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Radial diffusivity reflects general
decline rather than specific
cognitive deterioration in multiple
sclerosis

Johan Baijot®**, Delphine Van Laethem??, Stijn Denissen3, Lars Costers’3,
Melissa Cambron®®, Miguel D’'Haeseleer*$, Marie B. D’hooghe*®, Anne-Marie Vanbinst?,
Johan De Mey’, Guy Nagels'-**%10 & Jeroen Van Schependom?7:%1

Advanced structural brain imaging techniques, such as diffusion tensor imaging (DTI), have been used
to study the relationship between DTI-parameters and cognitive scores in multiple sclerosis (MS). In
this study, we assessed cognitive function in 61 individuals with MS and a control group of 35 healthy
individuals with the Symbol Digit Modalities Test, the California Verbal Learning Test-Il, the Brief
Visuospatial Memory Test-Revised, the Controlled Oral Word Association Test, and Stroop-test. We
also acquired diffusion-weighted images (b = 1000; 32 directions), which were processed to obtain the
following DTl scalars: fractional anisotropy, mean, axial, and radial diffusivity. The relation between
DTl scalars and cognitive parameters was assessed through permutations. Although fractional
anisotropy and axial diffusivity did not correlate with any of the cognitive tests, mean and radial
diffusivity were negatively correlated with all of these tests. However, this effect was not specific

to any specific white matter tract or cognitive test and demonstrated a general effect with only low
to moderate individual voxel-based correlations of <0.6. Similarly, lesion and white matter volume
show a general effect with medium to high voxel-based correlations of 0.5-0.8. In conclusion, radial
diffusivity is strongly related to cognitive impairment in MS. However, the strong associations of radial
diffusivity with both cognition and whole brain lesion volume suggest that it is a surrogate marker for
general decline in MS, rather than a marker for specific cognitive functions.

Multiple sclerosis (MS) is the most common inflammatory, demyelinating, and neurodegenerative disease of
the central nervous system in young adults’. Between 40 and 70% of the persons with multiple sclerosis (PwMS)
suffer from cognitive impairment>?, which has a detrimental effect on quality of life* and coping mechanisms?,
and cannot be accurately predicted by disease duration®.

Assessing cognitive impairment is difficult and time-consuming. At the same time, it is subject to learn-
ing effects, test-retest variability, and interrater variability. MR imaging has been explored to provide more
objective and reliable biomarkers of the patient’s cognitive functioning®’. Yet, correlations between cognitive
test results and brain volume loss or lesion volume are weak (0.2-0.4)%. Additionally, atrophy as seen on MRI
indicates substantial neuronal cell death, which means that the window of opportunity to prevent neuronal loss
has passed. Therefore, alternative markers of cognition are being investigated. One option is to look at how the
brain functions using electro- or magnetoencephalography or functional MR imaging. While promising results
have been achieved®'?, we recently provided indirect evidence that the analysis of fMRI networks may be affected
by vascular changes!!.

Another option is to assess the brain’s microstructural integrity through diffusion-weighted imaging (DWTI).
By modelling the diffusion of water molecules along white matter fibre bundles through diffusion tensor imaging
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PwMS (n=61) | HS (n=35) | pvalue

Age in years (M +SD) 47.5(£9.7) 48.4 (£11.7) 0.68
Sex (Men/Women) 27/34 18/17 0.50
Education level in y (M +SD) 14.2 (£2.5) 15.4 (x2.1) 0.02
BecKk’s Depression Inventory (M + SD) 11.4 (x£7.5) 5.8 (+5.6) 0.0003
Fatigue Scale for Motor and Cognitive Functions (M +SD) 63.9 (+17.1) 33.9(+10.3) <0.0001
EDSS (Med [IQR]) 3[2-4]

NHPT in peg/second (M +SD) 0.41 (£0.08) 0.45 (£0.05) 0.0011
Disease duration in y (M +SD) 154 (£8.4)

Cognitive evaluation

SDMT (M +SD) 48.6 (£11.2) 54.8 (£9.5) 0.0075
CVLT (M£SD) 62.9 (£10.6) 66.0 (£7.2) 0.12
BVMT (M +SD) 25.6 (£7.3) 28.4 (+5.6) 0.053
COWAT (M £SD) 31.5 (£9.2) 36.8 (+8.4) 0.0085
Stroop (M+SD) 40.7 (£24.2) 32.4 (£17.0) 0.10

Table 1. Demographics and neuropsychological scores of the PwMS and HS group. p values were derived
from two-sample t-tests, and from a Chi-square test for the variable sex. M mean, SD standard deviation, IQR
interquartile range, y years.

(DTI), several measures are calculated for each voxel. The parameters most assessed are Fractional Anisotropy
(FA) and Mean Diffusivity (MD). A recent systematic review'? concluded that information processing speed
(IPS) is correlated with DTT measures of several white matter bundles, mainly in the corpus callosum. However,
many studies used the Paced Auditory Serial Addition Test (PASAT) to measure IPS. Because PASAT is poorly
tolerated and the Symbol Digit Modalities Test (SDMT) is easier to administer, SDMT has replaced PASAT as
the most commonly used cognitive task to assess IPS in the past decade’.

Comparing brain microstructure between subjects poses two problems: dealing with spatial anatomical vari-
ability and correcting for multiple comparisons. The field has evolved from lowering the significance threshold in
voxel based analysis' according to multiple comparisons methods, such as Bonferroni'4, to cluster-based analysis
with set thresholds'® and finally threshold-free methods, such as threshold-free cluster enhancement (TFCE)*¢.
A recent review article by Manca et al.'? analysed brain processing speed in relation to DTI states. The authors
showed that past literature presented a high variability because various older multiple comparisons approaches
were used and thus results were inconclusive, creating a need for further research of the DTI parameters within
MS. Other studies using TECE'”!® had small sample sizes and limited scope by using only one DTI parameter
or cognitive test. Meijer et al.'® did not experience these limitations but only investigated a dichotomization of
the cognitive status (i.e., cognition impaired versus preserved), instead of studying separate cognitive domains.

In this study, we revisit the hypothesis that DTI parameters are correlated with cognition. Furthermore, by
including cognitive tests that evaluate the most affected cognitive domains in MS, we will assess whether changes
in DTT parameters are specific to certain cognitive domains. We perform a group analysis comparing the DTI
parameters of 61 PwMS with 35 healthy subjects (HS), using tract-based spatial statistics (TBSS)!*?. Second, we
assess each cognitive domain and its relation to the DTI parameters in our complete study sample throughout
the whole brain, by combining the advantages of applying a TFCE as a cluster-based analysis and a voxel-based
analysis, similar to Bernabéu-Sanz 2021%'.

Results

Demographics, clinical, and neuropsychological data. Our study included 61 PwMS and 35 HS. The
characteristics of each group are presented in Table 1. Age and sex were similar in both groups, but there was a
statistically significant difference in terms of education level, fatigue, and depression. While both groups per-
formed similarly on verbal and visual memory tests and the combined test for processing speed and attention,
PwMS scored significantly lower on tests for processing speed, verbal fluency, and hand motricity.

Analysis of diffusion tensor parameters: group differences. In a first analysis, we compared the
diffusion tensor parameters of the PwMS group to those of the HS group; the results are illustrated in Fig. 1.
PwMS showed a general decrease in fractional anisotropy (FA), across the whole white matter and an increase in
mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) in all regions. The results of the cluster
analysis of the permutation testing are presented in Table 2. Only one large cluster was found for each of the
diffusion tensor parameters.

Correlation of diffusion tensor parameters with cognitive scores. Inasecond analysis, we assessed
the relation between the diffusion tensor and neuropsychological parameters. First, we identified clusters that
were significantly correlated with the different cognitive tests through TBSS and TFCE. The visualisation of
these intermediate results is available in an online repository (https://neurovault.org/collections/LYEGOWBT/)
aligned to the MNI-space in Neuroimaging Informatics Technology Initiative (NIfTI) format. In the next
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Figure 1. Tract-based spatial statistics nonparametric permutation inference results of comparing the diffusion
tensor parameters of PwMS and HS. For better visualisation purposes the results are projected on top of a
standard MNTI image, with the assessed IIT-FA-skeleton shown in green and the significant outcomes thickened.
Regions in red and blue respectively indicate a significant decrease or increase of the diffusion tensor parameter
in PWMS compared to HS. For better visualization, the data can be visualized in 3D in the repository: https://
neurovault.org/collections/LYEGOWBT/.

Volume Mean p value Min p value
RD 43,606 mm?® 39.4% 0.0072 <0.001
FA 39,257 mm?® 35.4% 0.008 <0.001
MD 37,397 mm?® 33.8% 0.0081 <0.001
AD 21,999 mm?® 19.9% 0.007 <0.001

Table 2. Parameters of the analysis of clusters of the permutation testing for each diffusion tensor parameter.
The parameters of the clusters listed are volume in mm? and in % compared to the total WM tracts volume (of
110,750 mm?), mean p value and min p value.

step, the correlations between DTI parameters of the voxels within these clusters and the different cognitive
parameters were assessed using the significant clusters as mask for the calculations, which is shown in Fig. 2.
Finally, these correlations were evaluated using a white matter bundle atlas. There were no significant correla-
tions between FA and AD and any of the assessed variables. MD and RD were correlated with the Symbol Digit
Modalities Test (SDMT), California Verbal Learning Test-II (CVLT), Brief Visuospatial Memory Test-Revised
(BVMT), and the Controlled Oral Word Association Test (COWAT) but only the SDMT correlation passed the
correction for multiple comparisons. The strongest correlation for each white matter bundle is listed in Table 3.

Correlation of diffusion tensor parameters with volumetric parameters and EDSS. Combin-
ing all T2 FLAIR hyperintensity lesion maps, we created a heat map to indicate the probability that a lesion was
detected in a certain location in our dataset (see Fig. 3).

Furthermore, we assessed the association between tensor parameters and lesions volume, WM volume and
EDSS. The intermediate results are provided in the online repository: https://neurovault.org/collections/LYEGO
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Figure 2. Distribution of r-values from the voxel-wise Pearson correlations between the diffusion tensor
parameters and neuropsychological z-scores, for the significant voxels of the TFCE analysis. Results using the
cut-off of 0.001 are shown in green and the corresponding volume is indicated with **. In blue we also show the
results of cut-off 0.05 and its corresponding volume.
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anterior commissure. 1677 0.47 59 1358 -0.49 65 1 -0.38 39 65 038 36 3371 -0.50 6.7 2347 049 6.4 2326 043 48 1810 -0.48 5.7
left arcuate fasciculus 3832 048 60 123 047 59 78 -041 as 120 038 a7 649 -0.52 71 3295 049 63 3985 043 49 1853 -041 42
right arcuate fasciculus. 4321 0.48 62 377 045 53 355 -0.39 a1 [ Y \ 6810 -0.52 74 2327 04 52 4220 048 6.1 1505 -0.42 44
left frontal astant tract 4420 048 60 1320 047 59 1079 038 39 164 039 38 6221 052 71 3109 045 63 4256 044 51 2681 046 52
right frontal aslant tract 5520 0.48 62 1198 045 53 1441 044 52 33 039 38 8654 049 65 4066 -0.47 59 5578 048 61 3642 042 45
left cinguium 55 534 043 5.0 7na 042 a6 4 034 30 3590 -0.50 65 1806 -0.43 50 2585 047 57 1604 -0.46 52
right dingulum 51 345 040 43 607 -0.38 38 | T \ 4862 -0.53 76 1800 -0.41 a4 3210 044 51 1762 -0.39 38
forceps major 67 3416, 051 69 2337 044 50 1120 039 3s 8524 058 93 5326, 050 68 5704 043 49 3565 043 45
forceps minor 52 1678 048 63 1783 043 5.0 695 039 38 6467 -0.53 76 3220 -0.48 6.0 4744 049 63 3014 -0.46 52
corpus callasum 73 14093 051 69 1253 048 52 a9 045 so [N os: o3 050 o5 [NEEE o4 64 2025 048 57
midde of corpus callosum 14615 -0.52 73 6991 0,51 6.9 6919 -0.44 52 3176 045 5.0 22300 -053 76 11550 -0.50 68 15849 -0.47 57 10029 -0.46 52
left corticaspinal tract 4018 0.52 73 1357 046 57 1587 -043 a9 225 039 39 729 -048 60 3265 -0.47 6.0 4624 -0.47 57 1929 -0.39 39
right corticospinal tract 3934 0.50 67 1083 042 46 1189 044 52 280 041 42 7265 048 62 2395 044 50 4445 044 50 2582 041 43
fornbx 380 0.42 a7 267 0.4 43 159 -0.36 is o\ \ 391 -D44 52 302 -0.41 a5 193 -0.37 37 202 037 35
left frontoporitine. 5333 0.47 58 1534 045 53 19560 -0.43 a9 125 037 35 8938 049 65 3920 047 60 5894 -0.47 57 2768 046 52
right frontopontine 5889 -0.48 62 15721 045 53 1760 -D44 52 135 038 37 9734 -053 76 3670 -0.44 50 6284 -0.44 5.1 3713 -043 47
leftinferior cercbellar pedundie 34 041 44 o\ \ o\ \ o\ \ 1421 -047 59 o\ \ o\ \ o\ \
right inferior cerebellar peduncle 363 043 50 o\ \ o\ \ o\ \ 15% -0.47 59 LAY \ 0 \ \ 0\ \
leftinferior frontooccipital fascicdus 1282 0.43 49 96 047 6.0 515 038 38 o\ \ 2458 0,58 93 1520 0.46 57 1844 049 64 1373 044 49
right inferior frontoocdpital fasciculus. 1447 0.43 a8 763 044 51 285 -0.41 aa o \ \ 2620 -0.48 60 1756 -0.47 59 1933 043 49 1057 -0.44 48
leftinferior longitudinal fasciculus 2153 0.4 a7 1699 047 6.0 1174 044 50 o\ \ 5152 -0.58 93 3366 047 59 3499 046 56 2813 048 5.7
right inferior longitudinal fasciculus 1731 045 53 9311 047 58 345 -0.36 35 o\ \ 4131 -047 58 2158 047 60 2570 043 49 1787 044 48
middie cerebellar peduncle 453 0.43 50 o\ \ o\ \ 0\ \ 4011 051 69 LAY \ 31 037 37 o\ \
left middie longitudinal fascculus 2709 0.52 73 17117 051 6.9 1642 -044 50 310 045 50 5318 -051 70 3286 -0.50 68 3788 -0.46 55 2668 -0.44 48
right middie longftudinal fasciculus. 2224 .50 67 1213 042 48 859 -041 as 291 041 a2 4588 -0.48 60 2325 -0.44 5.2 3212 042 47 1712 -038 37
left medial lemniscus. 1262 0.50 67 241 040 43 515 -0.39 a1 o\ \ 3001 -048 60 304 043 49 1647 039 41 346 -043 47
right medial lemniscus. 933 0.50 67 333 041 44 389 039 41 0 \ \ 2485 048 62 395 0.40 43 1540 040 42 479 039 39
left occipitopontine tract 3232 052 73 1603 044 51 1688 044 50 321 039 39 5899 10,56 85 3181 047 6.0 3800 047 57 2416 043 45
right occipitopontine tract 2801 -0.50 67 1583 -0.47 58 1015 -D.41 as 361 041 a2 539 -0.49 63 2593 -0.47 6.0 3733 044 S1 2020 -0.38 37
left optic radiation 2449 0.47 58 1855 -0.42 48 1503 -044 5.0 0\ \ 46 -058 93 3122 046 57 3222 046 56 2363 0.4 49
right optic radiation 3324 0.50 67 1987 049 6.5 1202 -041 aa 38 038 36 6158 -0.50 65 3380 -0.49 64 4096 043 49 2667 -0.44 48
left parietopontine tract 4336 0.52 73 1696 045 53 1954 043 49 334 039 39 7865 048 61 3595 047 60 5136 047 57 2320 040 41
right parietopontine tract 3667 0.50 67 1335 042 47 1311 048 52 344 041 a2 6723 0S5O 65 2420 040 42 4075 044 50 2540 041 43
‘superior cerebellar pedundle 3020 -0.50 67 790 043 50 114 -0.39 a1 89 045 50 6623 -048 61 1277 045 53 2874 045 53 119 044 48
left superior longitudinal fasciculus 4422 -0.48 60 1164 047 59 905 -041 as 128 038 37 7818 -0.52 71 3579 -0.49 63 4533 042 46 1600 -0.40 40
right superior longitudinal fasciculus. 5114 045 53 197 045 53 308 039 41 o\ \ 9024 -0.52 74 3325 044 5.0 5254 043 49 2125 042 45
left spinothalamic tract 1812 050 67 509 -0.41 44 821 -039 a1 o\ \ 4018 -050 65 653 -0.43 a9 2335 -0.41 44 693 -043 47
right spinothalamic tract 1236 0.50 67 483 041 44 556 -0.41 as o \ \ 2966 050 65 549 -0.41 44 1892 041 44 614 -0.39 39
left uncinate fasciculus 594 039 a1 690 -0.47 6.0 3% -037 £ o\ \ 1351 -0.43 43 1090 -0.47 59 1096 -0.49 64 720 -048 5.7
right uncinate fasciculus 663 043 48 155 044 52 S1 037 37 o\ \ 1171 048 60 655 046 56 716 041 44 252 039 39
left vertical occipital fasciculus 561 0.41 45 210 037 38 135 -038 38 o\ A 2300/ <058 93 1023 046 57 998 041 45 876 -043 45
right vertical occipital fasciculus 196 0.37 38 32 03 35 o\ \ o\ \ 922 082 47 327 036 3.5 42 033 30 o\ \

Table 3.

Strongest observed correlations between the diffusion tensor parameters and neuropsychological

z-scores for each bundle of the IIT white matter bundle atlas. Bundles presenting no significant correlations
are indicated with a backslash, and a red (negative) and green (positive) colour palette is used to ease visual
interpretation of the r-values strength and direction. The r column represents the strength of the correlation
and the — LOG(p) shows the significance on the inverse logarithmic scale (the cut-off p value of 0.001 is
—LOG10(p) = 3). The volume of the shared region between the considered cluster and the tracks is shown
in mm? MD mean diffusivity, RD radial diffusivity, BVMT brief visuospatial memory test-revised, COWAT
controlled oral word association test, SDMT symbol digit modalities test, CVLT California verbal learning
test-II.
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Figure 3. Map of the likelihood of lesions (FLAIR hyperintensities) in the MS group (in percentage).

WBTY/. The voxel-based correlations between lesions, WM volume, and EDSS and DTT parameters within these
significant TFCE clusters are shown in Fig. 4. The strongest correlations for each white matter bundle from the
IIT atlas are listed in Table 4. We found that only FA was significantly related to the white matter volume, while
AD, MD, and RD were significantly associated with lesion volume. Also, MD and RD were significantly associated
with the EDSS, but the correlations with MD did not pass correction for multiple comparisons.

Discussion

In this paper, we compared DTI parameters between MS and HS and observed a significant decrease in FA
in PwMS. This likely reflects a decrease in microstructural integrity?>?*. Furthermore, there was an increase
in AD and RD in PwMS compared to HS. These parameters have been related to demyelination in ex vivo*
and mouse studies®>?. Since MD can be expressed as a linear combination of RD and AD?, it is linked to the
same biophysical properties and therefore also increased in PwMS. The associations between AD and RD and
biophysical properties have been questioned as generalizations, in part because these parameters can be altered
in pathological brain tissue without reflecting the organization of the underlying tissue. Numerical simulations
of the DTI parameters with crossing fibres associated an increase in AD and RD with demyelination?. With
axonal degeneration, we expect FA and AD to decrease while RD increases; with demyelination we expect FA to
decrease, AD to be unaffected and RD to increase®®. Despite the need for a careful interpretation, our findings
indicate a clear pathology-induced alteration of the brain structure in PwMS compared to the HS. We observed
a correspondence between the MS lesions map (available in Fig. 3) and regions showing significant group dif-
ferences of the DTT parameters.

In a second step, we looked at our main research question, the relation between DTI-parameters and cognitive
scores. On this subject, the literature was highly variable and inconclusive'>. Bernabéu-Sanz 2021%' indicated
thalamic atrophy as the main source of cognitive impairment in general and found associations between abnor-
malities in the occipital projection fibers of the corpus callosum and the SDMT in mildly disabled patients with
relapsing-remitting multiple sclerosis (RRMS). Riccitelli 2019% also studied RRMS and associated the PASAT
and SDMT with widespread abnormalities in DTT in several regions, but the strength of these associations was
not reported. Similarly, studies that compared cognitively impaired and cognitively preserved persons with MS
(Meijer'® and Zhao®) or studies assessing a specific brain area (i.e., the thalamus in Benedict*! and corpus cal-
losum in Sun®?) have reported similar results. However, the question arises as to whether these associations are
specific to information processing speed or reflect a more general (cognitive) decline.

We observed that MD and RD were correlated with the SDMT. Furthermore, the TBSS analysis showed one
large significant cluster when correlations were found. This is in correspondence with Riccitelli et al.*, who
found correlations between SDMT and MD in all bundles, except for the right cingulum, right fornix, and left
posterior thalamic radiata. The association of SDMT with numerous pathways is not surprising. A functional MRI
independent component analysis of an SDMT task has found that information processing speed is related to the
visual network, cerebellum network, motor network, auditory network, visuospatial processing and reasoning
network, and the default mode network??. At the voxel-level, we found low to medium correlations, below 0.6,
between the DT parameters and cognitive tests in the PwMS and HS group. The corpus callosum consistently
shows the greatest overlap and a high correlation with cognition compared to the other tracts. Damage to the
callosal tracts leads to dissociation of the connections between the hemispheres and has been associated with
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Figure 4. Distribution of r-values from the voxel-wise Pearson correlations between the diffusion tensor
parameters and volumetric parameters and EDSS, for the significant voxels of the TFCE analysis. Results using
the cut-off of 0.001 are shown in green and the corresponding volume is indicated with **. In blue we also show
the results of cut-off 0.05 and its corresponding volume.

cognitive impairment in MS, as reported in functional connectivity studies?*?°. Furthermore, diffusion tensor
parameters in the corpus callosum have been consistently associated with processing speed'>*.

We did not observe any association between FA/AD and the different cognitive tests assessed through non-
parametric permutation on the TBSS tracts. This is in line with previous studies, which reported weak!'>*® or
absent'>*? correlations. Other studies only found correlations with the PASAT??, but this test only has moderate
sensitivity to cognitive deficits and has been replaced by the SDMT in clinical practice’. Some studies found
correlations with other cognitive tests, but only in the corpus callosum?*32. Finally, a decreased FA has been
observed in cognitively impaired PwMS compared to those with intact cognition'®.

Based on functional connectivity studies, our expectation was that the different cognitive tests would show
more distinctive correlation patterns with MD/RD, instead of a rather homogeneous correlation strength. SDMT,
for instance, measures information processing speed and is linked to several brain regions (Silva et al.*® found
19 pairs of cortical regions in relation to the information processing network), while the CVLT measures verbal
memory, which is predominantly associated with the left medial temporal lobe, the right hippocampus, and right
frontal lobe on fMRI*. This discrepancy between our expected and observed findings could mean that MD/RD
are markers of more general damage in MS, rather than specific markers of cognitive deterioration.

We examined the association of whole brain lesion volume and white matter volume with the tensor-based
parameters. In this analysis much stronger correlations, with r values between 0.45 and 0.83, were observed for
all bundles. Additionally, the brain regions that show significant correlations between MD, RD, AD and lesion
volume are larger than the regions that showed significant correlations between MD, RD and all the cognitive
tests. Considering that RD and MD show similar correlation patterns with cognitive tests, white matter, lesion
volume, and EDSS scores, we suggest that MD and RD are plausible surrogate markers for the general decline
of brain performance due to MS rather than specific markers for cognitive decline. Since AD was not correlated
with any of the neuropsychological tests, the correlation between MD and the different cognitive tests seems to
be driven by RD¥. As such, RD appears to be of particular interest in assessing cognitive impairment in multiple
sclerosis.

Several limitations must be considered: The two groups were matched for age and sex, but not for education
level. Despite their lower education level, which is usually associated with a lower cognitive score®®, the PwMS
group did not perform significantly worse on 3 of the 6 cognitive tests (CVLT, BVMT, and Stroop). Repeating
the analysis with a slightly smaller cohort of MS patients that was matched for education (p >0.10) did not affect
our results. All PwMS were recruited either in an academic hospital (UZ Brussel) or a reference centre (National
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Table 4. Strongest observed correlation in the PWMS group between diffusion tensor parameters and
volumetric parameters and EDSS for each bundle of the IIT white matter bundle atlas. Bundles without
any significant correlations are indicated with a backslash and a red (negative) and green (positive) colour
palette is used to facilitate visual interpretation of the R values. The r column represents the strength of the
correlation and — LOG(p) shows the significance on the inverse logarithmic scale (cut-off p value of 0.001 is
—LOG10(p) = 3). The volume of the shared region between the considered cluster and the tracks is shown
in mm? MD mean diffusivity, RD radial diffusivity, BVMT brief visuospatial memory test-revised, COWAT
controlled oral word association test, SDMT symbol digit modalities test, CVLT California verbal learning
test-II.

MS Center of Melsbroek), where they regularly undergo cognitive testing, either for clinical evaluation or in the
context of research. This could have resulted in a learning effect due to repeated test exposure’. This learning
effect will decrease the sensitivity of our analysis. Additionally, our study has a cross-sectional design. A longi-
tudinal study design on cognitive deterioration in MS could provide more insight into the associations between
cognition and structural connectivity measures. Furthermore, medication and MS type were not considered in
this study. Since we used a cross-sectional design, and therefore only looked at a fixed situation and not to the
evolution, it could be neglected. For a longitudinal study, these aspects however cannot be neglected. Moreover,
there are limitations inherent to the methods used for image processing and analysis: First, TBSS was designed
to circumvent the partial volume effect, but the registration and projection of all subjects to one skeleton remains
a critical step, where atrophy and lesions will inevitably worsen the sensitivity to construct the tract in PWMS".
As the projection depends on the morphology, any surrounding lesions or atrophy can introduce voxel misas-
signment. Second, the TFCE method includes a spatial smoothing before demonstrating the significance of
clusters. Thus not guaranteeing the correlations of any voxel within the cluster. However, this should reduce false
negative results on a voxel level. Finally, we used the maximum correlation as an approximation of the relative
importance of the cluster. However, this intrinsically introduces a bias, namely, to potentially overestimate the
importance of the cluster.

In conclusion, RD is generally considered a robust marker of demyelination and is strongly correlated with
cognitive markers. Our results indicate that correlations with cognitive impairment are not limited to specific
tracts, but rather affect all the white matter. Furthermore, these correlations are not specific to distinct cognitive
domains but rather reflect the overall damage to the central nervous system caused by MS.

Methods

Compliance with ethical standards. Ethical approval was provided by the ethical committee: “commis-
sie medische ethiek van MS Center Melsbroek” on 12 February 2015 and by the “medical ethics committee UZ
BRUSSEL—VUB” on 25 February 2015 (B.U.N. 143201423263). Data analysis was carried out according to these
study protocols and following the applicable local regulations. Written informed consent was obtained from all
participants prior to inclusion.
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Data collection. The PwMS were recruited from the National MS Center of Melsbroek and the Universitair
Ziekenhuis Brussel —VUB and the HS were recruited from hospital staff and acquaintances of the PwMS. All
study participants were between 18 and 65 years old and were able to undergo MRI (absence of contraindica-
tions, eg pacemaker, prosthesis). Only patients with a diagnosis of definite MS according to the revised McDon-
ald criteria® and an Expanded Disability Status Scale score® (EDSS) below 6.0 were included. HS were excluded
if they suffered from any neurological condition or if they had first-degree relatives with MS.

In a timeframe of maximum 3 days, two testing sessions were organised, one to obtain demographical and
clinical data as well as cognitive and other testing results and one to acquire a sequence of MR images. The
demographical and clinical data included age, sex, education level and disease duration. Neuropsychological
testing included the Brief international cognitive assessment for MS (BICAMS) test battery*"*? which consist of
the Symbol Digit Modalities Test (SDMT, information processing speed)*!, California Verbal Learning Test-II
(CVLT, verbal memory and learning)*!, and the Brief Visuospatial Memory Test-Revised (BVMT, visual memory
and learning)*!. The Controlled Oral Word Association Test (COWAT, verbal fluency)* and the Stroop-test
(Stroop, processing speed and attention)** were also carried out. The cognitive scores were z-transformed for
future analysis using the HS group as a reference. This allowed us to correct for age, education level and sex of
the subjects, we refer to Costers et al.*? for more details.

MRI acquisition.  All scans were carried out at UZ Brussel on a 3T Philips Achieva scanner. The sagittal T1
weighted brain MRIs were acquired with the following parameters: field of view: 240 mm x 240 mm, 310 slices,
voxel size: 0.5 mm x 0.5 mm x 0.5 mm, flip angle: 8°, repetition time (TR): 5.19 ms, echo time (TE): 2.30 ms. The
FLAIR sequence was acquired with the following parameters: field of view: 240 mm x 240 mm, 320 slices, in-
plane resolution: 1.0417 mm x 1.0417 mm, slice thickness: 1.12 mm, 0.56 mm space between slices, TR: 1650 ms,
TE: 307 ms.

Diffusion-weighted images were acquired on the same scanner in the same session with 32 volumes with a
non-collinear diffusion gradient and a b-value of 1000 s/mm?, one volume with b-value 0 s/mm? (B0) and one
volume with reverse-phase encoding. These images were acquired with the following parameters: in-plane field
of view: 250 mm x 250 mm, 70 slices, in-plane resolution: 0.975 mm x 0.975 mm, slice thickness: 2 mm, TR:
5133 ms, TE: 95 ms.

Image processing. MRtrix3*° and FSL** software packages were used for processing and MATLAB
2019a was used for further statistical analysis. The diffusion-weighted images (DWI) were denoised® and the
Gibbs-ringing effect®® was removed before estimating the susceptibility-induced field, based on the B0 and
reverse phase-encoded image®!. Correction for eddy currents®* and movement in the diffusion data was carried
out using outlier replacement® (using 3 standard deviations as a threshold due to the low number of acquired
directions), the slice-to-volume motion correction® (with 8 iterations and a degree of freedom of 8) and sus-
ceptibility-by-movement correction®. We performed bias field correction through the N4 BiasFieldCorrection
algorithm from the advanced normalization tools (ANTSs) toolkit®. This algorithm is an improved variation of
the nonparametric nonuniform normalization retrospective bias correction algorithm. From these images, the
diffusion tensor was estimated using the weighted linear least-squares estimation®. Different maps of the follow-
ing tensor-derived parameters were created: fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD) and radial diffusivity (RD). MD is related to AD and RD through the following formula:

1 2
MD = -AD + -RD
3 3

We then applied tract-based spatial statistics (TBSS)? and aligned all images to the FMRIN58_FA standard-
space®® image. Subject FA-images were skeletonised using the IIT Human Brain Atlas (v.5.0)*? templates (IIT-FA-
skeleton) and the IIT variation of the TBSS-script. A template rather than a study derived skeleton was chosen due
to the concerns about pathological influences on the projection to the skeleton'. These concerns cannot entirely
be eliminated but are limited to a subject-level rather than the group-level. For the non-FA parameters, we reused
the non-linear registration from the FA-images to the skeletonised map with the IIT version of the TBSS script.

The lesion maps, the volume of lesions and the volume of white matter (WM) were obtained using the
icobrain 3.1 software, previously known as MSmetrix®. The lesion maps and the diffusion tensor maps were
transformed into the MNI space with the ANTS registration toolbox® and using the 2 mm standard template
available in FSL as reference®.

Statistical analysis. In a first analysis, we looked at the differences between PwMS and HS by performing
a nonparametric permutation, using the FSL randomise tool®* with 2000 permutations and the Threshold-Free
Cluster Enhancement (TFCE) option, which generates results that are corrected for multiple comparisons across
space. A threshold of 0.05 for statistical significance was used for the corrected p-value. This resulted in a binary
3D image indicating the spatial regions in which the tensor parameters are significantly different between PwMS
and HS.

In a second analysis, we assessed possible associations between tensor parameters and neuropsychological
tests and the association between tensor parameters and the lesion and WM volume. We used a general linear
model: the neuropsychological test z-scores were used as weights in the design matrix of TBSS and similarly to
the first analysis, we obtained the significant clusters with TFCE and used a threshold for the corrected p-values
of 0.05, which we further lowered to 0.001 to account for the multiple comparisons (as each tensor parameter
was compared to six parameters).
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However, the cluster enhancement technique gains spatial specificity at the cost of losing all the information
about the cluster strength. For this reason, we added a cluster analysis and used a voxel-wise analysis within the
found clusters to gain information about the strength of these clusters. Associations between neuropsychological
test z-scores and the values of the skeletonized tensor parameters were assessed through Pearson’s correlations
in each voxel of the clusters.

As the last step of the second analysis, we used an atlas of white matter bundles, the II'T Human Brain Atlas
(v.5.0)%, and retained the strongest correlation (highest r-value) with a p-value lower than 0.001 (to compensate
for multiple comparisons) for each bundle in the atlas. The second analysis was carried out for HS and PwMS
together, as we assumed that the correlation effect is independent of the presence of disease. Furthermore, by
including both HS and PWMS, we can assess the correlation between DTI measures and cognition in a sample
with a wide range of cognitive performances. The analysis was performed for only the PwMS as well but will
only be included in the repository (https://neurovault.org/collections/LYEGOWBT/) and will not be discussed
in this manuscript.

Permission to reproduce material from other sources. All illustrations are derived from the data
used in this paper and were created only for this manuscript with the FSLeyes toolbox or in MATLAB (2021).
No material was copied from another source.
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that support the findings of this study are available on request to the corresponding author.
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