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Technical Note

Reproducibilty of Magnetization Transfer Ratio
Histogram–Derived Measures of the Brain

in Healthy Volunteers

Maria P. Sormani, Giuseppe Iannucci, Maria A. Rocca, Giovanna Mastronardo, Mara Cercignani,
Luca Minicucci, and Massimo Filippi

Summary: Using two MR scanners, we evaluated the in-
traobserver, interobserver, image-reimage, and interima-
ger variabilities in the assessment of magnetization transfer
ratio (MTR) histograms obtained monthly on four occa-
sions from five healthy volunteers. With multiple observers,
the mean coefficients of variations ranged from 2.2% to
8.2% for ‘‘pure’’ image-reimage variability, from 1.2% to
4.9% for interobserver variability, and from 2.1% to 4.9%
for image-reimage variability. The mean intraobserver co-
efficients of variations were always lower than 1%. The
mean coefficients of variations ranged from 10.2% to
14.6% for pure interimager variability and from 8.6% to
14.3% for interimager variability with multiple observers.
Interimager variability accounted for 96.0% of the overall
variability of average MTR, for 96.7% of peak location,
and for 41.1% of the peak height. The use of different MR
scanners is the main source of variability when obtaining
MTR histograms.

For cases of multiple sclerosis (MS), conven-
tional MR imaging is a very sensitive tool that can
show the formation of new lesions and their sub-
sequent evolution. Nevertheless, conventional MR
imaging is not without limitations; perhaps the
most important of which is its lack of specificity to
the many pathologic substrates of individual MS
lesions, which range from edema and inflammation
to severe demyelination and axonal loss (1). In ad-
dition, conventional MR imaging may not reveal
the full extent of the disease activity (1).

Magnetization transfer ratio (MTR) histograms
may, at least partially, meet some of these demands
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(2). A recent preliminary postmortem report found
a correlation between MTR and the percentage of
residual axons and severity of demyelination in MS
lesions (3). Animal studies have also shown that
low MTR correlates with histopathologic findings
of myelin loss and axon destruction (4–6). Whole-
brain magnetization transfer (MT) histogram–de-
rived measures provide a complete assessment of
both macro- and microscopic disease burden in
cases of MS and are correlated with the clinical
manifestations of the disease (7, 8).

It has previously been shown that for other MR-
derived measures of MS lesion burden (9), the use
of different imagers and image evaluators introduc-
es undesirable measurement error. In this study, we
evaluated the intraobserver, interobserver, image-
reimage, and interimager variabilities in the assess-
ment of MTR histograms obtained serially from
five healthy volunteers examined by two imagers.

Technique

Methods

Five healthy volunteers (three women and two men; age
range, 27240 years; mean age, 35 years) entered the study
after providing informed consent. Approval from the local eth-
ical committee was also obtained before study initiation. None
of the participants had a previous history of neurologic dis-
eases, and all were normal at the time of neurologic
examination.

MR images of the brain were obtained, using a 1.5-T ma-
chine (Magnetom SP63, Siemens; this machine will be referred
as imager A), from each of the participants every 28 (65) days
on four separate occasions (ie, the follow-up was of 3 months’
duration). For imager A, the maximum available gradient
strength was 10 mTm21, with a maximum slew rate of 10
Tm21s21. A birdcage head coil with a diameter of approxi-
mately 300 mm was used for both RF transmission and for
signal reception. On each imaging occasion, we obtained the
following images: 1) dual-echo conventional spin-echo images
(2400/30280/1 [TR/TE/excitations]; 24 contiguous, inter-
leaved, 5-mm-thick, axial sections; matrix, 256 3 256; field
of view, 250 mm), which were normal throughout the entire
follow-up period for all of the participants; and 2) 2D gradient-
echo images (600/12/2; a 5 208; 20 contiguous, interleaved,
5-mm-thick, axial sections; matrix, 256 3 256; field of view,
250 mm), with and without a saturation pulse. The saturation
pulse was an off-resonance RF pulse centered 1.5 kHz below
the water frequency, with a gaussian envelope of a duration of
16.4 milliseconds, a bandwidth of 250 Hz, and a flip angle of
8508. After the final MR session, we obtained a pair of addi-
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TABLE 1: Mean image-reimage and inter-imager COV for the
MTR histogram–derived measures obtained without human
intervention

Average
MTR Peak height

Peak
Position

Mean image-reimage COV (SE)%
Mean inter-imager COV (SE)%

2.2 (0.3)
12.2 (1.2)

8.2 (2.0)
14.6 (4.2)

3.0 (0.3)
10.2 (1.1)

TABLE 2: Means and ranges of the MTR histogram-derived pa-
rameters obtained with and without human intervention from im-
ages of the two imagers

Average
MTR (%)

Peak
height

Peak
Position

Mean (ranges) obtained without
human intervention/imager A

Mean (ranges) obtained without
human intervention/imager B

Mean (ranges) obtained with hu-
man intervention/imager A

Mean (ranges) obtained with hu-
man intervention/imager B

49.0
47.0–51.3

38.3
37.2–39.5

46.0
44.3–48.0

39.6
38.4–41.0

48.9
35.4–56.8

58.0
54.2–60.5

63.7
55.2–76.7

71.7
66.3–78.8

44
40–45

36
35–37

44
41–45

36
35–37

tional gradient-echo images (with and without the saturation
pulse) of each participant, using a different 1.5-T machine (Vi-
sion, Siemens; this machine will be referred to as imager B).
For imager B, the maximum available gradient strength was
21 mTm21, with a maximum slew rate of 167 Tm21s21. The
head coil used was identical to that used for imager A. The
gradient-echo sequence on this second imager was the same
as on the first, except that the saturation pulse was slightly
different. Its offset frequency and envelope shape were the
same, but the duration was 7.68 milliseconds and the flip angle
was 5008.

For follow-up images, the image planes were carefully re-
positioned according to published guidelines (10). Both ima-
gers were on a course of regular maintenance throughout the
study.

The gradient-echo images were transferred to a workstation
(Sun Sparkstation; Sun Microsystems, Mountain View, CA)
for postprocessing. From the two gradient-echo images (with-
out and with the saturation pulse), quantitative MTR images
were derived pixel-by-pixel using an in-house developed soft-
ware according to the following equation: TR 5 (M0 2 MS)/
M0 3 100%, in which M0 is the signal intensity for a given
pixel without the saturation pulse and MS is the signal intensity
for the same pixel when the saturation pulse is applied. Signal
intensities in the calculated images represent the MTR values.

From the MTR images, we obtained two sets of MTR his-
tograms. The first was a set of histograms from the whole
imaged tissue without any human intervention (the air around
the scalp was removed by means of fully automated homemade
software). This allowed us to assess the pure image-reimage
and interimager variabilities. The second set consisted of brain
MTR histograms obtained by three observers, who were blind-
ed to the image details. They first segmented the brain from
the surrounding tissue by using a semiautomated segmentation
technique based on local thresholding, and then followed the
postprocessing method described in detail by Rovaris et al (8)
to obtain the brain MTR histogram. One of the observers re-
peated the whole evaluation procedure after an interval of
1 month, and for this second evaluation, the observer was
blinded to the results obtained previously. This allowed us to
assess the intraobserver and interobserver variabilities and the
image-reimage and the interimager variabilities with multiple
observers. The intra- and interobserver variabilities in the num-
ber of segmented pixels were also calculated.

To correct for the between-patient differences in brain vol-
ume, each histogram was normalized by dividing it by the total
number of pixels included. For each histogram, the following
measures were derived: the relative peak height (proportion of
pixels at the most common MTR value); peak position (most
common MTR); and mean brain MTR. For each of these, the
variability introduced by each of the factors considered was
calculated.

Intraobserver variability was defined as the variability be-
tween brain MTR histogram–derived measures obtained by the
observer who evaluated the same images on two separate oc-
casions. Interobserver variability was defined as the variability
between brain MTR histogram–derived measures obtained by
the three observers who evaluated all of the images (ie, the
images of each participant at each time point). Pure image-
reimage variability was defined as the variability between
MTR histogram–derived measures obtained from the whole
imaged tissue (ie, without any human intervention) for each
participant at each time point. Image-reimage variability with
multiple observers was defined as the variability between brain
MTR histogram–derived measures obtained by each observer
for each participant at each time point. Pure interimager vari-
ability was defined as the variability between MTR histogram-
derived measures obtained from the whole imaged tissue when
images from each patient were compared between the two MR
imagers. Interimager variability with multiple observers was
defined as the variability between brain MTR histogram–de-

rived measures obtained by the three observers when images
from each patient were compared between the two MR ima-
gers. The contribution of each of the components of variance
to the overall variance was calculated using a random-effects
model. In this model, only the main effects were included. The
interaction terms were also calculated but not included in the
model because they were always small and not significant.
Thus, the final model included contributions from all of the
tested factors plus a residual variance, which represents the
variance not explained by the model. Then, the variance esti-
mate for each factor was obtained by adding the variance of
each individual factor to the residual variance. Coefficients of
variation were calculated to assess these variabilities. The co-
efficient of variations is defined as the SD of a random variable
divided by its mean value. The components of variance were
estimated using a random-effects model, and the SD related to
each of the sources of variability was calculated by taking the
square root of the corresponding component of variance. The
standard errors (SE) of the coefficients of variations were es-
timated using the bootstrap resampling technique.

MTR Histogram Variabilities from the Whole Imaged Tissue

In Table 1, the pure image-reimage and interimager varia-
bilities are reported for the average histogram MTR, peak
height, and peak position. The variability introduced by the
use of multiple imagers was much higher than that due to
repeat imaging on multiple occasions (image-reimage) for all
three measures. The mean and ranges of average MTR, his-
togram peak height, and location obtained from the whole im-
aged tissue without human intervention are reported in Table 2.

MTR Histogram Variabilities from the Brain

The intraobserver coefficients of variations for the number
of segmented pixels and for all of the MTR histogram–derived
measures were less than 1%. The mean interobserver coeffi-
cient of variations for the number of the segmented pixels was
3.3% (SE, 0.7%), the mean image-reimage coefficient of vari-
ations was 2.1% (SE, 0.2%), and the mean interimager coef-
ficients of variations was 5.5% (SE, 0.9%). This had an impact
on the interobserver, image-reimage, and interimager variabil-
ity of all three MTR histogram-derived measures, as reported
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TABLE 3: Mean inter-observer, image-reimage and inter-ima-
ger COV for the MTR histogram-derived measures obtained after
brain segmentation by observers

Average
MTR Peak Height

Peak
Position

Mean inter-observer COV (SE)%
Mean image-reimage COV (SE)%
Mean inter-imager COV (SE)%

1.2 (0.3)
2.1 (0.3)

11.7 (0.4)

4.9 (1.1)
4.9 (1.1)
8.6 (1.8)

1.9 (0.6)
2.5 (0.6)

14.3 (0.7)

TABLE 4: Absolute variances and relative contributions (in
brackets) to the overall variance from each source of variance

Sources of
Variance Average MTR Peak Height Peak Position

Subject
Observer
Image-reimage
Imager
Residual
Total

0.19 (0.7%)
0.04 (0.1%)
0.61 (2.1%)
27.0 (96.0%)
0.25 (0.8%)

28.13

20.66 (38.3%)
0.53 (1.0%)
0.92 (1.7%)

22.17 (41.1%)
9.68 (17.9%)

53.96

0.11 (0.3%)
0.00 (0.0%)
0.53 (1.4%)

36.40 (96.7%)
0.62 (1.6%)

37.66

in Table 3. Again, the variability introduced by the use of mul-
tiple imagers was much higher for all three measures than were
the variabilities owing to multiple observers and repeated im-
aging. The mean and ranges of average MTR, histogram peak
height, and location of the brain obtained using the two dif-
ferent imagers are reported in Table 2.

Relative Contributions of the Different Components of
Variance to Overall Variance

Table 4 reports (as a percentage) the relative contributions
to the overall variance from the various components, such as
variance owing to participant variability, multiple observers,
and multiple imagers. The ratio of each individual variance to
the overall variance gives the relative contributions of each
factor. The interparticipant variability accounted for only 0.7%
of the total variance of the average histogram MTR and 0.3%
of the peak position variance, whereas it accounted for the
38.3% of the total variance of the peak height.

The main source of variability for all of the MTR histo-
gram–derived measures was the interimager variability. It ac-
counted for 96.0% of the total variance for average histogram
MTR, for 96.7% of the total variance of the peak location, and
for 41.1% of the total variance of the peak height. The relative
contribution of interimager variability to the total variance of
the peak height was smaller than for the other MTR histogram-
derived measures because of the large between-participant
variability of this parameter. For all of the MTR histogram–
derived measures, the interobserver variability accounted for
small percentages of the total variance (0.1% for the average
MTR, 1.0% for the peak height, and 0.0% for the peak
location).

Discussion
As is already known for conventional MR mea-

sures (9), MTR histogram–derived measures may
be influenced by the use of different imagers, se-
quences, and observers, as well as by the day-to-
day variability of both the imager and the image
evaluator. We studied healthy volunteers to assess
the variability without the confounding factor of

MS biological variation. Because the MT histo-
grams from patients with MS have broadly the
same characteristics as control subjects (7, 8) but
with, in general, a lower mean MTR, peak height,
and peak position, we think that our findings are
transferable to patient studies.

This study indicates that variability in MTR his-
tograms coming from the use of the different MR
imagers, with their different MT pulse character-
istics, is much higher than the intraobserver, inter-
observer, and image-reimage variabilities. Because
the machines had the same field strength and gen-
eral pulse sequence parameters, it is likely that it
is the different off-resonance MT pulse properties
that account for the differences in the MT histo-
grams. The higher flip angle of the pulse of imager
A, which resulted in a higher average MTR and
peak position than imager B, supports this fact.
Nevertheless, this kind of variation between differ-
ent manufacturers and imager types is typical of
that found when conducting multicenter studies.
The inclusion of imagers with different field
strengths would add another source of variability,
because the tissue relaxation properties vary with
field strength, altering the MT behavior (11).

Intra- and interobserver variabilities were very
low for all of the MTR-derived measures. This is
unlikely to change in real-life MS studies, because
the postprocessing steps used to create MTR his-
tograms do not require significant amounts of sub-
jective human intervention and, as a consequence,
operator training can be less intensive than is re-
quired for measuring T2 lesion load (12). Also, im-
age-reimage variability did not contribute signifi-
cantly to the overall variability. This suggests that
standardized repositioning procedures and regular
maintenance of the imagers will ensure relatively
good stability, at least for short-term follow-up
studies. For longer-term studies (eg, 223 years),
the collection of MTR data from normal control
subjects throughout the study, for the purposes of
normalization, would be prudent.

In our study, the MTR histogram peak height has
the largest intra- and interparticipant variability.
This is likely because of participant motion during
the acquisition of the two gradient-echo images,
with and without the saturation pulse. The effect of
motion is likely to be even higher for patients with
MS because of their disabilities and because MT
imaging is acquired in the context of imaging ses-
sions that are usually longer than those of the pres-
ent study. Nevertheless, it is conceivable that the
effect of participant motion on the MTR histogram
peak height might be successfully reduced by the
coregistration of the two gradient-echo images.
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