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Quantitative magnetisation transfer imaging
in glioma: preliminary results

Daniel J. Tozer®*, Jeremy H. Rees®, Christopher E. Benton?,
Adam D. Waldman®®, H. Rolf Jager® and Paul S. Tofts*®

Quantitative magnetisation transfer imaging (qMTI) is an extension of conventional MT techniques and allows the
measurement of parameters that reflect tissue ultrastructure through the properties of macromolecule-bound
protons; these include the bound proton fraction and the relaxation times of free and bound proton pools. It has
been used in multiple sclerosis and Alzheimer’s disease, and has shown changes in some of the parameters,
particularly the bound proton fraction. The purpose of this pilot study was to assess whether qMTI could distinguish
between gliomas and normal brain tissue, and provide proof of principle for its use in tumour characterisation. Eight
subjects [three men, five women; mean age, 44 years; range, 27-66 years; seven World Health Organization (WHO)
Grade I, one Grade lll] with biopsy-proven glioma were imaged with a structural MRI protocol that included
three-dimensional qMTI. qMTI parameters were extracted from regions of interest selected from different tumour
components visible on conventional MR sequences, normal-appearing peritumoral tissue and distant normal-
appearing white matter. All patients gave informed consent and the study was approved by the Local Research
Ethics Committee. Almost all of the gMTI parameters detected abnormalities in both glioma and the peritumoral
region relative to the distant white matter. In particular, the bound proton fraction was reduced significantly from
6.0 percentage units (pu) [standard deviation (SD), 0.5 pu] in normal-appearing white matter to 1.7 pu (SD = 0.5 pu) in
solid tumour and 2.2 pu (SD = 0.5 pu) in peritumoral areas. This work shows that qMTI reveals abnormalities, not only
in glioma, but also in the apparently normal tissue surrounding the conventionally defined tumour. Thus, qMTI shows
promise for tumour characterisation and for studying tumour boundaries. These preliminary data justify larger
studies in a range of different tumour types and grades. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

has also been shown to be reduced in the hippocampus (11).
These results indicate that the technique is sensitive to pathology,
which includes the destruction of the macromolecular structure
of atissue (reduction in fg) or an increase in the free water content
of the tissue [parameter gM); see eqn [1] below].

In gliomas, the macromolecular composition of the extra-
cellular matrix differs from that of normal brain, and the tumour

Low-grade gliomas are indolent primary brain tumours which
may grow slowly for many years with minor symptoms; however,
at an unpredictable time, the majority undergo malignant
transformation into fatal high-grade tumours. ‘Conventional’ MRI
using gadolinium-enhanced T;- and T,-weighted sequences is
routinely used to image gliomas and provides information on the

extent and location (1), but lacks biological specificity with regard S
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and permeability imaging, in vivo spectroscopy and diffusion
imaging, have shown potential for more specific tumour
characterisation (2-4).

The phenomenon of magnetisation transfer (MT) (5) involves b A. D. Waldman
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a D. J. Tozer, J. H. Rees, C. E. Benton, A. D. Waldman, P. S. Tofts
UCL Institute of Neurology, London, UK

¢ H. R Jdger

macromolecules within tissue. A mathematical model of MT,
initially proposed by Henkelman et al. (6) and modified by Ramani
etal.(7), has been developed; quantitative MT imaging (qMTI) can
measure several fundamental and quantitative parameters
related to MT (8,9) that reflect tissue ultrastructure. gMTI has
been applied to patients with multiple sclerosis, where a decrease
in the fraction of restricted protons (fz) (potentially those in
macromolecules, such as myelin) and an increase in the
transverse relaxation time of restricted protons (T,g) in multiple
sclerosis lesions (8,10) have been seen. In Alzheimer’s disease, f3
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may displace or destroy underlying brain microarchitecture; thus, ) Fast spin echo (FSE) fluid attenuation inverse recovery (FLAIR)
it is likely that some gMTI parameters will be abnormal. Previous images with TR/TI/TE = 8774/2192/161 ms.

work has investigated the magnetisation transfer ratio (MTR) in d) FSE images with TR/TE=5000/81ms and an echo train
both patients (12) and rats (13), and gMTI has been applied in rats length of 8.

(14) and in a single patient with a glioma (15).

The purposes of this preliminary work were to assess how qMTI
parameters vary in gliomas relative to normal-appearing white
matter (NAWM), and whether they show any promise as imaging
biomarkers for these tumours. Images were transferred to a Unix workstation (Sun Micro-

systems, Mountain View, CA, USA) for further processing. For each
subject, the first qMTI dataset (i.e. 400 Hz offset and on-resonance

Image analysis

EXPERIMENTAL DETAILS equivalent flip angle of 212°) was used as a base, and the
Subjects subsequent qMTI, FLAIR and FSE data were registered to it using a

normalised mutual information cost function (17). Regions of
Eight patients were randomly recruited from the neuro-oncology  jnterest were identified for each subject by an experienced rater

clinic with histologically proven gliomas. The subjects consisted on the registered FLAIR images for contralateral NAWM, whole
of three men and five women with an average age of 44 years  t;mour and solid tumour. FLAIR images were used as they
[standard deviation (SD), 15 years; range, 27-66 yearsl. Al oyide the best delineation of the tumour from surrounding
subjects had biopsy or resection; in six cases this was after brain tissue; the FSE images were also used as a visual reference
scanning; however, in two cases (one grade Il oligodendroglioma when drawing the regions, as the different contrast can aid in
and one grade Il astrocytoma), biopsy was taken 4 years prior to  jssye delineation. The whole tumour was delineated on all slices
scanning; the World Health Organization (WHO) grade and and may have included small cystic areas, with only large cysts
glioma subtype of the tumours were found to be grade Il oycluded from the region of interest. Solid tumour was defined as
oligodendroglioma (n=3), grade II astrocytoma (n=4) and  ; regjon of the whole tumour free of all visible cysts. To calculate
grade Il anaplastic oligodendroglioma (n =1). All patients gave  the peritumoral area, this whole tumour region was dilated by 5
written informed consent prior to scanning, and the study received pixels (a distance of approximately 5 mm). This dilated region of
ethical approval from the Local Research Ethics Committee. interest was combined with a white matter mask derived from
SPM5 (Wellcome Department of Cognitive Neurology, UCL
Institute of Neurology, London, UK), by segmenting the first
gMTI dataset into white matter, grey matter and cerebrospinal
Imaging was performed on a 1.5-T Signa MR scanner (GE Medical  fluid and then using a lower threshold of 75% to generate a final
Systems, Milwaukee, WI, USA) using a birdcage (transmit-receive) white matter segment, with the original tumour region
head coil. After localisation scans, gMT images were acquired subtracted to leave only the NAWM surrounding the tumour.
according to previously described methods (16). Four sequences Figure 1 shows an example of one slice of one of the tumours
were acquired; all were reconstructed to 28 x 5 mm? slices with a with the regions of interest superimposed on it.

field of view of 24 x 24cm?® and a matrix of 256 x 256. The These multislice regions were then analysed to produce the
sequences acquired were as follows. gMTI parameters described below, and the mean value of each of
. . . . . the parameters was then obtained and compared between the
a) gMT images using the three-dimensional sequence described tissues. In addition, pixel-by-pixel maps of the qQMTI parameters

in ref. (16); this was a fast spoiled gradient echo sequence with were produced for each subject to investigate the heterogeneity
TR/TE =30.7/5.3 ms, an excitation flip angle of 5°, acquisition of the tumour.

matrix of 256 x 96 x 32 and acquisition field of view of The parameter values were estimated using eqns [1] and [2]
24 x 18 x 16 cm”. MT saturation was achieved using a Gaus-  and the super-Lorentzian lineshape [3], which was used for the
sian pulse (SD=2.83ms; duration, 14.6 ms), applied once absorption lineshape of the bound protons (Rggg):

MR imaging methods

RMAf;
B {—OB} + Ree + R + RM)
— apP Ra(1—f5)
> =9 | T, oowee]?] 1 .
o/B CWPE A
70T | (Rg +R 1+ o] Rers + Rs + RM:
|:RA(1_fB)]( 8 + Rere) + ( + IAf {RATZJ)( rre + Re + 0)
every TR prior to radiofrequency excitation. Ten MT-weighted ,
datasets were collected using two MT pulse amplitudes Rers = wcwee” Gst (27Af) (2]
(described by their equivalent on-resonance flip angles: .
212° and 843°). For each amplitude, five frequency offsets, / ) 2 T -2 |32£?zf;2_51| 5
ranging from 400Hz to 20kHz, separated by a constant Gs.(2Af) = /d@sme - (‘3c0529—1 D € (3]
logarithmic step of ~ 0.4, were used (16). 0
b) Three three-dimensional spoiled gradient echo volumes with In eqn [1], S is the signal intensity obtained from a volume of
TR/TE = 13.1/4.2 ms and excitation flip angles « of 25°, 15° and interest, g is a scaling factor based on the electronic settings of
5°, to estimate T;. the scanner, MOA is the native magnetisation of the free pool, R
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Figure 1. A slice from one of the subjects showing the tumour as the
bright area on the left-hand side of the image. Also shown are the various
regions of interest. The region on the right of the image is the normal-
appearing white matter. The peritumoral region can be seen as the
crescent surrounding the large tumour region, and the area of solid
tumour is the region drawn within the whole tumour region.

and Rg are the longitudinal relaxation rates of the free (A) and
bound (B) pools, respectively (measured in Hz) (where, as in
previous work, Rg is fixed at unity), R is the cross-relaxation rate
between the two pools (Hz), Tobpo and T,z are the transverse
relaxation times (s) of the two pools, f3 is the bound proton
fraction (% or percent units, pu) and Af is the offset frequency of
the pulse (Hz); wcwee is the continuous wave power equivalent
amplitude of the saturation pulse (rad/s), and describes the
saturating effect of the MT pulse, which is used instead of a
continuous wave saturation for which the original model was
developed (18). The model was fitted to the data using the
Levenberg—Marquardt algorithm, as described in ref. (16), to
produce estimates of the following parameters: gMA; RM5; 1/RaTS;
fo/Ra(1 —fg) and TE. From these estimates, the value of Tigps
obtained using the three three-dimensional volumes described
earlier (= 1/R10ps) and eqn [4]:

R1 obs
RMAT
ﬁ (RB—R1 obs)

(RB_R1 obs) + RMG

Ra = (4]

values for Ra, fzg and T, can be obtained.

Statistical methods

For each of the gMTI parameters, an analysis of variance (ANOVA)
was carried out to establish whether there were differences
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between the means extracted from the contralateral NAWM, the
whole tumour, the solid tumour and the peritumoral white
matter. For each of the tissue gMTIl parameters with p < 0.05
(from the ANOVA test, indicating that the parameter varies
between the tissue means), each pair of tissues was tested using
Student’s paired t-test and corrected for multiple comparisons
using the Bonferroni correction.

RESULTS

Figure 2 shows an example FLAIR image and corresponding qMTI
parameter maps for one of the subjects. This subject has a cystic
area as well as a solid tumour. It can be seen that the parameters
behave differently with regard to the different tissues. For
example, the fz map illustrates that the whole tumour shows a
large reduction in the bound proton fraction, whereas the
reduction in T, appears to be greater in the cystic areas, which
corresponds to the same area showing the largest increase on
Tiobss Tia @and Toa maps.

qMTI parameter estimates were obtained from contralateral
NAWM, whole tumour, solid tumour and peritumoral white
matter in all eight subjects. The region volume for each of the
tissues (mean 4+SD) was 3.7+ 1.7mL for contralateral white
matter, 87.8 +47.7mL for the whole tumour, 2.5+ 1.4mL for
solid tumour and 12.3 4.4 mL for peritumoral white matter. The
individual regional volumes are shown in Table 1, together with
the histological data.

Table 2 shows the qMTI parameter values for each tissue from
the region of interest analysis. ANOVA showed significant
differences (p < 0.001) between the tissues analysed for Tiops,
RMS, fB/RA“ _fB)r TZB! 1/RAT2A, RA, fB and TZA- The results of
Student’s paired t-test for comparison of the tissues are shown in
Table 3. Figure 3 illustrates a box-plot representation of the f3
values, showing the difference in the range of values for this
parameter for the various tissue types.

Significant differences between solid tumour and NAWM were
seen for many of the parameters, even allowing for the correction
for multiple comparisons (Table 3). Two of the gMTI parameters
(as well as T;qps) showed differences between the peritumoral
region, beyond the margin of abnormality on FLAIR imaging, and
distant white matter, suggesting that, although normal appear-
ing, the peritumoral region is, in fact, abnormal. This suggests that
this tissue is already undergoing some pathological changes,
even though it is not formally defined as tumour. However, there
were still significant differences between the tumour and
peritumoral tissue, indicating that the tissue is not yet as
extremely affected as the tumour. There was no difference
between the whole tumour and solid tumour.

DISCUSSION

As far as we are aware, apart from a single subject described by
Yarnykh (15), this is the first gMT study of human brain gliomas.
Although the number of patients is limited, significant differences
were shown between NAWM, tumour and peritumoral tissue.
Although Yarnykh (15) used different imaging and modelling
methods, the patient described showed similar parameter
changes to those found here, such that the fraction of bound
protons was reduced significantly in the tumour compared with
white matter. Similarly, a study of gMTI in gliomas implanted to
mice (14) also showed a reduction in the percentage of bound

wileyonlinelibrary.com/journal/nbm
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Figure 2. Images and parameter maps for a subject with an anaplastic oligodendroglioma. The images are (from left to right, top then bottom row): fluid
attenuation inverse recovery (FLAIR) image (fast spin echo FLAIR image, axial plane, TR/TI/TE = 8774/2192/161 ms), fg, f/RA(1 - fg), gMQ, Tog Tons Tias Tiobss
1/RaT>a and RMQ (all calculated parameter maps in the axial plane). The tumour is visible in the top left corner of the brain (as viewed), and most
parameters show abnormalities in the tumour and heterogeneity within it.

Table 1. Regional volumes for the individual subjects. The regional volumes indicate the size of the region drawn in the given tissue
and not the total volume of that tissue within the tumour

Histology White Solid Whole Peritumoral

Patient (WHO grade) matter (mL) tumour (mL) tumour (mL) white matter (mL)
1 O (In 44 15 75.2 9.3

2 A (Il) 2.0 15 68.9 9.6

3 O (I 32 55 185.6 19.7

4 AO (Il 2.5 29 70.6 7.8

5 A (Il) 7.2 1.9 45.6 10.2

6 A (Il) 34 2.6 84.8 15.2

7 O (In 4.6 1.2 423 9.6

8 A (Il) 2.3 2.7 128.7 17.1

A, astrocytoma; AO, anaplastic oligodendroglioma; O, oligodendroglioma; WHO, World Health Organization.

Table 2. Quantitative magnetisation transfer imaging (gMTI) parameter values from the various tissues analysed. Mean over all
subjects, derived from means of all regions within each subject, & standard deviation across subjects

T1obs (M) RMY fo/Ra(1 = fg)  Tog (s)  1/RaTra My Ra (s™") fg (pu) Toa (ms)

White matter 838 +£59 85+16 0.0534+0.004 88405 10.1+12 509+123 1.214+0.08 6.0+0.5 83+10
Whole tumour 21354593 183+110 0.030+0.005 6.6+0.7 58409 580+145 049+0.11 144+05 389+174
Solid tumour 1878 & 326 91432 0.0324+0.006 7.6+09 55+0.7 599+152 054+009 1.7£05 351483
Peritumoral 1044+ 113 75+18 0.049+0.006 86+05 100+£10 534+133 097+0.11 45+£08 106+19
white matter

pu, percent unit.
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Table 3. p values from a comparison of the tissues using Student’s paired t-test. p values in bold are significant after Bonferroni
correction for multiple comparisons (effective p value for significance, 0.0012)
Tiobs RM fa/Ra(1 - fg) T 1/RaT2a Ra fg Toa

White matter ~ Whole tumour ~ 0.0005  0.035625 7X10°°® 5X107> 3X10™°> 9%X1077 2X1077  0.02
Solid tumour  3X10™° 0631309 1X10° 0003 6X10°° 2x1077 2Xx1077 4x10°°
Peritumoral 0.0003 0.107191 0.035 0.35 0.81 0.0001 0.0002 0.005
white matter

Whole tumour  Solid tumour 0.077 0.025745 0.029 0.002 0.286 0.077 0.009 0.437
Peritumoral 0.0012 0017057 1X107° 4X107° 4X10° 3X10°° 1X10°°  0.003
white matter

Solid tumour  Peritumoral 8X10°° 0062353 1X10°° 0005 2X1077 3%x10°® 3x10°°® 3x10°°
white matter

protons, as well as a reduction in T,z and changes in other
parameters. Again the model used in ref. (14) is not directly
comparable with that used here and the tissues studied were not
identical; however, the results seen in ref. (14) were broadly the
same as those presented here. The results seen here can also be
compared with studies applying MTR to gliomas. Both refs. (12)
and (13) found a reduction in MTR in tumour compared with
white matter, suggesting either a reduction in the bound proton
fraction or an increase in T;. Although the acquisition and
processing of qMT data is more complex than magnetisation
transfer ratios (MTR), it may be more sensitive to pathology. MTR
is approximately proportional to both fz and T; (19); thus, the
changes seen in these parameters will tend to counteract each
other, effectively reducing the sensitivity of the technique. For
example, ref. (14) shows an increase in T;, in the tumour of
approximately 26% and a decrease in Mg, equivalent to f;, of
approximately 65% compared with white matter; the change
seen in the parameter Max MT, an analogue of MTR, is only
approximately 12%, much less than that seen in the gMTI
parameters.

T B (pu)

1
-

1

MY T ST TV

Figure 3. Boxplot showing the fg values for the normal-appearing white
matter (NAWM), whole tumour (WT), solid tumour (ST) and peritumoral
white matter (PTWM). The full line indicates the median value, the box the
interquartile range and the whiskers the extreme values. The graph shows
the reduction in fg in the tumour and PTWM compared with NAWM.

Another related technique that has been used in gliomas is
that of amide proton transfer (APT), which is similar to MTR
except that the amide protons with a resonance around 3.5 ppm
downstream from the water resonance are specifically targeted,
rather than the bound protons in macromolecules. Work in
patients (20) and rats (21) with glioma has shown an increased
APT ratio in the tumour compared with normal tissue, and good
contrast between the tumour and white matter on APT-weighted
images. These results indicate an increase in protein/peptide
content in the tumour (20), which outweighs any increase in
water. This is in contrast with the results presented in this work,
where a reduction in bound protons in macromolecules is seen,
and which works with any increase in water content.

Although ANOVA showed no significant difference in proton
density (i.e. gM5) across tissue types, indicating no increase in
water content in the tumour, such an increase has been seen
previously (22). R is reduced in gliomas, which implies an
increased T;,; an increase in the observed T, value has been
shown in these results and previously (23), and is probably a
result of an increase in water content. Interestingly, peritumoral
tissue also shows similar effects, possibly indicating inflammation
surrounding the tumour proper, although there is no significant
change in the proton density.

T,a is also highly increased in solid tumour, again probably a
result of extra water in the tissue. The small reduction in T,g
appears to be concentrated in cystic areas and is not altered
significantly in solid tumour. This suggests that the macromol-
ecular protons lost in the tumour are not of one specific species,
with a characteristic T, whereas, in cystic areas, either the excess
fluid alters the T, of the bound protons or the remaining bound
protons belong to macromolecules with a subset of T, times. The
bound proton fraction fg is reduced, probably because of the
destruction of macromolecules by the tumour cells, or as a
function of increased water content, and this seems to occur
throughout the tumour. The bound proton fraction in the tumour
is reduced to less than one-third of the value in white matter; this
compares with an increase in the proton density of around 20% in
the tumour. Thus, there is a reduction in the absolute
concentration of bound protons in the tissue, as well as an
increase in the absolute concentration of free protons in the
tumour.

Although there is no histological evidence, the abnormal gMT
parameters in the peritumoral region (despite no significant
change in the proton density) indicate that the tumour boundary,
as conventionally defined on anatomical images such as FLAIR,

wileyonlinelibrary.com/journal/nbm
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underestimates the limit of tissue pathology. This is in agreement
with work using diffusion parameters, such as the mean
diffusivity and fractional anisotropy, which found abnormalities
in the peritumoral region (24-26) in high-grade gliomas, and has
implications for the planning of maximal surgical resection and
radiotherapy treatment.

Although Fig. 2 shows parameter maps for the only subject
with a grade Ill glioma, the pixel-by-pixel maps and region of
interest analyses do not differ from those of low-grade gliomas -
each parameter falls within the range of the other seven subjects,
and therefore it is reasonable to include this subject in the
analysis. Further analysis of a larger number of subjects should
investigate the difference between high- and low-grade gliomas,
and also the histological subtypes of glioma, which was not
performed here because of the small number of subjects.

Another area worthy of discussion is the choice of tissue in the
regions of interest. These were drawn on the FLAIR images by
hand, which may introduce a subjective element to the process.
However, as the regions were then transferred to the qMT
parameter maps for analysis (which are independent of the FLAIR
images), this effect is minimised. Similarly, the choice of five
dilations for the study of the peritumoral region is arbitrary.
However, the results seem to indicate abnormalities in the tissue
outside of the FLAIR-defined tumour, with Fig. 3 showing that f3 is
reduced towards the values seen in the tumour proper. These
results may warrant further study to determine the extent and
gradient of these parameter changes.

Although the results presented here do not attempt to
differentiate between low- and high-grade glioma, it should be
noted that the histology presented above may be of limited
value. Firstly, sampling error may mean that tumours are of a
higher grade than determined from a biopsy. Most importantly,
tumours may change grade rapidly; although this is not an issue
for the six tumours biopsied or resected after scanning, it may
have occurred in the other two subjects. These subjects were
examined radiologically and clinically every 6 months, and no
changes were noted after biopsy to a period of at least 2 years
after scanning; therefore, it is unlikely that the tumours had
progressed, but it remains a possibility.

The small variation in the parameters in NAWM suggests that
the fitting techniques used are reliable. The fact that the
percentage variation for all parameters is higher in pathological
tissues suggests that biological variation is greater than that
introduced by the nonlinear model used. This may explain why
the increase in variation in fg relative to T,ops is smaller than
expected from the nonlinearity of eqns [1] and [4].

When compared with the values for NAWM seen in multiple
sclerosis (10), the values presented here differ, in particular with
regard to the fg values. There are a number of possible reasons for
this. Firstly, the sequence used here is not the two-dimensional
sequence used in ref. (10), and the data points acquired also differ
in terms of MT pulse power and frequency offset, which may lead
to the different parameter estimates. Secondly, the T, calculation
method used also differs from that employed in the previous
work, and there is a difference in the estimates of T, in the two
studies, as well as in the gMT parameters. Thirdly, the scanner
underwent a software upgrade between the studies, which may
also have contributed to the differences seen in the parameter
values. All of these technical issues raise questions about the use
of gMT to obtain scanner/sequence-independent biologically
meaningful measurements, and it is true that further study of the
technique is required to show that this is possible. The other

possible explanation for the differences is that the white matter
studied here has a diffuse pathology, causing it to be abnormal
compared with control white matter, although this seems
unlikely given the scale of the differences seen between this
work and ref. (10), and what is known about the normal brain in
glioma.

Future areas of work may include a study of the spatial
distribution of the gMT parameters (for example, using measures
of heterogeneity, such as histograms and texture), and further
analysis of the tissues within the tumour, correlation of the
parameters with histological subtype and the study of parameter
changes with regard to malignant transformation.

The abnormalities seen in the peritumoral region are probably
the most surprising aspect of this work. The changes seen in this
region relative to NAWM suggest that there may be pathological
processes occurring, which may have implications for tissue
preservation during surgery. In conclusion, these preliminary
results indicate that gMTI probably has some value in the imaging
of gliomas, in the context of understanding tumour biology,
treatment trials and monitoring of individual responses to
treatment.

gMTI investigates the relationship between bound and free
protons in a tissue, which can provide information on the level of
fluid or tissue breakdown within the tumour. This is in contrast
with other quantitative MR techniques used in gliomas, such as
perfusion and permeability imaging, which investigate the
vascularity and blood-brain barrier breakdown, respectively.
These aspects of glioma development are very different and the
methods may therefore provide complementary information.
gMT is more similar to diffusion analysis, in that the apparent
diffusion coefficient and fractional anisotropy will be affected by
an increase in fluid and the destruction of tissue structures, so
that the two methods may be more correlated, although studies
need to be performed to address this. With regard to
conventional imaging techniques used in gliomas, quantitative
MR techniques, such as qMTI, can provide information on specific
aspects of tissue biology and pathology, and can yield
reproducible measures for the study of longitudinal changes,
which cannot be obtained from conventional images.
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