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Automatic Brain Tissue Classification of Patients with
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Multiple Sclerosis
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BACKGROUND AND PURPOSE: The administration of gadolinium contrast agent is a common part of MR imaging examinations in patients
with MS. The presence of gadolinium may affect the outcome of automated tissue classification. The purpose of this study was to investigate the
effects of the presence of gadolinium on the automatic segmentation in patients with MS by using the synthetic tissue-mapping method.

MATERIALS AND METHODS: A cohort of 20 patients with clinically definite multiple sclerosis were recruited, and the T1and T2 relaxation
times and proton density were simultaneously quantified before and after the administration of gadolinium. Synthetic tissue-mapping was
used to measure white matter, gray matter, CSF, brain parenchymal, and intracranial volumes. For comparison, 20 matched controls were
measured twice, without gadolinium.

RESULTS: No differences were observed for the control group between the 2 measurements. For the MS group, significant changes were
observed pre- and post-gadolinium in intracranial volume (—13 mL, P <.005) and cerebrospinal fluid volume (—16 mL, P <.005) and the remaining,
unclassified non-WM/GM/CSF tissue volume within the intracranial volume (+8 mL, P < .05). The changes in the patient group were much
smaller than the differences, compared with the controls, which were —129 mL for WM volume, —22 mL for GM volume, +91mL for CSF volume,
24 mL for the remaining, unclassified non-WM/GM/CSF tissue volume within the intracranial volume, and —126 mL for brain parenchymal
volume. No significant differences were observed for linear regression values against age and Expanded Disability Status Scale.

CONCLUSIONS: The administration of gadolinium contrast agent had a significant effect on automatic brain-tissue classification in
patients with MS by using synthetic tissue-mapping. The observed differences, however, were much smaller than the group differences
between MS and controls.

ABBREVIATIONS: BPV = brain parenchymal volume; CSFV = cerebrospinal fluid volume; EDSS = Expanded Disability Status Scale; Gd = gadolinium; GMV = gray
matter volume; ICV = intracranial volume; NV = the remaining, unclassified non-WM/GM/CSF tissue volume within the ICV, defined as ICV — (WMV + GMV + CSFV);

PD = proton density; WMV = white matter volume

M ultiple sclerosis is a chronic inflammatory disorder of the
central nervous system. Typically, focal white matter le-
sions are regarded as a hallmark pathologic finding. These le-
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sions, however, show a limited correlation with clinical
findings.'

Instead, brain-tissue loss shows a stronger correlation with
disease progression, especially in a later stage of the disease.”® The
key for the practical, clinical application of brain-tissue volume
measurements is an automated, fast method that can be inte-
grated into the clinical workflow. Numerous automated methods
exist for this purpose, generally based on conventional T1-
weighted, T2-weighted, and FLAIR images or a combination
thereof. In these methods, tissue is classified on signal-intensity
differences in the images where each pixel can be assigned to 1

specific tissue type'®'®

or multiple tissue types such that partial
volume effects are accounted for.''® The latter method is advan-
tageous because it decreases the dependency on image resolution.

Despite the obvious benefits, brain volumetric measurements
are not widely used in clinical practice. One of the main difficul-

ties is that the image intensity of the input images can vary sub-



stantially due to scanner configuration and examination param-
eters®® and age- or disease-related tissue changes,*"** leading to
differences in classification. Second, extensive manual interaction
of the postprocessing software or long processing times may be re-
quired, which may lead to hours or even days of lag time to retrieve
the volumetric information.>> A complicating factor for automatic
segmentation methods is the use of contrast agents. Gadolinium
(Gd) contrast agent is generally administered to patients with MS to
highlight any damage to the blood-brain barrier, indicating inflam-
matory lesions and helping to stage disease evolution. Leakage of Gd
into brain tissue strongly reduces the T1 relaxation, resulting in hy-
perintensity on T1-weighted images. Even in the absence of leakage,
the presence of Gd in the capillary network of the brain parenchyma
may slightly reduce T1 relaxation of the brain tissue, which could
have a secondary effect on automated tissue-classification methods.
This effect may even vary with the amount and timing of contrast
administration.

In this work, the synthetic tissue-mapping (SyMap) method,
which previously reported on measurements of the intracranial vol-
ume (ICV),** the brain parenchymal fraction,* and all tissue frac-
tions, ' was evaluated for brain-tissue measurements in patients with
MS with and without the presence of a Gd contrast agent. The
method is based on quantitative MR imaging to measure the longi-
tudinal relaxation time, T1; the transverse relaxation time, T2; and
proton density.”® The procedure does not generate conventional MR
images but maps of physical parameters that directly reflect tissue
properties. Such a quantitative measurement removes a large num-
ber of dependencies of MR imaging scanner settings and imperfec-
tions.”” The method includes a fully automatic postprocessing soft-
ware, to calculate the white matter volume (WMV), gray matter
volume (GMV), cerebrospinal fluid volume (CSFV), the remaining,
unclassified non-WM/GM/CSF tissue volume within the ICV (NV),
brain parenchymal volume (BPV), and ICV on the basis of the mea-
sured T1, T2, and PD maps. The total postprocessing time is <1
minute, which makes it appropriate for routine clinical purposes.

The aim of this study was to evaluate the use of synthetic
tissue-mapping for the measurement of WMV, GMV, CSFV, NV,
BPV, and ICV in patients with MS pre- and post-Gd. In addition,
the brain-tissue fractions of WM, GM, CSF, remaining, unclassi-
fied non-WM/GM/CSF tissue, and brain parenchyma, normal-
ized against the ICV, were evaluated. The repeatability of the au-
tomatic brain segmentation was assessed by measuring the
controls twice.

MATERIALS AND METHODS

Subjects

The study included a group of 20 patients (5 men, 15 women;
mean age, 47 = 12 years) diagnosed with clinically definite MS
based on clinical presentation and laboratory findings. All pa-
tients fulfilled the Poser criteria with at least 2 relapses, separated
in space and time.*®?° The mean Expanded Disability Status Scale
(EDSS) score® for patients was 3.8 = 2.3 (median, 3.5; range,
1.0-7.5). EDSS is a method of evaluating the degree of neurologic
impairment in MS, scoring 8 functional systems, resulting in steps
of 0.5 from 0 (healthy) to 10 (death due to MS). The mean disease
duration was 15 * 11 years. No differentiation was made between
types of MS, and the group consisted of 12 patients with relapsing-

remitting and 8 with secondary-progressive MS. One patient was
excluded from the analysis due to severe MR imaging receive coil
signal-intensity problems. The study was part of routine follow-up
examinations. For comparison, a group of 20 age- and sex-matched
healthy controls was included (5 men, 15 women; mean age, 48 * 12
years). The mean age difference compared with the MS group was
0.7 £ 2.7 years. The study was approved by the Regional Ethics Com-
mittee (reference number Dnr M88—07), and written informed con-
sent was obtained from all participants.

Scanning Protocol

The MR imaging quantification method QRAPMASTER (also
known as Qmap)>® was performed to simultaneously retrieve the
T1 and T2 relaxation and proton density. The sequence was a
multi-spin-echo saturation recovery sequence with 4 saturation
delays and 5 echoes. Hence, the sequence produced a matrix of
4 X 5 = 20 images per slice with the combined effects of T1 and T2
relaxation in the image intensity. The saturation delay times were at
100, 400, 1380, and 2860 ms with a TR of 2950 ms. The TEs were 14,
28,42, 56, and 70 ms. The in-plane resolution was 1 X 1 mm? over an
FOV of 210 mmy; 30 axial sections of 4 mm thickness (no gap) were
acquired in a scan time of 8 minutes and 21 seconds. The MR imag-
ing scanner was an Achieva 1.5T (Philips Healthcare, Best, the Neth-
erlands). All subjects were scanned twice with 20 minutes between
the scans. Only the patient group received a single dose of gadopen-
tetate dimeglumine contrast agent (0.2 mL/kg, Magnevist 0.5 mmol/
mL; Schering, Berlin, Germany) 10 minutes before the second

acquisition.

Image Postprocessing
The raw data were analyzed with the SyMRI 7.0 software (Syn-
thetic MR, Linkoping, Sweden) to retrieve the T1, T2, and PD
maps. These maps were used as input for the automatic brain
segmentation in the same software. In summary, WM, GM, and
CSF tissue clusters and mixtures thereof were recognized as spe-
cific combinations of T1, T2, and PD values, as previously re-
ported."® The total ICV comprised all recognized WM, GM, and
CSF, for which a region-growing algorithm ensured a contiguous
volume. The border of the ICV was refined to set the threshold at
PD = 50%, by using the definition of the tissue interface between
CSF (with visible PD = 100%) and bone (with visible PD = 0%).
The ICV was automatically cut at the base of the skull. The sum of
all WM, GM, and CSF partial volumes inside the ICV provided
the WMV, GMYV, and CSFV, respectively. The BPV was defined
as the ICV minus the CSFV. The region-growing algorithm leads
to the inclusion of volume that does not match the defined WM,
GM, or CSF characteristics within the ICV. This remaining tissue
was labeled the non-WM/GM/CSF volume, comprising unspeci-
fied tissue such as blood vessels, motion artifacts, or pathologic
tissue. Normalization with the ICV resulted in the white matter
fraction, gray matter fraction, CSF fraction, the non-WM/GM/
CSF fraction, and the brain parenchymal fraction. The software
did not have a standard brain or any atlas-driven models; tissue
was segmented on T1-T2-PD characteristics only.

Loading all raw data from a PACS required 20-30 seconds,
and calculating the T1, T2, and PD maps with subsequent seg-
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FIG 1. Typical images of the automatic segmentation software of a patient with MS (39-year-old woman, EDSS = 4.0). Three slices are shown,
numbers 19,16, and 13 of the 30 acquired slices. A, T2-weighted image. B, White matter segmentation, in which the intensity of the light-blue color
overlay corresponds to the calculated white matter partial volume per voxel. The red line indicates the intracranial volume. Similar images are
shown for gray matter in green (C), CSF in pink (D), and non-WM/GM/CSF in yellow (E).

mentation of the brain was performed within 10-20 seconds. A
standard 64-bit PC with 6 gigabytes of RAM was used.

Statistics

For the WMV, GMV, CSFV, NV, BPV, and ICV and for WM
fraction, GM fraction, CSF fraction, remaining, unclassified non-
WM/GM/CSF tissue fraction, and brain parenchymal fraction,
the mean value and SD were calculated for each measurement.
Linear regression was used to analyze the relation of the volume
and fraction values to age. The results from the regression analysis
of the controls were used to correct the values of the patients with MS
for age. Linear regression with EDSS was then performed as a sepa-
rate step. A Shapiro-Wilk test was applied for normal distribution. A
paired ¢ test was performed to find the significance of the difference
between measurement 1 and measurement 2. A 1-way ANOVA with
post hoc Tukey analysis was used to assess group differences between
controls and patients with MS.

RESULTS
Typical results of the segmentation software on 3 of the 30 ac-
quired slices are shown in Fig 1. An axial slice of the head of one of
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the patients with MS (a 39-year-old woman; EDSS = 4.0) is dis-
played. In the left column, the T2-weighted images are shown for
comparison. On the right, the calculated WM, GM, CSF, and
non-WM/GM/CSF partial volume maps are displayed as a color
overlay in which the color intensity corresponds to the partial
volume in the range between 0% and 100% tissue. The red line
indicates the border of the ICV. The mean ICV of all subjects at
the first measurement was 1387 mL, with an SD of 110 mL (7.9%).
White matter lesions mainly show up as the remaining non-WM/
GM/CSF but are partly recognized as GM and CSF. Radiologic
inspection showed that no patient had Gd-enhancing lesions.

In Table 1, the results of the fully automatic tissue volume
measurements are shown for WMV, GMV, CSFV, NV, BPV, and
ICV. No statistically significant difference was found between the
2 measurements for all volumes of the control group. The differ-
ences for the patient group were much larger; a significant reduc-
tion of the ICV of 13 mL and of the CSFV of 16 mL was observed
as patients were exposed to Gd. The differences in BPV, WM, and
GM were not significant, but the ratio of WMV and GMV
changed toward higher WMV. Visual inspection did not result in
locating a specific area in which differences in volumes were pro-



Table 1: Fully automatic measurements of the WMV, GMV, CSFV, NV, BPV, and ICV volumes of the control group and the MS group?

WMV (mL) GMYV (mL) CSFV (mL) NV (mL) BPV (mL) ICV (mL)
Contrl 581+ 67 639 = 58 156 * 45 28+7 1247 =119 1404 =119
Contr2 581 = 69 637 =53 156 + 47 3112 1250 =119 1406 + 120
MSI1 452 + 88 617 £ 48 247 £ 60 52 +22 Nn22 £ 99 1369 £ 99
MS2 464 =109 600 + 47 231+ 60 60 = 21 124 =98 1355 £ 97
Diff Contrl-Contr2 0+ —1+13 0*+4 4+12 2+6 2+7
Diff MS1-MS2 12 +37 —17 £40 —16 +=7° 8+ 1P 2*9 —13 = 8°
Diff Contrl-MS1 —129 =104 —22 *+ 68 91+ 71° 24 +18° —126 =133 —35£117
Diff Contr2-MS2 —117 £ 113¢ —37 + 67° 75 +70° 29 +17¢ —126 + 136° —50 =116

Note:—Diff indicates difference; Contr, control group; MS, MS patient group; 1, measurement 1; 2, measurement 2.

2 For each tissue volume, the mean value and SD are given. The mean difference and SD of the first measurement and the second measurement and between controls and

patients with MS are also provided. The MS group received Gd in the second measurement.
b p < 05 (significant difference).
€ P <005 (significant difference).

Table 2: Fully automatic measurements of the normalized WMF, GMF, CSFF, NF, and BPF of
the control group and the MS group®

WMF (%) GMF (%) CSFF (%) NF (%) BPF (%)
Contrl 414 x£26 45519 N2 =31 20x05 88.8 =31
Contr2 41324 454 1.8 n1x31 22*09 88.9 =31
MSI 32954 452 *£3.0 18.0 £ 41 3.8x17 82.0 £ 41
MS2 340+ 6.8 445* 46 17142 44x16 82942
Diff Contrl-Contr2  —0.1* 0.9 —01x038 00=*=03 02*038 00*03
Diff MSI-MS2 1129 —07*32 -10*05 06+08° 1.0 £0.5°
Diff Contr1-MS1 —84+61° —04=*34 6.9 £51° 19 £15° —6.9 £ 51°
Diff Contr2-MS2 —73*X69° —09*43 6.0 £51°  22*14° —6.0 = 51°

Note:—Diff indicates difference; Contr, control group; MS, MS patient group; 1, measurement 1; 2, measurement 2;
WMF, WM fraction; GMF, GM fraction; CSFF, CSF fraction; NF, remaining, unclassified non-WM/GM/CSF tissue
fraction; BPF, brain parenchymal fraction.

2 Each tissue fraction corresponds to the tissue volume divided by the ICV. The mean value and SD are given as well as the mean
difference and SD of the first measurement and the second measurement and between the controls and patients with MS.

© P < .05 (significant difference).

€ P < .005 (significant difference).
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FIG 2. Brain-tissue fraction results of the first measurement: the brain parenchymal frac-
tion, white matter fraction, gray matter fraction, CSF fraction, and the non-WM/GM/CSF
fraction of the intracranial volume, as a function of subject age. Markers are zero for the
control group and plus for the MS group. The colors are similar to the segmentation overlay
colors of Fig1.
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nounced. The observed differences were
distributed over all slices and ranged be-
tween 0 and 1 mL per section. Between the
control and patient groups, large volume
differences were observed. The mean BPV
was 126 mL smaller for the MS group,
similar to the total mean WMV difference
(129 mL). The CSFV was significantly
larger for patients, with a mean difference
of 91 mL. In addition, the remaining NV
was larger (24 mL).

In Table 2, the normalized tissue frac-
tions of WM, GM, CSF, remaining, un-
classified non-WM/GM/CSF tissue, and
brain parenchyma are shown. Again only
small differences were observed for the
control group. For the MS group, on the
other hand, the WM fraction, remaining,
unclassified non-WM/GM/CSF tissue
fraction, and brain parenchymal fraction
increased, whereas the GM fraction and
CSF fraction decreased after Gd adminis-
tration. The changes in CSF fraction, re-
maining, unclassified non-WM/GM/CSF
tissue fraction, and brain parenchymal
fraction were significant. When one com-
pared the 2 groups, a significant differ-
ence in WM fraction, CSF fraction, re-
maining, unclassified non-WM/GM/CSF
tissue fraction, and brain parenchymal
fraction between the controls and the pa-
tients with MS was observed. The differ-
ences between the 2 groups are visualized
in Fig 2, where the normalized WM frac-
tion, GM fraction, CSF fraction, remain-
ing, unclassified non-WM/GM/CSF tis-
sue fraction, and brain parenchymal
fraction measurements are shown for all
subjects as a function of age for the first
measurement.

In Table 3, linear regression slopes and
confidence intervals are shown for both
groups. For the control group, a signifi-
cant decrease of WM fraction and brain
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Table 3: Linear regression of the normalized WMF, GMF, CSFF, NF, and BPF of the control and the MS groups as a function of age®

WMF GMF CSFF NF BPF
Contrl-age (%/yr)  —012(—021to —0.03> —0.03(—01-0.05  0.17(0.07-0.27)°  —0.01(—0.03-0.01  —0.17 (—0.27 to —0.07)°
Contr2-age (%/yr)  —010(—019to —0.01°  —0.05(—012-0.03)  0.17(0.07-027)° —0.02(—0.05-0.02)  —0.17 (—0.2to —0.07)°
MSl-age (%/yr) —0.02(—0.26-0.22) —0.03(—016-010)  0.05(—013-023)  0.00(—0.08-0.07) —0.05(—0.23, —0.13)
MS2-age (%/yr) —0.01(—0.31-0.30) —0.05(—0.25-015)  0.04(—014-0.23)  0.02(—0.06-0.09) —0.04(—0.23-0.14)
MSI-EDSS (%/unit) ~ —116(—2.28to —0.05>  —017(—0.87-054) 0.93(—0.19-2.04)  0.23(—014-0.62)  —108(—190 to —0.26)°

MS2-EDSS (%/unit)  —134 (—2.81-0.13) 0.09(~101-119)  093(—019-2.06)  019(—020-0.58) —106(—192to —0.20)°

Note:—Contr indicates control group; MS, MS patient group; 1, measurement 1; 2, measurement 2; WMF, WM fraction; GMF, GM fraction; CSFF, CSF fraction; NF, remaining,
unclassified non-WM/GM/CSF tissue fraction; BPF, brain parenchymal fraction.

2 The 95% confidence interval is given between parentheses. For the MS group, the linear regression of the age-corrected fractions with EDSS is provided.

bp < .05 (significant difference).

€ P < .005 (significant difference).
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FIG 3. Bland-Altman plots for WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain
parenchymal fraction of all subjects with the mean tissue fraction against the difference in tissue fraction between measurements 1and 2. The
dotted lines indicate the mean difference = 2 SDs, on the left for the controls and on the right for the MS group. The scaling on both axes is

identical; the colors are identical to those in Fig 2.

parenchymal fraction and a significant increase of CSF fraction
with age were observed. No significant correlation with age was
found for the MS group. After age correction, the patients with
MS showed a significant decrease of brain parenchymal fraction
and of WM fraction. Between measurements 1 and 2, the regres-
sion values were very similar and no significant difference was ob-
served for any slope for either group. In Fig 3, Bland-Altman plots are
shown for WM fraction, GM fraction, CSF fraction, remaining, un-
classified non-WM/GM/CSF tissue fraction, and brain parenchymal
fraction for all subjects, in which the mean tissue fraction was plotted
against the difference in tissue fraction between measurements 1 and
2. The 2 times SD areas are indicated by the dotted lines for both
groups, on theleft for the controls, and on the right for the MS group.
For WM fraction and GM fraction, the SD of the patient group is
much larger than that for the control group; for CSF fraction, re-
maining, unclassified non-WM/GM/CSF tissue fraction, and brain
parenchymal fraction, it was similar.

DISCUSSION

In this work, a recently developed method of combining quanti-
tative MR imaging with fully automatic tissue classification, syn-
thetic tissue-mapping, was used to investigate brain-tissue volumes
of patients with MS pre- and post-contrast agent administration.
This method is both fast and objective because brain segmentation
can be obtained in a total time of 10 minutes (acquisition plus post-
processing) and without user interaction for tissue classification.

In a clinical and research context, accurate measurement of
the ICV is important because it is used to normalize brain-tissue
volumes to reduce the effect of differences in subject head size.”’
The repeatability of the ICV segmentation was estimated by using
the 2 measurements of the control group. The software repro-
duced values for the repeated measurements with a nonsignificant
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difference of 2 mL, which corresponds to only 0.14% of the ICV.
The intrasubject SD in this cohort was 0.50%, which was some-
what lower than the 0.83%, found in a previous assessment by
Ambarki et al.** The administration of Gd, however, had a signif-
icant effect on the measurement of the ICV; after contrast agent
administration, the ICV was 13 mL smaller. Visual inspection did
not result in locating a specific area where differences in ICV were
pronounced, and ICV was measured slightly smaller on every
slice. Our interpretation of these observations is that the slight
reduction in the T1 relaxation of brain tissue due to the presence
of Gd contrast agent in the capillary network resulted in a slight
decrease of the measured PD, though PD should be invariant to
T1. Alower PD will consequently shift the ICV border somewhat
because the border was defined in the software at PD = 50%. A
reduction of the ICV with a mean of 13 mL, however, is relatively
small. If one considers a 1387-mL skull as a spheric object, the
volume loss would correspond to a radial decrease of 0.2 mm.
Such a reduction is well below the resolution of our acquisitions.

The BPV was identical for both measurements and for both
groups. The reduction of the ICV, observed post-Gd in patients
with MS, resulted in a reduction of the observed CSFV. This
means that the ratio between BPV and ICV, the brain parenchy-
mal fraction, changed, as shown in Table 2, with a significant
increase of 1.0% in a paired test. The brain parenchymal fraction
is considered a valid measure for brain atrophy,3 2 and the effect of
the presence of Gd is therefore important for follow-up. The ap-
parent increase of brain parenchymal fraction of 1.0% was smaller
than the observed variation of brain parenchymal fraction within
the MS group (4.2%). Furthermore, it was much smaller than the
difference between the MS group and the controls (6.9% for mea-
surement 1 and 6.0% for measurement 2). Linear regression (Ta-
ble 3) showed that the difference pre- and post-Gd appears to be



an offset, which was similar for all subjects; the measured slopes as
a function of age and EDSS were very similar for both measure-
ments. The results of this study suggest that a common practice,
comparing images of patients with MS acquired post-Gd with
those of healthy controls without Gd should still be considered a
valid approach, despite the effects of Gd on the tissue-classifica-
tion volumes. Further investigation is required to confirm this for
patients with MS at earlier stages of the disease and patients with
MS with enhancing lesions.

The results for brain parenchymal fraction in this work were

very close to the values of Vagberg et al,*

who reported a brain
parenchymal fraction of 85.2% for the MS group on the basis of
analysis using the same software. These patients had a median
EDSS = 2.5, which was acquired post-Gd. In this work, the mean
(post-Gd) brain parenchymal fraction was 82.9% for patients,
who had a higher median EDSS = 3.5. For the control group, it
was 89.0% (no Gd), compared with our 88.8%. The coefficients of
variation of repeated BPF measurements were comparable.

The measured values for brain parenchymal fraction for the
control group were higher than those in alarge study by DeCarli et
al,>® in which a mean brain parenchymal fraction of 78% was
found (mean subject age, 62 years). Differences in absolute brain
parenchymal fraction values may have various causes: DeCarli et
al, for example, used another definition of the ICV, in which the
cerebellum was excluded. Furthermore, CSF was manually seg-
mented in a binary fashion by using an image-intensity threshold.
Because any method has a cascade of segmentation process de-
tails, they easily lead to differences in the final results. As shown in
our work, the absence or presence of Gd contributes to these
differences. It is, therefore, clinically more relevant to focus on the
change of tissue classification values with time or over disease
severity. As shown in Table 3, there was no significant difference
in the correlation of the volume fractions with age and EDSS. In
the study of DeCarli et al, a decrease of brain parenchymal frac-
tion of 0.26% per year was reported, an observation that was
within the 95% confidence interval of our measurements. The
lower rate of 0.17% that was found could partly be explained by
the fact that our subjects were on average 14 years younger.

Gd contrast agent is expected to decrease the T1 relaxation in
brain tissue. Even though no enhancing lesions were observed for the
included patients with MS, a nonzero Gd concentration must have
been present in the capillary network. Because of this shift toward
shorter T1 relaxation times, the segmentation results may show an
apparent increase of the brain tissue with the shortest T1 relaxation
time (ie, white matter). As seen in Tables 1 and 2, there was a trend
that WM increased somewhat, at the expense of GM post-Gd, but
this effect was not significant. The Gd concentration in nonlesional
normal-appearing brain tissue must, therefore, be relatively low.

Within the ICV, some tissue was not recognized as either
WMV, GMV, or CSFV, and was labeled NV. The advantage of the
presence of a fourth class for the remaining, unclassified tissue
fraction is that it avoids forcing tissue into the WMV, GMV, or
CSFV classes. Therefore, it reduces the effect of the presence of
white matter lesions, which can be a problem for automatic brain-
tissue-classification algorithms.>* As is shown in Fig 1, white mat-
ter lesions mainly show up in NV; therefore, it could serve as a
basis for MS lesion-load estimation. An offset of the NV, corre-

sponding to 2831 mL (2.0%-2.2% of the ICV), was observed in
healthy subjects, mainly consisting of blood vessels and small rims
at the intracranial edge. For the MS group, the NV was signifi-
cantly higher, at 52 mL pre-Gd and 60 mL post-Gd (3.8% and
4.4% of the ICV, respectively), suggesting that 2429 mL might be
assigned to MS lesion volume. Although these higher values suggests
that the NV might be useful for MS lesion-load measurements, cur-
rently, extensive manual correction will be required, both to reduce
false-positives of nonlesional areas and to correct false-negatives
when MS lesions are recognized as partial volume GM or CSF in-
stead. The effect of Gd was significant, apparently increasing the po-
tential MS volume to 8 mL post-Gd, a 15% increase in comparison
with the pre-Gd volume. Further investigation on, for example, the
reproducibility and the influence of the rather thick sections (4 mm)
is required to confirm this finding. It could be speculated that the
introduction of a fifth class, blood vessels, could improve the speci-
ficity of the NV to segment MS lesions. Blood vessels typically have
very low PD values because synthetic tissue-mapping uses a black-
blood acquisition sequence.

A limitation of the study was the low number of included
subjects and the combination of subjects diagnosed with relaps-
ing-remitting MS and secondary-progressive MS in the group of
patients with MS. The effects of Gd may, therefore, be different for
the different MS groups. Furthermore, only single-dose Gd and a
fixed time after administration were investigated. Although these
2 variables were carefully controlled, the absolute Gd concentra-
tion may still have varied over the patients due to, for example,
weight, blood volume, and perfusion rate. As seen in Fig 3, the
variation in segmentation results increased significantly for WM
and GM, which may be a sign of different Gd concentrations.
Administration of double-dose Gd, or choosing another delay
time after administration of Gd, may further affect the automatic
tissue classification. The results of the synthetic tissue-mapping
method, however, are congruent with the results of other, larger
studies on controls and patients with MS. A limitation for the
repeated measurements was the lack of measurements for con-
trols with Gd and patients with MS without Gd, which was be-
yond the scope of our ethical permission. Therefore, the observed
effect of changes in the automatic segmentation after Gd admin-
istration may be specific for our groups. Especially, the effect of
minor Gd leakage on the MS lesions can be of influence because
the measured NV did increase to 8 mL post-Gd. It is more likely,
however, that the increase of NV occurred simultaneously with a
decrease of the sum of WMV and GMV (observed 12-17 = —5
mL) and therefore did not have an influence on BPV. The effects
on automatic tissue classification of other patient populations,
other Gd concentrations, and acquisitions on other scanner
brands are subject to future investigations of the method.

A potential limitation could be the relatively low resolution of
the method, which could decrease the variation between mea-
surements. The method, however, is relatively insensitive to res-
olution, owing to the incorporation of a partial volume model,
and it has been shown that the volume measurements are similar
by using a variety of resolutions.'® It is, therefore, not expected
that the application of a higher spatial resolution would alter the
differences pre- and post-Gd. The effect of choosing different ge-
ometries was not investigated.
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CONCLUSIONS

The synthetic tissue-mapping method provides automatic mea-
surements of WMV, GMV, CSFV, NV, BPV, and ICV, with a high
degree of repeatability within a short time. The administration of
Gd contrast agent in patients with MS had a significant effect on
the tissue-classification results, and changes were observed for
CSFV, NV, and ICV. For brain-tissue fractions, normalized with the
ICV, changes were observed in CSF fraction, remaining, unclassified
non-WM/GM/CSF tissue fraction, and brain parenchymal fraction.
The observed changes in this study, however, were much smaller
than the differences between the group of patients with MS and
healthy controls. There were no significant differences between the
correlations with age and EDSS pre- and post-Gd.
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