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Abstract Partial volume averaging
of signal from multiple sclerosis le-
sions influences biexponential fitting
of the water T2 relaxation as used
for tissue/CSF segmentation of spec-
troscopic volumes. Periventricular
volumes-of-interest comprising CSF,
lesion and normal-appearing white
matter in varying proportion were
studied. The relaxation of the local-
ized water signal was measured at 12
echo times (STEAM, geometric
spacing from 30 ms to 2000 ms,
least-squares fit). Magnetization
transfer (MT) was applied to identify
contributions of tissue signal to the
CSF component. The T2 of the long-
lived component

(T2),,,=433-1782 ms) and its pro-
longation after MT were inversely
correlated to the MT ratio. Hence,
short T2, is associated with over-
estimation of CSF partial volume,
and thus metabolite concentrations.
A T2-correction for the CSF partial
volume was suggested and applied to
the quantification of MR spectra of
large MS lesions. The T2 of bulk
CSF (2280+87 ms) and the influence
of the TE sampling scheme were
also studied.
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resonance Spectroscopy -
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Introduction

Segmentation of the volume-of-interest (VOI) into sub-
volumes of cerebrospinal fluid (CSF) and tissue is
necessary for absolute quantification in single-volume
MR spectroscopy (MRS) of cortical gray matter [1, 2].
The difference in relaxation times provides the basis
for the separation of ‘brain water’ and CSF. Problems
and solutions of T2-based segmentation arising from
severe alterations of water content and T2 times have
been reported for non-focal pathologies in children [3].
Volume segmentation is mandatory also in periventri-
cular VOIs. These can be of interest in some degene-
rative white matter diseases, e.g. multiple sclerosis
(MS). As a result of minimizing partial volume contri-
butions from normal-appearing white matter (NAWM),
the partial volume of CSF may show considerable vari-
ation and may exceed the CSF fraction of cortical
VOlIs.

Water content and T2 differ in MS lesions compared
to NAWM and CSF. Some lesions contain water of inter-
mediate T2 (200-400 ms) [4, 5, 6]. This additional com-
ponent cannot be reliably detected in periventricular
VOIs because time constrains the number of TE points
sampled in concecutive single-echo measurements.
When the biexponential tissue/CSF model is applied, the
fitted components may be affected by partial volume av-
eraging [7] and no longer represent homogeneous com-
partments. In particular, the CSF component will be
overestimated by unknown contributions from signal of
intermediate T2.

This report addresses this effect of partial volume av-
eraging in spectroscopy VOIs of periventricular MS le-
sions. Because magnetization transfer (MT) is known to
be absent in CSF, we used MT to identify contributions
from tissue signal to the fitted long-T2 component [5]. A
correction formula is suggested that utilizes an idealized
T2 of CSF derived from the correlation of MT with the
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shortening of T2,,,,. The correction was applied to the
absolute quantification of proton MR spectra. In addi-
tion, we studied the T2 of bulk CSF and the influence of
TE sampling scheme.

Materials and methods

The experiments were carried out on a 1.5-Tesla clinical MR
system (Signa Advantage, General Electric Medical Systems, Mil-
waukee, Wis.) using the standard quadrature birdcage headcoil.
Single scans were acquired using the implemented steamsci se-
quence without phase-encoding for single-volume MRS [8]. T2
relaxation of the unsuppressed localized water signal was studied
by 12 consecutive single acquisitions at echo times spaced geo-

metrically between TE,; =30 ms and TE ,,=2000 ms:
i—1
TEma \ 1)
TEi=TEpin { /=— =1,2,...,n=12 1
i min <TEmin) l y &y ey N (D

The time between two acquisitions was 15 s. The eddy current
compensation was controlled regularly to avoid TE-dependent re-
focusing errors. The bandwidth of the excitation profile of the
slice-selective radiofrequency pulses was 2367 Hz. Hence, the
chemical shift difference between water and N-acetyl aspartate
(NAA) (=2.65 ppm) corresponded to 7% of the slice thickness.
The localization error across the spectrum was minimized by mea-
suring the relaxation with the carrier frequency shifted by
+100 Hz. Thus, the water signal represented a chemical shift of
about 3.0 ppm, the centre between the acetyl resonance of NAA
(3%) and the methylene resonance of creatine (-3%).

Two exponential components were fitted to the data points
(Fig. 1) as described in [5]. The quantification procedure com-
bined the external reference method, to account for coil filling,
match/tune errors, and long-term signal changes, with the reci-
procity method, to account for sensitivity differences between

80% T T T
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40%

VOI Water Signal

20%

0% :
0

1000 1500
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Fig. 1 Two exponential components fitted to a 12-point relaxation
measurement of a periventricular multiple sclerosis (MS) lesion
(bold curves: T2,,,,=1388 ms, T2y, =107 ms, Byp=71.7%,
x?=0.147). Also shown is the long-T2 component. In this example,
an unconstrained least-square fit of three components converged
(dashed curves: T2,,,,=1980 ms, T2;,=218 ms, T2, =88 ms,
Bioi=74.0%, X2=0.O99) but the decrease in %2 was not significant.
The F(8,6) distribution yielded p=0.32. In general, the intermedi-
ate component could not be reliably detected, which was in part
due to subject motion, CSF flow, and the limited number of sam-
pled TE points

phantom and VOI due to inhomogeneity of the radiofrequency
field [9]. After scaling by volume and correcting for variations of
sensitivity, component amplitudes (Sgors Siong) Were expressed rel-
ative to the T2-corrected water signal obtained from the calibra-
tion experiment, which served as a reference for 100% water con-
tent in the VOI. Assuming 100% water content of CSF, the ampli-
tude of the long-lived component (s,,,,) was used as a measure for
the CSF partial volume. Division of the short-lived component
(Sshort) DY 1=5)0n, yielded the ‘MR water content” of tissue [1]:

Bmr = Sshort/(l - Slong>~ 2)

We also tried to fit three exponentials to the relaxation data by
constraining T2, , of the CSF component to 2 s. If components of
short and intermediate T2 (Sshores Sin) could be successfully fitted,
the ‘total water content’ of tissue was calculated:

Btot = (sshort + Sint)/ (] - Slong) . 3)

The present study comprises 26 adult patients with MS and one
healthy subject. It was compiled from three different projects that
were conducted in compliance with the ethical guidelines of the
local human subject protection board.

1. Detection of partial volume averaging

Contributions of tissue signal to the long-lived component due to
partial volume averaging were assessed by MT. Nine MS patients
participated in this part after a clinical examination involving the
injection of a paramagnetic contrast agent (gadodiamide, Nyco-
med, Norway, single dose of 0.1 millimol per kg body weight).
The 15 periventricular VOIs comprised T2-hyperintense lesions
without contrast enhancement and variable fractions of CSF and
NAWM.

A chain of selective off-resonance radiofrequency pulses was
implemented as modification of the water-suppression part of the
sequence. Single-lobe pulses (hamming-filtered sinc-mainlobe) of
12 ms duration and 1440° nominal flip angle were applied 1 kHz
off-resonance with a repetition period of 30 ms. Coherent trans-
verse magnetization was ‘spoiled’ by permutation of gradient di-
rections. Forty saturation pulses were applied, which was the max-
imum number compatible with system restrictions, yielding a total
saturation time of 1.2 s [5]. The fitted parameters (with and with-
out MT) were compared using a two-sided paired #-test. Magneti-
zation transfer ratios (MTR) were calculated from the amplitudes
of the long-lived component:

MTkag =1- Slun‘g/ ‘{(C)Lg (4)

In the biexponential fit, the long-T2 component is mainly deter-
mined from the data points where the short-T2 component is zero.
The remaining lesion signal shortens the T2 of CSF due to mini-
mization of 2. This contribution is expected to change with and
without MT, shortening T2, to different degrees. Thus, partial
volume averaging will result i ih concomitant changes in amplitude
and transverse relaxation. For comparison with MTR ., the rela-
tive change in relaxation rates was calculated from T210ng, short:

ARjjong = T2 / T2 1. (5)
The amplitude, sy,,,, can be regarded as an exponential extrapola-
tion of the CSF signal to zero TE by the fitted T2,,,,. In other
words: after the lesion signal has decayed, the fitted component
describes the CSF signal. In order to counterbalance the effect of
T24 on MTR,,,,, the MTR of the long-lived component at a cer-
tain time (t) was calculated by weighting s,,,, exponentially by
T2, before applying Eq. 3:

Slong — Slong * €XP (_T/T2long) . (6)
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Since fitted sy,,, and T2,,,, are correlated, weighting reduced the
influence of other sources of variation in T2, [5]. In repeated re-
laxation measurements, the weighted signal showed better repro-
ducibility than the amplitude [10]. As previously observed in cor-
tical VOIs [5], the value of T that yielded an average of zero
MTR,,,, (tcsp) was chosen as TE, where the fitted long-lived
components typically represented CSF.

The effect of partial volume averaging (shortened T2, . and
increased amplitude s,,,,) was accounted for by taking the signal
of the fitted T2,,,, component at Tcgp and re-calculating the ampli-
tude by exponential extrapolation to zero TE with the T2 of CSF,
T2cgg. From the assumption of zero MTR in CSF, we determined
Tegp=1050 ms and T2 ~gz=1780 ms (see Results). The signal of
CSF (or partial volume) was approximated by the formula:

SCSF = Slong - €xp (1050ms- (1/1780ms — 1 /T2ieng) ) - 7

Assigning the difference As=s),,, -scsF to tissue water, the MR wa-
ter content of tissue was corrected to:

K/(I)E = (Sshort ~+ Slong — SCSF) /(1 — SCSF) . (8)

2. Volume correction of absolute concentrations

To test the impact of the corrected CSF estimate (Eq. 7) on abso-
lute quantification of proton MR spectra, 21 periventricular MS
lesions filling more than 50% of the VOI were selected from a
previous MRS study (11). The spectra were acquired at short echo
time (30 ms) and long repetition time (6 s), individually phase cor-
rected for motion effects (12) prior to averaging, and evaluated us-
ing a linear combination of model spectra (LCModel, [13,14]).
Absolute tissue concentrations of the main metabolites were esti-
mated using s,,, and the corrected scgp for the CSF partial vol-
ume.

3. T2 of bulk CSF

T2 of bulk CSF was measured in seven patients with enlarged
ventricles for comparison with T2,,,,. The VOIs were placed in
the trigonum area of a lateral ventricle, excluding the plexus
choroideus and any tissue by a margin of 5 mm. A modified nine-
point protocol was used (TE=30, 100, 200, 400, 700, 1000, 1300,
1600, 2000 ms) with delays of 20 s to provide full 7 relaxation in
CSE. No quantification was performed, and a single exponential
was fitted. The effect of contrast agent on the T2 of CSF was stud-
ied in a single patient by measurements before and approximately
10 min after the injection of a single dose of contrast agent. Care
was taken to avoid regions of inhomogeneous pulsative flow, as
indicated on fluid-attenuated inversion recovery images or by sig-
nal loss in singular TE points. These were observed at turbulent
in-flow from the foramen monroi and along the septum. VOIs
reaching far into the ventricles were more prone to flow artefacts
than those including only a few percent of CSF from the vicinity
of the tissue.

4. Influence of the sampling scheme

The influence of the sampling scheme was studied using previous-
ly published 32-point relaxation measurements in periventricular
white matter [5]. TE;, was increased from 451 ms (n=12 points)
to 1332 ms (n=4) to exclude tissue signal, and a single CSF com-
ponent was fitted. TE,,, was reduced from 2000 ms (n=32) to
451 ms (n=20) by consecutively omitting the longest TE value,
and the biexponential tissue/CSF model was fitted.

Results
1. Detection of partial volume averaging

The heterogeneous character of the long-lived T2 com-
ponent was indicated by marked MT attenuation of the
amplitude (MTR,,,,=24+17%) and significant prolonga-
tion of T2, (from 1136+518 ms to 1359+469 ms,
p=0.00013 of a paired two-sided r-test). Contributions
from lesion signal resulted in a significant inverse corre-
lation between MTR,,,, and T2,,,,, as well as between
MTR,,, and ARy, (ngg. 2, see caption for details). In
Fig. 2A, linear regression yielded T2-ge=1778 ms as
x-intercept for zero MTR. In eight of 15 VOIs, T2,,,,
values were more than four standard deviations below
the average in healthy controls [5]. The six points with
the lowest T2 |, (<800 ms) showed particularly large
MTR,,,, of about 40%. Since these VOIs contained only
little C%F, the high MT indicated that the long-lived
component was dominated by lesion signal. Hence, the
errors in s,,,, and thus in quantification can be severe. In
the scatter plot of MTR,,,, and ARy, (Fig. 2B), some
of these points deviated from the otherwise excellent lin-
ear correlation (Pearson’s coefficient of correlation
r=0.97). In such cases, the fitted parameters and MTRs
probably reflect the properties of the individual lesion
rather than the proportion between CSF and lesion sig-
nal. The short-T2 component assigned to tissue water
was also affected by partial volume averaging and did
not represent a homogeneous compartment. Similar to
the long-lived component, T2 . increased in the MT
experiment (from 102+16 ms to 109+19 ms, p = 0.0096)
and MT ratios calculated from sy, (41-70%, mean
54%) were inversely correlated with T2, . (r=-0.71).

When weighting the amplitude with the individual
T2, (Eq. 6), zero-average MTR,,,, was found for
Tegp=1050 ms. Again, the VOIs dominated by the six le-
sions showed the largest deviation from zero (>10%),
but exclusion of these yielded a consistent average MTR
of zero. Thus, the water signal at TE>1,050 ms appears
to be due to CSF alone, which was in accordance with
findings in cortex and the intermediate T2 times ob-
served in MS lesions [4,5].

The correction formula corrects for the overestima-
tion of partial volume by s,,, by replacing individual
values of T2,,,, for a typical value, T2¢gp. Thus the dif-
ference to scgp, As, depends on T2,,,,. For smaller T2,,,,,,
differences amounted up to 10% of VOI size, but were
generally smaller than 3% for longer T2,,,.. However,
only minor increases in By (73.7+4.6%) were observed
when compared to Byr (72.6+4.7%).

This correction does obviously not account for errors
in §y,, A third component of intermediate T2 could be
fitted in nine of the 15 lesion VOIs, when constraining
T2, to 2 s. The CSF amplitude obtained from the
three-component fit showed an excellent correlation with
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Fig. 2 Magnetization transfer ratios (MTR) of the heterogeneous
‘CSF’ component due to partial volume averaging. A Inverse cor-
relation between MTR and T2 of the long-T2 component, assigned
to CSF. The regression line is given as MTR=65%-36.5% s-!
T2, (errors +4% and *3% s-!, Pearson’s r=0.95, p<0.001). Note
that the x-intercept of the regression line (for zero MTR,,,,) at
1,778 ms corresponds well to the T2 of the CSF observed after
gadolinium injection. B MTR,,,, was correlated to the relative
change in relaxation rates AR210 =120/ 12100 MT—1 (r=0.84,
p<0.001). The points showing MTﬁlon about 40% were domi-
nated by lesion signal. Here, the large Variation in ARy} may be
due to lesion heterogeneity. Shown is the linear correlation in the
other data points (MTR,,,, <30%), where CSF dominated the
long-T2 component as indicated by lower MT (r=0.97). For zero
AR, 0> the y-intercept of the regression line of -2% was consis-
tent with the absence of MT in CSF

the corrected s-gp (Pearson’s r=0.999). The fitted values
of T2y (84£9 ms) and T2, (228+46 ms) and the cor-
responding MTRs were consistent with previous findings
in chronic T}-hypointense MS lesions embedded in
NAWM [5]. The total water content, (3, of the short and

Q0% | v
85%}
80% |
?5%:

70% |

Tissue water content (2-component fit)

65%

60%
60%

i | ] i | PR T S Y i L i ]
65% 70% 75% 80% 85% 90%

Tissue water content (3-component fit)

Fig. 3 Tissue water content 3, derived from biexponential tissue/
lesion model (Eq. 7) plotted versus the tissue water content

Byr derived from the atrophy model (Eq. 2, squares) and Pyjr cor-
rected to T2.gp=1778 ms (Eq. 6, open squares, regression line
MR = 0.0% + 0.95B4, errors: £5% and +0.06, r=0.984)

intermediate components (Eq. 3) was 75.5+4.3%. This
was significantly higher than By and Byig (p <0.001 of a
two-sided paired r-test). However, By and Byr were
strongly correlated with f,., (Fig. 3, see caption for de-
tails). Though far from representing the ‘true’ tissue wa-
ter due to exclusion of ‘myelin water’ [14], the ‘MR wa-
ter content’ derived from the biexponential tissue/CSF
model may be used as a measure for the average water
content in NAWM and MS lesion.

2. Volume correction of absolute concentrations

In these 21 lesions, the long-lived component s, was in
the range of 5.2-43.6% (mean 22.3%). Uncorrected con-
centration estimates of total NAA (tNAA), total creatine,
and choline compounds were inversely correlated with
Siong at the p<0.05 level. The concentration estimates are
summarized in Table 1. The corrected s-gp Was between
3.2% and 43.7% (mean 16.4%). The mean concentra-
tions reflected the mean difference in s,,,, and scgp, re-
spectively.

The fitted T2,,,, was between 406 ms and 2090 ms,
but more evenly distributed than in previous section. The
concentration estimates for tNAA are plotted against
T2),,, in Fig. 4. As mentioned above, the correction of
Sione Was particularly important when an excess of lesion
signal over CSF signal resulted in short T2,,,, and high
amplitudes. In particular, singular high estimates for
INAA (>10 mM) were reduced when using s instead
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Table 1 Estimates of absolute

tissue concentration? in peri- Volume correction:

Noneb

by (l_slong) by (I_SCSF)

ventricular multiple sclerosis

22.3+8.6 (5.2-43.6)°

76.1£3.4 (68.8-84.9)!
7.8+1.0 (5.2-10.8)
6.420.9 (4.5-8.2)
1.9+0.4 (0.9-2.8)
8.621.6 (4.7-12.7)

16.449.0 (3.2-43.7)d

77.8+3.1 (70.3-85.5)¢
7.3+1.0 (5.0 -9.8)
6.0£0.8 (4.5-7.8)
1.8+0.4 (0.8-2.7)
8.1=1.7 (4.4-12.7)

COIT

ted T2, from 2050 ms to 2370 ms in this periventricu-
lar VOI. On the other hand, T2,,,, decreased steadily
from 2050 ms to 1222 ms in a biexponential fit when
max Successively from 2000 ms to 451 ms.
The deviations in T2, were larger than 5% for
TE, ..<1000 ms. The non—%inear least-square fit enforced
concomitant deviations in the other parameters. A paral-
lel decrease in T2, (from 75.7 ms to 70.3 ms) was lin-
early correlated to T2,,,, (Pearson’s coefficient of linear
r=0.999). Since this increased s,,,, and decreased sy,
the water content changed by only 0.3%, which was well

lesi CSF fraction (%) -
esions Tissue water (%) 59.0+6.7 (44.1-73.5)¢
Total NAA 6.0+0.9 (3.7-7.9)
Total creatine 5.0+£0.9 (3.4-7.3)
Cholines 1.5+0.5 (0.7-2.6)
Myo-inositol 6.6+1.3 (4.2-10.4)
2 Values of mean+SD (range) given in mmol/l
b Concentrations refer to the nominal volume of the VOI
cd Values given correspond to s, andscgp, respectively
ef.g Values given correspond tosg,» Pur> and PR » respectively
12
O
u]
10 E ............. * @
% 3-----9-;’%--? ﬁ:% ----- reducing TE
E A & *%s ]
_ o A e A B o s s
; 6 2 3 z E A GA f aB max
g 4 D 1“SI°ng ........... a. - - -& .........
RN B ol o PRSP
A none
0 : - : .
0 500 1000 1500 2000 2500
T2 long [ms]

Fig. 4 Scatter plot of absolute concentrations of tNAA versus the
fitted T2,,,,,. 22 Uncorrected concentrations per volume-of-interest
(VOI) volume, [ volume correction by (1-sy,,,), ¢ volume cor-
rection by (1-scgp). The shaded box indicates the mean+SD inter-
val of the control group [10]. Note the 2 mmol/l difference be-
tween @ and [] for short T2,

of $)op, for volume correction. Only minor differences
were seen when s),,, was in the normal +2SD range of
controls (1400-2072 ms).

3. T2 of bulk CSF

T2 in bulk CSF was between 2157 ms and 2410 ms
(mean+SD: 2280+87 ms). In the presence of contrast
agent, T2 was reduced from 2200 ms (£39 ms, four mea-
surements) to 1770 ms (x6 ms, two measurements). The
increase in the T2 relaxation rate by 0.111 s-! corre-
sponded to a gadolinium concentration of 0.021 mm
(mmol/l) in CSF, which is about one-fifth of the applied
dose. The transverse relaxivity of gadodiamide of
5.3 s~Immol-! was determined in vitro (M. Karlsson,
Stockholm, personal communication).

4. Influence of the sampling scheme

When fitting a single exponential to the last data points,
increasing TE ;, resulted in a steady increase of the fit-

below the error of the quantification [9], and may hence
be neglected.

Discussion

The key aspect of this study was the effect of partial vol-
ume averaging in spectroscopy VOIs of periventricular
MS lesions when using the two-component tissue/CSF
model of Ernst et al. [1]. Signal of intermediate T2 origi-
nates from hypocellular regions in the MS lesion [4].
The correlation between MT and the fitted T2 indicated
the influence of tissue signal on the shortened relaxation
component attributed to CSF. The fitted T2,,,, will de-
pend on the proportions between CSF and the size and
hypocellularity of the lesion. Values of T2, below
500 ms were observed, and the CSF compartment may
be severely overestimated. We have suggested a correc-
tion formula for the biexponential fit (Eq. 6).

Increasing TE in consecutive acquisitions is straight-
forward, but time constraints limit the number of sampled
values in clinical applications. Based on our experience,
the simple biexponential fit converges even for a small
number of TE points once the VOI contains CSF and
some TE-points are sampled after the tissue signal has re-
laxed. This is probably because of the inherent correlation
between the fitted parameters, which reduces the degrees
of freedom as demonstrated in this study (see Influence of
the sampling scheme) or by more sophisticated programs,
such as DISCRETE (courtesy of S. Provencher, [16]).

As an alternative, one may consider the complete
characterization of transverse relaxation by multi-echo
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techniques and a continuous T2 distribution [17]. In the
presence of CSF, however, this requires a sufficient
length of the echo train or the correct assumptions re-
garding the T2 of CSF. Systematic reduction of TE,,,
indicated that the relaxation should be sampled at TE
times longer than 1 s if CSF is present. However, such
long TE are incompatible with gated acquisition. Pu-
Isative motion of up to 2 mm/s in the lateral ventricle is
observed during approximately 20% of the cardiac cycle
[18], thus affecting about one in five points in ungated
single-echo measurements. The 12-point sampling
scheme (Eq. 1) provided five points of TE =450 ms to
determine the CSF component for improved robustness
against flow. During the course of the T2 measurement,
the CSF partial volume may change due to subject
movement, especially in periventricular VOIs. The sug-
gested correction method implies that scqr mainly re-
flects on the CSF signal at the end of the experiment
(points #10-12).

Notwithstanding the increased sensitivity of single-
echo to diffusion in local field gradients, the T2 of bulk
CSF (section 3 in Results) may be used as an upper limit
for the inversion of multi-echo experiments onto a grid
of T2 values [17]. Diffusion weighting by the sinusoidal
crusher gradients (10 mTesla/m peak amplitude) was in-
dependent of TE, since their duration (10 ms) and spac-
ing (13.7 ms TM interval) were kept constant. The T2 of
bulk CSF was found to be close to that of de-gassed wa-
ter at 37 °C (T2=2460+50 ms, unpublished data). This
was significantly longer than values obtained from seg-
mentation of gray and white matter VOIs [5]. This can
be explained by relaxation of additional components
arising from diffusion to the tissue boundary that is act-
ing as a ‘relaxation sink’ [19] or random motion in local
field gradients at the tissue boundary. While the nature of
this effect has yet to be explored, it appears to be strong-
er when the volume-boundary-ratio of the CSF compart-
ment is smaller, as in gray-matter VOIs. The CSF signal
is particular sensitive due to the small transverse relax-
ation rate and high self-diffusion of CSF and the use of
single-echoes. On the other hand, the T2 of CSF from
the compact sub-volume at the border of the lateral ven-
tricle (see Influence of the sampling scheme) was consis-
tent with measurements in bulk CSF (see T2 of bulk
CSF).

Because the apparent relaxation of CSF depends on
the geometry of the CSF subspace, it is, strictly speak-
ing, not possible to assign a certain T2 value to CSE.
Temporal changes of contrast agent may also induce
variable shortening of the T2 of CSF. In a particular pa-
tient, the shortened T2 of bulk CSF after contrast admin-
istration was still consistent with T2-g determined from
the MT/T2-correlation in this study (see Detection of
partial volume averaging) or the T2, , found in normal
controls [5]. Results from ‘Detection of partial volume
averaging’” were applied in another part of this study (see

Volume correction of absolute concentrations), because
the clinical protocols were consistent as the research ex-
amination started approximately 10 min after contrast
application. Besides flow artefacts, subject motion, and
lesion heterogeneity, variable T2 may be one reason why
segmentation of tissue signal into short and intermediate
components could not be reliably achieved by constrain-
ing T2,,,,. Of course, the assumption of a typical T2 for
CSF in the correction formula is a major point of cri-
tique. However, the corresponding differences between
Siong and the corrected scgp are small. Across the +2 SD
range of controls (1400 ms<T2,,,,<2072 ms) the error As
is between 17% and —8% of s,,,,. The corresponding de-
viations in partial volume were less than 3%, which is
smaller than the typical error of the LCModel evaluation
[14]. On the other hand, the size of the effect for the
smallest T2, was considerable (up to 2 mM difference
in tNAA, Fig. 4), demonstrating the necessity for a cor-
rection.

Fitting the CSF component with ‘fixed’ values of
T2),,, resulted in similar correlations between the T2,,,,
and the fitted parameters as seen in the section ‘Influ-
ence of the sampling scheme’. The amplitude s,,,, de-
creased with increasing T2,,,,, while sy, increased with
little change in Py. Fitting a component with the T2 of
bulk CSF would result in a systematic underestimation
of the CSF partial volume. In the presence of consider-
able lesion signal, x* minimization with fixed T2,,,,
yielded CSF components that tended to be higher than
the signal at TE>1000 ms even when using T2 .

It may be of practical relevance that the ‘MR water
content’ derived from the biexponential fit [1] is quite
robust against errors of the biexponential fit. The simi-
larity of By and Pyr becomes clear when Eq. 8 is re-
written as an expansion of Eq. 6:

MR = (sshort +As) / (1= Siong + As) (8a)
where the correction terms As partially cancel. In this
equation, As may describe any error introducing similar,
but opposite deviations in sy, and sg,,,. Such errors may
be due to contributions from signal of intermediate T2
(studied by MT) or due to the inherent coupling between
the fitted parameters inherent to the fit (studied by the
TE, .. dependence). However, the tissue water component,
Sqor- and thus By, are influenced by the effect of residual
short-time eddy currents on T2, (shown by correlation,
unpublished results). ;g may further depend on errors in
the signal correction for absolute quantification [11], and
on TE,;, determining potential contributions from fast-re-
laxing ‘myelin water’ in white matter [7].

Conclusion

Partial volume averaging of signal of intermediate T2
from MS lesions in the biexponential tissue/CSF relax-



16

ation model results in a shorter fitted T2,,,,, which is
inversely correlated to the MTR of the component. Se-
vere over-estimation of the CSF partial volume (up to
20% of total VOI size) may occur if T2, is short
(around 500 ms). Such errors in the long-T2 component
may be reduced by a T2-correction of the amplitude to
a typical T2 of CSF. Conversely, the ‘MR water con-
tent” derived from the biexponential tissue-water/CSF

relaxation model [1] is robust against errors in long-T2
component.
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