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Abstract 
Purpose: T1 relaxation times of normal appearing white matter (NAWM) measured at 1.5T or 3T 
in Multiple Sclerosis (MS) patients, differ from those measured in healthy controls, but so far the 
underlying cause remains unknown. Increased T1 values and spatial resolution at 7T may clarify 
this phenomenon.

Methods: Fast T1-mapping, a Look-Locker approach adapted for 7T, was applied in 29 MS 
patients and 8 controls. Brain tissue T1 was analyzed within large lesion-free Regions of Interest 
(ROIs), and additionally within small lesion-free ROIs that were also free of visible Virchow-
Robin-Spaces (VRS). The effect of VRS on ROI T1 was simulated. 

Results: T1 was significantly higher in NAWM of MS patients compared to controls in whole brain 
histograms (1173±69ms vs. 1099±47ms) and large ROIs (1162±67ms vs. 1094±46ms) but not in 
small ROIs, suggesting a large influence of VRS . The observed T1 increase in MS patients could 
be simulated by mixing approximately 8.5% VRS partial volume with normal WM. 

Conclusion: The difference in NAWM T1 between MS patients and controls observed at lower 
field strengths were replicated at 7T, but disappeared when excluding VRS. We hypothesize that 
VRS partial volume effects partially explain previously observed NAWM T1 changes in MS.
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Introduction 
Patients with Multiple Sclerosis (MS) suffer from inflammation and demyelination of the central 
nervous system (CNS). It has been shown that white matter in the brain of MS patients that 
appears normal on qualitative MR images (NAWM) differs from healthy controls when observed 
by several quantitative MRI techniques. Magnetization transfer imaging (1–5), diffusion weighted 
or tensor imaging (6–8) and T1 and T2 relaxation time mapping (9–14) have all shown that NAWM 
is affected in MS. These changes correlate with changes in the brain observed by histology (2; 
8) and are expected to represent subtle inflammatory activity that may precede development of 
lesions or gliotic effects resulting after lesion remission. 

Changes in NAWM have been seen in all MS disease types (RR, SP and PP) and can be found 
throughout the brain (9). In T1 relaxation time mapping studies, normalized histograms of NAWM 
in MS patients typically have lower peak heights (increased dispersion of T1 values) and increased 
T1 peak locations compared to normal WM of controls. The same can be seen for normal 
appearing grey matter (NAGM) although this difference is more subtle (13; 14). At the field 
strengths used in these studies (1.5 and 3T), significant group differences between MS patients 
and healthy controls have been reported. 

At higher field strength, e.g. at 7T, the gain in signal to noise ratio (SNR) can be used to enhance 
spatial resolution and thereby also accuracy. In addition, T1 relaxation times increase with 
field strength. However, increased T1 also requires longer repetition times needed in imaging 
sequences resulting in increased acquisition times. The gold standard technique for T1 mapping, 
spin-echo inversion recovery obtained at different inversion times (TI) is therefore not feasible in 
clinical studies. Several methods have been presented in the past to obtain T1 maps of the brain 
with high sensitivity and accuracy within clinically acceptable scan times at 1.5T and 3T (13–20).

In this clinical study at 7T we needed a T1 mapping sequence that acquired high spatial resolution 
images, while being fast and not exceeding SAR limits. The multi-slice echo planar imaging (EPI) 
method by Clare and Jezzard (21) fulfils these requirements, and a T1 mapping method based on 
their method was implemented at 7T. 

The goal of the study was to investigate whether the increase of sensitivity and spatial resolution 
of the T1 measurements at 7T can aid in discriminating NAWM and NAGM between MS patients 
and controls both globally and in selected brain regions. 
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Material and Methods
Subjects
Twenty-nine MS patients (9 male, 20 female), mean age 45 ± 9 (sd) years (12 with relapsing-
remitting MS, 13 with primary progressive MS, 4 with secondary progressive MS), from our 
outpatient clinic participated in this study, as well as 8 healthy volunteers, (3 male, 5 female), 
mean age 41 ± 8 (sd) years. To be included patients needed to have clinically definite MS 
according to the ‘2005 McDonald criteria’ (22), an EDSS score lower than 6.0, age between 18 
and 60 years. Exclusion criteria were other neurological diseases (both patients and controls). 

In addition to the clinical exclusion criteria, subjects needed to fulfil the standard safety 
regulations and the local high-field MR safety regulations that excluded all subjects with 
suspicion of presence of metal objects that were possibly applied during surgical interventions. 
Disease modifying treatment was no exclusion criterion. The study was approved by the 
institutional ethical review board and all volunteers gave informed consent before examination. 

MRI acquisition
Subjects were examined with a 7T MR scanner (Philips Achieva, Philips Healthcare, Cleveland, 
OH, USA) using the standard 16 channel head coil (Nova Medical, Inc. Wilmington, MA, USA). The 
protocol consisted of a 2D proton density and T2 weighted sequence (PD/T2) (TSE factor: 8, TR/
TE1/TE2: 4969/21/80 ms, FOV: 230x200 mm2 for 46 axial 2mm slices, matrix: 328x196, SENSE: 
2.1(RL)), a 3D-T1 weighted gradient recalled sequence (3D-T1) (TFE, Echo train length: 312, TR/
TI/TE: 7.0/1129/2.9 ms, FOV: 250x200x190 mm3, matrix: 248x312x238, SENSE: 2.0(RL)) and a 
quantitative T1 mapping sequence based on a method originally described by Ordidge et al (21). 

In summary, this sequence used a non-selective adiabatic inversion pulse after which an inversion 
recovery curve was sampled by a multi-slice EPI readout covering a large part of the brain with 
46 consecutive axial slices of 1.5 mm thickness. This measurement was repeated 23 times. Each 
time the readout order of the slices was shifted by 2 slices, giving a different TI for every slice 
after each inversion. The odd slices were sampled at TI=20+n*222 ms while the even slices 
were sampled at TI=131+n*222 ms (n=0-22). Other scan parameters were: EPI factor: 65, TR/TE: 
10000/9.4 ms, FOV: 224x224 mm2, matrix: 224x224, SENSE factor 3.6 (AP). Acquisition time of 
this sequence was 4 min 10 s. 

Analysis
The conventional qualitative 2D-PD/T2w and 3D-T1w images were manually analyzed and marked 
for lesions, diffusely abnormal WM, and Virchow-Robin Spaces (VRS). Quantitative T1 relaxation 
time maps were calculated voxel-wise with a mono-exponential fit using a JIST plug-in(23) 
incorporated in the MIPAV package (NITRC, NIH, USA)(24). The three-parameter estimation 
included T1, the fully relaxed magnetization I0, and the inversion efficiency of the adiabatic pulse 
k (=cos(φ), with φ the flip angle), according to equation [1], in which TI denotes the inversion 
time and TR the repetition time. 

[1]
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Also a goodness of fit was calculated and displayed by a sum of squares error between the 
measured data and the fit. Resulting images were visually analyzed to restrict all T1 analyses to 
regions with good fit quality. The structural 3D-T1w images were registered to the T1-maps using 
a 12 degrees of freedom registration algorithm (MIPAV). Comparison of T1 values was performed 
at three levels: a whole brain histogram analysis, a large WM ROI analysis, and a small ROI 
analysis in selected WM and GM areas. Normalized T1 histograms of the whole brain including 
ventricles were calculated (Matlab, The Mathworks, Natick, MA, USA) after brain extraction 
(MIPAV) to observe the general distribution of T1 relaxation times. 

Figure 1. Example of large WM ROI selection on T1-map of an MS patient.

Obvious lesions as seen on 2D-PDT2w or 3D-T1w images were excluded (arrow)

In the second analysis large ROIs were drawn manually in the WM on a single axial slice just 
above the lateral ventricles (fig. 1) on 3D-T1w images that were registered to the T1 maps. 
Resulting ROIs were then copied to the T1-maps. Care was taken not to include lesions or 
diffusely abnormal white matter (DAWM) that were visible on T2w or T1w images. The resulting 
ROIs can be considered typical NAWM, not influenced by partial volume effects with GM or 
lesions. For the third analysis ROIs were drawn on the 3D-T1w images within specific brain areas, 
i.e. in frontal, parietal and occipital WM, frontal and occipital GM, putamen, caudate nucleus, 
thalamus and corpus callosum, as shown in figure 2. 
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Figure 2, Examples of ROI placement on a T1w image analysis of specific brain structures: frontal GM and 
WM, head of caudate nucleus, putamen, thalamus, genu and splenium of corpus callosum and occipital 
WM. The ROIs drawn on a registered T1w image were copied to the T1 maps, and eroded by 1 pixel.

Care was taken not to include lesions, diffusely abnormal WM or perivascular spaces (Virchow-
Robin spaces (VRS)) which had been marked on the conventional images. In addition, areas 
with EPI-distortions or artefacts were avoided. All ROIs were placed in comparable locations for 
patients and healthy controls and copied to T1-maps as described before. To reduce possible 
partial volume effects, ROIs were eroded by 1 voxel and had a resulting size of at least 10 mm2. 

To simulate possible partial volume effects of VRS, the T1 relaxation time was calculated based 
on equation [1] for a two-component model of WM and VRS. The mean T1 value of VRS is not 
known, but assumed to lie between the T1 of CSF and 80% of this value. The estimation of the 
fully relaxed magnetization (I0) of the components was derived from the relative proton densities 
of WM and VRS as seen on 2D-PD images of healthy controls. 

Statistics
Mean values are given with their standard deviation (sd). All comparisons between patients 
and controls were analyzed with a Student’s T-test. A p-value lower than 0.05 was considered 
significant.
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Results
Qualitative depiction of T1 maps
A typical T1-map of a healthy control after brain extraction is shown in figure 3. EPI distortions 
are typically observed in the prefrontal region and in the area around the nasal cavity. In addition, 
SENSE artefacts were observed in all subjects at the same locations: just frontal of the lateral 
ventricles (encircled in fig. 3) and close to the skull base (frontal and lateral). Because of long T1 
values of CSF, the mapping algorithm sometimes failed to converge in CSF, and the resulting T1 in 
these voxels was displayed as a value of zero (open arrow in figure 3). 

Table 1  
T1 relaxation times for different analysis methods

Location
T1 Patients [ms] ± sd

(n=29)
T1 Controls [ms]

(n=8)
∆T1 [ms]

Whole Brain Histogram
White Matter
Gray Matter

1173 ± 69
1610 ± 70

1099 ± 47
1654 ± 28

74*
-44

Large ROIs
White Matter 1162 ± 67 1094 ± 46 68*

Small ROIs
White Matter
  Frontal
  Parietal
  Occipital
Gray Matter
  Frontal
  Occipital
Putamen
Caudate Nucleus
Thalamus
Corpus Callosum
  Genu
  Splenium 

1052 ± 57
1129 ± 71
1100 ± 76

1808 ± 95
 1766 ± 120
1482 ± 77
1584 ± 81
1391 ± 114

1003 ± 100
1127 ± 99

1041 ± 39
1106 ± 49
1079 ± 63

1794 ± 100
1742 ± 94
1507 ± 75
1457 ± 80
1300 ± 38

970.2 ± 78
1028 ± 118

11
23
21

14
24
-25
127*
91*

33
99

* p<0.05

Whole brain histogram analyses
Figure 4 shows T1w and T2w images of an MS patient as well as a calculated T1-map after brain 
extraction at the same level. All brain tissue (including lesions and diffusely abnormal WM and 
GM, as observed on T1w and T2w images) was included in normalized whole brain histogram 
analysis. Normalization was performed by dividing the number of voxels per bin by the total 
number of voxels. The mean histograms of MS patients and healthy controls are displayed in 
figure 5. The left peak originates mainly from WM and the right peak from GM. The high T1 
values in the right hand shoulder of the GM peak are expected to represent CSF inside sulci and 
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ventricles as well as lesions. As lesions were not excluded from the histograms, their higher T1 
values contributed to peak shifting and broadening (and thereby lowering the peak height) in 
the patients’ histogram. 

Analysis of the histograms shows a WM peak location at 1173 ± 69 ms for patients and at 1099 ± 
47 ms for controls (see top rows of table 1). The GM peak is located at 1610 ± 70 ms for patients 
and at 1654 ± 28 ms for controls. Only WM peak location (p<0.04) and height (p<0.01) were 
significantly different between patients and controls. The age of the subjects or disease subtype 
had no influence as co-variate.

Figure 3, T1-map of Healthy Control showing fitting errors of voxels within lateral ventricles (black dots 
indicated by open arrow) and EPI distortions (closed arrow). Also a SENSE artefact is visible (encircled)

Large WM ROI analysis
The large WM ROI analysis within a single slice resulted in a mean T1 value of 1094 ʼ 46 ms in 
control subjects, and 1162 ʼ 67 in MS patients (table 1). In MS patients, where obvious lesions 
were excluded (see ROI example in figure 1), this mean T1 value was significantly increased 
(p<0.003).

Small ROI analysis in selected brain regions 
Table 1 also shows results from ROI analysis of selected brain regions. In most areas mean 
T1 values were slightly higher in MS patients, but these findings were only significant for the 
caudate nucleus and thalamus. None of the other structures showed significant differences in 
mean T 1 between patients and controls. 



103

Figure 4, Overview of acquired images: a) 3D-T1w, b) 2D-T2w, c) 2D-T1-map (scale in ms)

Simulation of partial volume effect of VRS 
The main difference between analysis of the large WM ROI and the small WM ROI is the possible 
presence or absence of VRS. The partial volume effect of VRS on the T1 relaxation time is shown 
in the simulation in figure 6. The mean T 1 relaxation time of WM of 1094 ms was obtained from 
results of healthy controls and T1 of VRS was assumed to be between 3600 and 4500 ms. The 
fully relaxed magnetization (I0) of the components was estimated from the relative proton 
densities of WM and VRS (I0,WM :I0, VRS = 0.6 : 1). In this simple model, assuming no change in T1 of 
actual WM tissue, a partial volume effect of approximately 8.5% VRS would explain the observed 
increased T1 of large WM ROIs in MS patients. 

The influence of partial volume effects might also be visible in histograms, as well as 
in the variance of T1 values derived from the large ROI analysis. The intra-subject coefficient of 
variation (CV) (defined as sd/mean per large WM ROI) was indeed significantly higher in MS 
patients (12.4 ± 2.1%) than in healthy subjects (10.7 ± 1.8% ) (p<0.041). 

Figure 5, Means of normalized whole brain histograms of MS patients and healthy controls. Left 
peak: WM, Right peak: GM, Right hand shoulder of right peak mainly consists of CSF
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Discussion
This study showed the application of T1 relaxation time mapping at 7T in a clinical setting. WM 
T1 values in healthy controls were approximately 40% higher than at 3T(25; 26). Thus, T1 values 
were in the expected range for 7T, although another study reported slightly higher WM T1 values 
at 7T, using a modified Look-Locker technique on a single 5 mm thick slice (25). 

 

Figure 6, Simulation of the partial volume effect (PVE) of a small second component 
(VRS) on the result of a monoexponential fit. Simulation starts with T1 value of healthy 
controls for 0% VRS and shows the effect of increased VRS volume. At a VRS volume of 
ca. 8.5%, T1 matches results found in MS patients (See also methods section).

Analysis of histograms of whole brain T1-maps of MS patients and controls showed shifting 
and broadening of the WM peak, which has also been shown in previous studies at lower field 
strength(9; 19). Whereas differences in histograms between MS patients and controls can be 
due to the presence of brain lesions, an increase in T1 values in MS patients was also observed in 
large NAWM ROIs, which did not contain visible lesions. These results were also comparable to 
observations at lower field strength(13). 

However, analysis of specific brain regions after exclusion of VRS that were visible on high 
resolution 7T 2D-PD/T2-and 3D-T1 weighted images did not show differences between WM of 
MS patients and controls. With regard to GM, no differences were observed in the location or 
height of the GM peak in the histograms between patients and controls. The small ROI analysis 
only showed a small significant T1 increase in the head of caudate nucleus and thalamus in MS 
patients, while the cortical GM ROIs were not different between patients and controls. 

These results imply that partial volume effects of VRS in NAWM play an important role in 
observed differences in T1. The simulation showed that a VRS volume increase of about 8.5% 
(compared to healthy controls) would be able to explain the difference in T1 relaxation time in 
large WM ROIs between MS patients and controls. Also the mean intra-subject CV of T1 values 
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was significantly higher in MS patients, which may be a marker for increased heterogeneity in 
NAWM.

T1 changes observed in this study may represent loss of brain tissue, resulting in increased VRS. 
Neurodegenerative changes in NAWM in MS have been described by histology (27). However, 
an increased number or volume of VRS within NAWM may remain undetected due to collapse 
of these spaces ex vivo, leading to an underestimation of these effects upon post mortem 
examination.

The T1 data were analyzed using a mono-exponential fit. Although data were acquired with TI 
varying between 20 and 5015 ms, with 111 ms spacing, the use of a two-compartment model and 
a bi-exponential fit would not be realistic to obtain accurate data for long T1 relaxation times. 
Moreover, many T1 studies use a single-compartment model (13–15), and the use of small voxels 
with a volume of 1.5 mm3 in the current study also limits partial volume effects within individual 
voxels. Only in the simulation of VRS a two-compartment model was used as input for a mono-
exponential fit, in order to specifically investigate how commonly used mono-exponential T1 fit 
routines, that have produced the current results, may be affected by the presence of a small 
second component arising from VRS. 

The use of segmentation techniques will improve the distinction between tissue types and will 
allow an automatic assignment of T1 values to (NA)WM, (NA)GM, lesions, VRS and CSF. Currently, 
the heterogeneity of signal intensity of the 2D-PD/T2w and 3D-T1w images is still too large to 
allow a reliable segmentation, but improvements can be expected with the use of multi-channel 
transmit coils at 7T in combination with B1 shimming. 

The current finding of only small non-significant differences in T1 values between MS patients 
and controls in small WM ROIs, raises the question whether other quantitative MR techniques 
will show a similar behaviour at 7T. Both magnetization transfer and T2 relaxation times will be 
influenced by the presence of VRS, and future studies should clarify whether observations at 7T 
will differ from those at lower field strength.

In conclusion, this initial study reports the application of a 7T fast quantitative T1 mapping 
sequence in MS. Results show that partial volume effects of VRS may have a large influence on 
T1 changes observed after mono-exponential fitting of the data. We therefore hypothesize that 
NAWM T1 differences between MS patients and healthy controls observed in previous studies 
at 1.5T and 3T, partially reflect altered VRS volumes rather than purely changes of the NAWM 
itself. Whereas T1 mapping at lower field could possibly still be used as an early indicator of brain 
atrophy, 7T may help to find the origin of T1 differences between MS patients and controls.
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