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Abstract

Off-resonance saturation transfer images have shown intriguing differences in intensity in glioma
compared to normal brain tissues. Interpretation of these differences is complicated, however, by
the presence of multiple sources of exchanging magnetization including amide, amine, and
hydroxyl protons, asymmetric magnetization transfer contrast (MTC) from macromolecules, and
various protons with resonances in the aliphatic spectral region. We report a study targeted at
separating these components and identifying their relative contributions to contrast in glioma. Off-
resonance z-spectra at several saturation powers and durations were obtained from 6 healthy
controls and 8 patients with high grade glioma. Results indicate that broad macromolecular MTC
in normal brain tissue is responsible for the majority of contrast with glioma. Amide exchange
could be detected with lower saturation power than has previously been reported in glioma, but it
was a weak signal source with no detectable contrast from normal brain tissue. At higher
saturation powers, amine proton exchange was a major contributor to the observed signal but
showed no significant difference from normal brain. Robust acquisition strategies that effectively
isolate the contributions of broad macromolecular MTC asymmetry from amine exchange were
demonstrated that may provide improved contrast between glioma and normal tissue.
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APT - Amide proton transfer imaging; CEST — chemical exchange saturation transfer; z-
spectroscopy; NOE — nuclear overhauser effect; SAFARI — saturation with alternating frequency
RF irradiation; MT, MTC — magnetization transfer contrast; magnetization transfer asymmetry;
brain tumors; glioma; glioblastoma

Introduction

Off-resonance saturation transfer imaging methods, such as magnetization transfer (MT)
imaging (Henkelman et al., 2001; Wolff and Balaban 1989) and chemical exchange
saturation transfer (CEST) imaging (van Zijl and Yadav 2011; Ward et al., 2000; Zhou and
van Zijl 2006), have been used increasingly for the study of brain tumors. Saturation transfer
imaging at the amide proton frequency (3.5ppm), known as amide proton transfer (APT)
(van Zijl et al., 2003; Zhou et al., 2003b) imaging, is thought to generate MRI contrast
related to pH and the protein content inside cells. It has emerged as a potentially important
tool for localizing tumors both in animal models (Salhotra et al., 2008; Zhou et al., 2003a)
and humans (Jia et al., 2011; Jones et al., 2006; Wen et al., 2010; Zhao et al., 2012), and for
grading (Zhou et al., 2008) brain tumors. It has also shown promise at evaluating tumor
treatment response, as it may distinguish tumor recurrence from radiation necrosis (Wang et
al., 2012; Zhou et al., 2011), which otherwise can appear similar on magnetic resonance
images. Though the origin of the saturation transfer signal in tumors has not been fully
explained, it has been attributed to increased mobile protein concentrations in malignant
cells (Jones et al., 2006; Wen et al., 2010; Zhou et al., 2003a; Zhou et al., 2008; Zhou et al.,
2011).

Despite the initial success of brain tumor imaging with saturation transfer imaging, isolating
the contribution of amide proton concentration to the contrast remains difficult. It is well
known that the off-resonance RF irradiation used to generate the APT signal also induces
direct water saturation (DS) and broad macromolecular magnetization transfer contrast
(MTC). These effects are typically removed by magnetization transfer ratio asymmetry
(MTRjasym) analysis, where an image acquired with saturation at the amide proton frequency
is subtracted from a control image acquired with RF saturation on the opposite side of the
water line. MTR,sym analysis, however, introduces further sources of errors due to the
asymmetric macromolecular MTC effect (Hua et al., 2007b; Pekar et al., 1996; Stein et al.,
1994) and the presence of saturation peaks attributed to aliphatic protons in a frequency
range from approximately -1 ppm to -5 ppm (Avni et al., 2009; Jin et al., 2012a; Jin et al.,
2012b; Jones et al., 2012; Ling et al., 2008; Mori et al., 1998; Mougin et al., 2010;
Narvainen et al., 2010; van Zijl et al., 2003; Withrich 1986; Zhou et al., 2003b). Note that
aliphatic protons are believed to exchange magnetization through nuclear Overhauser
enhancement (NOE) (Withrich 1986; Zhou et al., 2003b), rather than chemical exchange.
As a result of these two confounds, MTR,sym Values at 3.5ppm are negative in normal tissue
when saturation powers less than 2 uT are employed. In order to account for these negative
sources of saturation transfer, the MTRasym parameter has been broken up into two
components (Zhou et al., 2003b):
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MTR sy (@) =MTR 4gpm (@) +APTR(w) [1]

where APTR is the proton transfer ratio from amide protons and MTR’asym incorporates
negative sources of saturation transfer and errors.

One approach proposed to remove the undesired contributions of MTR’a5ym t0 MTRasym and
isolate the APT effect is to subtract the asymmetry of a control region from the diseased
region (Salhotra et al., 2008; Zhao et al., 2011; Zhou et al., 2003a):

AMTR oym (W) =MTR 5, (w, disease) = M TR gym (w, control)

—AMTR yyym(w)+AAPTR(w) 21

If MTR’3sym, Which includes the NOE from aliphatic peaks and macromolecular MTC
asymmetry, is unchanged between regions (AMTR’asym = 0), the subtraction will eliminate
the negative contribution to the asymmetry and yield the desired APT effect. The
assumption of constant MTR’asym in cancer has not been verified, however, and may be
suspect.

In addition to the negative MTR’3sym contributions from MTC asymmetry and aliphatic
protons, fast exchanging amine and hydroxyl protons may also introduce errors to the
saturation transfer measurement of amide protons at 3.5ppm. While amine protons resonate
in a frequency range from 2-3ppm, recent saturation transfer studies both in phantoms and
in-vivo have shown that the amine CEST peak is much broader and contributes significant
signal at 3.5ppm when high saturation powers are employed (Cai et al., 2012; Jin et al.,
2012b; Kogan et al., 2013). Given the multiple different sources of saturation transfer
present at +/-3.5ppm it is unclear whether amide protons alone contribute to the saturation
transfer contrast in brain tumors.

Recently new methods have been proposed to quantify the APT effect and separate it from
broad macromolecular MTC, NOE and/or amine protons. These methods fall into two
categories. The first class of approaches employs a standard z-spectrum acquisition followed
by fitting of individual peaks in the amide and aliphatic regions of the z-spectrum without
employing asymmetry assumptions (Jin et al., 2012a; Jones et al., 2012; Zaiss et al., 2011).
The second involves specialized acquisition schemes, such as frequency labeled exchange
transfer (FLEX) (Friedman et al., 2010), saturation with frequency alternating RF irradiation
(SAFARI) (Scheidegger et al., 2011), two frequency RF irradiation (Lee et al., 2012), CEST
phase mapping using a length and offset varied saturation scheme (LOVARS) (Song et al.,
2012) or chemical exchange rotation transfer (CERT) (Zu et al., 2012a; Zu et al., 2012b).

In this paper, we used a combination of imaging methods including standard z-spectroscopy
as a function of irradiation power, low-power z-spectroscopy with fitting of the amide and
aliphatic peaks and SAFARI imaging to assess the individual contributions of saturation
transfer from amide protons, aliphatic protons, amine protons, and broad macromolecular
MTC in human glioma at 3 Tesla.
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A total of 14 subjects were recruited for this study. There were six healthy volunteers (4
men, 2 women; median age 43 [range 31-52] years) and eight patients with malignant
gliomas (5 men, 3 women; median age 55.5 [range 48-68] years). Tumor locations and
pathological findings are described in Table 1. For all patients, diagnosis and grading of
disease was confirmed in the Brain Tumor Clinic prior to our examination. Seven of eight
subjects had histologically confirmed glioblastoma at initial diagnosis while one had
histological diagnosis of malignant astrocytoma with features suggestive of secondary
glioblastoma. All were scanned following a protocol approved by our institutional review
board and after giving written informed consent. Six of eight subjects had their scans
performed at the time of tumor recurrence while two were scanned at initial diagnosis.
Patients with recurrent disease had been treated with a combination of surgical resection or
biopsy, radiation, cytotoxic chemotherapy, targeted therapy and/or NovoTTF-100A device
(Fonkem and Wong 2012; Kirson et al., 2007; Stupp et al., 2012), prior to enrollment in this
study. These patients were enrolled in the study after the diagnosis of disease or progression
was made clinically and scanned an average of 21 days after their last clinical MRI scan.

All studies were performed on a 3 Tesla GE SIGNA HDxt (GE Healthcare, Waukesha WI)
whole-body MR scanner. The body coil was used for excitation and a standard eight-channel
receive-only head array was used for signal reception.

In the glioma patients, conventional T, weighted fluid attenuated inversion recovery
(FLAIR: TE/TI/TR = 130/2250/10000 ms, FOV=24cm, slice thickness=5mm, slice spacing
= 1.5mm, matrix=320x224, scan time approximately 3.5min) and 3D pulsed continuous
arterial spin labeling (Dai et al., 2012; Dai et al., 2008) perfusion images (ASL: labeling
duration = 3.5 s, post labeling delay = 1.5s. Stack of spirals RARE readout: 7 spiral
interleaves, TE/TR = 10/6952 ms, FOV = 24cm, resolution = 3.35 x 3.35 x 4mm, NEX = 3,
scan time approximately 6 min) were acquired to localize the tumor. A single slice passing
through a region with intense ASL signal, FLAIR hyperintensity, and with signs of contrast
enhancement on the prior clinical scan was selected. Preference was given to slice locations
away from regions of greater By nonuniformity. In the healthy volunteers, a single axial
slice passing through the superior part of the lateral ventricles was selected.

The off-resonance saturation transfer imaging sequence consisted of continuous wave (CW)
RF irradiation [20ms of half Blackman window shaped rise — CW saturation at power Bq for
Tsat — 20ms half Blackman window shaped ramp down] followed by a single shot spin-echo
EPI acquisition [TR = 2000 ms, TE ranging from 15.8 to 17.4 ms, FOV = 24 cm, matrix =
96 x 96, slice thickness = 8 mm]. By adiabatically ramping up the power to the CW
amplitude B4, the saturation period becomes equivalent to a spin-lock experiment, which
minimizes signal oscillations, particularly at short saturation times and high power levels.
One unsaturated Sg image was acquired for reference (NEX=12). Z-spectra were acquired at
32 frequency offsets pairs up to £5 kHz (0, £25, +50, +100, £150, £175, +200, +250, £275,
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+300, +325, +350, +375, +400, £425, +450, +475, +500, +525, +550, 600, £700, +900,
+1200, £1500, £2000, £3000, £4000, +5000 Hz). Z-spectra were first acquired with B, =
0.5 uT (NEX =4) and 1.5uT (NEX = 1) and saturation time Tggt = 200 ms. This 240 ms CW
pulse was the longest permitted by the RF amplifier. The chosen power levels are typical of
prior studies focused on saturation transfer from the slow exchanging amide protons. Next,
Z-spectra were acquired with By =3 uT (NEX = 1) and 6 pT (NEX = 1) and Tg, = 100 ms.
These power levels are more optimal for study of rapidly exchanging lines from amine and
hydroxyl protons. The shorter Ty reduces deposited power, the Tq,ho Shortening effects of
DS (Jin et al., 2012b) and broad macromolecular MTC, and the contribution from MTC
asymmetry (Jin et al., 2012b). Scan time was approximately 2 min per z-spectrum.

To further characterize saturation transfer effects in glioma patients, APT-SAFARI images
(Scheidegger et al., 2011) were acquired. The APT-SAFARI imaging sequence consisted of
a 3 second pulsed-RF irradiation [Blackman window shaped inversion pulses: pulse width =
9 ms, interpulse delay = 6 ms, equivalent CW power = 0.78 uT] followed by a single shot
EPI acquisition [TR = 4000 ms, TE ranging from 15.8 to 17.4 ms, FOV = 24cm, matrix = 96
x 96, slice thickness = 8mm]. One unsaturated Sg image was acquired for reference followed
by twenty-four images for the SAFARI scan: 6 at RF offset = +3.5 ppm, 6 at RF offset =
-3.5 ppm and 12 with alternating frequency preparations, interleaved in time. Total scan
time was 1.5 minutes.

Image analysis

Image analysis was performed in MATLAB 7.11 (Mathworks, Natick MA). All images
were realigned to the first Sp image using the motion correction algorithm in the SPM8
software package (Wellcome Trust Centre for Neuroimaging, UCL, London). Then, for each
acquisition type, images were normalized voxel-by-voxel by the corresponding unsaturated
reference image Sg.

For the z-spectrum scans, Bg correction was performed following the water saturation shift
referencing (WASSR) method (Kim et al., 2009): The By = 0.5 uT z-spectrum was fit voxel-
by-voxel to a Lorentzian line in the frequency range +250 Hz only. The fit function was
given by (Jones et al., 2012):

y=1-A-[LW2/(LW+4- (fy-2)*)+B 3]

where LW is the Lorentzian linewidth, fy is the center frequency, and A and B are scaling
constants. The resulting lineshape was evaluated with a frequency resolution of 1 Hz. The
frequency with the minimum fit intensity was assumed to be the center of the water peak.
Following the WASSR method, the By map derived from the 0.5 uT z-spectrum was used to
correct all of the z-spectra acquired at higher By power. Each z-spectrum was interpolated
by a piecewise cubic hermite interpolating polynomial to a resolution of 1 Hz and shifted to
center the water frequency at 0 Hz in all voxels. After Bq correction, the z-spectra were
resampled back to their original frequency resolution.

The resulting Bg-corrected images were used to perform standard asymmetry analysis given
by:

Neuroimage. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scheidegger et al.

Page 6

MTRasym:Ssu,t(w—)/SO_Ssat(w+)/SO [4]

Asymmetry maps at the amide proton frequency were generated by averaging MTRasym
across the 425-475 Hz frequency range (referred to as MTRasym(3.5 ppm)). Similarly,
asymmetry maps at the amine proton frequency were generated by averaging MTR;sym
across the 200-350 Hz frequency range (referred to as MTRasym(2 ppm)) Broad
macromolecular MTC asymmetry maps were generated by averaging MTR,sym across the
1.5-4 kHz frequency range (referred to as MTRasym(20 ppm)). Conventional MTC maps
were also generated by averaging MTR=1-Sq./Sq across the —1.5 to -4 kHz frequency
range and across the +1.5 to +4 kHz frequency range, referred to as MTR(-20 ppm) and
MTR(+20 ppm), respectively.

Following recently published methods (Jin et al., 2012a; Jones et al., 2012), amide and
aliphatic proton saturation transfer parameters were also isolated by fitting the low power z-
spectrum. Several modifications were made to these high field methods to account for the
lower SNR and decreased separation between the amide and aliphatic lines and the water
line at 3T. The z-spectrum was constructed voxel-by-voxel from the 0.5 T acquisition and
averaged across specific regions of interest (ROIs) (see below for ROI selection). The
resulting mean z-spectrum was interpolated by a piecewise cubic hermite polynomial except
at data points around the amide (275 to 650 Hz) and aliphatic (-275 to —700 Hz) frequency
ranges. The interpolated z-spectrum was then evaluated at the omitted points in order to
calculate the difference between the acquired mean z-spectrum and the interpolated z-
spectrum. The amide and aliphatic peaks were characterized by the value of the z-spectrum
difference at 3.5 ppm and —3.5 ppm, respectively, and also by integrating the differences
across the entirety of the peaks. Integral values were generated by summing the differences
multiplied by the step size (25 Hz) across the amide frequency range (275 to 650 Hz) and
the aliphatic frequency range (-275 to —700 Hz). Peak integral units are given in Hz.

For the APT-SAFARI scans, quantitative maps of MTRgarpar| Were calculated voxel-by-
voxel as described previously (Scheidegger et al., 2011):

MTR,, jurs =Ssat(—3.5ppm) /Sp+Ssat (+3.5ppm) /Sp—| Ss,,,f,(SAFARI)/S,;—i—SS(,,t(SAFARI/)/SO] [5]

where Sg;(SAFARI) is the signal after alternating frequency irradiation and Sg;:(SAFARI’)
is a similar image but with the order of positive and negative frequency reversed to
minimize any timing related systematic errors. As the SAFARI method is insensitive to By
inhomogeneity up to 200Hz at 3T (Scheidegger et al., 2011), no B correction was
performed on the images used to compute MTRgapaRr) Maps.

In each glioma patient, three ROIs were selected: two in the tumor and one in the normal
appearing brain on the contralateral side. Regions were hand drawn on the Sy images, using
the T,-FLAIR and ASL perfusion from the research scan and Tq pre and post Gd from the
previously acquired clinical scan as guides. Tumor ROIs were drawn in the region with
maximum perfusion hyperintensity and in a region with prior contrast enhancement on
clinical scans but no current perfusion hyperintensity. The contralateral ROl was drawn
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symmetric to the tumor ROIs in the opposite hemisphere, except for one frontal tumor with
bilateral extent. For that tumor a region in the occipital lobe was selected as a control. To
compare parameters across regions in all patients, statistical analysis was performed by one-
way analysis of variance (ANOVA) with Tukey-Kramer test for multiple comparisons. All
across subject data are reported as mean + standard error.

In healthy volunteers, two regions were selected corresponding to white matter and gray
matter. The white matter ROI was located laterally in the occipital white matter. The gray
matter ROI was placed in the occipital cortex along the midline. Note that due to the
relatively low resolution of the echoplanar images, the gray matter ROI may be partially
contaminated by both white matter and cerebrospinal fluid. To compare parameters across
regions in all healthy volunteers, statistical analysis was performed by paired t-test with
Bonferroni correction for multiple comparisons. Data are reported as mean + standard error.

The saturation transfer signal was simulated for a four-pool model (water, amide, amine,
MTC) using the analytical solution to the Bloch-McConnell equations presented by Zaiss
and Bachert (Zaiss and Bachert 2013). Z-spectra were modeled at RF offsets ranging from
-15 to +15ppm with saturation duration Tg; = [100, 200, 500, 10000] ms and saturation
power Bq =[0.5, 1.5, 3, 6] uT). Exchange parameters were: proton exchange rates Kamide =
30 Hz, Kamine = 5000 Hz, kpt = 20Hz; concentrations Mymige(brain) = 1/2000Mgy,,
Mamine(brain) = 1/120Mg,,, Mp7(brain) = 1/37Mgy, Mamide(glioma) = 1/1200Mg,y,
Mamine(glioma) = 1/120Mg,y, Mpt(glioma) = 1/85Mg,,; resonance frequencies mamide =
3.5ppM, Wamine = 2.5ppm, opmT = —2.3ppm; water relaxation times T1,=1.5s, T5,=70ms;
exchangeable amide and amine proton relaxation time Tog=33ms and macromolecular
proton relaxation time Top7=230us. The exchange parameters above were taken from the
literature (Hua et al., 2007b; Liepinsh and Otting 1996; Morrison and Henkelman 1995;
Morrison et al., 1995; Wuthrich 1986; Zhou and van Zijl 2006; Zhou et al., 2003b). The
concentrations of exchangeable protons in the brain and in glioma were calibrated to match
the experimental results. Note that a Lorentzian line, rather than a super-Lorentzian line was
used to describe macromolecular exchange. The Lorentzian line provides an accurate
description of MTC and removes errors due to the singularity of the super-Lorentzian line
when modeling small saturation offsets less than ~15ppm (Morrison and Henkelman 1995;
Morrison et al., 1995). The long Topt = 230 s reflects the use of the Lorentzian model
rather than the super-Lorentzian.

All participants completed the entire study and image quality was acceptable for all studies.

Normal Subject Results

Z-spectra from the healthy volunteers showed the expected features of off-resonance
saturation transfer spectroscopy. Broad macromolecular MTC caused increasing attenuation
of the image intensity with increasing power and greater attenuation in white matter than
gray matter (Figure 1a). At 0.5 uT, both white and gray matter z-spectra showed a narrow

Neuroimage. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scheidegger et al.

Page 8

saturation peak at +3.5 ppm consistent with the APT effect. A broader peak on the opposite
side of the spectrum that approximately spans the frequency range from —2.2 ppm to -5.5
ppm (Figure 1c) was also observed. This broader peak had previously been attributed to
NOE transfer of magnetization from aliphatic protons (Avni et al., 2009; Jin et al., 2012a;
Jinetal., 2012b; Jones et al., 2012; Ling et al., 2008; Mori et al., 1998; Mougin et al., 2010;
Narvainen et al., 2010; van Zijl et al., 2003; Wthrich 1986; Zhou et al., 2003b). The amide
peak appeared somewhat larger in gray matter than white matter. However, the peak
integrals showed no statistically significant tissue contrast in the amide or aliphatic regions
(Table 2). At saturation power higher than 0.5 T, direct water saturation and broad
macromolecular magnetization transfer increased along with higher line broadening of the
amide and aliphatic peaks, which were no longer identifiable.

The MTR,sym curves (Figure 1b) revealed several features. First, there was a large negative
asymmetry due to the aliphatic lines and broad macromolecular MTC asymmetry effects. At
low RF power (B; < 1.5 UT) this asymmetry peaked close to the water line (offsets < 10
ppm) but remained prominent up to several tens of ppm. The negative asymmetry was
maximal at a saturation power of 1.5 uT and was greater in white matter than in gray matter.
Second, there was a broad positive amine peak that was most prominent at high saturation
power (B4 = 3 uT). The peak was centered approximately at 1.6 ppm at 3 uT and 2.7 ppm at
6 UT. The amine peak was much broader and more power dependent than the APT effect,
consistent with a faster exchange rate. The shape, amplitude and frequency of the broad
amine peak was in very good agreement with the saturation transfer peak reported from
amine proton solutions (Haris et al., 2012) and in-vivo studies of amine exchange (Cai et al.,
2012; Jin et al., 2012b). Therefore, it can most likely be attributed to fast exchanging amine
protons from brain metabolites, other small molecules, and protein and peptide side chains,
although an additional contribution from hydroxyl protons cannot be excluded. Third, the
APT peak at +3.5 ppm was not seen on the MTRasym curves at any power level as its
amplitude was much smaller than that of the negative macromolecular MTC asymmetry and
aliphatic proton effects.

Quantitative maps and regional averages (Table 3) mirrored the qualitative impression of the
z-spectra. MTRagym(3.5 ppm, 1.5 pT) maps were negative, suggesting a primary
contribution to the signal from broad macromolecular MTC asymmetry. They showed
significant tissue contrast with white matter being more negative than gray matter (P =
0.002). Correspondingly, MTRasym(20 ppm, 1.5 pT) maps showed signal amplitude and
contrast very similar to the MTRasym(3.5 ppm, 1.5 uT) map despite being acquired at
frequency offsets far away from the amide resonance and other mobile protons. As the
power increased from 1.5 UT to 6 uT, broad macromolecular MTC increased while the
amplitude of the MTC asymmetry decreased. Note that at 3 uT and 6 UT, the saturation time
had been reduced to 100 ms instead of 200 ms. MTRasym(2 ppm, 6 UT) maps were positive,
suggesting that the primary contribution to the asymmetry at high power is from saturation
transfer of fast exchanging protons rather than broad MTC asymmetry. MTRasym(2 ppm, 6
UT) maps did not show significant tissue contrast.
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Glioma results

Z-spectra in the glioma patients (Figure 2) were qualitatively similar to those in the normal
subjects. At 0.5 UT, saturation peaks corresponding to amide and aliphatic protons could be
seen in the tumor and contralateral regions, similar to those observed in healthy volunteers.
The amide peak in the tumor regions appeared increased compared to the contralateral
region, while the aliphatic peak appeared decreased. At 3.5ppm, there was a statistically
significant increase in the amide peak in the ASL hyperintensity tumor region compared to
the contralateral region (Table 4). While the peak integrals showed a trend towards higher
values in the tumor regions, statistical analysis did not reveal any differences between
regions (P = 0.07, Table 4). No statistically significant differences were detected between
the peak integral values measured in the contralateral region and those from healthy
volunteers.

At higher saturation power, the amide and aliphatic peaks were no longer identifiable by
visual inspection, as was observed in healthy volunteers, due to increasing DS, broad
macromolecular MTC and line broadening of the amide and aliphatic proton peaks. There
was, however, a large decrease in the overall MTC saturation in the tumor regions compared
to the contralateral region, which became more prominent as the power increased.

Clear differences between tumor and contralateral tissue were apparent in the MTRasym
curves (Figure 3). At low RF power (By < 1.5 UT), MTRasym Was significantly more
negative in the normal appearing brain than in the tumor. The difference between MTRagym
in the tumor and contralateral regions, AMTR sy, was maximal at 1.5 uT and peaked
approximately at 3.5 ppm. AMTRgsym remained prominent at frequency offsets greater than
10 ppm. At high RF power (B4 = 3 uT) this difference faded, especially at low frequency
offsets, as the positive broad MTRgsym line attributed to amine exchange became more
dominant. There was minimal difference between the amine line shape and magnitude in
tumors and contralateral tissue.

Quantitative maps (Figures 4 and 5) and regional averages (Table 5) confirmed the
qualitative impression of the z-spectra. All glioma regions exhibited an elevated
MTRgasym(3.5 ppm, 1.5 uT), as had been observed in other studies of human high grade brain
tumors performed with similar saturation power (Zhao et al., 2011; Zhao et al., 2012). While
the normal appearing contralateral brain had negative MTR3sym(3.5 ppm, 1.5 UT), tumors
had positive values. Similarly, MTRggym(20 ppm, 1.5 UT) was less negative and MTR(+20
ppm) and MTR(-20 ppm) were decreased in all tumors compared to the contralateral brain.
In contrast, MTRsaraRr| Showed no significant differences (Table 4). At higher power,
MTRgsym (2 ppm, 6 UT) also showed no significant differences between tumors and normal
appearing brain. Suggestive small hyperintensities within the tumors on MTRgapar) Maps
and MTRgasym(2 ppm, 6 UT) maps were observable in two of the patients (one with untreated
glioma, one with recurring glioma), e.g. Figure 4, but further studies would be required to
establish the significance of such image features. No differences were observed between the
2 patients at initial diagnosis and the 6 patients with recurring tumors.
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Simulation results

The MTR,sym curves (Figure 6a—d) predicted by the four-pool model were qualitatively very
similar to those observed experimentally. At By powers of 0.5 and 1.5uT (Tsat = 200 ms),
the amide peak was clearly seen along with a negative MTC asymmetry. As the power
increased to 3 and 6 UT (Tsa: = 100 ms), the amide peak was no longer observable and the
MTC asymmetry was reduced. At these high power levels, the amine peak was the dominant
signal contribution. The contribution of each exchangeable proton to the total signal and
glioma contrast can be approximated from two-pool model simulations (Table 6). With the
saturation parameters used in this paper, the simulated glioma contrast due to amide protons
was AAPTR(3.5 ppm, 1.5 uT) ~ 0.16% while the contrast due to the loss of MTC
asymmetry was AMTR asym(3.5 ppm, 1.5 uT) ~ 0.86%. Therefore, the bulk of the glioma
contrast AMTRasym(3.5 ppm, 1.5 uT) = 1.0% given by the four-pool model can be accounted
for by a loss of MTC asymmetry. For saturation times Tg,: = 500 ms, the four-pool model
predicted a glioma contrast AMTRggym (3.5 ppm, 1.5 pT) = 2.0%. Two-pool model
simulations revealed that the contributions to the contrast are approximately the sum of
AAPTR(3.5 ppm, 1.5 uT) ~ 0.35% and AMTRasym (3.5 ppm, 1.5 uT) ~ 1.61%.

At long saturation time of 10 s, the MTRsym curves showed different features (Figure 6i-1).
The amplitude of the slow exchanging amide and negative MTC asymmetry increased
dramatically, while the signal due to fast exchanging amine protons was reduced. The four-
pool model predicted a maximal glioma contrast at the lowest B, power:
AMTRasym(3.5ppm, 0.5 UT) = 3.6% with amide and MTC contributions AAPTR (3.5ppm,
0.5 uT) ~1.16% and AMTR asym(3.5ppm, 0.5 uT) ~ 2.44%, respectively. At higher power,
the glioma contrast decreased to AMTRa5ym(3.5ppm, 1.5 pT) = 2.8% with amide and MTC
contributions AAPTR(3.5ppm, 1.5 UT) ~ 0.70% and AMTR35ym(3.5ppm, 1.5 uT) ~ 1.72%,
respectively. Therefore, even at long saturation durations optimal for amide proton
saturation, simulations predict that about two thirds of the expected glioma contrast could be
accounted for by changes in MTC asymmetry rather than amide proton transfer.

Discussion

In this paper, we have obtained saturation transfer measurement at a wide range of
frequency offsets in order to assess the individual contributions of saturation transfer from
conventional broad macromolecular magnetization transfer contrast and mobile protons such
as amide protons, aliphatic protons and amine protons in human glioma tumors at 3T.

Saturation transfer from amide protons, aliphatic protons and broad macromolecular
protons in glioma

Our primary finding is that contrast between glioma and normal brain tissue is dominated by
broad macromolecular magnetization transfer asymmetry, rather than chemical exchange
from mobile protons. At B power less than 2 uT, our study shows a statistically significant
increase in MTR,sym(3.5 ppm) in the glioma tumors compared to the contralateral brain, as
was observed previously with longer saturation times (Jones et al., 2006; Salhotra et al.,
2008; Wang et al., 2012; Wen et al., 2010; Zhao et al., 2011; Zhao et al., 2012; Zhou et al.,
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2003a; Zhou et al., 2008; Zhou et al., 2011). The contrast in glioma can be modeled in terms
of equation [2]:

AMTR 4sym=MTR g5y, (glioma)— MTR y4ym (contralateral )
=AMTR 45 +AAPTR

From the results in Tables 4 and 5, we derive the following parameters: AMTRsym(3.5ppm,
1.5 uT) = 1.20%, AAPTR(3.5ppm, 0.5 uT) = 0.17% ~ AAPTR(3.5ppm, 1.5 uT), resulting in
anonzero AMTR/asym(3.5ppm, 1.5 UT) = 1.03%. Note that because the saturation efficiency
of amide protons is greater than 95% at 0.5 uT (Jones et al., 2012), little additional amide
proton saturation is expected when increasing the power from 0.5uT to 1.5uT. Therefore,
AAPTR(0.5 uT) can be used as a surrogate measure of AAPTR(1.5 uT).

In addition, AMTRasym(20ppm, 1.5 pT), which should only reflect MTC asymmetry is
0.48%. Modeling of the MTC effect shows that MTC asymmetry is expected to be even
larger at 3.5ppm than at 20ppm (Hua et al., 2007b). Therefore, at least half of AMTR
"asym(3-5ppm) can be accounted for by a loss of MTC asymmetry. By extending the z-
spectrum acquisition to high spectral frequencies beyond those of exchangeable protons, our
results show that the largest contribution to the signal amplitude and contrast in MTRggym
(3.5ppm) can be accounted for by MTC asymmetry, rather than APTR. A decrease in MTC
asymmetry in glioma was also reported previously in an animal model (Hua et al., 2007a).
Given that MTRasym (20ppm), MTR(+20ppm) and MTR(-20ppm) were all statistically
increased in brain tumors, AMTR/ 35y, is @ major source of contrast and cannot be assumed
to be zero. These results also underscore that AMTR,sym analysis is not sufficient to
accurately quantify the amide proton signal change in tumors (AAPTR) since AMTR gy is
a major contributor to the contrast. Alternate acquisition and/or analysis schemes that do not
rely on asymmetry analysis must instead be used to accurately assess the APT effect in brain
tumors.

Transfer from protons in the aliphatic spectral region appears to make a major contribution
to negative z-spectrum asymmetry at lower powers. This finding confirms recent other
reports characterizing the aliphatic lines (Jin et al., 2012a; Jones et al., 2012). Since the
nature and characteristics of these lines are not well understood, we cannot exclude the
possibility that our empirical baseline fitting approach does not appropriately model and
quantify these lines. It is clear, however, that they make simple asymmetry analysis
inaccurate at low powers because of their overlap with the amide and amine lines,
contributing a negative component to MTR’asym(3.5ppm) at low power levels.

Our previously proposed SAFARI technique (Scheidegger et al., 2011) was highly
successful at eliminating magnetic field inhomogeneity errors in this clinical population, but
it produced relatively little contrast between tumors and normal tissue. Since SAFARI is
mostly sensitive to saturable lines, amine and broad MTC contributions should be
minimized. The symmetric nature of the saturation should combine the amide and the
aliphatic protons contributions. Therefore, similarly to equation [1], we can express the
SAFARI contrast as:
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MTR, up, (3.5ppm)=APTR+ AliphaticPTR  [6]

Since the SAFARI acquisition employs a 3s saturation duration, the APT effect should be
much larger than in the z-spectra acquisitions and be near steady-state. Based on the
measurements of the amide peak in this paper and extrapolation to longer saturation duration
using equation [7], the amide contribution to SAFARI in the healthy brain is likely about
2.1% (see below for more details on the estimates). The roughly 2.5% SAFARI signal
observed in the brain is fairly consistent with this estimate but slightly larger, due to the
additional positive component of aliphatic contribution to SAFARI. The expected amplitude
of the aliphatic contribution to SAFARI with long saturation is difficult to estimate because
the physical properties of the aliphatic protons, including T, are poorly constrained.

The absence of tumor contrast on the longer saturation time SAFARI images is consistent
with the absence of contrast with either the aliphatic or amide line integrals individually as
measured at shorter saturation time (Table 4). We note that an increase in the APT effect
concurrent with a decrease in the aliphatic PTR could provide an alternate explanation for
the lack of SAFARI tumor contrast. To the extent that the aliphatic signal is relatively stable
with pathology, the amide contrast in SAFARI could still potentially be a useful diagnostic
marker in other disease models.

Chemical exchange saturation transfer of amine protons in glioma

Amine protons from brain metabolites, small molecules, free amino acid and protein and
peptide side chains is also a source of endogenous CEST contrast (Cai et al., 2012; Haris et
al., 2012; Jin et al., 2012b; Ward et al., 2000; Zhou and van Zijl 2006). In addition to broad
macromolecular MTC asymmetry, amine exchange appears to be a major contribution to
MTR,sym from 2-5 ppm at the powers above 1.5 UT used here. Since several previous
studies have been performed with similar high powers (Jones et al., 2006; Wen et al., 2010;
Zhao et al., 2011; Zhao et al., 2012) they were likely also measuring a significant amine
signal. The combination of this positive amine signal with the negative asymmetry of
macromolecular MTC leads to complex CEST signal magnitudes and signs. For example,
reports of minimal tissue signal at 2 uT (Zhao et al., 2011) can readily be explained by the
cancellation of the negative MTC asymmetry in normal tissue by its amine contribution.
Despite its major contribution to the signal, amine exchange did not exhibit significant
contrast between tumor and brain tissue. However, several individual patients exhibited
hyperintensities in the tumor regions, therefore, it remains uncertain whether amine protons
can contribute to the diagnostic value of off-resonance saturation imaging beyond the
dominant purely broad macromolecular MT contrast previously reported.

Comparison with previous studies

Many studies have identified promising clinical applications of saturation transfer imaging
at 3.5ppm as an imaging biomarker for identifying (Jia et al., 2011; Jones et al., 2006;
Salhotra et al., 2008; Wen et al., 2010; Zhao et al., 2012; Zhou et al., 2003a; Zhou et al.,
2008), and monitoring treatment response (Wang et al., 2012; Zhou et al., 2011) in brain
tumors. While the saturation transfer contrast in brain tumors was originally thought to be
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caused by increases in the APT effect, our results offer an alternate interpretation based on a
primary contribution to the contrast caused by the loss of broad macromolecular MTC and
MTC asymmetry normally found in the healthy brain with only a marginal change in the
APT effect. However, care must be taken when comparing our results with other studies as it
has been shown here and elsewhere that different saturation schemes, and specifically
saturation durations, will change the relative contributions of saturation transfer effects from
amide, amine, aliphatic and broad macromolecular protons.

Since this study has employed shorter saturation durations than previous published reports
of saturation transfer in brain tumor patients, we can attempt a comparison with the literature
by extrapolating our results to longer saturations. In Table 4, we found a higher
APTR(3.5ppm) = 0.42+0.05% in tumors than the APTR(3.5ppm) = 0.25+0.03% in the
contralateral brain acquired with B;=0.5 uT and Tga = 200 ms. In addition to the simulation
results presented above, APTR can also be modeled as follows (Jones et al., 2012; van Zijl
and Yadav 2011; Zhou et al., 2003b; Zhou et al., 2004):

APTR=x; - o - ksy - T - (1—exp(—Tsat/T1w)) [7]

o~ (731)2/((731)2+(k5w)2) [8]

where a is the saturation efficiency, kg, is the exchange rate from solute to water, Ty, is the
longitudinal relaxation time of water and X is the concentration of amide protons relative to
water protons. If we assume for simplicity that the difference in APTR between brain tumors
and normal brain is due only to a difference in amide concentration xs, while kg, and Tqy
are unchanged, we can estimate the steady state values for APTR at long saturation time
(APTRss). Given Ty, = 1.5 s and kg, = 30 Hz, we find APTRss ~ 2.1 % in contralateral
brain and APTRss ~ 3.5 % in glioma, giving a maximum tumor contrast AAPTRSS ~ 1.4 %,
independent of saturation power for B; = 1 uT. The estimate for APTRss in the contralateral
brain is in very good agreement with recent steady state reports of APTR ~ 1.5-2.5 % in the
normal rat brain (Jin et al., 2012a) and APTR ~ 1.4-2.9 % in the normal human brain (Jones
et al., 2012). However, the estimate for APTRss in glioma is only approximate because
changes in tumor Ty, should be taken into account at long saturation times.

Prior reports of saturation transfer contrast in brain tumor patients (Jones et al., 2006; Wen
et al., 2010; Zhao et al., 2011; Zhao et al., 2012) typically employed 500 ms saturation at 3
T. At short saturation times of Tyt = 500 ms or Tg;: = 200 ms used in this paper, we found
that changes in glioma T, can be ignored without compromising the APTR estimates
calculated below. For Tg,: = 500 ms, we estimate APTR ~ 0.59% in contralateral brain and
APTR~0.99% in tumors, giving AAPTR~0.4% for saturation powers B;=1uT. In addition,
given a faster amide exchange rate (Liepinsh and Otting 1996; Liu et al., 2013), for instance
ksw = 200 Hz, Eq [7]-[8] yield APTR estimates of 2.7-2.9 % in contralateral brain, 1.6-1.7
% in tumors, giving AAPTR~1.1-1.2% for saturation powers B1=2-3 UT and Tg;=500 ms.
Since prior brain tumor studies typically report AMTR,sym Values on the order of 2% with
these saturation parameters, our results suggest that the contrast previously reported in brain
tumors may have been primarily the result of changes in MTR’zsym with a smaller
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contribution from APTR, as measured in this study. A recent study from some of the authors
of these earlier papers used low power z-spectrum fitting and found just weakly reduced
APT and aliphatic peak in a single grade I11 astrocytoma and also attributed previous reports
of glioma contrast to combinations of MTC asymmetry and other factors (Jones et al., 2013).
A recent careful analysis of long duration saturation studies in an experimental glioma
model also reached similar conclusions (Xu et al., 2014).

Since the saturation transfer contrast between tumors and normal tissue has previously been
ascribed to an increase in free protein concentration in malignant cells solely based on an
assumed major contribution from amide proton exchange (Jones et al., 2006; Wen et al.,
2010; Zhou et al., 2003a; Zhou et al., 2008; Zhou et al., 2011), this understanding of contrast
is brought into question. Our results show that increases in MTRagym (3.5 ppm, 1.5 uT) in
tumors coincide with decreased saturation transfer from broad macromolecular MTC and
loss of MTC asymmetry compared to the normal brain (Table 5). The existence of similar
contrast (Figures 4 and 5) in the unsubtracted broad macromolecular magnetization transfer
ratio at both positive and negative frequencies distant from the exchanging lines of mobile
protons suggests that differences in MTR, rather than in its fractional asymmetry, are most
responsible for the contrast in brain tumors. Previous studies have also shown that broad
macromolecular MTC is altered in glioma (Kurki et al., 1995; Kurki et al., 1996; Lemaire et
al., 2000; Okumura et al., 1999; Vonarbourg et al., 2004) with higher MTR in normal brain
than in brain tumors and higher MTR in high grade than low grade glioma (Kurki et al.,
1995), which was shown to correlate with tumor nuclear density. Since MTRagym(3.5ppm)
has previously been shown to be an indicator of tumor recurrence (Wang et al., 2012; Zhou
et al., 2011), saturation schemes designed to maximize MTC and MTC asymmetry may
further improve the characterization of glioma by asymmetry analysis and make
MTRzsym(3.5ppm) a clinically viable marker of tumor progression.

Technical Considerations

This study demonstrates that a low power (0.5 UT, Tg5: = 200 ms) z-spectrum acquisition can
successfully identify the amide and aliphatic peaks at 3T, similar to recent higher field
results (Jin et al., 2012a; Jones et al., 2012; Jones et al., 2013). However, our results
highlight the difficulties of imaging the amide CEST signal. Due to the decreased SNR at 3T
compared to higher field strengths, voxel-by-voxel fitting could not be performed reliably
without significant noise contamination. Instead, fitting was performed after averaging the z-
spectrum over each ROI. The choice of fitting procedure such as the simple baseline fit
employed here and in (Jin et al., 2012a), as opposed to the Lorentzian fitting approach used
by (Jones et al., 2012; Jones et al., 2013) may lead to differences in the measured amplitude
of the amide peaks. Note that our pulse sequence had a short CW saturation of 200 ms and
that a longer saturation pulse increasing the amide saturation should be beneficial and could
improve the statistical significance of the result.

This study also demonstrates how choice of frequency, power, and duration could be used to
separate contrast from different sources. To the extent that MTR or MTC asymmetry is a
useful diagnostic marker, this contrast can be obtained without CEST contamination at large
frequency offsets. In contrast, the amine component can be emphasized at low frequency
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offsets by high power irradiation for short duration (Jin et al., 2012b). This maximizes the
fast exchanging amine contribution while minimizing MTC asymmetry and saturation
related T4 shortening. Both these imaging methods demonstrated the capability to create
high quality, robust images from clinical patients in quite reasonable scan times. Further
research will be needed to fully characterize the diagnostic value of the methods in glioma
and other diseases.

Conclusion

Tumor contrast from off-resonance saturation transfer images usually attributed to amide
proton transfer and protein concentration is instead the result of MTC and MTC asymmetry
differences. While the amide peak is detectable, it is a weak signal that requires careful
optimization and analysis to avoid contamination from other sources. A previously reported
strategy for measuring the amide signal, SAFARI, demonstrated excellent image quality but
showed no contrast in glioma. Amine exchange sensitive imaging showed promise for
producing relatively robust and high signal measures of exchanging protons with minimal
contamination from other sources when shorter saturations with higher powers are used.
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Figure 1.
Saturation transfer data in healthy volunteers. a) The z-spectrum derived from occipital

white matter (WM) and gray matter (GM) ROIs in healthy volunteers (N = 6) as a function
of saturation power. b) MTR,sym shows a large negative asymmetry, which is more
prominent in white matter than gray matter. The amide peak at +3.5ppm is not observed, but
a CEST peak from faster exchanging protons, centered in the 2-3 ppm range, can be seen at
high power. ¢) A close up of the amide and aliphatic regions of the z-spectrum acquired at
0.5 uT shows saturation peaks centered at +3.5 ppm and approximately —3.7 ppm
respectively. The amplitude of the amide and aliphatic peaks were quantified by the
difference between the z-spectrum fit (dotted lines) and the acquired data (solid lines)
integrated over the frequency ranges delimited by the black boxes. Corresponding line
shapes and amplitudes for d) the amide and e) the aliphatic spectral regions. The peaks
represent the remainder after subtracting the interpolated fit to the z-spectrum excluding
these points from the original 0.5 UT z-spectrum data. In subfigures a)-c) error bars are only
shown for a subset of acquired data points for clarity.
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Figure 2.
Saturation transfer data in glioma. a) The z-spectrum derived from the ASL hyperintensity

tumor region and the contralateral region in glioma patients (N = 8) as a function of
saturation power. For simplicity, the contrast enhancing ROI is not shown as both tumor
ROIls overlap on this scale. b) A close up of the amide and aliphatic regions of the z-
spectrum acquired at 0.5 uT shows saturation peaks centered at +3.5 ppm and approximately
-3.5 ppm respectively. Line shapes and amplitudes for c) the amide and d) the aliphatic
spectral regions represent the remainder after subtracting the interpolated fit to the z-
spectrum excluding these points from the original 0.5 uT z-spectrum data. In panels a) and
b) error bars are only shown for a subset of acquired data points for clarity.
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Figure 3.

MTRgsym Vs. saturation power in glioma (N=8). a) By = 0.5 uT, b) By = 1.5 uT, ¢) By = 3.0
UT, d) By = 6.0 UT. The insets show AMTR,sym between the tumor and contralateral region.
Error bars are only shown for a subset of acquired data points for clarity.
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Figure 4.
Saturation transfer maps compared with several other types of standard MR images for a

patient with an untreated glioblastoma.
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T1 post Gd

Figure 5.
Saturation transfer maps compared with several other types of standard MR images for a

patient with an astrocytoma.
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Figure 6.
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Simulated MTR3sym Vvs. saturation power and duration for a four-pool model consisting of

water, amide, amine and macromolecular exchange. Left column: Simulation with

experimental saturation parameters: a) B; = 0.5 uUT, Tgat = 200 ms, b) By = L5 UT, Tgy =

200 ms, ¢) By = 3.0 UT, Tgat = 100 ms, d) By = 6.0 uT, Tgy = 100 ms. Middle column:

Simulation with moderate saturation duration Tgy; = 500 ms: €) By = 0.5 uT, f) By = 1.5 uT,
g) B1 =3.0 uT, h) By = 6.0 uT. Right column: Simulation with long saturation duration Ty

=10s:i) By =0.5uT,j)B; =1.5uT, k) By =3.0 uT, I) By = 6.0 uT. The insets show

AMTRsym between the tumor and contralateral region.
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Table 2

Amide and aliphatic peak integrals derived from the 0.5 uT z-spectrum in healthy volunteers (N = 6) with
standard errors. All values were statistically different from zero (P < 0.02). No differences were found
between white matter and gray matter regions.

Amide peak integral [Hz]  Aliphatic peak integral [Hz] =~ Amide peak at 3.5ppm [%]  Aliphatic peak at —3.5ppm [%6]

WM 0.31+0.03 1.01+0.15 0.28 £0.02 0.55 +0.06
GM 0.56 £0.17 0.96 +£0.09 0.36 +0.07 0.51+0.04
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MTRasym and MTR as a function of saturation power in healthy volunteers (N = 6)

Table 3

Page 28

Saturation transfer parameters derived from white matter (WM) and gray matter (GM) regions with standard
errors across N=6 healthy volunteers. (1) represent statistically significant differences between WM and GM.

05uT 1.5uT 3T 6 uUT
MTRasym (2ppm) [%0]
WM 072+002T  0.65£0.07 2.23+0.08 2.20 +0.07
GM _oa5+004t 096012 2.34+011 2.41+0.08
MTRasym (3.5ppm) [%6]
WM 136+0041T  _126+006T  081+0.04 2.14+0.05
GM —086+0051T -—035+014T  112+010 2.31+0.12
MTRgsym (20ppm) [%0]
WM -024%001  _108+0021t _og7+00aTt  —0.41£002
GM -008%0.05 _ggr+006tT —0s524005TT  —0.15+0.06
MTR(+20ppm) [%]
WM 0.48+0.01 805+022 T 1320+0251T 264910397t
GM 036+£004  492+016TT 841202577 19410291
MTR(-20ppm) [%6]
WM 07240017 913+022TT  140720281T 26914039 1F
GM 044+004T  555+017TT  893+027TT  1956+033 Tt
o <004
Mo <0.008
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Table 5
MTRasym and MTR as a function of saturation power in glioma patients (N = 8)

Saturation transfer parameters derived from tumor regions (ASL hyperintensity and Gd enhancement) and
from contralateral normal appearing brain with standard errors across N=8 glioma patients. () represent
statistically significant differences between tumor and contralateral regions. No statistically significant

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

differences were found between the two tumor regions.

0.5uT 15uT 3uT 6 uT
MTRasym (2ppm) [%6]
ASL hyperintensity —0.23+006 T 1.17+013 T 2.18+0.15 254+0.14
Gd enhancement -0.28+005 Tt 1.02+0.11 2.02+0.10 2.45+0.14
Contralateral —-0.51 +0.02 0.65 + 0.06 2.13+0.07 2.36+£0.10
MTRasym (3.5ppm) [%6]
ASL hyperintensity —0.48+005 1ttt  031+016 1T 124+010 T 233+0.12
Gd enhancement —049+0.07 1T 017+021 TTT 1.04 + 0077t 2.18+0.16
Contralateral -0.98 +0.06 -0.89+0.10 0.73+0.08 2.13+0.04
MTRasym (20ppm) [%]
ASL hyperintensity -007+002T  -030+005 T -033+005 Tt  -0.07+0.06"
Gd enhancement -005+003" 0342008t —041x0061T  —0.10+008t
Contralateral -0.15 +0.02 -0.78 +0.06 -0.68 +0.03 -0.35+0.05
MTR(+20ppm) [%]
ASL hyperintensity 0.14 +0.037 3.75+ 0587 6.09+069 T 1410+1.02 11T
Gd enhancement 0.15+0.05 T 3.81+0.721 593+094 Tt 13844139 1Tt
Contralateral 0.30 £0.02 6.09 +0.26 10.24 +0.32 21.38 +0.51
MTR(-20ppm) [%6]
ASL hyperintensity 020004 1T 405+062" 6.42+070 T 1417 +1.031 711
Gd enhancement 0.20 +0.04 11 4.15+0.737 634+096 T 13044137 11T
Contralateral 0.45+0.02 6.87 £ 0.28 10.92 +0.33 21.73+0.50

TRegions statistically different from contralateral P < 0.02

TJrRegions statistically different from contralateral P < 0.001

”Regions statistically different from contralateral P < 0.0001
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