between the PACC (as seed)
and temporo-parietal junction left (Table S3a).
Furthermore, a decrease in FC between the PCC
(as seed) and PACC/medial PFC was found in
manic patients when compared to both HC and
depressed patients (Table S3b). In contrast, no
significant difference was detected in FC between
subgroups when the SACC and MCC were taken
as seed regions.

Finally, no significant difference was found in
any of the portions of the cingulum between the
various subgroups (PACC-SACC FC: F=0.979
P = 0.406; SACC-MCC FC: F=0.076 P =0.973;
MCC-PCC FC: F=0.685 P =0.563) (Fig-
ure S1b).

Structural connectivity

First, the 4 (DTI parameters) x 4 (subgroups)
ANOVA and post hoc analysis of the cingulum SC
showed a significant main effect between the vari-
ous subgroups (F = 2.790; P = 0.045) with manic
patients showing decreased values when compared
to HC (P =0.036) (interaction between DTI
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Fig. 1. Differences in functional connectivity of the cingulum
in mania, depression, euthymia, and controls. ANova with
Games-Howell post hoc test of the PACC-PCC FC between
the various subgroups. Corrected P < 0.05%; P < 0.01**. FC,
functional connectivity; PACC, perigenual anterior cingulate
cortex; PCC, posterior cingulate cortex; M, manic patients; D,
depressed patients; E, euthymic patients; HC, healthy controls.
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parameters and subgroups: F = 1.511; P = 0.145).
Then, the aNovas for each DTI parameter of the
whole cingulum showed a significant difference
between subgroups in mean FA (F= 2.829;
P =0.042), MD (F = 2.958; P =0.036), and RD
(F=3.581; P =10.017), but not in AD (F = 0.584;
P =0.651). Among subgroups, the post hoc analy-
sis showed decreased FA (P = 0.034) as well as
increased MD (P = 0.035) and RD (P = 0.012) in
manic patients when compared to HC (Fig. 2,
Table S2 and Figure S2a). Furthermore, we per-
formed explorative analyses on the SC of the left
and right cingulum, separately. A significant differ-
ence between subgroups was found in the right cin-
gulum bundle in FA (F = 3.205; P = 0.027), MD
(F=2.890; P =0.039), and RD values (F = 3.557;
P =0.017). Specifically, among subgroups, manic
patients showed increased MD (P = 0.044) and
RD values (P =0.022) as well as marginally
decreased FA values (P = 0.055), when compared
to HC, and decreased FA values (P = 0.032) when
compared to euthymic patients. By contrast, no
significant differences were found in the SC of the
left cingulum.

Second, the 3 (altered DTI parameters: FA, MD,
RD) x 4 (subgroups) aNova and post hoc analysis
of the anterior part of the cingulum SC showed a
significant main effect between the various sub-
groups (F = 2.780; P = 0.045) with manic patients
showing decreased values when compared to HC
(P =0.012) (interaction between DTI parameters
and subgroups: F = 2.981; P = 0.008). Then, the
ANovAs for each DTI parameter of the anterior part
of the cingulum showed a significant difference
between subgroups in mean FA (F = 2.783;
P =0.045), MD (F = 3.838; P = 0.012), and RD
(F=3.918; P =0.011). Among subgroups, the post
hoc analysis showed decreased FA (P = 0.011) as
well as increased MD (P =0.039) and RD
(P =0.011) in manic patients when compared to
HC (Figure S2b). In contrast, no significant differ-
ences were found in the DTI parameters in the mid-
dle part (main effect: F=2.156 P = 0.098;
interaction between DTI parameters and sub-
groups: F'=1.306 P = 0.256) and in the posterior
part of the cingulum (main effect: F = 1.010
P =0.392; interaction between DTI parameters
and subgroups: F = 1.009 P = 0.420).

Finally, the 4 (DTI parameters) x 4 (sub-
groups) ANovA and post hoc analysis of the IFOF
SC showed a marginal difference between sub-
groups (main effect: F = 2.479 P = 0.066; interac-
tion between DTI parameters and subgroups:
F=1.867 P=0.058). A difference in this control
tract was found between subgroups in mean RD
(F=3.214; P=0.026) with only depressed
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Fig. 2. Differences in structural connectivity of the cingulum in mania, depression, euthymia, and controls. ANova with Games-
Howell post hoc test of the mean FA, mean MD, mean RD, and mean AD values of the cingulum (from PACC to PCC) between the
various subgroups. MD, RD, and AD values are multiplied per 10°. Corrected P < 0.05*. SC, structural connectivity; PACC; peri-
genual anterior cingulate cortex; PCC, posterior cingulate cortex; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffu-
sivity; AD, axial diffusivity; M, manic patients; D, depressed patients; E, euthymic patients; HC, healthy controls.

patients showing increased RD (P = 0.038) when
compared to HC (Figure S2c¢).

Furthermore, the PACC-PCC FC showed a sig-
nificant direct correlation with FA (r = 0.253;

P =0.013; CI:0.062-0.425) and a significant
inverse correlation with MD (r = —0.269;
P=0.008; CI:—0.436 to —0.087) and RD

(r=—-0.302; P =0.003; CI:—0.466 to —0.124) of
the cingulum (Figure S2d).

Cognitive—clinical and neuroimaging correlations

With regard to neurocognitive evaluation on sus-
tained attention, significant differences between the
various subgroups were found in all the CPT
parameters: total hits (F=9.219; P = 0.000),
omission errors (F = 8.573; P = 0.000), and com-
mission errors (F = 5.414; P = 0.002). Among sub-
groups, manic patients showed decreased total hits
(P =0.001) and increased omission (P = 0.000)
and commission errors (P = 0.046), when com-
pared to HC; furthermore, depressed patients
showed increased omission errors (P = 0.030)
when compared to HC (Figure S3). The CPT total
hits showed a significant inverse correlation with
MD (r = —0.313; P = 0.002; CI:—0.454 to —0.150)
and RD (r=-0.324; P=0.001; CI:—0.468 to
—0.142), as well as a tendency toward a significant
direct correlation with FA (r = 0.241; P = 0.016;
CI:0.030-0.404) of the cingulum (Fig. 3a). The
CPT omission errors showed a significant direct
correlation with MD (r=0.314; P =0.002;
CI:0.141-0.468) and RD (r =0.312; P = 0.002;
CIL:0.129-0.469), as well as a tendency toward a
significant inverse correlation with FA (r=
—0.216; P = 0.033; CI:—0.389 to —0.032), of the
cingulum (Fig. 3a). The CPT commission errors
did not correlate with the SC measures. In contrast
to the correlation with SC, neither CPT measure
correlated with PACC-PCC FC.

Finally, with regard to clinical correlations, the
YMRS total score showed a significant inverse cor-
relation with the PACC-PCC FC (r = —0.287;
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P =0.004; CI:—0.437 to —0.130) (Fig. 3b). The
HAM-D total score did not correlate with the FC
measure. In contrast to their correlation with FC,
the clinical scores did not correlate with the DTI
parameters of the cingulum.

Discussion
Main findings

The main findings are the following: (i) the PACC-
PCC FC was decreased in manic patients when
compared to both depressed patients and HC; (ii)
the SC of the cingulum, especially its anterior part,
was decreased in manic patients when compared to
HC; (iii) the clinical symptom severity scores corre-
lated with the PACC-PCC FC (but not with SC),
while the neurocognitive scores correlated with the
measures of cingulum SC (but not with FC).

Functional connectivity

At the functional level, we found reduced FC
between PACC and PCC, in particular in the
manic phase of BD. In the subsequent voxel-wise
analyses using the PACC as seed region, the func-
tional hypoconnection with PCC was confirmed in
mania specifically. Further confirmation was
obtained using the PCC as seed, which again
yielded a decrease in the PACC-PCC FC in manic
patients. Additionally, our data show regional
specificity of changes for the anterior and posterior
portions of the cingulum, because no significant
FC differences were found between subgroups in
any other portion. Our results confirm previous
findings that showed the central role of the func-
tional hypoconnectivity of PACC in BD (10-12).
Importantly, our results extend these earlier obser-
vations by demonstrating the abnormal relation-
ship specifically between the PACC and PCC in
the manic (rather than depressive or euthymic)
phase of BD. This is possibly related to the roles of
the PACC and PCC as central nodes within the
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Fig. 3. (a) Correlations between neurocognitive deficits in sustained attention and structural connectivity. Partial correlations con-
trolling for subgroup status (r) between the CPT parameters and the altered DTI parameters—mean FA, mean MD, and mean RD
values—of the cingulum. MD and RD values are multiplied per 10°. Bootstrap correction was carried out to detect outliers. All cor-
relation results were considered significant at the Bonferroni-corrected P < 0.05 level. Corrected P < 0.05%; P < 0.01**; P < 0.001
*** FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; CPT TOT HITS, continuous performance test—total
hits; CPT OMM ERR, continuous performance test—total omission errors; CPT COM ERR, continuous performance test—total
commission errors. (b) Correlations between clinical parameters and functional connectivity. Partial correlations controlling for sub-
group status (r) between the clinical severity scores—YMRS and HAM-D—and the PACC-PCC FC of the cingulum. Bootstrap cor-
rection was carried out to detect outliers. All correlation results were considered significant at the Bonferroni-corrected P < 0.05
level. Corrected P < 0.01**. FC, functional connectivity; PACC, perigenual anterior cingulate cortex; PCC, posterior cingulate cor-
tex; YMRS, Young Mania Rating Scale; HAM-D, Hamilton Depression Scale; M, manic patients; D, depressed patients; E, euthy-
mic patients; HC, healthy controls.

cingulate midline structures of the DMN (also sup- portions of the cingulum (that are not part of the
ported by the fact that both ROIs were taken from DMN but are included in other networks such as
a DMN template), rather than between the other the salience network).
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Structural connectivity

Previous studies that investigated bipolar
patients, without differentiation between phases
of illness, clearly reported WM alterations of the
cingulum (14, 15). However, previous DTI and
tractography studies that mainly investigated BD
patients in euthymic or remitted phases showed
inconsistent results in the cingulum (4, 16-22).
Some found significant differences between BD
patients and HC [e.g., (20, 22, 34, 35)], while
others did not [e.g., (4, 16)]. By contrast, none
of the previous DTI studies included and directly
compared the various phases of BD. Therefore
our findings may shed some light on these incon-
sistencies due to the investigation of the various
phases of BD. Moreover, it could address the
issue of regional specificity of WM changes by
including the IFOF as a control tract. We found
reduced SC in the cingulum (from PACC to
PCC), especially in its anterior part, in mania as
distinguished from depressed and euthymic
patients when compared to HC. By contrast, no
significant difference was found in the IFOF SC
in manic patients (but rather in depressed
patients), thus confirming the specific role of the
cingulum in mania. Our results are consistent
with previous findings in BD in general on SC
alterations in the cingulum (14, 15) and specifi-
cally in its anterior part (4, 5, 20, 36). At the
same time, our findings go beyond by showing
cingulum-specific structural changes specifically
in mania (rather than in depressed and euthymic
patients, when compared to HC). Tentatively,
these findings suggest that structural changes in
the cingulum are specifically associated with
mania and are thus dynamic, that is, state-
dependent (as related to the manic rather than
depressive phase) rather than static, that is, trait-
dependent (as related to BD itself rather than its
specific phases). The assumption of state depen-
dence may be further supported by the fact that
we observed no structural changes in the euthy-
mic phase as well as by the correlation of SC
with state-dependent FC. This is also in accor-
dance with previous findings that did indeed
suggest acute mood states to be associated with
acute state-dependent microstructural WM
changes (37). On the other hand, previous evi-
dences of structural alterations in the cingulum
in euthymia are inconstant (see above), and they
could also depend on the preceding phase of ill-
ness [e.g., in BD patients who remitted from
mania (35)] or on a psychotic history [which can
be related to more severe WM alterations
(20-22, 38)], which is almost absent in our sample.

346

Cognitive—clinical and neuroimaging correlations

Finally, we investigated the sustained attention
with CPT, which has been shown to be affected in
BD, mainly in its acute phases (25). Our findings
confirm sustained attention deficits in mania
(rather than euthymia and possibly depression)
(39) and show for the first time that they are
related to structural changes in the cingulum. The
more severe the structural changes in the cingulum,
the higher the degree of deficits in sustained atten-
tion in mania. This result is further supported by
previous findings in healthy subjects showing that
the cingulum does indeed mediate sustained atten-
tion tasks (29). In contrast to cingulum SC,
PACC-PCC FC did not correlate with sustained
attention deficits but rather with psychopathologi-
cal symptoms as measured with the YMRS. This
underlines the psychopathological, that is, clinical
relevance, of PACC-PCC FC changes. The more
decreased the PACC-PCC FC, the stronger the
manic symptoms. This correlation further points
out the central role of the anterior—posterior
midline FC specifically in mania, with the PACC-
PCC functional disconnectivity being related to
the psychopathological symptoms.

Functional—structural disconnectivity of the cingulum in mania and
its cognitive—clinical relevance

What are the pathophysiological features underly-
ing the apparently state-dependent structural
changes in the cingulum in the manic phase? Acute
stress and/or inflammation, which could trigger
the active manic phases (40-42), can lead to alter-
ations in oligodendroglial and myelin microstruc-
ture (43-45), which are reflected in reduced FA
and concomitant increased RD (8, 18). Interest-
ingly, the anterior cingulate was found to be
altered in BD (see above) and dis/hyperconnected
with stress-related regions such as the amygdala
and hippocampus in euthymia (46, 47). What
remains unclear at this point in time is why the
manic phase specifically (rather than the depressive
phase) shows structural alterations in the cingu-
lum. Future investigations focusing on the rela-
tionship between acute stress/inflammation and
cingulum connectivity in both manic and depres-
sive phases are thus needed. In turn, alterations in
SC with concomitant alterations in FC in the cin-
gulum in mania seem to lead to cognitive distur-
bances and psychopathological symptoms (Fig. 4).
Showing reduced FC for the anterior—posterior
cingulate underlines the central role of the midline
regions and the associated DMN in mania. The
PACC-PCC FC is the core part of the DMN that



shows particularly high resting-state activity levels
(48), high degrees of metabolism (49), and high
levels of variability (50). Our findings suggest that
the PACC-PCC FC is reduced entailing altered or
decreased connectivity within the DMN. At the
psychological level, the DMN has been associated
with mind wandering (51, 52) and self-relatedness
(53, 54), with the latter showing a strong neural
overlap with the resting-state activity (13, 55-57).
One could consequently suggest in a tentative way
that manic patients suffer from alterations in mind
wandering and self-relatedness: Changes in mind
wandering and self-relatedness may be well mani-
fested in psychopathological symptoms such as
flight of ideas and distractibility as related to an
attention pattern that is excessively focused on
external stimuli at the expense of the self and its
internal stimuli in mind wandering (52). Our find-
ing of the PACC-PCC FC decrease correlating
with manic symptoms as well as the cingulum SC
decrease correlating with attention disturbances
may lend some initial support to this tentative
hypothesis, which, however, needs to be investi-
gated on separate grounds in the future, for
instance, by testing mind wandering and self-relat-
edness in fMRI in BD.

Limitations

The main limitation of the study is the medication
confound, because almost all the patients in our
sample were undergoing pharmacotherapy. How-
ever, when investigated, the medication load—that
is, the number and dosage of the various medica-
tions—and each different medication class (mood
stabilizers, antidepressants, antipsychotics, and
benzodiazepines) did not correlate with the

Cingulum disconnectivity in mania

PACC-PCC FC or with DTI parameters of the
cingulum in BD (all P > 0.05). Moreover, for each
medication class, no significant difference in these
neuroimaging parameters was found between
patients who were in treatment with the respective
drug and patients who were not (all P > 0.05).
Analogously, no differences were found between
lithium users and non-users. Thus, although some
influence of treatment on our findings cannot be
excluded, these results suggest that the changes in
FC and SC, even if potentially associated with
pharmacotherapy, are not the mere consequence
of drug treatment in our sample (58).

Furthermore, our sample consisted of patients
at different age and stages of disease. However, age
and illness duration were not significantly different
between subgroups and did not correlate with
PACC-PCC FC or with DTI parameters of the
cingulum (all P > 0.05).

Finally, our findings need to be confirmed in
future longitudinal studies.

See the supporting information (Data S1) for a
detailed description of methodology and statistical
results regarding the discussion of limitations.

In conclusion, we demonstrate for the first time
a concomitant reduction in the structural and
functional connectivity in the cingulum in bipolar
mania when compared to HC, as distinguished
from depressed and euthymic patients. Moreover,
cognitive deficits in sustained attention were
related to structural deficits while psychopatho-
logical symptoms correlated with functional defi-
cits in the cingulum. We tentatively hypothesize
that stress and/or inflammation could trigger SC
damage in the cingulum and concomitant FC
changes between the PACC and PCC in mania,
which seems to at least predispose the manic

HC
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Fig. 4. Schema—Functional and structural disconnectivity in the cingulum in mania vs. controls. Schematic representation of the
main findings in mania when compared to healthy controls. The PACC (anterior red sphere) shows a functional hypoconnectivity
(thinner red wave) with PCC (posterior red sphere); the functional hypoconnectivity correlates with symptoms. The cingulum bundle
shows a structural hypoconnectivity (thinner blue structure) mainly in its anterior part (in lighter blue); the structural hypoconnectiv-
ity correlates with neurocognitive deficits in sustained attention. PACC, perigenual anterior cingulate cortex; PCC, posterior cingu-

late cortex; M, manic patients; HC, healthy controls.
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psychopathological symptoms. If extended and
confirmed, our findings may open a novel door
for a more complex pathogenetic model of mania
which may have clinical, diagnostic, and therapeu-
tic ramifications.
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