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Subtle gray matter damage was found in both thalamus and cortex of •	
patients with MS, as measured by increased skewness of the T1-relaxation 
time (RT) histogram compared to healthy controls. In the cortex, this 
increase was driven by the frontal and temporal lobes. No differences 
were found in other parameters.

Increased skewness of the cortical T1-RT histogram emerged as an •	
independent predictor of cognitive dysfunction. 

Previous studies mostly reported widespread changes in gray matter T1-•	
RT. The discrepancy with our results may be explained by the relatively 
low through-plane resolution used in those previous studies, resulting in 
pronounced partial volume effects with corticospinal fluid. 
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Abstract

Background
Gray matter (GM) pathology has high clinical relevance in multiple sclerosis (MS), but 
conventional MRI is insufficiently sensitive to visualize the rather subtle damage. 

Objective
To investigate whether high spatial resolution T1 relaxation time (T1-RT) measurements can 
detect changes in the normal-appearing GM of patients with long-standing multiple sclerosis 
(MS) and whether these changes are associated with physical and cognitive impairment. 

Methods:
High spatial resolution (1.05 × 1.05 × 1.2 mm3) T1-RT measurements were performed at 
3T in 156 long-standing MS patients and 54 healthy controls. T1-RT histogram parameters 
in several regions were analyzed to investigate group differences. Stepwise linear regression 
analyses were used to assess the relation of T1-RT with physical and cognitive impairment. 

Results
In both thalamus and cortex, T1-RT histogram skewness was higher in patients than controls. 
In the cortex, this was driven by the frontal and temporal lobes. No differences were found in 
other GM histogram parameters. Cortical skewness, thalamus volume and average WM lesion 
T1-RT emerged as the strongest predictors for cognitive performance (adjusted R2 = 0.39). 

Conclusion 
Subtle GM damage was present in the cortex and thalamus of MS patients, as indicated by 
increased T1-RT skewness. Increased cortical skewness emerged as independent predictor of 
cognitive dysfunction.
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of the 
central nervous system. Although focal white matter (WM) lesions are still the most important 
imaging characteristic used for diagnosis (1), gray matter (GM) pathology is recognized as 
a major component of the disease (2,3). More specifically, both demyelinated GM lesions 
and atrophy are reported; in particular GM atrophy shows strong associations with clinical 
deterioration (4,5). 

Whereas conventional magnetic resonance imaging (MRI) is insufficiently sensitive to the 
rather subtle GM damage in MS (6,7), quantitative MRI has demonstrated clear, clinically 
relevant changes (8–10). In addition to enhanced sensitivity, post-mortem studies report 
improved histopathological specificity of various quantitative MRI measures (11–14). T1-
relaxation time (T1-RT) mapping is a promising technique for quantification of GM damage 
(11,13). A few studies investigated GM T1-RT in MS in vivo and reported widespread increases 
(15–17). A limitation of those studies was the relatively poor through-plane resolution, with 
4- to 5-mm slices, which may have influenced the GM T1-RT measurements especially due 
to partial volume effects with cerebrospinal fluid (CSF). Parry et al. (18) used a slightly higher 
resolution (2 × 2 × 2 mm3) but investigated only thalamic GM.

Recently, driven equilibrium single pulse observation of T1 with high-speed incorporation 
of radio frequency field inhomogeneities (DESPOT1-HIFI) was proposed which can be used 
to obtain high-resolution T1-RT measurements in a clinically feasible time (19). The current 
study aimed to investigate whether changes in the normal-appearing gray matter (NAGM) of 
MS patients can be detected using these measurements and whether these are associated with 
measures of physical and cognitive dysfunction. We used histogram analysis to investigate the 
distributions of whole-brain, cortical and thalamic GM T1-RT values, and investigated long-
standing MS to maximize contrast in terms of pathology and clinical disability.

Methods and materials

Participants

The institutional ethics review board approved the study protocol and all participants gave 
written informed consent. Patients were diagnosed with clinically definite MS (1) and 
prospectively recruited from our clinical database if they had long-standing disease (i.e., a 
disease duration of at least 10 years). Disease severity was measured using the Expanded 
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Disability Status Scale (EDSS) (20) and average cognitive performance was measured using 
extensive neuropsychological evaluation. The reader is kindly referred to Daams et al. (21) for 
a detailed description on the methodology and test battery. Educational level was measured 
using a standardized ordinal scale (range 1–7) and dichotomized before subsequent analysis. 
Healthy control subjects were included to allow for comparison. 

A detailed description of the cohort, recruitment and eligibility procedure can be found 
elsewhere (21–23). The subjects and imaging data described in the current work were all taken 
from the cohort described in those previous studies, which investigated more conventional 
measures of GM atrophy and WM pathology. 

Magnetic resonance imaging

Scanning was performed on a 3T whole body scanner (GE Signa HDxt, Milwaukee, WI, USA) 
using an eight-channel phased-array head coil. The protocol included a 3D T1-weighted fast 
spoiled gradient recalled echo (FSPGR; repetition time (TR) 7.8 ms, echo time (TE) 3 ms, 
inversion time (TI) 450 ms, flip angle (FA) 12º, sagittal 1.0 mm slices, 0.94 × 0.94 mm2 in-
plane resolution) sequence for tissue segmentation, a 3D fluid attenuated inversion recovery 
(FLAIR; TR 8000 ms, TE 125 ms, TI 2350 ms, sagittal 1.2 mm slices, 0.98 × 0.98 mm2 in-
plane resolution) sequence for WM lesion detection and a 3D double inversion recovery 
(DIR; TR 8000 ms, TE 125 ms TI 498/2100 ms, sagittal 1.2 mm slices, 0.98 × 0.98 mm2 in-
plane resolution) sequence for (juxta)cortical lesion detection. 

DESPOT1-HIFI was employed to perform cerebral T1-RT mapping (19), which involved 
acquisition of two 3D spoiled gradient recalled echo (SPGR) sequences (TR 6.5 ms, TE 
1.8 ms, FA 4º and 18º, 170 axial 1.2 mm slices, 1.05 × 1.05 mm2 in-plane resolution) and 
a 3D inversion recovery (IR-)SPGR sequence (TI 450 ms, FA 5º, same TR, TE, number of 
slices and resolution) to correct for B1 field inhomogeneities. The (IR-)SPGR images were 
reconstructed using sum-of-squares reconstruction (see Supplementary Materials) and the 
quality of the images was evaluated to exclude subjects with motion artifacts. Head motion 
between acquisitions was corrected using rigid registration to halfway space (FLIRT and 
MIDTRANS, both part of FSL 5.0.4, http://www.fmrib.ox.ac.uk/fsl). Next, in-house developed 
software was employed to calculate the T1-RT maps. Using correction factors derived from 
phantom measurements, the software accounted for scanner-specific analog receiver gain 
(R1) differences between acquisitions and sub-optimal adiabatic inversion.

A calibration procedure was performed using the ADNI-phantom (Magphan® EMR051, The 
Phantom Laboratory, Salem, NY). DESPOT1-HIFI results were compared with an inversion 
recovery reference (TR 6000 ms, TE 10 ms, TI {50,…,2500} ms in 20 steps, single 8.4 mm 
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slice, 1.05 × 1.05 mm2 in-plane resolution), which assured a maximum absolute T1-RT error 
of <5%.

Image segmentation

The segmentation pipeline was previously presented (22,23). In short, a WM lesion mask 
was obtained automatically from the FLAIR images using kNN-TTP (24), lesion volume 
was quantified and normalized for head size resulting in normalized lesion volume (NLV). 
Normalized whole-brain (NBV), GM (NGMV) and WM (NWMV) volumes were computed 
using the T1-weighted images and SIENAX (also part of FSL) after lesion filling (25).

Cortical thickness was measured using FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu), 
providing average global and lobar (i.e., frontal, cingulate, occipital, postcentral, precentral, 
temporal, parietal and insular) cortical thickness. The thalami were segmented using FIRST 
(also part of FSL) with boundary correction. Their volume was measured and normalized for 
head size. 

To reduce the time required for manual scoring of (juxta)cortical lesions, the DIR images 
were reformatted to axial 3 mm slices. (Juxta)cortical lesions were then counted by two raters 
in consensus, according to recently published guidelines (26).

Construction of tissue masks and analysis of T1-RT maps

Depending on the segmentation technique, different approaches were used to obtain tissue 
masks in T1-RT space and minimize partial volume effects: 

Whole-brain GM and WM masks were obtained by registering SIENAX partial volume •	
estimates (PVE) to T1-RT space using linear interpolation. The co-registered PVEs were 
thresholded at 0.9 to only include voxels with a low probability of having partial volume 
effects. 

Cortical and lobar masks were obtained by sampling the FreeSurfer surfaces in T1-RT •	
space. Partial volume effects were minimized by narrowing the cortical ribbon to the 
inner portion, which was defined as those voxels that fell within 25–75% of the distance 
between the WM and pial surfaces.

Thalamus masks were obtained by registering the FIRST segmentations to T1-RT space •	
using nearest neighbor interpolation. Partial volume effects were minimized by eroding 
each thalamus using a 3 × 3 × 3 voxel kernel. The resulting masks were combined to 
obtain a single mask per subject. 
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All masks were multiplied with the inverted lesion mask to assure the inclusion of only normal-
appearing tissue. Finally, all voxels with T1 > 3500 ms were removed to assure absence of CSF. 
This threshold was selected based on published T1-RT values and manual optimization (27).

Histogram analysis was used to characterize the T1-RT distributions in the tissue masks. 
Histograms (bin size: 1 ms) were smoothed using a 30 ms running average, normalized for the 
number of voxels and characterized by measures that describe global peak position and shape: 
mean, peak position, peak height, peak width (full width at half maximum). Additionally, 
skewness (i.e., the adjusted Fisher–Pearson standardized moment coefficient) was determined, 

Table 1. Demographic, clinical and descriptive MRI measures.a

HC  
(n = 54)

MS  
(n = 156)

RRMS  
(n = 104)

SPMS  
(n = 37)

PPMS  
(n = 15)

Age, y 50.70 ± 7.18 53.16 ± 9.51* 51.04 ± 9.88 56.03 ± 6.76*| 60.80 ± 6.86***|||

F/M 33/21 109/47 78/26 25/12 6/9|

Dis. duration, y - 19.60 ± 6.88 18.53 ± 5.90 22.94 ± 8.57|| 18.78 ± 6.29

EDSS scoreb - 3.5 (3.0–5.0) 3.0 (2.5–4.0) 6.0 (4.0–6.5)||| 6.0 (3.5–6.5)|||

Avg. cognition 0.00 ± 0.50 –0.95 ± 1.13*** –0.78 ± 1.18*** –1.30 ± 0.96*** –1.37 ± 0.85***

NBV, L 1.49 ± 0.07 1.43 ± 0.09*** 1.44 ± 0.09** 1.39 ± 0.09***| 1.43 ± 0.09

NGMV, L 0.79 ± 0.05 0.76 ± 0.06*** 0.77 ± 0.05 0.74 ± 0.05***|| 0.75 ± 0.06*

NWMV, L 0.70 ± 0.04 0.67 ± 0.05*** 0.67 ± 0.04*** 0.66 ± 0.05*** 0.68 ± 0.04

Raw LV, mL - 10.27  
(3.46–18.89)

8.88  
(3.45–17.86)

13.77  
(3.76 – 29.04)

12.49  
(6.76 –14.79)

NLV, mLb - 17.25  
(9.83–27.51)

14.82  
(8.33–23.59)

27.81  
(14.24 – 44.70)|||

18.89  
(11.21–26.19)

No. of (juxta)
cortical lesionsb

- 7 (3–19) 6 (2–16) 12 (5–29)| 6 (4–13)

CTh, mmc 2.56 ± 0.09 2.47 ± 0.10*** 2.49 ± 0.10** 2.42 ± 0.10***|| 2.47 ± 0.11*

Norm thalamus 
volume, mLc

20.95 ± 1.59 18.59 ± 2.40*** 18.95 ± 2.34*** 17.46 ± 2.40***|| 18.94 ± 2.02*

Abbreviations: HC = healthy controls; MS = multiple sclerosis; RRMS = relapsing-remitting multiple 
sclerosis; SPMS = secondary-progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis; 
EDSS = Expanded Disability Status Scale; NBV = normalized brain volume; NGMV = normalized gray matter 
volume; NWMV = normalized white matter volume; NLV = normalized lesion volume; CTh = cortical thickness. 

a Values listed are mean ± standard deviation for normally distributed variables, p-values were Bonferroni-
corrected where applicable.  
b Variables were not normally distributed and therefore median (inter quartile range) is provided.  
c Left and right were averaged. 

*p < 0.05, **p < 0.01 and ***p < 0.001 (compared with controls) 
|p < 0.05, ||p < 0.01 and |||p < 0.001 (compared with RRMS)
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which describes the asymmetry (i.e., tails) of the histogram. The skewness can be positive 
or negative: a positive skewness indicates a longer or fatter right histogram tail compared 
to the left, whereas a negative skewness indicates the opposite. In the context of T1-RT 
measurements, a positive skewness indicates that a small subset of the voxels had a relatively 
high T1-RT. Group mean histograms were computed by averaging normalized histograms. 
Histograms were constructed and analyzed in Matlab R2011a (Natick, MA, USA).

Statistical analysis

Statistical analyses were performed in SPSS 20 (Chicago, IL, USA). Kolmogorov–Smirnov 
tests and visual histogram inspection were used to assess variable normality. When normally 
distributed, a general linear model (GLM) was used to assess group differences. Otherwise, 
the Mann–Whitney U or Kruskal–Wallis test was used. Bonferroni correction was applied 
where applicable and p-values < 0.05 were considered significant.

Stepwise linear regression analyses were used to explore the clinical relevance of T1-RT 
changes compared to more conventional MRI variables. EDSS score and average cognition 
were used as dependent variables, while selected T1-RT parameters and several conventional 
MRI variables were used as candidate predictors, and age and sex were entered as covariates. 
The analysis for average cognition was repeated using educational level as an additional 
covariate to remove its potentially confounding effect. 

Results

Demographic, clinical and MRI characteristics

Hundred fifty-six (70% female) MS patients and 54 (61% female) controls were included (see 
Supplementary Materials for reasons for exclusion). Table 1 summarizes all variables per 
group. The patients were 53.2 ± 9.5 years old, had a disease duration of 19.6 ± 6.9 years and 
the group consisted of 104 relapsing-remitting (RR), 37 secondary-progressive (SP) and 15 
primary-progressive (PP) MS patients. Age was different between patients and controls, but 
not between RRMS and controls. EDSS scores were higher in SPMS and PPMS compared to 
RRMS. Neuropsychological evaluation was available in 147 patients and 47 controls. Compared 
to controls, average cognition was reduced in all clinical subgroups. Patients showed lower 
NBV, NGMV, NWMV, cortical thickness and thalamic volume than controls. SPMS patients 
showed highest NLV, while no NLV difference could be detected between RRMS and PPMS. 
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Whole-brain normal-appearing GM and WM T1-RT

In controls, average T1-RT was 1397 ± 64 ms in GM and 821 ± 31 ms in WM, which is 
consistent with values reported at 3T in the literature (27). Example T1-RT maps and 
segmentations are displayed in Figure 1 and Supplementary Figure 1, respectively. Compared 
to controls, no differences were found in whole-brain NAGM T1-RT parameters of patients 
or clinical subgroups (see Figure 2A, Table 2 and Supplementary Figure 2A). In whole-brain 
NAWM however, patients showed increased average T1-RT and peak positions compared 
to controls (p < 0.001 and p = 0.01, respectively; see Figure 2B, Table 2 and Supplementary 
Figure 2B). In addition, the histograms of patients were lower and broader compared with 
controls (both p < 0.001). 

Cortical and thalamic T1-RT

In the cortex, patients displayed increased skewness (i.e., histograms were more right-skewed) 
compared to controls (p = 0.004; see Figure 2C and Table 2), which was most prominent in 
the temporal and frontal lobes (see Table 3). A similar skewness effect was observed in the 
clinical subgroups, but this was only significant in RRMS (p = 0.045). No differences were 
detected in other cortex parameters.

In the thalamus, patients displayed increased skewness compared to controls (p < 0.001; 
see Figure 2D and Table 2). This was also significant when comparing RRMS (p = 0.004) 

Figure 1. Examples of typical T1-relaxation time (RT) maps, panel A) displaying a 49-year-
old female healthy control; panel B) displaying a 60-year-old male RRMS patient with an 
EDSS score of 3 and a disease duration of 10 years; and panel C) displaying a 54-year-old 
female SPMS patient with an EDSS score of 3.5 and a disease duration of 29 years.



69

High-resolution T1-relaxation time mapping in MS

2

Supplementary 
Figure 1. Segmentations 
for the T1-relaxation 
time (RT) map examples 
provided in Figure 1. The 
first row shows the T1-RT 
maps of subject A, B and 
C; the second row shows 
the T1-RT maps overlaid 
with the whole-brain 
SIENAX based NAGM 
segmentation; the third 
row shows the T1-RT 
maps overlaid with the 
FreeSurfer cortical mask; 
the fourth row shows the 
T1-RT maps overlaid with 
the FIRST based thalamus 
mask; and the fifth row 
shows for reference 
the corresponding T1-
weighted images.
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Figure 2. Group mean T1-relaxation time (RT) histograms for A) normal-appearing gray 
matter (NAGM), B) normal-appearing white matter (NAWM), C) cortical gray matter (cGM) 
and D) thalamic gray matter (thalGM). In A) and B), black corresponds to healthy control 
subjects, magenta to relapsing-remitting (RR) patients, cyan to secondary-progressive 
(SP) patients, and blue to primary-progressive (PP) patients. For comparison, B) also shows 
the histogram of WM lesions (averaged over all patients) as a red dashed line. Compared 
to healthy control subjects, clinical groups display similar mean NAGM histograms and 
different NAWM histograms. In C) and D), black corresponds to healthy control subjects, 
magenta to MS patients, and cyan to the magnified difference between the histograms of 
the MS patients and healthy control subjects. In C) the histogram difference displays that 

(continued)
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and SPMS (p = 0.04) to controls. A direct comparison with RRMS revealed a trend towards 
increased skewness in SPMS (p = 0.051). No differences were detected in other thalamus 
parameters. 

Associations with conventional MRI measures and clinical dysfunction in MS patients 

Using partial correlations with age and sex as covariates, cortical and thalamic skewness 
displayed moderate associations with NLV, number of (juxta)cortical lesions, NGMV, NWMV, 

the cortical GM T1-RT of MS patients had a steeper decline of the right slope (i.e., negative 
difference, loss of GM voxels) and had a longer right tail (i.e., positive difference, more 
voxels with subtle tissue damage). Both effects combined result in a higher skewness 
compared to healthy controls. In D) a similar skewness effect is seen in the thalamic GM 
T1-RT of the MS patients, however mixed with a left-shift of the histogram peak (which 
resulted to be not significant in the statistical analysis – see main text). 

Supplementary Figure 2. Group mean T1-relaxation time (RT) histograms for A) 
normal-appearing gray matter (NAGM) and B) normal-appearing white matter (NAWM). 
Black corresponds to healthy control subjects, magenta to MS patients, and cyan to the 
magnified difference between the histograms of the MS patients and healthy control 
subjects. In both NAGM and NAWM, the difference plots particularly emphasize a right-
shifted histogram peak in MS patients when compared to healthy controls. In the statistical 
analysis this peak shift was only significant in the NAWM.

(caption Figure 2 continued)
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normalized thalamus volume and cortical thickness in the patients (see Supplementary 
Table 1). Partial correlations of EDSS scores and average cognition with T1-RT parameters 
and more conventional MRI variables are presented in Supplementary Table 2. 

Cortical and thalamic skewness, average lesion T1-RT, NLV, number of (juxta)cortical 
lesions, NGMV, NWMV, cortical thickness and normalized thalamus volume were included 
as candidate predictors for stepwise regression analysis, while age and sex were entered as 

Table 2. Global and regional analysis of T1-relaxation times.

HC  
(n = 54)

MS  
(n = 156)

RRMS  
(n = 104)

SPMS  
(n = 37)

PPMS  
(n = 15)

Normal-appearing GM
   Mean, ms 
   Position, ms 
   Height, x10–3

   Width, ms
   Skewness

1397 ± 64
1257 ± 46
1.8 ± 0.1
485 ± 35
1.77 ± 0.10

1409 ± 58
1260 ± 43
1.8 ± 0.1
490 ± 35
1.74 ± 0.12

1411 ± 56
1262 ± 42
1.8 ± 0.1
490 ± 34
1.76 ± 0.12

1408 ± 65
1262 ± 48
1.8 ± 0.1
494 ± 37
1.72 ± 0.11

1394 ± 52
1250 ± 39
1.8 ± 0.1
487 ± 36
1.69 ± 0.16

Normal-appearing WM
   Mean, ms 
   Position, ms 
   Height, x10–3

   Width, ms
   Skewness

821 ± 31
805 ± 29
6.0 ± 0.3
145 ± 9
1.50 ± 0.30

838 ± 32***
817 ± 29*
5.4 ± 0.5***
162 ± 17***
1.52 ± 0.39

836 ± 30*
816 ± 28
5.4 ± 0.5***
160 ± 16***
1.49 ± 0.35

845 ± 39**
822 ± 32
5.1 ± 0.6***||

170 ± 19***||

1.56 ± 0.49

841 ± 30
819 ± 29
5.4 ± 0.4***
163 ± 13***
1.59 ± 0.47

Cortical GM (25 – 75%)
   Mean, ms 
   Position, ms 
   Height, x10–3

   Width, ms
   Skewness

1369 ± 66
1189 ± 49
1.6 ± 0.1
536 ± 37
1.67 ± 0.09

1378 ± 55
1184 ± 45
1.6 ± 0.1
536 ± 34
1.72 ± 0.11**

1382 ± 55
1223 ± 46
1.6 ± 0.1
536 ± 34
1.72 ± 0.11*

1373 ± 59
1216 ± 49
1.6 ± 0.1
538 ± 35
1.71 ± 0.10

1358 ± 46
1201 ± 36
1.7 ± 0.1
528 ± 36
1.72 ± 0.13

Thalamus
   Mean, ms 
   Position, ms 
   Height, x10–3

   Width, ms
   Skewness

1160 ± 48
1072 ± 52
2.7 ± 0.2
337 ± 27
1.63 ± 0.22

1168 ± 78
1058 ± 56
2.7 ± 0.3
334 ± 48
1.84 ± 0.33***

1156 ± 57
1058 ± 53
2.7 ± 0.2
327 ± 36
1.80 ± 0.32**

1186 ± 105|

1053 ± 63
2.6 ± 0.3|

352 ± 73|

1.95 ± 0.35***

1210 ± 111
1076 ± 64
2.5 ± 0.2|

342 ± 35
1.83 ± 0.26

WM lesions
   Mean, ms - 1387 ± 157 1363 ± 147 1448 ± 171| 1403 ± 158

Abbreviations: HC = healthy controls; MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; 
SPMS = secondary-progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis; GM = gray 
matter; WM = white matter. 

*p < 0.05, **p < 0.01 and ***p < 0.001 (compared with controls) 
|p < 0.05, ||p < 0.01 and |||p < 0.001 (compared with RRMS)
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covariates. The final model for EDSS (adj. R2 = 0.25; p < 0.001) consisted of three variables: 
average lesion T1-RT (standardized β = 0.26; p < 0.001), NGMV (standardized β = –0.21; 
p = 0.01) and age (standardized β = –0.212; p < 0.010). Repeating the regression analysis 
after removing average lesion T1-RT from the candidate predictors resulted in a final model 
(adjusted R2 = 0.22; p < 0.001) with two predictors: NLV (standardized β = 0.31, p < 0.001) 
and age (standardized β = 0.34; p < 0.001). The final regression model for average cognition 
(adjusted R2 = 0.39; p < 0.001) consisted of three imaging variables: normalized thalamus 
volume (standardized β = 0.32; p < 0.001), cortical skewness (standardized β = –0.20; 
p = 0.007) and average lesion T1-RT (standardized β = –0.17; p = 0.02) (see Figure 3). In 
addition, both age (standardized β = –0.24; p = 0.001) and sex (standardized β = 0.15; 
p = 0.02) contributed significantly to the model. Repeating the regression analysis using level 
of education as an additional covariate did not change the selected imaging predictors.

Discussion

In this study, high-resolution T1-RT mapping was used to investigate T1-RT changes 
in patients with long-standing MS. Whereas the NAWM findings in MS patients were 
comparable to previous reports, NAGM damage was found to be more subtle. GM damage 
was only present as measured by skewness in the cortex and thalamus of MS patients, while 
none of the more conventional histogram parameters showed differences. Additionally, we 
compared the clinical relevance of NAGM T1-RT changes to those of more conventional MRI 

Table 3. Regional cortical T1-relaxation time skewness.

HC  
(n = 54)

MS 
(n = 156)

Regional cortical skewness
   Frontal
   Cingulate
   Occipital
   Postcentral
   Precentral
   Temporal
   Parietal
   Insula

1.57 ± 0.14
1.35 ± 0.10
1.95 ± 0.12
1.86 ± 0.20
1.85 ± 0.23
1.57 ± 0.09
1.82 ± 0.14
1.53 ± 0.10

1.63 ± 0.14**
1.36 ± 0.12
1.92 ± 0.12
1.90 ± 0.17
1.90 ± 0.26
1.62 ± 0.11**
1.88 ± 0.15*
1.55 ± 0.11

Abbreviations: HC = healthy controls; MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; 
SPMS = secondary-progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis.

*p < 0.05, **p < 0.01 and ***p < 0.001 (compared with controls)
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variables. This revealed that increased cortical T1-RT skewness is an independent predictor 
for cognitive dysfunction. 

No differences were detected when comparing whole-brain NAGM T1-RT parameters of MS 

Supplementary Table 1. Partial correlations of T1-relaxation time (RT) histogram 
parameters with conventional MRI variables in patients with multiple sclerosis (corrected 
for age and sex). 

NLV (Juxta)
cortical 
lesions

NGMV NWMV Cortical 
thickness

Norm 
thalamus 
volume

Normal-appearing GM
   Mean 
   Position 
   Height
   Width
   Skewness

ns
ns
ns
ns 
ns

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns

ns
ns 
ns
ns
ns

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns

Normal-appearing WM
   Mean
   Position 
   Height
   Width
   Skewness

0.35***
0.26**
–0.64***
0.67***
ns

0.25**
0.19*
–0.46*
0.48***
ns 

–0.20*
ns 
0.53***
–0.54***
ns

–0.31***
–0.21*
0.64***
–0.62***
ns

ns
ns
0.38***
–0.37***
ns

–0.33***
–0.22**
0.66***
–0.67***
ns

Cortical GM (25 – 75%)
   Mean 
   Position 
   Height
   Width
   Skewness

ns
ns
0.22**
–0.27***
0.33***

ns
–0.16*
0.19*
–0.25**
0.44***

0.18*
0.24**
–0.18*
0.23**
–0.40***

ns
ns
ns
0.22**
–0.37***

0.17*
0.29***
ns
ns
–0.39***

ns
ns 
–0.23**
0.25**
–0.34***

Thalamus
   Mean 
   Position 
   Height
   Width
   Skewness

ns 
ns
ns
ns
0.32***

ns
ns
–0.17*
ns
0.31***

ns 
ns
ns
ns
–0.35***

–0.19*
ns
0.27***
–0.21*
–0.27***

ns 
0.22**
ns
ns
–0.31***

ns
ns
0.18*
ns
–0.31***

WM lesions
   Mean 0.54*** 0.29*** –0.26** –0.29*** –0.17* –0.35***

Abbreviations: NLV = normalized lesion volume; NGMV = normalized gray matter volume; NWMV = normalized 
white matter volume; GM = gray matter; WM = white matter; ns = not significant.

*p < 0.05, **p < 0.01 and ***p < 0.001
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Supplementary Table 2. Partial correlations of T1-relaxation time (RT) histogram 
parameters and conventional MRI variables with clinical measures in patients with multiple 
sclerosis (corrected for age and sex).

EDSS score Average cognition

Normal-appearing GM
   Mean 
   Position 
   Height
   Width
   Skewness

ns 
ns 
ns 
ns 
–0.20* 

ns 
ns 
ns 
ns 
ns

Normal-appearing WM
   Mean 
   Position 
   Height
   Width
   Skewness

0.22** 
0.18* 
–0.27***
0.27*** 
ns

–0.23**
–0.17*
0.41***
–0.43***
ns

Cortical GM (25 – 75%)
   Mean 
   Position 
   Height
   Width
   Skewness

ns
ns
ns
ns
ns

ns 
ns 
–0.18*
0.19*
–0.36***

Thalamus
   Mean 
   Position 
   Height
   Width
   Skewness

0.20*
ns
ns
ns
ns

ns 
ns 
ns 
ns 
–0.23** 

WM lesions
   Mean, ms 0.33*** –0.34***

NLV 0.33*** –0.42***

(Juxta)cortical lesions ns –0.36***

NGMV –0.28*** 0.42***

NWMV –0.16* 0.44***

Cortical thickness –0.26** 0.30***

Norm thalamus volume –0.28** 0.48***

Abbreviations: EDSS = Expanded Disability Status Scale; GM = gray matter; WM = white matter; NLV = normalized 
lesion volume; NGMV = normalized gray matter volume; NWMV = normalized white matter volume; ns = not 
significant.

*p < 0.05, **p < 0.01 and ***p < 0.001
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patients to those of controls. When focussing at the cortex and thalamus, skewness was the only 
parameter showing significant differences in patients. In the thalamus, skewness tended to be 
higher in SPMS compared to RRMS. In the cortex, increased skewness was most prominent 
in the frontal and temporal lobes. When other changes are absent, increased skewness 
reflects higher T1-RT in a small subset of the voxels: this suggests that cortical and thalamic 
tissue damage is rather subtle and localized (in contrast: widespread damage would not alter 
skewness but increase peak position). Increased skewness was not observed in the whole-
brain NAGM. This may be explained by the methodology used to derive the tissue masks, 
the most important differences being that the whole-brain analysis included both supra- and 
infratentorial brain tissue and did not use a shape model to obtain the segmentation (see 
Supplementary Materials).

In line with the literature, NAWM T1-RT histograms of MS patients were typically right-
shifted, lower and wider compared to those of controls (15–18,28). No skewness differences 
were found. In agreement with a previous report (15), NAWM damage was more pronounced 
in SPMS than RRMS. Thus, in contrast to the subtle damage found in the cortical and thalamic 
GM, changes in NAWM T1-RT rather imply widespread diffuse tissue damage. 

Our NAGM results deviate from those of several earlier in-vivo studies, mostly reporting 
widespread GM changes as demonstrated by increased average T1-RTs and peak positions 
and lower peak heights (15–17). Several explanations could account for the discrepancy 
between those studies and the present work. Whereas the present study used a high spatial 
resolution sequence to measure T1-RT, none of those studies used a sequence with a slice 
thickness lower than 4 mm. Such thick slices may lead to large partial volume effects. Due to 
the tortuosity and relatively small thickness of the cerebral cortex, and the high T1-RTs of the 
bordering peripheral CSF, especially cortical measurements can be affected. In the presence 
of GM atrophy the partial volume effect is even more pronounced, which might explain the 
previously reported widespread GM changes. Moreover, our results are compatible with 
recent post-mortem findings demonstrating good specificity of quantitative measures for 
certain histopathological features (11–14). Concurrently, histopathology showed that GM 
demyelination, especially in the progressive stage of the disease, is frequent and can be extensive 
(29). However, the sensitivity of conventional MRI to detect this GM pathology is limited and 
particularly dependent on the size of the pathology (7). The subtle GM damage found in the 
current work may reflect pathological processes not picked up previously. This is supported 
by the fact that skewness differences were most prominent in frontal and temporal cortical 
areas, which is compatible with reports that cortical MS pathology is more pronounced in 
those areas (30,31). However, it should be emphasized that any explanation regarding the 
pathological substrate of skewness differences in the GM of MS patients is rather speculative. 
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This needs future research, preferably combining histopathology with MRI at clinical field 
strengths. 

Lastly, we explored the contribution of T1-RT changes to clinical and cognitive dysfunction. 
Average lesion T1-RT and NGMV emerged as the strongest imaging predictors for EDSS 
score, but explained little of the variance (25%). In the model for average cognition however, 
thalamus atrophy and cortical skewness explained up to 39% of the variance. This finding 
confirms the central role of the thalamic atrophy in cognitive dysfunction (32–34) and 
underlines the importance of cortical pathology in respect to cognitive dysfunction. 

Limitations include a different age in the whole MS group and controls. To prevent an 
unwanted influence on the outcomes, we removed the effects of age (and sex) by entering 
them as covariates in the regression analyses. Secondly, it has been reported that the T1-
RT calibrations based on phantom measurements may still show discrepancies in vivo 
(35). Although T1-RT values found in the current study were comparable with values in 
the literature, we cannot rule out small systematic differences. Third, reformatting the DIR 
images to 3 mm thick slices may have slightly reduced our sensitivity to detect cortical 
lesions (7). Automatic cortical lesion segmentation techniques would be required to make 
high-resolution DIR scoring in large groups of patients more feasible. Fourth, as the cortex 
is typically 2–3 voxels thick with the current resolution, the cortical segmentations may still 
have contained voxels that were affected by partial volume effects of CSF. On the other hand, 
the conservative 25–75% distance criterion may have limited our sensitivity to disease effects 

 
Figure 3. Scatter plot illustrating the association between average cognition and cortical 
T1-relaxation time (RT) skewness (r = –0.36, p < 0.001) in patients with MS.
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given the substantial proportion of subpial cortical pathology in MS. Future studies may 
resolve these problems by measuring T1-RT at even higher resolutions. Lastly, it should be 
pointed out that we investigated patients with long-standing disease. This might be beneficial 
for addressing questions related to neurodegenerative disease aspects, however, some of the 
RRMS patients may have had a rather benign (and thereby atypical) disease course limiting 
the generalizability of the results. To rule out that the benign patients skewed the results, 
we performed a post-hoc analysis in which we compare the T1-RT characteristics of benign 
(disease duration > 15 years and EDSS score < 3.0; n = 22) with non-benign (n = 82) RRMS 
patients. None of the T1-RT measures showed significant differences. 

In conclusion, our results demonstrate the presence of subtle GM damage in the cortex and 
thalamus of long-standing MS patients, as measured by increased T1-RT skewness. In the 
cortex, skewness increases were most prominent in the frontal and temporal lobes. Regression 
analyses revealed that increased cortical skewness is independently associated with cognitive 
dysfunction.
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Supplementary materials

Image reconstruction

The method for combination of MRI signals from individual array elements is vendor-specific 
and could be a source of error in quantitative MRI. By default, our GE system used weighted 
sum-of-squares reconstruction. Here, during the reconstruction, weighting factors are 
applied to emphasize array elements with a low noise profile and de-emphasize elements with 
a high noise profile, aiming to achieve a higher total signal-to-noise ratio of the final image. 
The weighting factors are determined from the noise profile of each array element, which is 
measured during the pre-scan of each acquisition. 

This is problematic when performing quantitative MRI based on separate acquisitions. The 
separate pre-scan for each acquisition may (and generally will) result in different sets of 
weighting factors. As a result the measured signal variations between acquisitions will not 
only reflect different flip angles and sequences (which is the experimental design), but also 
reflect unintentional variations due to varying weighting factors. To circumvent this issue, we 
used sum-of-squares image reconstruction by forcing all weighting factors of the (IR-)SPGR 
images to be 1.0.

Reasons for exclusion

Of the 208 patients and 60 healthy controls reported previously, 156 (70% female) MS 
patients and 54 (61% female) healthy controls were included in the present study. Reasons 
for exclusion were: no DESPOT1-HIFI acquisitions available (39 subjects), inadequate 
acquisition (i.e., incomplete measurements, deviating sequence timing parameters, weighted 
sum-of-squares instead of sum-of-squares channel combination; 11 subjects), and motion 
artefacts (8 subjects).

A substantial subset of excluded patients consisted of relatively severely diseased patients. 
In these patients, the DESPOT1-HIFI acquisitions could not be obtained properly (due to 
fatigue and/or spasms) as the DESPOT1-HIFI acquisitions were placed at the end of a (long) 
scanner protocol. Therefore it should be noted that the subset of MS patients reported in this 
study have a slightly lower disability (median EDSS 3.5 vs 4.0) than compared to the group of 
patients analyzed to obtained the previously published results (S1,S2).

Correlations between T1-RT histogram parameters and conventional MRI variables

In the patients, no correlations were observed between whole brain NAGM T1-RT parameters 
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and any of the conventional variables. In the cortical GM and thalamus, the strongest 
associations were observed between the conventional variables and histogram peak height 
(see Supplementary Table 1). NAWM peak height and width showed strong correlations 
with NLV, (juxta)cortical lesions, NGMV, NWMV as well as normalized thalamus volume 
(see Supplementary Table 1). In addition, both NAWM peak height (r = 0.38, p < 0.001) and 
NAWM peak width (r = –0.37, p < 0.001) correlated moderately with cortical thickness. 

Average WM lesion T1-RT showed correlations with all conventional MRI variables (see 
Supplementary Table 1). The strongest correlation was observed with T1-RT peak position 
(r = 0.53, p < 0.001), but average WM lesion T1-RT also showed a moderate association with 
normalized thalamic volume (r = –0.35, p < 0.001). The weakest correlation with average WM 
lesion T1-RT was found for cortical thickness (r = –0.17, p = 0.03). 

Impact of segmentation method on results

To investigate the impact of the segmentation method on GM T1-RT measurements, we 
performed a post-hoc analysis by constructing a SIENAX cortical GM mask and evaluating 
the T1-RT histogram characteristics within this mask. The results were as follows (healthy 
controls vs MS patients, respectively); mean: 1354 ± 60 ms vs 1365 ± 52 ms (p = 0.26), 
position: 1243 ± 49 ms vs 1248 ± 45 ms (p = 0.52), height: 1.9 ± 0.2 vs 1.9 ± 0.1 (p = 0.29), 
width: 466 ± 38 ms vs 469 ± 35 ms (p = 0.50) and skewness: 1.73 ± 0.08 vs 1.74 ± 0.10 
(p = 0.75). In contrast to the FreeSurfer cortical GM results, neither skewness nor any other 
measure differed between MS patients and healthy controls. Although we cannot be certain 
about the cause, we suspect the ‘rough’ SIENAX segmentations and the large inter-subject 
differences in the SIENAX segmentations (as can be seen in Supplementary Figure 1) greatly 
limits the sensitivity to T1-RT group differences. FreeSurfer and First provide much cleaner 
and more consistent segmentations throughout the subjects, which is beneficial.
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