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Technical Note

Scan-Rescan Variation of Measures Derived from Brain
Magnetization Transfer Ratio Histograms Obtained in

Healthy Volunteers by Use of a Semi-interleaved
Magnetization Transfer Sequence

Matilde Inglese, Mark A. Horsfield, and Massimo Filippi

Summary: A novel semiinterleaved gradient-echo (GE) se-
quence for quantitative measurement of magnetization
transfer ratio (MTR) is described. With this sequence, sev-
eral lines of k-space are collected for the non-MT image
then several lines are collected for the MT image, thus
building up the entire k-space in distinct acquisition blocks,
with a good trade-off between motion-induced misregistra-
tion and degree of MT effect. The scan-rescan coefficients
of variation for several MTR histogram-derived measures
from 10 healthy volunteers scanned serially with this se-
miinterleaved sequence proved to be lower than those
achieved using a conventional GE sequence. This sequence
may be useful in a clinical environment to measure MTR
changes over time more reliably than when acquiring the
non-MT and MT images sequentially, which inevitably are
affected by patient motion.

Magnetization transfer ratio (MTR) histogram
analysis is increasingly being used to assess brain
disorders in numerous neurologic conditions, in-
cluding multiple sclerosis (MS) (1). Animal (2) and
postmortem human (3) studies have shown that
brain areas with decreased MTR correspond to ar-
eas in which severe demyelination and axonal loss
have occurred. The advantage of histogram analy-
sis over more conventional region-of-interest anal-
ysis is that it provides quantitative indexes that re-
flect the overall extent of brain disease (4). This is
particularly important in diseases, such as MS, with
widespread, multifocal lesions of different sizes
and heterogeneous intrinsic abnormalities, which
may go undetected on conventional MR imaging
sequences (5).

Quantities derived from MTR histograms are
promising as objective and accurate measures for
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monitoring treatment efficacy in MS. In this sce-
nario, it is necessary to develop and use MR tech-
niques with low intrinsic variability so as to in-
crease the chances of detecting relatively small
treatment effects. In most implementations of a
quantitative MTR sequence, the two images (with
and without MT saturation pulses) are collected se-
quentially, leading to the possibility of misregistra-
tion caused by patient movement, and consequent
errors in the calculated MTR, particularly around
the borders of imaging features. One way to over-
come this liability is to collect lines of k-space al-
ternately, first from the non-MT image and then
from the MT image (6). However, saturation of the
macromolecular magnetization may take several
seconds, and magnetization saturation must first be
built up for the MT image and then be allowed to
decay for the non-MT image, leading to extended
imaging times.

An intermediate approach, explored in the pres-
ent study, is to collect several lines of k-space for
the non-MT image, then several lines for the MT
image, and thus build up the entire k-space in dis-
tinct acquisition blocks. The rationale for this ap-
proach is that the time spent acquiring data with
the macromolecular magnetization saturation not in
steady-state is relatively small, and so the MT val-
ues should be close to those for sequential acqui-
sition of the non-MT and MT images. However,
since the k-space data are acquired in a semiinter-
leaved fashion, the possibility of incurring misreg-
istration artifacts is also greatly reduced. We refer
to the pulse sequence that implements this ap-
proach as the semiinterleaved sequence, and we re-
port the scan-rescan variability in the assessment of
several MTR histogram-derived measurements ob-
tained serially from 10 healthy volunteers who
were scanned using this sequence.

Methods

Subjects

Ten healthy volunteers (five women and five men; mean age,
31 years, range 27–34 years) entered the study after providing
informed consent. Approval from the local ethical committee
was also obtained before study initiation. None of the partic-
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FIG 1. Data collection scheme for the semiinterleaved MT se-
quence. For each image, k-space data are collected in three
blocks. The first one third of the non-MT image (block labeled 1)
is followed by the first one third of the MT image (block labeled
2). This is followed by acquisition of the second and third blocks
of the two images (labeled 3 through 6) in this semiinterleaved
fashion. For the first few lines of blocks 2 through 6, the mac-
romolecular magnetization saturation is not in a steady state,
leading to slightly lower MT values than for sequential acquisi-
tion, but the likelihood of misregistration between the non-MT and
MT images is considerably reduced.

ipants had a history of neurologic diseases or neurologic signs
at clinical examination.

Image Acquisition

MR images of the brain were obtained using a 1.5-T unit
with a maximum available gradient strength of 21 mTm21 and
a maximum slew rate of 167 Tm21s21, from each participant
on two occasions separated by 28 (6 5) days. A birdcage head
coil with a diameter of approximately 300 mm was used for
both radio frequency (RF) transmission and signal reception.
On each imaging occasion, we obtained the following sequenc-
es: 1) a dual-echo spin-echo sequence (2400/30,80/1 [TR/TE/
excitations]) with 24 contiguous, interleaved, 5-mm-thick axial
sections, a 256 3 256 matrix, and a 250-mm field of view; 2)
a conventional gradient-echo (GE) sequence (600/12/2, a, 208)
with 20 contiguous, interleaved, 5-mm-thick axial sections, a
256 3 256 matrix, and a 250-mm field of view); and 3) the
new semiinterleaved GE sequence with the same acquisition
parameters as for sequence 2 (Fig 1). Sequence 2 was per-
formed twice: first without then with an MT saturation pulse.
The RF saturation pulse was centered 1.5 kHz below the water
frequency, with a gaussian envelope of a duration of 7.68 mil-
liseconds, a bandwidth of 250 Hz, and a flip angle of 5008.
The same saturation pulse was used for sequence 3 (the se-
miinterleaved sequence), in which the two images with and
without the MT saturation pulses were collected in a semiin-
terleaved fashion. For each image, the coverage of k-space was
split into three parts, in which one third of the k-space were
lines collected without saturation pulses and then one third
were collected with saturation pulses. This was then repeated
for the second and third portions of k-space. The aim of this
design was to reduce misregistration of the two images that
can arise with sequential collection of the image data, but to
maintain an acceptably short scan time by collecting k-space
data in blocks. If MT/non-MT images are collected in a truly
interleaved fashion, then a long TR must be allowed for the
buildup and decay of magnetization saturation between the
separate interleaves (6). Magnetization saturation reaches a
steady state after a time equal to several T1 periods (7), and
with the semiinterleaved approach and a TR of 600, this should
be the case after six to 10 lines of k-space, resulting in image
contrast produced by MT effects similar to that seen in a se-
quentially acquired pair of images.

The choice of three acquisition blocks for the semiinterleav-
ed sequence was governed by three factors. First, because we

wanted to traverse the central portion of k-space without in-
terruption, we changed from data collection without saturation
pulses to data collection with the saturation pulses, which ne-
cessitated an odd number of acquisition blocks. Second, we
wanted the time to acquire any one block to be considerably
longer than the T1 of any of the tissues of interest in order to
have a minimal impact on MTR values. The number of ac-
quisition blocks represents a compromise between robustness
in the face of patient movement and MT effect; we estimated
that with acquisition split into more than nine blocks, the cal-
culated MTR values would begin to show marked reductions
as more of the lines of k-space were acquired with the mac-
romolecular magnetization not in steady state. Finally, and cru-
cially for this study, the limitations of our scanner software
did not allow more than three blocks to be programmed. Ac-
quisition time for sequences 2 and 3 were each 10 minutes 14
seconds.

Image Analysis

The conventional and the semiinterleaved GE images were
transferred to a workstation and quantitative MTR images were
derived pixel by pixel, using software developed in house, ac-
cording to the following expression: MTR 5 (M02MS)/M0 3
100, in which M0 is the signal intensity for a given pixel with-
out the saturation pulses and MS is the signal intensity for the
same pixel when the saturation pulses are applied. Signal in-
tensities in the calculated images represent the MTR values.
For the conventional GE sequence, images obtained before and
after the application of the MT pulse were coregistered using
a surface-matching technique based on mutual information (8).

Histograms of the MTR images were then created. First, for
each of the two MTR images, a single observer segmented the
brain from the surrounding tissue by using a semiautomated
segmentation technique based on local thresholding (9) and
then followed the postprocessing technique described in detail
elsewhere (10) to obtain the brain MTR histograms. To correct
for the between-subject differences in brain volume, each his-
togram was normalized by dividing the height of each histo-
gram bin by the total number of pixels included (4). For each
histogram, the following measures were derived: the average
brain MTR, the relative peak height (ie, the proportion of pix-
els at the most common MTR value), and the peak position
(ie, the most common MTR). For each of these, the scan-res-
can variability was calculated using the coefficient of variation
(COV). The COV was defined as the SD of a random variable
divided by its mean value. The standard errors (SE) of the
COV were estimated using the bootstrap resampling technique
(11).

Results
No abnormalities were seen on the dual-echo im-

ages of these healthy subjects. The mean values
and SD of the MTR histogram-derived measure-
ments averaged over the two occasions for the 10
subjects and the two GE sequences are reported in
Table 1. The corresponding mean values and SE
for scan-rescan COVs are reported in Table 2.

Discussion
MTR histogram analysis is an intriguing ap-

proach to monitoring the effects of experimental
treatment on the overall brain lesion burden in mul-
tifocal neurologic conditions, such as MS. How-
ever, before using such an approach in the context
of clinical trials, it is necessary to demonstrate that
the technique is reproducible. Reproducibility of
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TABLE 1: MTR histogram-derived measurements obtained from
10 healthy volunteers scanned on two separate occasions using
conventional and semiinterleaved gradient-echo sequences

Sequence
Average MTR

(SD) [%]
Mean Peak

Height (SD) [%]
Mean Peak

Position (SD) [%]

Conventional
Semiinterleaved

39.0 (0.8)
37.6 (0.7)

114.2 (10.2)
125.5 (13.8)

35.1 (1.3)
31.8 (1.4)

Note.—MTR indicates magnetization transfer ratio.

TABLE 2: Scan-rescan COV (%) for the MTR histogram-derived
measurements obtained from 10 healthy volunteers scanned on
two separate occasions using conventional and semiinterleaved
gradient-echo sequences

Sequence
Average

MTR (SE)
Mean Peak
Height (SE)

Mean Peak
Position (SE)

Conventional
Semiinterleaved

1.8 (0.2)
1.6 (0.4)

7.9 (1.9)
7.8 (2.3)

3.8 (0.4)
3.1 (0.6)

Note.—COV indicates coefficient of variation; MTR, magnetization
transfer ratio.

MR measurements is influenced by several factors,
including the use of different scanners, sequences,
and observers, as well as by the day-to-day vari-
ability of the scanner and the image evaluator (ie,
the so-called scan-rescan variability). Of these fac-
tors, scan-rescan variability is by far the most im-
portant, since the same scanner, sequence, and ob-
server can be used to collect and analyze sequential
MR data from each patient. In the case of MT im-
aging, one variable that can impinge on reproduc-
ibility is patient movement, which may occur be-
tween the acquisition of the two images (with and
without the saturation pulse) necessary to obtain
MTR maps. Even very small shifts may be enough
to render invalid the calculated MTR values in re-
gions of the brain in which image intensity is vary-
ing rapidly with position (eg, in small lesions). This
would affect both global and regional analysis of
MTR values. Since image acquisition usually takes
several minutes, such movement is not at all un-
likely, particularly in the case of severely disabled,
uncooperative, or cognitively impaired patients.

This problem with conventional MT sequences
can be overcome by interleaving the MT and non-
MT acquisitions, but with the penalty of longer
scan times (6). In this study, we investigated a new
semiinterleaved sequence for quantitative measure-
ment of MTR with a good trade-off between mo-
tion-induced misregistration and image acquisition
time. For non-MT and MT images acquired se-
quentially and not coregistered, it was shown in a
previous study of reproducibility (12) that the scan-
rescan COV of average MTR was 2.2%. In the cur-
rent study, we found that the COV of average MTR
was 1.6% when using the new semiinterleaved se-
quence (ie, it was reduced by about 30%), while
other measures remained virtually unchanged rel-
ative to those of the previous study (12). Even

though in the present study coregistration was used
for the sequentially acquired images, the scan-
rescan COVs were all slightly better when the new
semiinterleaved sequence was used. Elimination of
the need for complex and time-consuming image
registration is an obvious advantage for the pro-
duction of quantitative MTR images, particularly
when this is implemented, for example, directly on
the scanner console.

Acquisition time for the semiinterleaved se-
quence was 10 minutes 14 seconds, the same as for
the conventional GE MT sequence, although this
could be reduced to 7 minutes 40 seconds, without
changing the in-plane resolution, by using a 3/4
field of view and a 192 3 256 matrix. A truly in-
terleaved sequence with the same number of slices,
excitations, and in-plane resolution would have tak-
en about 64 minutes by our estimate. Thus, previ-
ous work with interleaved acquisition has limited
the number of slices and the image matrix to main-
tain an acceptable imaging time of 10 minutes (6).
However, limited brain coverage and poor in-plane
resolution may not be desirable when studying MS,
which is a multifocal disease involving the entire
brain, sometimes with very small lesions (13).

The semiinterleaved approach will inevitably
lead to slightly reduced MTR values, as indicated
by the evidence in Table 1, because some of the
lines of k-space in each block are acquired before
a steady state of magnetization saturation is
reached, with the degree of reduction depending on
the number of blocks into which the acquisition is
segmented. This would not necessarily be a dis-
advantage unless comparison of MTR values with
another sequence was necessary. However, if high
MTR values were important, then this could be im-
proved by adding a few dummy lines to the start
of each acquisition block, in which the pulse se-
quence applies the RF and gradient pulses as usual
but no data are collected, to force the magnetization
into steady state before data collection begins. Nev-
ertheless, the MTR values are higher than those
reported with the fully interleaved approach (6),
perhaps because of a compromise in the time al-
lowed for macromolecular magnetization saturation
and relaxation. Finally, the semiinterleaved ap-
proach is amenable to incorporation into a 3D-GE
acquisition scheme with the acquisition segmented
into blocks in the second phase-encoded direction,
which would enable production of accurately reg-
istered high-resolution MTR maps.
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