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Abstract
Background
In the current DTI study we compared euthymic bipolar I disorder (BD-I) patients 
and healthy controls (HC). We subsequently divided the total patient group into 
 lithium-users and non-lithium-users and estimated differences across the three 
groups.

Methods
Twenty-one euthymic BD-I patients and twenty-two HC participants were included 
in psychiatric interviews and MRI image acquisition (diffusion-weighted (DW) and 
T1-weighted scans). Fractional anisotropy (FA), radial, mean and axial diffusivity (RD, 
MD, AD) were estimated from the DW data, using DTI. These measures were then 
compared between groups using FSL Tract Based Spatial Statistics (TBSS). Correla-
tions with age at onset, number of episodes and depression score were analyzed.

Results
A difference in FA, MD, RD and AD between the whole sample of euthymic BD-I 
 patients and healthy controls could not be detected. Amongst others, lithium- 
using patients demonstrated a higher FA and lower RD when compared to 
 non-lithium- using BD-I patients in the corpus callosum and left anterior corona 
 radiata.  Widespread clusters demonstrated negative FA associations and positive RD 
and MD  associations with minor depressive symptoms.

Limitations
Patients were naturalistically treated. Although the sample size is comparable to 
 several other DTI studies, a larger sample size would have been beneficial. TBSS and 
DTI have their own limitations.

Conclusion
Our findings support the theory that previously described DTI-based microstructural 
differences between HC and BD patients could be less pronounced in euthymic BD 
patients. Differences in FA between patients using and not using lithium suggest a 
counteracting effect of lithium on white matter microstructural disturbances.
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Introduction
Over the years neuroimaging techniques have demonstrated important neuro-
anatomical differences between patients diagnosed with bipolar disorder (BD) 
and healthy controls (HC). Since group differences were reported in several brain 
 regions1–3, recent neuroimaging research began to focus on the network level, to 
 assess to what extent the symptomatology of BD might be related to an atypical 
functional and anatomical connectivity between sensible brain regions. In the con-
text of anatomical connectivity, technical and methodological developments in 
 magnetic resonance imaging (MRI) allowed to estimate various parameters related to 
the microstructural properties of the white matter bundles connecting different brain 
regions, providing additional substance and complexity to BD pathophysiology. 
Diffusion-weighted (DW) imaging is based on the observation that in white matter 
tracts, the coherent geometrical orientation of the axons and of the myelin sheet 
causes the water to diffuse more along the direction of the fibers than perpen dicular 
to it. Water diffusion yields an attenuation of the net spin-echo signal in a white 
 matter voxel. Therefore, by measuring this attenuation along different directions, it is 
possible to reconstruct a three-dimensional diffusivity profile reflecting the organiza-
tion of white matter fibers in a voxel. Modelling the diffusivity profile using diffusion 
tensor imaging (DTI) allows to separately estimate the amount of water diffusion 
along the fiber tract (axial diffusivity, AD) and perpendicular to it (radial diffusivity, 
RD), as well as the mean diffusivity (MD) of water in that voxel along all the record-
ed directions4. Another widely used measure of water diffusion in a white matter 
tract is fractional anisotropy (FA), which reflects the relationship between axial and 
radial  diffusivity, quantifying how strongly directional is the diffusion of water in a 
voxel. While these measures are related to each other, their combined examination is 
particularly informative since they can be differentially modulated by several micro-
structural features, including axonal density or caliber, myelination, axonal membrane 
permeability, fiber complexity and orientation5–8. Differences in these microstructural 
features, and in the corresponding DTI measurement, across subjects can be associ-
ated with development, or relate to other stratifications of neurotypical participants. 
However, these measures can also reflect progressed or ongoing pathophysiological 
processes affecting white matter microstructure in different categories of neuro-
logical or neuropsychiatric patients. 
In BD, results from whole-brain DTI studies suggest widespread white matter 
 abnormalities. Significant widespread decreases in FA have been predominantly 
reported so far in BD patients compared with healthy controls, with differences en-
compassing all major white matter tracts9. These widespread white matter diffusion 
abnormalities, including fronto-temporal and ventral striatal regions, were marked by 
differences in diffusivity measures other than FA as well, leading to the conclusion 
that myelination problems rather than axonal loss is implicated in BD10–12. 
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Despite these advancements, a general consensus is still lacking, since other studies 
reported either lower, higher or no difference in FA between BD patients and healthy 
controls9. Inconsistency across findings might reflect differences in data acquisition 
methods as well as in patient characteristics. Importantly, in several studies9,13–16 the 
BD sample includes patients in different mood states, which contributes to increase 
inter-individual variability, and is likely associated with differential activity within and 
across brain networks, as well as with different patterns of white matter connectiv-
ity 17. In addition to mood state heterogeneity, BD patients’ samples may differ for 
medication status, which could be considered important for interpreting DTI findings. 
Indeed, lithium seems to act as a promyelinating factor18,19 and the administration of 
lithium was found to be associated with increased axial connectivity20.
In the current study we first compared estimates of white matter microstructure  
(FA, MD, RD, AD) between euthymic bipolar I disorder (BD-I) patients and HC. Based 
on previous studies pointing toward myelination problems in BD, we expected to 
find a widespread decrease in FA in several white matter tracts of BD-I patients 
compared to HC, associated with reciprocal alterations of other white matter micro-
structural parameters. Subsequently, we divided the patient group into lithium-users 
and non-lithium-users and analyzed the estimates of white matter microstructure 
across these three groups (non-lithium-users, lithium-users, healthy controls). In 
this analysis, supposing a restoring effect of lithium on myelination, we expected FA 
to be increased -and consistently a decrease of other white matter micro structural 
 parameters- in lithium-using patients compared to non-lithium-using patients, 
 possibly even attaining healthy control values. Finally, we investigated whether the 
estimates of white matter microstructure were associated with patient characteris-
tics. 
As in some of the mentioned studies, we employed the analytical framework of 
tract-based spatial statistics (TBSS), which focuses on the centers of the major 
 fiber bundles. With respect to whole-brain investigations, this approach increases 
the  statistical power of the analysis and limits the chance of misalignment across 
 subjects, as well as the issue of partial volume contamination 21. 
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Material and Methods
Participants
For the present cross-sectional case-control study we included 22 BD-I patients and 
24 HC frequency matched on age (in 5-year age groups) and gender that participated 
in the MOODINFLAME study (http://www.moodinflame.eu). All subjects underwent  
a MRI-scan and a subgroup of the subjects also received a PET-scan (15 patients,  
12 controls)22,23. 
In the MOODINFLAME study we included adult male and female subjects who were 
free of inflammation-related symptoms including fever and current or recent infec-
tious or inflammatory disease, uncontrolled systemic disease, uncontrolled metabolic 
disease or other significant uncontrolled somatic disorders known to affect mood. 
They did not use somatic medication known to affect mood or the immune system, 
such as corticosteroids, non-steroid anti-inflammatory drugs and statins. Female 
candidates who were pregnant or recently gave birth were excluded. Patients and 
controls did not have a contraindication for MRI scanning. 
Patients were allowed to continue their regular psychopharmacological treat-
ment. They were euthymic at the time of scanning as indicated by an Inventory of 
 Depressive Symptoms - Clinician Version (IDS-C30) score <22 and a Young Mania 
Rating Scale (YMRS) score <12, respectively. Patients with any other current primary 
 major psychiatric diagnosis were excluded including: schizophrenia, schizoaffective 
 disorder, anxiety disorder and substance use disorders. HC did not have any current or 
lifetime psychiatric diagnosis. 

Ethical Considerations
The Medical Ethical Review Committee of the University Medical Center  Groningen 
approved the protocol, which was performed in accordance with the Helsinki 
 Declaration of 201324. Written informed consent was obtained from all participants.  

Assessments
All subjects underwent a Mini-International Neuropsychiatric Interview (MINI) to 
confirm the diagnosis in the patient group and the absence of psychiatric disorders in 
the HC25. Clinical features were extracted from the interviews held according to the 
general MOODINFLAME protocol. This protocol included the Patient Questionnaire 
of the former Stanley Foundation Bipolar Network, the YMRS, the IDS-C30 and a so-
matic illness questionnaire26–28. The somatic illness questionnaire is a MOODINFLAME 
specific checklist exploring all the organ systems for current and lifetime medical 
symptoms. In the event of a mismatch of results from the MINI in relation to the 
 Patient Questionnaire, diagnoses were checked with the treating physician. 
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Magnetic Resonance Imaging acquisition
Diffusion-weighted (DW) data were acquired using a single-shot pulsed gradient 
spin echo EPI sequence (TR = 8041 ms, TE = 59.98 ms) on a 3-T MR scanner (Intera, 
Philips Medical Systems, Best, the Netherlands) equipped with an eight-channel head 
coil. For each subject, 32 DW images were collected along non-collinear directions, 
with a maximum gradient strength of 40 mT/m and a b-value of 1000 s/mm2. In addi-
tion, one non-DW volume (b ≈ 0, referred in the following as a b0 image) was acquired. 
Each volume consisted of 55 transverse slices (FOV = 240 х 240 mm, voxel size = 2.5 
mm isotropic, no gap). The total acquisition time for this sequence was less than  
6 minutes. 
In addition, we acquired also one high-resolution (1 mm isotropic) T1-weighted image 
for each participant (SPGR, TR = 9758 ms, TE = 4.59 ms, flip angle 8°,  
FOV = 220 х 220 mm, voxel size 0.859 х 0.859, slice thickness 1.2mm) covering the 
entire cerebrum. The total acquisition time for this sequence was less than 5 minutes. 
PAR-REC files collected from scanning were transferred into NIFTI format data using 
MRIcroX software (version 1.2, http://www.mccauslandcenter.sc.edu/CRNL/tools/
mricro) which also provided the text files containing the diffusion vectors (bvecs) and 
the b-values (bvals) needed to fit the diffusion tensor to each image voxel.
The acquisition of all MRI data was performed according to our protocol for limiting 
head movement: the participant’s head was restrained with foam pads on either 
sides, and further contained with a Velcro strap.

Image processing and analysis
Data preprocessing and analysis were performed with the FSL FMRIB Software 
 Library v5.0 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/, FMRIB, Oxford Centre for Functional 
MRI of the Brain, University of Oxford, Department of Clinical Neurology,  
John Radcliffe Hospital, Oxford, United Kingdom), a comprehensive library of analysis 
tools for MRI data29–31. 

Preprocessing and diffusion tensor estimation
For every participant, and in the native space, DW images were first corrected for 
 motion and eddy-current distortions using the eddy correct utility in FSL. The b0 
image was used as the reference image for realignment of all the DW images. The log 
of this procedure provided information to estimate the mean displacement for each 
subject across the acquisition. A two-samples t-test failed to reveal a significant 
difference between the mean displacement between groups (t =-1.51, p=0.13). Sub-
sequently, we extracted a brain mask on the b0 image by means of automated skull 
stripping32 and FSL Fdt was used to perform diffusion tensor estimation on the voxels 
encompassed by the brain mask33. This yielded an estimation of fractional anisotropy 
(FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) for each 
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brain voxel. Quality control was performed by visual inspection of the raw DTI and FA 
images34,35, performed independently by two researchers (BH, LC). Due to technical 
problems DW acquisition failed to provide workable images in one patient and two 
healthy controls, effectively yielding 22 HC DW scans and 21 BD-I DW scans.

Tract based spatial statistics
Group differences in white matter measurements from DTI can be assessed for every 
voxel in the white matter, however they are particularly reliable for the inner section 
of large white matter tracts, where the effect of partial voluming (i.e. contamination 
of the diffusion signal by intravoxel grey matter or CSF) can be ruled out, and inaccu-
racies in image registration across individuals are reduced with respect to the outer 
(radial) white matter, the latter being more problematic due to the highly variable 
gyral morphology. 
In this perspective, we estimated group differences in white matter microstructural 
parameters exclusively on the voxel of a white matter ‘skeleton’ approximating the 
center of the fiber tracts common to all the participants. To estimate the spatial 
 location of this skeleton, we used Tract-Based Spatial Statistics to prepare our FA, 
MD, RD, AD images. The details of this method are provided in the article of Smith et 
al.21. 
In summary, each subject’s FA image is nonlinearly registered to the FMRIB58 FA 
template and checked for distortions generated by the alignment procedure. A low 
degrees-of-freedom nonlinear registration is implemented, to prevent altering the 
subject-specific white matter topology (e.g. by merging two distinct fiber tracts into 
one). The mean FA image across all participants is calculated and thresholded to  
a minimum value of 0.2. The thresholded mean FA image defines the sample- specific 
white matter skeleton. The white matter skeleton is overlaid onto each subject’s  
registered FA image. The maximum FA value is searched along the normals to the 
skeleton - and weighted for increasing distance from it - and dragged onto the 
 skeleton for group-level comparison. This step is required to take care of potential 
residual misalignments from step 1.
TBSS has several advantages over whole-brain approaches when it comes to  estimate 
between-group differences in white matter microstructure indices derived from dif-
fusion tensor imaging: no smoothing is required either in the two-stages registration 
or in the creation of the white matter skeleton, thereby relaxing the requirement of 
prior hypotheses on the spatial extent of the effect, which is hard to define a priori. 
In addition, performing the group comparisons only on the white matter skeleton 
increases the statistical power of the analysis and minimizes the chance that the 
results are driven by partial volume effects - another potential drawback of spatial 
smoothing - or confounding morphological differences such as ventricles enlarge-
ment or atrophy.
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Two separate group comparisons were performed. In the first, the mean FA, MD, RD 
and AD values for each voxel on the skeleton were compared between healthy control 
subjects (HC) and the whole group of bipolar patients (BD-I). To test a model in which 
lithium corrects white matter microstructure disturbances, we subsequently split up 
the BD-I subjects into two subgroups according to the presence or absence of lithium 
use. To maximize statistical power, we compared voxelwise values of white matter 
microstructure across the three groups (non-lithium-users, lithium-users, healthy 
controls). In both cases, parameter estimates for group-level analysis were obtained 
from a general linear model (GLM). Potential artifacts due to age36,37 or  residual 
 motion effects on DWI images were controlled in the group-level analysis, using a 
procedure similar to that described in Yendiki A. et al.38, that is by adding subject- 
specific estimates of motion - derived from the eddy_correct procedure - as a covari-
ate of no interest in assessing differences in FA, MD, RD and AD. Within the clusters 
found by the second GLM model we compared the white matter estimates between 
the subgroups using a two-independent samples Student’s t-test.
Finally, correlation analyses were performed to estimate the correlation between FA, 
MD, RD, AD and age at onset, number of depressive and manic episodes, and IDS-C30 
score within the patient group. These analyses were done using a GLM including age 
and head motion as a covariate.
Inference was carried out by means of nonparametric permutation testing39,40 imple-
mented in FSL’s randomise software. Five-thousands permutations were calculated 
for each group comparison, in order to estimate the null distribution of either FA, MD, 
RD and AD differences. Threshold-Free Cluster Enhancement (TFCE)41 was used 
to correct for multiple comparisons using the default values provided by the --T2 
 options of FSL randomize, which are optimized for TBSS analysis. Cluster size and 
MNI coordinates at signal peak were derived with FSL Cluster and the correspond-
ing white matter tract retrieved from the ICBM-DTI-81 white-matter labels, JHU 
White-Matter Tractography and Harvard-Oxford cortical structural atlases42–44. 

Demographic data analyses
Statistical analyses on the demographic and FA data were performed using  Stata 
 Statistical Software, release 14 (StataCorp. 2015, College Station, Texas). The 
 differences in demographic and FA data between the groups were investigated with 
Student’s t-test (age, FA), Pearson’s chi-squared test (gender, medication use) and 
Wilcoxon-Mann-Whitney rank-sum test (IDS-C30 score, YMRS score). Pearson’s 
correlation coefficient was used in the analysis of the association between FA and 
IDS-C30 score.
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Results
Demographics
Subject characteristics are displayed in Table 1. With exception of the IDS-C30 score, 
there were no significant differences between BD and HC groups nor within the 
 lithium use subgroups. Although within the normal (i.e. euthymic) range (between 
0-14), mean IDS-C30 scores of BD-I patients and of both subgroups using and not 
 using lithium were higher than in HCs (z=-3.68; p<0.001; z=2.90, p=0.004; and 
 z=-3.33, p=0.001, respectively).

Group differences in white matter microstructure 
In the first model comparing the whole BD-I patient group to the HC group, while 
controlling for age and head motion, no significant clusters were found between the 
groups in the FA, MD, RD and AD analyses. 
In the second model analyzing the estimates of white matter microstructure across 
non-lithium-using bipolar disorder I (BD-I) patients, lithium-using BD-I patients and 
healthy controls, while controlling for age and head motion, significant clusters with  
a positive FA association were found in the genu, body and splenium of the corpus  
collosum, the left anterior corona radiata, as well as two small peripheral tracts in  
the frontal orbital cortex (table 2, figure 1). Significant clusters with a negative  

 Healthy controls Bipolar disorder 
whole group 

Bipolar disorder 
non-lithium 

Bipolar disorder 
lithium 

Group size 22 21 9 12 
Gender     
 Male 11 (50%) 9 (43%) 5 (56%) 4 (33%) 
 Female 11 (50%) 12 (57%) 4 (44%) 8 (67%) 
Age (mean (range), yr) 38.2 (19-67) 44.7 (24-61) 41.2 (24-59) 47.4 (36-61) 
IDS-C30 score (mean (range)) 1.1 (0-4) 5.0 (0-14)* 6.2 (0-14) 3.6 (0-12) 
YMRS score (mean (range)) 0 (0-0) 0.2 (0-2) 0.2 (0-2) 0.2 (0-2) 
Duration of illness (mean (range), yr)  25.2(2-39) 23.2 (2-39) 26.7 (12-37) 
Age at onset (mean (range), yr)  19.5 (12-43) 18.0 (12-30) 20.7 (12-43) 
Medication     
 Citalopram  3 (14%) 1 (11%) 2 (16%) 
 Trazodon  3 (14%) 1 (11%) 2 (16%) 
 Lithium  12 (57%) - (0%) 12 (100%) 
 Valproate  5 (24%) 3 (33%) 2 (17%) 
 Carbamazepine  1 (5%) 1 (11%) 0 (0%) 
 Lamotrigine  6 (29%) 2 (22%) 4 (33%) 
 Levetiracetam  1 (5%) 1 (11%) 0 (0%) 
 Quetiapine  6 (29%) 4 (44%) 2 (17%) 
 L-Thyroxine  4 (19%) 1 (11%) 3 (25%) 
 Benzodiazepines  1 (5%) 0 (0%) 1 (8%) 

 

Characteristics of the subjects. With exception of the IDS-C30 score, there were no 
significant differences between BD and HC groups nor within the lithium use subgroups.  
* statistical significant p<0.05.

TABLE 1 
Characteristics of the subjects
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RD association in this model were found in the corpus callosum, left and right anterior 
corona radiata and the anterior thalamic radiation (table 2). Within the genu, body, 
splenium of the corpus collosum and the left anterior corona radiata, FA was found to 
be significantly lower in non-lithium-using BD-I patients compared to lithium-using 
BD-I patients, as well as healthy controls. Differences between lithium-using BD-I 
patients and healthy controls were not significant (figure 1). Significant differences 
were not found between any of the groups in MD and AD.

TABLE 2 
Clusters with significant white matter microstructure estimate associations 
across non-lithium-using BD-I patients, lithium-using BD-I patients and healthy 
controls

Clusters with significant white matter microstructure estimate associations across  
non-lithium-using bipolar disorder I (BD-I) patients, lithium-using BD-I patients and healthy 
controls. The clusters are ordered on size and presented with the MNI coordinates at signal 
peak and the corresponding white matter tract retrieved from the ICBM-DTI-81 white-
matter labels, JHU White-Matter Tractography (*) and Harvard-Oxford cortical structural 
(**) atlases42–44. Voxelwise values of white matter microstructure were compared across 
non-lithium-users, lithium-users and healthy controls in a general linear model, including 
age and head motion as covariates. Voxelwise levels of significance, corrected for multiple 
comparisons, were calculated with a standard permutation testing (5000 permutations) 
by building up the null distribution (across permutation of the input data) of the maximum 
(across voxels) threshold-free cluster-enhancement (TFCE) scores and then using the 95th 
percentile of the null distribution to threshold signals at corrected p= 0.05. FA = fractional 
anisotropy, MD = mean diffusivity, RD = radial diffusivity, hc = healthy control,  
li = lithium-using BD-I patients, non-li = non-lithium-using BD-I patients, R = right, L = left.

 № White matter tract 

MNI coordinates  
at signal peak 

Number  
of 

voxels 
Minimal  

corrected p 
Direction of 

effect x y z 

FA
 

1 Genu and body of corpus callosum 
Anterior corona radiate R & L 78 156 81 6427 0.020 non-li < li < hc 

2 Body and splenium of corpus callosum 82 90 89 3993 0.019 non-li < li < hc 
3 Anterior corona radiata L 116 155 85 687 0.044 non-li < li < hc 
4 White matter of the frontal orbital cortex L** 113 145 56 4 0.050 non-li < li < hc 
5 White matter of the frontal orbital cortex L** 112 141 55 3 0.050 non-li < li < hc 

RD
 1 Genu and body of corpus callosum 

Anterior corona radiata R & L 78 156 81 7624 0.026 hc > li > non-li 

2 Body and splenium of corpus callosum 82 91 89 2419 0.038 hc > li > non-li 
3 Anterior thalamic radiation* 119 164 92 222 0.049 hc > li > non-li 
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Localization and fractional anisotropy plot of clusters demonstrating a significant association 
across non-lithium-using bipolar disorder I (BD-I) patients, lithium-using BD-I patients 
and healthy controls. Sagittal, coronal and axial MRI locations of the signal peak (cross hair) 
of the identified clusters with a significant positive fractional anisotropy (FA) association 
across non-lithium-using bipolar disorder I (BD-I) patients, lithium-using BD-I patients 
and healthy controls. The mean FA skeleton has a green color. Voxels with a significant 
association (threshold corrected p=0.05) have a blue – light blue color. Comparisons between 
the subgroups were analyzed using Student’s independent samples t-test. A = anterior, P = 
posterior, S = superior, I = inferior, L = left, R = right, BD = bipolar disorder. 

FIGURE 1
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Correlation analyses within the patient group
Analyses of the white matter microstructural estimates within the BD-I patient group 
while controlling for age and head motion, demonstrated a negative association 
 between IDS-C30 and FA in 23 clusters, complemented with 2 clusters demonstrating 
a positive association with MD and 1 large cluster demonstrating a positive associa-
tion with RD (table 3). The localization and an association plot of the five largest  
FA clusters are depicted in figure 2. Significant differences were not found between 
AD and IDS-C30 and any of the estimates and age at onset, number of depressive or 
number of manic episodes.

Discussion
In the present study we could not demonstrate a difference in white matter 
 microstructure estimates between BD-I patients and healthy controls. Across 
non-lithium-using BD-I patients, lithium-using BD-I patients and healthy controls a 
positive FA association with a concomitant negative RD association was found in the 
corpus collosum and the (left) anterior corona radiata. Within these regions,  
FA was found to be significantly lower in non-lithium-using BD-I patients compared 
to lithium-using BD-I patients, as well as healthy controls, but differences between 
lithium-using BD-I patients and healthy controls were not significant. Within the BD-I 
patient group, negative associations between minor depressive symptoms and FA, 
partly overlapping with regions with a positive RD or MD association, were found to  
be widespread. 

Euthymic patients
As far as we are aware this is the first DTI study in BD that did not find a difference in 
DTI-measures between patients and HC. There are several explanations for this. First, 
as suggested by recent meta-analytic reviews on DTI in BD an effect of publication 
bias reporting positive but not negative findings cannot be ruled out9,45. However, our 
negative finding may also be related to the fact that in the present study all patients 
were euthymic, thereby presenting with less symptoms than patients do during an 
episode and could be less affected in a pathophysiological sense. Yet, some previ-
ous studies did report a difference between euthymic patients and HC, albeit some 
with a higher FA and others with a lower FA compared to HC 15,46–54. In this regard, it 
is  conspicuous that the studies investigating BD patients while in an episode report-
ed more regions with altered FA than studies investigating euthymic BD patients45, 
strengthening the case that white matter microstructure disturbances might indeed 
be more increased or more widespread in BD patients experiencing more mood 
symptoms than in euthymic patients. 
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TABLE 3 
Clusters with a significant association between white matter estimates and 
IDS-C30 score in BD-I patients

 

№ White matter tract 

MNI coordinates  
at signal peak Number of 

voxels 

 
Minimal 

corrected p 
Direction of 

effect x y z 

FA
 

1 Corpus callosum and  
Anterior corona radiata R & L 144 97 106 18810 0.017 negative 

2 Posterior thalamic radiation R and  
Sagittal stratum R 70 43 107 6130 0.029 negative 

3 Sagittal stratum L 129 116 34 1706 0.029 negative 
4 Cerebral peduncle R & L 102 101 66 1046 0.041 negative 
5 Superior longitudinal fasciculus L 136 131 84 570 0.037 negative 

6 Inferior longitudinal fasciculus L and  
Anterior thalamic radiation L* 106 67 120 195 0.049 negative 

7 Corticospinal tract L* 107 82 131 175 0.048 negative 
8 Corticospinal tract L* 103 96 128 147 0.049 negative 
9 Inferior longitudinal fasciculus L* 138 107 70 113 0.048 negative 

10 Body of corpus callosum 81 145 99 110 0.049 negative 

11 Posterior thalamic radiation R and  
Retrolenticular part of internal capsule R 108 91 80 96 0.049 negative 

12 Cingulum* 104 73 128 46 0.049 negative 
13 Cingulum* 79 69 129 29 0.044 negative 
14 Cingulum* 102 75 121 27 0.050 negative 

15 Superior and Inferior longitudinal 
fasciculus L 138 98 52 26 0.049 negative 

16 Inferior fronto-occipital fasciculus R* 57 84 86 19 0.050 negative 
17 Anterior thalamic radiation L* 117 166 90 10 0.050 negative 

18 White matter of Precentral Gyrus** 131 129 114 8 0.049 negative 

19 Inferior longitudinal fasciculus L* 136 120 57 4 0.050 negative 
20 Anterior thalamic radiation L* 122 168 89 3 0.050 negative 
21 Anterior thalamic radiation L* 93 113 86 3 0.050 negative 
22 Anterior thalamic radiation L* 122 169 86 2 0.050 negative 

M
D

 1 

Cerebral peduncle R & L 
Superior cerebellar peduncle R & L 
Retrolenticular part of internal capsule R 
Fornix 

94 113 70 2674 0.018 positive 

2 Posterior limb of internal capsule R 79 123 68 23 0.046 positive 

RD
 

1 

Genu, body and splenium of corpus 
callosum 
Posterior thalamic radiation R & L 
Internal capsule R & L 
Corona radiata R & L 
Cingulum 
Superior longitudinal fasciculus R & L 

79 95 97 25445 0.006 positive 

 

Clusters with a significant association between fractional anisotropy (FA), mean diffusivity 
(MD), radial diffusivity (RD) and inventory of depressive symptoms (IDS-C30) score in 
bipolar disorder I (BD-I) patients. The clusters are ordered on size and presented with the 
MNI coordinates at signal peak and the corresponding white matter tract retrieved from 
the ICBM-DTI-81 white-matter labels, JHU White-Matter Tractography (*) and Harvard-
Oxford cortical structural (**) atlases42–44. Voxelwise associations between values of white 
matter microstructure and IDS-C30 score were analyzed in a general linear model, including 
age and head motion as covariates. Voxelwise levels of significance, corrected for multiple 
comparisons, were calculated with a standard permutation testing (5000 permutations) 
by building up the null distribution (across permutation of the input data) of the maximum 
(across voxels) threshold-free cluster-enhancement (TFCE) scores and then using the 95th 
percentile of the null distribution to threshold signals at corrected p= 0.05. FA = fractional 
anisotropy, MD = mean diffusivity, RD = radial diffusivity, hc = healthy control, li = lithium-
using BD-I patients, non-li = non-lithium-using BD-I patients, R = right, L = left.
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Localization and fractional anisotropy plot of clusters demonstrating a significant negative 
association between fractional anisotropy and IDS-C30 score within BD-I patients. Sagittal, 
coronal and axial MRI locations of the signal peak (cross hair) of the identified clusters with a 
significant positive fractional anisotropy (FA) association across

FIGURE 2
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Indeed, this theory is supported by our finding of widespread regions with a negative 
association between FA and minor depressive symptoms, as well as partly overlapping 
regions with a positive association between RD, MD, and minor depressive symptoms. 
As far as we know, this correlation has never been described before in BD. Interesting-
ly however, in a study investigating euthymic older patients a negative relation be-
tween FA and depression score has been reported55 and in another study with women 
with subclinical depression a positive relation with RD was described56, suggesting 
that the association between white matter microstructure aberrations and depres-
sion score may not be specific for BD. 
Additionally supporting this theory, Magioncalda et al. recently demonstrated white 
matter microstructure abnormalities to be more pronounced in groups of BD patients 
in a depressive or manic mood state, compared to euthymic patients52. Although this, 
together with the present study merely suggests a stronger association between 
mood state and white matter microstructure disturbances, it does emphasize the 
importance of longitudinal DTI studies in BD patients, while cycling through different 
mood states.

Lithium
The major regions that we report to have a decreased FA and increased RD in 
non-lithium-using patients, compared to lithium-using patients and to healthy con-
trols, have all been reported to be implicated in BD DTI studies before9. It is important 
to mention that while alterations of DTI parameters (FA, MD, RD) account for micro-
structural differences, it is difficult to further elaborate on precisely what aspect of 
white matter microstructural integrity is affected in BD. In several of the anatomical 
locations where group differences were detected, such as the corpus callosum and 
the anterior corona radiata (see tables 2 and 3), the FA decrease is associated with 
an increase in perpendicular diffusivity (RD), while parallel diffusivity (AD) was not 
 affected. This profile is usually associated with demyelination or dysmyelination8,12.
From our results it seems that the commissural and projection fibers are more 
 affected by lithium use. When affected, these tracts are known to be associated 
with impaired neurocognitive functioning. White matter leftward asymmetry of 
the anterior corona radiate is known to relate to the executive control function of 
attention57, a function that is frequently disturbed in BD. Implication of the corpus 
callosum is of specific interest, since this structure is thought to be important for 
adequate  cognitive functioning58 and several studies describe cognitive functioning 
to be  significantly associated with white matter integrity of the corpus  callosum59–61, 
whereas in another study lithium-use was found to be associated with lower 
 prevalence of dementia in an elder BD population62. 
The regions demonstrating a higher FA in lithium-using BD-I patients compared 
to non-lithium-using BD-I patients is corresponding with a previous study by 
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 Benedetti et al. demonstrating lithium-treatment to be associated with increased 
DTI  measures20. In a recent study Gildengers et al. demonstrated a longer duration of 
lithium treatment to be associated with a higher integrity of the white matter micro-
structure63. 
Building on this evidence and our results it may seem obvious to assume that lithium 
has a counteracting effect on white matter microstructural disturbances, perhaps 
being one of its therapeutic mechanisms64,65. From this point of view, in a prognostic 
way it may be promising that in the present study the FA of lithium-using patients in 
the determined clusters was indistinguishable from healthy controls.
Besides being acknowledged for its efficacy in treating BD, lithium is also known for 
its multiple points of action66. Summarizing, lithium acts on a several second mes-
senger systems that underpin its regulatory effects on neurotransmission and its 
neuroprotective properties. It modulates neurotransmission by moderating adenyl 
cyclase and cyclic adenosine monophosphate (cAMP) fluctuations, and by limiting 
myoinositol (mI), protein kinase C (PKC) and myristoylated alanine-rich c kinase sub-
strate (MARCKS). Over time, these constraints modify gene transcription within the 
cells and yield long-lasting mood stabilization. Additionally, lithium reduces the oxi-
dative burden caused by mood episodes and protects against apoptosis by promoting 
neuroprotective pathways such as Akt and facilitating the actions of neuroprotective 
proteins such as brain derived neurotrophic factor (BDNF) and bcl-2. Furthermore, it 
inhibits glycogen synthase kinase 3 beta (GSK-3β), which besides regulating glycogen 
synthesis, is also involved in gene transcription, synaptic plasticity, cell structure and 
resilience. Finally, lithium also inhibits pro-apoptotic proteins such as p53 and pro-
cesses such as autophagy67. 
In white matter microstructure, lithium may primarily assert its effects by modera-
tion of GSK-3β in glial cells, either directly or via the Akt pathway68. In mice, injection 
with GSK-3β-inhibitors was found to regulate oligodendrocyte differentiation and 
enhance myelination69. Compared to other species, the human brain is exceptionally 
myelinated70. This extensive myelination has imposed exceptionally high metabolic 
demands and is associated with vulnerabilities that are thought to make humans 
highly susceptible to brain disorders throughout their lifespan19,71. The present study, 
in addition to the above mentioned DTI studies by Benedetti et al. and Gildengers 
et al., provides in vivo support for the theory that lithium in BD has a counteracting 
effect on white matter microstructural disturbances by enhancing myelination of 
neuronal tracts via interaction with GSK-3β in glial cells. However, so far no longitu-
dinal studies exist looking at DTI measures in patients both before and during or both 
during and after lithium treatment.
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Limitations
Several limitations have to be mentioned. First, all patients were naturalistically 
treated and none of them was ‘medication naïve’ possibly leading to other medica-
tion effects in the observations revealing false phenomena or obfuscating true ones 
 (positive or false negative findings). In a review of structural and function imaging 
studies in BD, Hafeman et al. observed a limited effect of medication on function-
al fMRI and DTI study. Although rigorous analyses were typically not possible, they 
 noted that in general the effects were normalizing in nature72. 
Second, the study would have taken advantage of a larger sample size thereby in-
creasing its statistical power. However, the sample size of the whole BD-I patient 
group and the HC group is comparable to several other DTI studies in BD (ranging 
from 18 to 42 subjects per group) that did report differences between the groups45. 
Since the lithium-using BD and non-lithium-using BD subgroups are even smaller, 
we analyzed the effect of lithium across the three subgroups, instead of comparing it 
solely between lithium-using patients and non-lithium-using patients. Furthermore, 
a post-hoc power calculation of the study of Benedetti reveals that with the sample 
size used in that study, a 25% to 50% probability of type II error is still present (see 
supplemental information), which could also explain our null finding (see supplemen-
tal information). 
Third, although TBSS represents the state-of-the-art technique for voxel-wise DTI 
analyses, it has its own limitations: (1) the mentioned advantages of considering only 
the center of the fiber tract limit the possibility to detect group differences in tract 
thickness; (2) the white matter skeleton does not include many white matter struc-
tures in the most radial (i.e. outer) white matter, closest to the cortex, where short-
range connections subserved by U-shaped fibers are located. (3) precise hypotheses 
about the expected spatial location of the group difference would allow to perform 
a group comparison based on FA values averaged over a region of interest, thereby 
benefitting from the corresponding decrease of noise in the subject- and group-level 
parameter estimate.
Finally, although in our study the more larger clusters display a FA decrease associated 
with an increase in perpendicular diffusivity, typical for demyelination or dysmyelin-
ation8,12, the anatomical interpretation becomes more difficult for regions where only 
a difference in FA was detected. In this regions changes in FA can be due to a number 
of factors, including axonal diameter, axonal packing, or even to non-pathological 
situations (e.g. complex fiber organization such as crossing, kissing or fanning fibers) 
where the diffusion tensor is not able to adequately model the diffusion-weighted 
signal73. The latter in particular represents a limitation of all in vivo studies on micro-
structural integrity in BD published so far. A better anatomical characterization of the 
group differences that can be estimated using diffusion-weighted imaging therefore 
awaits future methodological developments, which can better characterize the prop-
erties of the diffusion signal with respect to their anatomical origin.
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Conclusions
In conclusion, in the present study we did not find a difference in DTI-based white 
matter microstructural estimates beyond an alpha level of 0.05, for the compari-
son between euthymic BD-I patients and HC. Our null finding might suggest that 
white matter microstructure disturbances could be less outspoken in BD patients 
not  experiencing mood symptoms, supported by our finding of widespread clusters 
demonstrating negative FA associations and positive RD and MD associations with 
minor depressive symptoms. Alternatively, our negative finding, as well as previous 
positive findings, could be explained by issues related to statistical power.
Differences in FA and RD across non-lithium-using BD-I patients, lithium-using BD-I 
patients and healthy controls could be demonstrated in the the genu, body, splenium 
of the corpus collosum and the anterior corona radiata, suggesting a counteracting 
effect of lithium on myelination problems that are associated with BD.
In our opinion, there is need for longitudinal DTI studies of BD patients that would 
 allow for the investigation of white matter microstructural disturbances over the 
course of the illness and across mood episodes, as well as the evaluation of the 
 effect of different treatments including lithium, deepening our understanding of this 
 obvious important intermediate mechanism in BD pathophysiology. 
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