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Quantitative magnetization transfer imaging of
rodent glioma using selective inversion recovery
Junzhong Xua,b*, Ke Lia,b, Zhongliang Zua,b, Xia Lia,b, Daniel F. Gochberga,b,c
and John C. Gorea,b,c,d,e
Magnetization transfer (MT) provides an indirect means to detect noninvasively variations in macromolecular
contents in biological tissues, but, so far, there have been only a few quantitative MT (qMT) studies reported in
cancer, all of which used off-resonance pulsed saturation methods. This article describes the ﬁrst implementation
of a different qMT approach, selective inversion recovery (SIR), for the characterization of tumor in vivo using a
rodent glioma model. The SIR method is an on-resonance method capable of ﬁtting qMT parameters and T1
relaxation time simultaneously without mapping B0 and B1, which is very suitable for high-ﬁeld qMT measurements
because of the lower saturation absorption rate. The results show that the average pool size ratio (PSR, the
macromolecular pool versus the free water pool) in rat 9 L glioma (5.7%) is signiﬁcantly lower than that in normal
rat gray matter (9.2%) and white matter (17.4%), which suggests that PSR is potentially a sensitive imaging
biomarker for the assessment of brain tumor. Despite being less robust, the estimated MT exchange rates also show
clear differences from normal tissues (19.7 Hz for tumors versus 14.8 and 10.2 Hz for gray and white mater, respectively).
In addition, the inﬂuence of confounding effects, e.g. B1 inhomogeneity, on qMT parameter estimates is investigated
with numerical simulations. These ﬁndings not only help to better understand the changes in the macromolecular
contents of tumors, but are also important for the interpretation of other imaging contrasts, such as chemical exchange
saturation transfer of tumors. Copyright © 2013 John Wiley & Sons, Ltd.
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In general, magnetization transfer (MT) describes the spin
exchange processes between nuclei in different environments,
but MT imaging is usually interpreted as exchange between
macromolecular and free water proton pools via dipolar interactions and/or chemical exchange. The magnetization transfer ratio
(MTR) (1) has been deﬁned as a semi-quantitative metric of the
contrast available from simple MT weighting of MRI signals. The
macromolecular proton signal is largely invisible in conventional
MRI acquisitions, and so the MTR provides an indirect measurement of macromolecular contents in biological tissues. The
macromolecular content of tissues varies during the progression
of several diseases. Therefore, MTR imaging has been successfully
applied to, for example, neurological disorders (2), liver ﬁbrosis
(3), neuromuscular diseases (4) and cancer (5–9).
Although MTR has been found to be useful in practice and to
correlate with various pathological changes, MTR values are also
sensitive to various experimental parameters, including the
radiofrequency (RF) irradiation power, frequency offset and tissue
relaxation properties, which reduce the speciﬁcity to changes in
macromolecular contents. More importantly, these confounding
parameters are user speciﬁc and the inability to standardize
methods hinders general clinical applications, especially in
large-scale, multiple-site clinical trials. Furthermore, even if MTR
acquisition parameters universally adhered to a standard, as
suggested previously (10,11), the MTR metric is inherently
sensitive to multiple tissue properties and hence fails to distinguish between, for example, changes in the pool size ratio

(PSR), i.e. the ratio of protons in the macromolecular pool to those
in the free water pool, and R1. In order to reduce this dependence
on acquisition parameters, and to increase the biophysical
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speciﬁcity, quantitative MT (qMT) imaging has been developed to
quantify intrinsic MT parameters, including relaxation rates, PSR
and MT exchange rates (12–14). Several different approaches of
qMT imaging have been reported, including conventional continuous-wave (12) and pulsed saturation (14) methods using RF
pulses with multiple frequency offsets and/or amplitudes. Distinct
from these steady-state approaches, selective inversion recovery
(SIR) (13,15) is a transient, on-resonance qMT technique, in which
an on-resonance RF pulse is applied to selectively invert the free
water protons. The resulting transient longitudinal magnetization
can be measured and ﬁtted to a bi-exponential recovery (16), from
which the intrinsic MT parameters can be estimated. Unlike conventional continuous-wave and pulsed saturation qMT methods,
the SIR-qMT approach does not require extra mapping of B0 and
B1, and, conveniently, T1 and qMT parameters can be ﬁtted
simultaneously. The SIR technique has been applied previously to
quantify MT parameters in phantoms (17), ferret (18), rat (19),
human brain (20,21) and human skeletal muscles (22) in vivo.
In the last two decades, MTR has been widely adopted in cancer
imaging, including imaging studies of cerebral (5,8), prostate (9),
pancreatic (6) and breast (7) cancers. However, only a small number
of studies of cancer using qMT have been reported (8,23–25), and
these all used the pulsed saturation qMT method. No systematic
studies of tumors have been reported previously using the SIR
approach. In addition to assessing changes in macromolecular
content in tumors, quantitative mapping of MT parameters may
also be important to obtain a better understanding of changes
relevant for other imaging methods. For example, the quantiﬁcation of chemical exchange saturation transfer (CEST) imaging data
suffers signiﬁcantly from MT asymmetry effects on the measured
signals (26), and the interpretation of CEST measurements of
protein amides may be affected by whether concomitant variations
occur in total protein content. In the current study, qMT measurements using the SIR approach have been applied to assess tumor
characteristics for the ﬁrst time using a rodent glioma model. A
new SIR-echo planar imaging (EPI) sequence was developed to
ensure that a minimal TR could be achieved to signiﬁcantly
accelerate the image acquisition. The ﬁtted qMT parameters are
consistent with previously published results. Both the PSR and MT
exchange rates are potentially sensitive imaging biomarkers for
the detection of tumors and the assessment of the state of tissues.
In addition, maps of T2 and apparent diffusion coefﬁcient (ADC)
were also acquired and correlated with qMT data, which may be
helpful to obtain a better understanding of MT contrast in tumors.

THEORY
SIR-qMT
Biological tissues are considered to comprise two pools of protons,
a free water pool (f) and a macromolecular pool (m), and each pool
has unique equilibrium magnetizations (Mf∞ and Mm∞) and
spin–lattice relaxation rates (R1f and R1m). MT between the pools
may be modeled by adding coupling terms to the Bloch
equations (17). The recovery of the free pool longitudinal
magnetization Mf(t) can then be described by a bi-exponential
function:

Mf ðtÞ

Rþ
1 t þ b eR1 t þ 1
¼ bþ
f e
f
Mf∞

[1]
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where Rþ
1 and R1 are the fast and slow recovery rates, respectively,
of the overall recovery. It should be noted that R
is the
1
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conventional spin–lattice relaxation rate when measured with an
inversion recovery experiment, as most studies use inversion times
much greater than 1=Rþ
1 . If kfm is the MT exchange rate from the
free to the macromolecular pool and kmf is the rate in the reverse
direction, all parameters in Equation [1] can be solved
analytically, i.e.:
2R±1 ¼ R1f þ R1m þ k fm
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þk mf ± ðR1f  R1m þ k fm  k mf Þ2 þ 4k fm k mf

[2]
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where subscripts ‘f’ and ‘m’ represent free and macromolecular
pools, respectively. R1f and R1m are the spin–lattice relaxation
rates, and Mf(0–) and Mm(0–) are the magnetizations before the
inversion pulse, which have experienced a longitudinal recovery
with a pre-delay time td. It should be noted that the inversion
pulse may not completely invert the longitudinal magnetization
of the free pool, and may also have some inﬂuence on the macromolecular pool; therefore, two more parameters (the inversion
coefﬁcients Sf and Sm) must be introduced to account for these
effects. Using Equations [1]–[3], the qMT parameters, e.g. the pool
size ratio (PSR = Mm∞/Mf∞) and exchange rate kmf (kfm = kmf × PSR),
can be quantiﬁed by ﬁtting the measured signals to a bi-exponential
recovery.
SIR-EPI with saturation pulse train
SIR-qMT acquisitions were ﬁrst evaluated using phantoms
consisting of cross-linked bovine serum albumin, employing EPI
with long TRs chosen so that long pre-delay times td ≈ 5 T1
ensured a full recovery of Mf(t) between scans (17). However,
such long TRs signiﬁcantly increase the total scan time, which
would make this approach clinically nonfeasible. A fast spin echo
(FSE) acquisition has been proposed (18), in which the longitudinal magnetizations of both the free and macromolecular pools
are saturated and are approximately zero at the end of the FSE
readout, so that a much shorter pre-delay time, as well as a much
shorter TR, can be used. The effect of the partial recovery of Mf(t)
in the shorter pre-delay period can be accounted for in the signal
model, so that all SIR-qMT parameters may still be quantiﬁed
without bias (18). This technique signiﬁcantly reduces the predelay time td and the total scan time, and has been successfully
applied previously in the imaging of rat (18,19) and human brain
(20) in vivo.
In the current study, a new SIR-EPI sequence was introduced
to combine the advantages of the fast acquisition of EPI and
short pre-delay time of SIR-FSE. Speciﬁcally, the EPI readout
scheme that acquires qMT data was followed by a saturation
pulse train consisting of multiple 180° pulses (see Fig. 1). The
EPI readout ensures fast acquisitions, whilst the train of saturation pulses ensures that a short TR can be used. Such a sequence
can further accelerate the acquisition of SIR-qMT experiments
relative to SIR-FSE methods, but preserve the ability to estimate
qMT parameters without bias. It should be noted that the TR in
this sequence is dynamic and minimized in each scan to different values depending on ti and td. Hence, it avoids the conventional long waiting periods when short ti and/or td are used,
and signiﬁcantly increases the acquisition efﬁciency. A similar

Copyright © 2013 John Wiley & Sons, Ltd.

NMR Biomed. 2014; 27: 253–260

QUANTITATIVE MT IMAGING OF CANCER USING SIR

Figure 1. Diagram of selective inversion recovery-echo planar imaging
(SIR-EPI) sequence with a saturation pulse train applied after the EPI
readout to saturate the free and macromolecular pools.

technique of using a saturation pulse train in SIR sequences has
been reported recently for human brain imaging at 7 T (21).
However, that method used pulses of different ﬂip angles
(135°) and a turbo ﬁeld echo readout which can slightly bias
the estimation of qMT parameters (21).

MATERIALS AND METHODS
Animal preparation
9 L glioblastoma cells were obtained from the American Type
Culture Collection, Manassas, VA, USA (ATCC 9 L/lacZ, CRL-2200)
and grown in Dulbecco’s modiﬁed Eagle’s medium (Gibco,
Gaithersburg, MD, USA) with 10% fetal calf serum and 500 μg/mL
penicillin. Cells were maintained in a humidiﬁed incubator at 37 °
C with 5% CO2.
All animal-related procedures were approved by our institution’s
Animal Care and Use Committee. Eight male Fischer 344 rats
(250–300 g) were immobilized and anesthetized with a 2%/98%
isoﬂurane–oxygen mixture. The rats were inoculated with 1 × 105
9 L glioblastoma cells in 5 μL of Dulbecco’s modiﬁed Eagle’s
medium using a 10-μL gas-tight syringe, approximately 1 mm
anterior and 2 mm lateral to the bregma on the right side of the
head, at a depth of 4 mm relative to the dural surface. Rats were
imaged 14–18 days after intracranial inoculation depending on
the size of the tumors developed. More details of these procedures
have been reported previously (27).

Data analysis
All data analyses were performed with programs written in
MATLAB (Mathworks, Natick, MA, USA). For each animal, all
images were co-registered to the corresponding SIR-EPI image
acquired at ti = 10 s using a rigid body registration algorithm by
maximizing the normalized mutual information (29). Following
co-registration, the brain region was manually selected for
further data ﬁtting. All MR parameters, including SIR-qMT, T2
and ADC, were ﬁtted on a pixel-wise basis. The SIR-qMT signal
model described in Equations [1]–[3] has seven independent
parameters: R1f, R1m, Sf, Sm, Mf∞, PSR and kmf. As shown in
previous studies (19), R1m can be set equal to R1f because of
the weak dependence of SIR signals on R1m. To further enhance
the simplicity of ﬁtting, numerical simulations were performed to
provide Sm as 0.83 for the 1-ms hard inversion pulse used in the
current study (18). Therefore, ﬁve parameters, i.e. R1f, Sf, Mf∞, PSR
and kmf, were ﬁtted from SIR-EPI data using a least-squares
method. The spin–lattice relaxation time T1 was calculated
simultaneously. Regions of interest (ROIs) of tumor, gray matter
(GM) and white matter (WM) were manually selected from the
T1 map of each rat, and ROI-based group analyses were also
performed to investigate the feasibility of using qMT parameters
to differentiate between different types of tissue.
Computer simulations

In vivo MRI experiments

To investigate the inﬂuence of the saturation echo train, B1
inhomogeneity and relaxation times on the ﬁtted qMT parameters,
computer simulations were performed by solving six coupled
differential equations (12). The simulations mimicked the actual
imaging experiments, so that all pulse sequence parameters,
including the 20 inversion times, were the same as those used in
the actual MRI scanning. The intrinsic qMT and relaxation parameters were set to the experimentally ﬁtted values (shown in Table 1),
except that R2m was 100 kHz (18).

RESULTS
Figure 2A shows eight SIR-EPI images of a representative rat
from a total of 16 images with different inversion times. The SIR
signals of four typical ROIs, i.e. GM, WM, tumor and contralateral
normal brain tissue, and the corresponding ﬁtted curves obtained
using Equations [1]–[3] are shown in Fig. 2B. All signals were
normalized by the corresponding signals at the longest inversion
time of 10 s. For visualization purposes, a magniﬁed image with
short (<250 ms) inversion times is inserted in Fig. 2B, which shows
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Animals were anesthetized with isoﬂurane (3% for induction and 2%
during the imaging experiments) and ﬁxed in an MRI-compatible
cradle with bite and head bars. Rectal temperature was maintained
at around 37 °C using a warm-air feedback system throughout the
experiment. A birdcage RF coil with an internal diameter of 38 mm
was used for both the transmitter and receiver.
All experiments were performed on a 9.4-T Agilent MRI
scanner (Agilent Technologies Inc., Santa Clara, CA, USA) using
a two-shot spin-echo EPI sequence (number of excitations, 2).
A triple reference imaging scheme (28) was used to reduce EPI
artifacts, with two phase-encoded images with reversed readout
and phase-encoding directions and two corresponding nonphase-encoded phase maps. A single axial slice crossing the
center of the tumor was acquired with a slice thickness of
2 mm, ﬁeld of view of 32 × 32 mm2 and matrix size of 96 × 96,
yielding an isotropic in-plane resolution of 333 μm. Both the
spin–lattice relaxation time T1 and multiple qMT parameters were
obtained using the SIR-EPI sequence shown in Fig. 1. Speciﬁcally,
a 1-ms hard inversion pulse was applied to invert the longitudinal
magnetization of the free water pool. There were 20 inversion
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times used in the current study, which were logarithmically
distributed over the range from 5 ms to 10 s, whilst the pre-delay
time td was kept constant at 3.5 s. The saturation pulse train had
10 refocusing pulses with an echo spacing of 10 ms. Previous
computer simulations had veriﬁed that the longitudinal magnetization would be completely saturated at the end of the echo train
(18). The total scanning time for qMT measurements was less
than 14 min.
In addition, maps of the spin–spin relaxation times T2 were
obtained using spin-echo EPI with multiple TEs, i.e. 30, 40, 60,
80 and 100 ms. ADC maps were obtained using a pulsed gradient
spin echo sequence with a gradient duration (δ) of 5 ms and
separation (Δ) of 12 ms, and ﬁtted mono-exponentially with four
b values (400, 600, 800 and 1000 s/mm2).

J. XU ET AL.
Table 1. Summary of region of interest (ROI)-based parameter means ± standard deviations of all animals

Tumor
GM
WM

R1 (Hz)

R2 (Hz)

ADC (μm2/ms)

PSR (%)

kmf (Hz)

kfm (Hz)

0.47 ± 0.07
0.59 ± 0.05
0.63 ± 0.03

27.42 ± 2.22
24.91 ± 0.26
29.33 ± 2.08

0.80 ± 0.10
0.68 ± 0.03
0.79 ± 0.13

5.67 ± 0.95
9.20 ± 0.86
17.42 ± 2.05

19.69 ± 2.88
14.82 ± 2.12
10.23 ± 0.99

1.10 ± 0.15
1.35 ± 0.16
1.77 ± 0.19

ADC, apparent diffusion coefﬁcient; PSR, pool size ratio.

Figure 2. (A) Eight representative selective inversion recovery-echo planar imaging (SIR-EPI) images from a total of 20 images with different inversion
times. The region of interest (ROI) boundaries of subcortical gray matter (green), corpus callosum white matter (blue), tumor (red) and contralateral
normal tissue (yellow) are overlaid on the images. (B) The corresponding model ﬁts of SIR signals normalized by the corresponding signals at ti = 10 s.
A magniﬁed image with a logarithmic axis of inversion time is inserted to show the excellent agreement between the SIR-quantitative magnetization
transfer (qMT) data (open markers) and the bi-exponential model of Equation [1] (full lines) at short inversion times. The error bars represent the standard deviations of ROI.

excellent agreement between the SIR-qMT data (open symbols) and
the bi-exponential recovery model of Equations [1]–[3] (full lines). It
is clear that the tumor shows a very different bi-exponential
recovery behavior, in addition to its different recovery rate R1.
Figure 3 shows representative parametric maps overlaid on a
corresponding spin-echo EPI image. All parameters, T1, T2, ADC,
PSR, kmf and kfm, provide clear imaging contrast to differentiate
tumor, GM and WM tissues, although the overall kmf and kfm
maps are much more noisy, as found previously (20). For a clear
comparison, Table 1 summarizes all ROI-based parameter means
and their standard deviations for all animals. As expected from
multiple earlier studies, T1 was signiﬁcantly increased in tumor.
However, by contrast, T2 was found to be lower in the 9 L tumor
region at this ﬁeld, which is opposite to previous observations at
4.7 T (30). ADC was higher in the tumor region, suggesting a
lower cellularity compared with normal tissues. PSR was

signiﬁcantly lower in the tumor, which is consistent with a few
previously reported observations that used different qMT
acquisition methods (8,23–25). The kmf and kfm maps show clear
contrast between GM and WM and higher values within the
tumor, but the overall signal-to-noise ratios are much lower.
Figure 4 shows pixel-wise correlations between SIR-qMT
parameters (PSR, kmf and kfm) and conventional MRI parameters
(R1 = 1/T1, R2 = 1/T2 and ADC) from a representative rat. It is clear
that PSR shows strong correlations with conventional MRI
parameters, i.e. R1 and R2, with p < 0.01 in Pearson’s correlation.
Interestingly, although the MT exchange rates, kmf and kfm, show
signiﬁcant correlations with R1 and ADC, there is no signiﬁcant
correlation between kmf/kfm and R2 (p = 0.08 and p = 0.27, respectively). It should be noted that increasing PSR correlates
positively with R1 but negatively with R2, suggesting that the
factors dominating R2 differ from those affecting R1. A similar
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Figure 3. Representative multiple parametric maps overlaid on a corresponding spin-echo echo planar imaging (EPI) image. The pool size ratio (PSR)
provides excellent differentiation of tumor, gray matter and white matter tissues. Although there is a clear contrast between gray matter and white
matter, the overall kmf and kfm maps are much noisier.
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Figure 4. Pixel-wise correlations between selective inversion recovery-quantitative magnetization transfer (SIR-qMT) parameters [pool size ratio (PSR),
kmf and kfm] and conventional MRI parameters [R1, R2 and apparent diffusion coefﬁcient (ADC)]. Red circles represent pixels inside the tumor, blue those
in the contralateral normal tissue and green for all other brain tissue. The p values of Pearson’s correlation of all pixels in each subﬁgure are provided,
and a corresponding linear regression ﬁt is shown as the black full lines.

analysis was performed on all other rats and similar results were
observed (data not shown).
Figure 5 summarizes the results of measured PSR and MT
exchange rates in ROIs in all eight rats. Balanced one-way
analyses of variance suggested that the mean differences in qMT
parameters, i.e. PSR, kmf and kfm, of different tissue types were
highly signiﬁcant (p < 10–12, p < 10–7 and p < 10–6, respectively).
In addition, a multiple comparison procedure with Bonferroni
correction was performed to evaluate the difference between each
pair of tissues, and the corrected p values are given in Table 2. All
Bonferroni-corrected p values are much smaller than 0.05,
suggesting that all three qMT parameters provide highly reliable
ways to differentiate between tissue types. For comparison,
previously reported (19) PSR and kmf values of a healthy rat

using the SIR-qMT method were PSR = 0.080 ± 0.008 in GM and
0.173 ± 0.023 in WM, and kmf = 20.8 ± 6.5 Hz in GM and
13.1 ± 2.9 Hz in WM. Therefore, although kmf values are slightly
different in the current work, our ﬁtted MR parameters were in
good agreement with previous results. For qMT parameters in
tumor, PSR was measured to be 0.040 ± 0.002 in C6 gliomas
using the pulsed saturation qMT method (25), which is close to
the PSR of 9 L tumors obtained in the current study using the
SIR-qMT method, and both are signiﬁcantly lower than those
of normal tissue.
Figure 6 shows the inﬂuence of the saturation echo train, B1
inhomogeneity and relaxation times on the ﬁtted qMT parameters.
At ΔB1 = 0 (i.e. perfect RF pulses), the ﬁtted PSRs of all three types of
tissue have <3.5% relative differences from the intrinsic values,
suggesting that the saturation echo train used in the current SIREPI sequence has little inﬂuence on the estimates. Within ±20%
errors of the B1 ﬁeld, the relative errors of the ﬁtted PSR are within
the range of +3.0% and –8.7% of the intrinsic values. However, kmf
seems to be insensitive to B1 inhomogeneity (<1.1% different
from the intrinsic value). kfm was calculated from kmf and PSR,
and so the relative percentage errors of kfm are similar to those
of the ﬁtted PSR values. Interestingly, the percentage errors of
all ﬁtted qMT parameters of three different types of tissue are
similar to each other despite the signiﬁcant difference in
Table 2. Bonferroni-corrected p values for all pairwise
comparisons in Fig. 5
Tumor versus GM Tumor versus WM GM versus WM

NMR Biomed. 2014; 27: 253–260

PSR
kmf
kfm

1.83 × 10–6
0.012
0.008

5.25 × 10–8
3.91 × 10–5
5.79 × 10–5

1.22 × 10–6
4.80 × 10–4
3.45 × 10–4

GM, gray matter; PSR, pool size ratio; WM, white matter.
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Figure 5. Summary of ﬁtted pool size ratio (PSR), kmf and kfm [magnetization
transfer (MT) exchange rates] of all eight animals. All parameters can
differentiate different types of tissue, i.e. tumor, gray matter (GM) or white
–12
–7
–8
matter (WM), with statistical signiﬁcance (p < 10 , p < 10 and p < 10 ,
respectively, given by balanced one-way analyses of variance).

J. XU ET AL.

Figure 6. Simulated relative errors of quantitative magnetization
transfer (qMT) parameters with the presence of saturation echo train,
B1 inhomogeneity and different relaxation times. Note that kfm = kmf ×
PSR. GM, gray matter; PSR, pool size ratio; WM, white matter.

relaxation times. This suggests that the parameter ﬁtting
depicted in Equations [1]–[3] is robust in the face of variations
of other confounding factors in practice.

DISCUSSION

258

This study demonstrates the feasibility of performing SIR-qMT
measurements in tumors in vivo, and provides insights into the
biophysical changes that characterize 9 L tumors in rats.
Although MTR has been widely used in cancer studies, only a
few qMT imaging studies of tumors have been reported using
the pulsed saturation method, and the SIR-qMT method has
not been applied previously to tumors. Compared with the
pulsed saturation qMT method, the SIR-qMT method has a
signiﬁcant shortcoming in that multi-slice imaging is difﬁcult
(although three-dimensional approaches are feasible) because
the refocusing pulses in the saturation train can cause MT effects
in neighboring slices (20). However, the SIR-qMT method has
advantages when only a few slices are required for a limited
coverage, e.g. tumors. As T1 and MT parameters can be obtained
simultaneously, the SIR-qMT method might be a promising
technique to perform qMT cancer imaging. In addition, pulsed
saturation and steady-state free-precession based qMT approaches
may be difﬁcult to implement on high-ﬁeld human scanners
because of RF power limitations and magnetic ﬁeld inhomogeneities, whereas the SIR-qMT technique can be implemented at
ultrahigh ﬁeld strength for higher signal-to-noise ratio (20).
In the previous qMT imaging of tumors, Underhill et al. (25)
used a different rodent glioma C6 model, but also found a significant decrease in PSR in tumors. Interestingly, they also found

wileyonlinelibrary.com/journal/nbm

that tumors had lower ADCs in their study, suggesting a higher
cellular density without increased macromolecular content
compared with normal brain tissue, consistent with earlier
studies of higher water content in tumor cells (31). However, in
the current study, ADC was found to be higher in the 9 L tumor,
which has also been reported previously (27). Although several
other factors may also affect the ADC of tissue, the above
observations may indicate that a tumor may have a higher or
lower cellularity depending on different tumor types and/or
different stages. However, whatever the value of the ADC, all of
the above studies showed that PSR in tumor is signiﬁcantly lower
than that in normal tissue. The agreement with previous studies
suggests that the macromolecular content is more dilute in
rapidly growing tissues and tumors, and is consistent with the
conventional explanation for increased values of T1 in tumors
(32). The ﬁnding that T2 is shorter in tumors is, at ﬁrst sight,
anomalous, and disagrees with a large body of earlier literature
(33), but those studies were performed at substantially lower
ﬁelds. Moreover, lower PSR would predict that T2 would also be
longer, as found for T1, as long as the same mechanisms of
relaxation are dominant for both longitudinal and transverse
relaxations. Clearly, this cannot be the case, but the paradox is
resolved if the dominant relaxation process for T2 relaxation is
chemical exchange rather than dipole–dipole interactions. We
have shown previously that the relaxivity of diamagnetic proteins increases dramatically at high ﬁelds as chemical exchange
contributions take over from other processes (34), and, in the
case of our 9 L tumor, it appears that the relaxation efﬁcacy of
the macromolecular content increases more than the amount
of solid material decreases. One way in which this can occur is
if the rate of exchange (or the chemical shift difference) between
exchanging protons and water increases in tumors. Such an
effect can arise if, for example, there are appropriate changes
in pH or protein degradation. This conclusion is further validated
by the apparent increase in the rate of MT kmf, which indicates
that there is much faster transfer of magnetization from macromolecules to water in tumors relative to normal tissues.
These ﬁndings are relevant for the interpretation of other
studies, such as CEST imaging of tumors. CEST provides molecular imaging contrast and detects endogenous mobile molecules
with high spatial resolution, and has shown potential for the
detection of cancer (33) and monitoring of the tumor response
to treatment (35). Our results suggest that an increase in CEST
in tumors may not reﬂect an increase in macromolecular
content, but rather an increased rate of exchange and longer
T1 values, which has been found previously (36).
Although the precise mechanism of MT in tumors is not fully
understood, both current and previous studies have suggested
that PSR in tumors is signiﬁcantly lower than that in normal brain
tissues. QMT measurements may potentially provide more
speciﬁc information on the content of the tumor microenvironment relative to relaxation times alone. Moreover, qMT may also
potentially be useful for the detection of changes in tumors
following certain treatments, if they cause signiﬁcant changes
in macromolecular content, such as increases in the development of polyploidy (37) or decreases during apoptosis (38).
The saturation echo train in the current study signiﬁcantly
reduces the total acquisition time, but only induces a small error
to the ﬁtted qMT parameters. More RF pulses in the saturation
echo train can further reduce the induced errors, but this, in turn,
will increase the scanning time and, more importantly, increase
the speciﬁc absorption rate, which could be a problem for
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high-ﬁeld clinical studies. With ±20% errors of the ideal B1 ﬁeld,
the simulations show that the ﬁtted PSR has <8.7% errors,
whereas kmf has <1.1% errors. This suggests that the SIR-EPI
method is a reliable means to measure qMT parameters in
practice. The fact that the ﬁtted qMT parameters are insensitive
to relaxation times is encouraging, which shows that SIR-EPI
can provide robust measurements of qMT parameters despite
the signiﬁcant relaxation variations in tumors or other lesions.
Altogether, 20 different inversion times (ti) were used in the
current work and the pre-delay time td was kept constant. Such
a scheme provides an excellent ﬁtting of bi-exponential recovery
signals, but requires a longer scanning time. It is possible to use
the Cramer–Rao lower bound method to optimize both ti and td
in order to achieve a minimum scanning time. We have shown
previously that only ﬁve measurements are required to ﬁt SIRqMT data in a healthy rat if T1 is in the range 0.67–2 s (19).
Tumors have signiﬁcantly different T1 relaxation times and MT
parameters, such as T1 ~ 2.3 s in this study. Hence, the previously
optimized parameters may not be appropriate for the imaging of
tumor-bearing rats. A new optimization which covers a larger
range of T1 and MT parameters is currently under development
to speed up future SIR-qMT measurements in cancer imaging.

8.

9.

10.

11.

12.
13.
14.

CONCLUSIONS
SIR-qMT has been implemented in a rodent glioma model for the
ﬁrst time. All signals were explained well by the bi-exponential recovery model. The ﬁtted quantitative MT parameters suggest that
tumor has signiﬁcantly lower macromolecular contents and a
higher MT exchange rate, which are consistent with previously
reported results. This suggests that SIR-qMT can potentially serve
as an imaging biomarker to detect changes in the microenvironment in tumor, and hence potentially may be able to monitor
tumor response to treatment. These results also assist in the
clariﬁcation of the contrast reported in the CEST imaging of tumors.
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