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Abstract

The focus of this work was to identify the optimal magnetic resonance imaging (MRI)

contrast between orthotopic U-87 MG tumours and normal appearing brain with the

eventual goal of treatment response monitoring. U-87 MG human glioblastoma cells

were injected into the brain of RNU nude rats (n = 9). The rats were imaged at 7 T at

three timepoints for all animals: 3–5, 7–9, and 11–13 days after implantation.

Whole-brain T1-weighted (before and after gadolinium contrast agent injection),

diffusion, and fluid-attenuated inversion recovery scans were performed. In addition,

single-slice saturation-transfer-weighted chemical exchange saturation transfer

(CEST), magnetization transfer (MT), and water saturation shift referencing (WASSR)

contrast Z-spectra and T1 and T2 maps were also acquired. The MT and WASSR

Z-spectra and T1 map were fitted to a two-pool quantitative MT model to estimate

the T2 of the free and macromolecular-bound water molecules, the relative macromo-

lecular pool size (M0, MT), and the magnetization exchange rate from the macromolec-

ular pool to the free pool (RMT). The T1-corrected apparent exchange-dependent

relaxation (AREX) metric to isolate the CEST contributions was also calculated. The

lesion on M0, MT and AREX maps with a B1 of 2 μT best matched the hyperintensity

on the post-contrast T1-weighted image. There was also good separation in Z-spectra

between the lesion and contralateral cortex in the 2-μT CEST and 3- and 5-μT MT

Z-spectra at all time points. A pairwise Wilcoxon signed-rank tests with Holm–

Bonferroni adjustment on MRI parameters was performed and the differences

between enhancing lesion and contralateral cortex for the MT ratio with 2 μT

saturation at 3.6 ppm frequency offset (corresponding to the amide chemical group)

and M0, MT were both strongly significant (p < 0.001) at all time points. This work has

Abbreviations: AREX, apparent exchange-dependent relaxation; CEST, chemical exchange saturation transfer; CPMG, Carr–Purcell–Meiboom–Gill; FLAIR, fluid-attenuated inversion recovery; IR,

inversion recovery; M0, MT, relative MT macromolecular pool size; MT, magnetization transfer effect from semisolid macromolecules; MTR, magnetization transfer ratio; MTRasym, magnetization

transfer ratio asymmetry; RARE, rapid acquisition with relaxation enhancement; RMT, magnetization exchange rate from the macromolecular to free water pools; rNOE, relayed nuclear

Overhauser effect; T1, obs, observed longitudinal relaxation time; T1w + C, post-contrast agent injection T1-weighted image; T2, F, transverse relaxation time of the free water pool; T2, obs,

observed transverse relaxation time; T2, MT, transverse relaxation time of the macromolecular water pool.
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identified that differences between enhancing lesion and contralateral cortex are

strongest in MTR with B1 = 2 μT at 3.6 ppm and relative macromolecular pool size

(M0, MT) images over entire period of 3–13 days after cancer cell implantation.

K E YWORD S

brain tumour, chemical exchange saturation transfer, diffusion, glioblastoma, glioma,
magnetization transfer

1 | INTRODUCTION

Gliomas are among the most common brain tumours in the adult central nervous system and present a significant burden on the health system:

the combination of surgery, chemotherapy, and radiation for glioblastoma treatment had a mean cost (studied from 2006 to 2013) of $62,602.1

The 2-year overall survival rate is only 6.7%, the quality of life in all domains is very poor,2 and its incidence is on the rise (with a six-fold increase

over 10 years between 2008 and 20173). There is a need for more precise stratification of gliomas by developing noncontrast-agent-based and

quantitative magnetic resonance imaging (MRI) techniques that can help monitor response during the treatment. Identifying specific cohorts

based on molecular stratification and imaging response helps devise better strategies for combinatorial treatments including molecularly selective

therapies.

High-grade glioma treatment response assessment, commonly using standardized MRI,4 has been an area of active research.5–9 Following

cytoreductive surgery and radiotherapy with concomitant and adjuvant temozolomide chemotherapy,10,11 the lesion can exhibit true tumour

progression (TP), pseudoprogression (PsP), or both. Stereotactic biopsy in 50 patients has found TP in 60%, PsP in 6%, and a mixture in 34%.12 TP

has poorer prognosis than PsP.13

Clinically, the highest of discrimination between TP and PsP comes with magnetic resonance (MR) spectroscopy (generally a non-imaging

technique) with a sensitivity/specificity of 91%/95%14 compared to those of the imaging techniques diffusion-weighted MRI (DWI) with

71%–90%/82%–87%, dynamic contrast enhanced MR with 87%–88%/86%–88%, and dynamic susceptibility contrast MR with

88%–92%/77%–85%14,15; the range of values reflects differences in the meta-analyses cited. The diagnostic accuracies of other advanced

techniques, for example, arterial spin labelling MR, amide proton transfer weighted (APTw) MR, and O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET)

positron emission tomography (PET), are largely unknown due to low numbers of studies in literature.15

Novel treatment response biomarkers include PET tracers,16 combined MR/PET tracers,17 dynamic contrast enhancement,18 dynamic

susceptibility contrast,19 and the use of iron oxide nanoparticle MRI tracers.20 General glioma characterization has also been undertaken with

T2-weighted imaging21 and manganese-based contrast agents,22 modified gadolinium (Gd) contrast agents,23 oxygen-enhanced MRI,24 hypoxia,

and vascular endothelial growth factor expression with T2*-weighted imaging,25 perfusion with arterial spin labeling,26 angiogenesis with

lipoCEST,27 DWI,28 and relaxometry.28

Saturation transfer MRI (ST-MRI) is one of the relatively new MR contrast mechanisms where use in brain cancer MRI stratification and

evaluation of treatment has been constantly growing.29–31 Major subtypes of ST-MRI include magnetization transfer (MT) and chemical exchange

saturation transfer (CEST) contrast. MT is sensitive to semisolid macromolecules, such as lipids in cell membranes and myelin.32 CEST and the

related relayed nuclear Overhauser effect (rNOE) are sensitive to specific chemical groups (e.g., amide, guanidinium, and aliphatic) in dissolved

proteins.33,34 Preclinically, saturation transfer MR has also been investigated in rat glioma models.35–39 Clinically, ST-MRI has been shown to

discriminate between clinical treatment responders and non-responders immediately after the end of chemoradiotherapy.40–42

Clinically, ST-MRI has been found to be promising in differentiating TP from PsP, tumour grading, and treatment response prediction. Jiang

et al.43 have found that APTw differentiates TP from PsP (area under the receiver operating characteristic curve [AUC]: 0.881) in recurrent

malignant glioma (n = 21) at 3 T, which has been validated with histopathology. Similarly, Park et al.44 report that, compared with conventional

T1-weighted post-contrast imaging alone, the addition of APT significantly improves AUC from 0.58–0.74 to 0.89–0.91 in glioblastoma (n = 65).

Choi et al.45 have investigated the use of APT to distinguish between low- and high-grade gliomas, also at 3 T, and report that using both the APT

signal and apparent diffusion coefficient (ADC) significantly improves discrimination vs the ADC alone (AUC: 0.888 vs 0.910) in adult diffusion

glioma (n = 46). Regnery et al.46 have found that the NOE signal isolated using Lorentzian difference (a CEST- and MT-derived metric) could be

used to predict early glioblastoma progression (AUC: 0.98) before treatment at 7 T (n = 20).

Preclinical work in animal models of glioma is important because it provides validation of imaging methods via histopathology47 and allows

for testing novel therapeutics. In addition to quantifying tumour characteristics, which can potentially be applied to clinical settings, imaging can

be done more frequently than would be possible with a patient population to detect quick changes. That is why the U-87 MG rat glioblastoma

model was used in the present work to investigate the utility of CEST and MT contrast which in this case did not require exogenous contrast

agent, to evaluate tumour growth.
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2 | METHODS

2.1 | Tumour implantation

U-87 MG human glioblastoma cells48 (Cell Line Service, Eppelheim, Germany) were cultured in RPMI 1640 medium (Gibco, Grand Island, NY)

containing 10% foetal bovine serum (PAN-Biotech, Aidenbach, Germany) and 1% penicillin–streptomycin solution 100X (Euroclone, Pero, Italy).

U-87 MG cells were harvested by trypsinization, washed twice with RPMI 1640 medium, and resuspended in RPMI. Stereotaxic injections were

prepared as described previously.49 Briefly, a cell suspension containing (3–5) � 105 cells per 6 μL of RPMI was used for implantation into the

right striatum of nine male RNU nude rats (weight: 180–220 g; Charles River, Sulzfeld, Germany). Rats were placed in a stereotactic apparatus

(Neurostar, Tübingen, Germany) with StereoDrive software (v6.6.3) with integrated Paxinos rat brain atlas. They were kept under isoflurane/

oxygen anaesthesia (3.5% for induction and 2%–2.5% for maintenance). Following a midline scalp incision, a burr hole was placed in the skull at

0.5 mm anterior and 3 mm lateral from the bregma. Using a 10-μL Hamilton syringe, 3 μL of cell suspension was injected at a depth of 4.5 mm

from the brain surface, and another 3 μL was injected at a depth of 4 mm. Each injection took approximately 5 min. The syringe was left in place

each time for at least 2 min before retraction to prevent reflux of the injected material. The animals' weight and well-being were assessed every

other day.

All experimental procedures were approved by the Local Ethical Committee for Animal Experiments, University of Life Sciences in Lublin

based on Polish law Dz. U. 2015 poz. 266, art. 48, pkt. 1.

2.2 | MRI acquisition

The rats were scanned at 7 T (PharmaScan 70/16 US; Bruker BioSpin, Ettlingen, Germany) running ParaVision (v6.0.1) with a 72-mm inner

diameter volume transmit coil and 20-mm loop receive coil. The rats were anesthetized using a blend of isoflurane and oxygen with 3.5% for

induction and 1.7%–2.5% for maintenance. A tail vein catheter was placed for gadolinium administration. Respiratory rate and temperature were

continuously observed using an MR-compatible Small Animal Monitoring System (SA Instruments, Stony Brook, NY). The animals were allowed

to breathe freely during the MR scan and the anaesthesia level was regulated to keep their respiratory rate around 50 breaths/min. Additionally,

their body temperature was maintained at 37�C by circulating water. Imaging was performed at three timepoints for all animals: 3–5, 7–9, and

11–13 days after implantation. A whole-brain, structural T1-weighted (T1w) fast low angle shot50 (FLASH; 12 min 50 s) scan was followed by

T2-weighted fluid-attenuated inversion recovery51 (FLAIR; 8 min 27 s), both with 0.2 mm isotropic resolution. Shimming was performed using

the scanner's Mapshim function. In addition, five single-slice saturation transfer rapid acquisition with refocused echoes52 (RARE) Z-spectra (two

CEST with saturation amplitude B1 of 0.5 and 2 μT, each 23 min 20 s; two MT with B1 of 3 and 5 μT, each 5 min 40 s; and WAter Saturation

Shift Referencing53 (WASSR) with a B1 of 0.1 μT, 8 min 20 s; all used a 4.9-s block saturation pulse). To estimate the longitudinal relaxation time

T1, five single-slice inversion recovery (IR) RARE scans were also acquired (each 2 min). The transverse relaxation time T2 was estimated using a

single-slice Carr–Purcell–Meiboom–Gill54,55 (CPMG) sequence (4 min 16 s). The Z-spectra, IR RARE, and CPMG scans had 0.47 mm in-plane

resolution and 1 mm slice thickness. Whole-brain DWI56,57 was also performed (9 min 20 s) with 0.4 mm isotropic resolution. After CEST and

microstructural MRI rat were injected with gadolinium (Gd)-based contrast agent (Omniscan; GE Healthcare, Amersham, UK; 0.6 mmol/kg,

corresponding to 0.1 mmol/kg in humans after adjusting for body surface area according to FDA guidance58) and a post-Gd, 3D whole brain

image (T1w + C) was started immediately after contrast injection (using the same parameters as the T1w scan); the centre of k-space was

acquired approximately 6.5 min after the injection. The total acquisition time including scout and shimming was �3 h per animal. An imaging

protocol summary is given in Supplementary Table S1 and saturation transfer and diffusion pulse sequence details in Supplementary Tables S2

and S3, respectively.

2.3 | MRI data pre-processing

All images were converted from Bruker to NIfTI format using brkraw59 (v0.3.7). For each animal, FLAIR and T1w + C images were registered rigidly

to the T1w image using FSL FLIRT.60,61 Likewise, the IR images with TI � {230, 650, 800, 5000} ms were registered to that with TI = 30 ms. Then,

the T1w and IR images with TI = 30 ms were registered to the first image in the Z-spectrum acquired with B1 = 2 μT and the respective

transformation matrices applied to the other structural and IR images. The images with a frequency offset (i.e., the Z-spectra) or time (i.e., the

CPMG scan) dimension were registered using the MATLAB's imregister function. In order to avoid misregistration of low SNR images (e.g., those

acquired with saturation near the water resonance in a Z-spectrum), images with a magnitude less than 50% of the mean signal of the reference

scan were registered using the transformation matrix of the last image with sufficient SNR (e.g., an interleaved reference scan in a Z-spectrum). A

B0 map was estimated from the WASSR Z-spectrum and used to correct B0 inhomogeneity in the Z-spectra with B1 � {0.1, 0.5, 2} μT. The
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Z-spectra with B1 � {3, 5} μT were acquired with logarithmically spaced offsets (11 points from 300 to 3 ppm). Thus, B0 correction was not

required for these. Regions of interest (ROIs) were manually drawn on the high-resolution T1w + C images over the enhancing lesion,

nonenhancing lesion (if any), and contralateral cortex and transformed into the Z-spectrum image space.

Magnetization transfer ratio asymmetry62 (MTRasym) was calculated as follows:

MTRasym ¼ S �Δωð Þ�S Δωð Þ
S0

, ð1Þ

where S (Δω) and S(�Δω) are the measured voxel intensities after RF saturation at the frequency offsets Δω and �Δω, respectively, and S0 is that

without saturation.

The parametric, longitudinal relaxation time T1 map (T1, obs) was calculated from the IR scans by fitting to the IR RARE data to a mono-

exponential signal equation.51 The T2 map (T2, obs) was calculated from the CPMG scan by fitting the even echoes only (to avoid the effects of

imperfect refocusing) to a monoexponential decay function.

2.4 | Quantitative MT model fitting and isolation of CEST and rNOE contributions

MT, Z-spectra with B1 � {0.1, 3, 5} μT were fitted to a two-pool quantitative MT63 model using a super-Lorentzian line shape for the semisolid

macromolecular pool for all voxels. The four free fitted parameters were the T2 of the free pool (T2, F), exchange rate of magnetization from the

MT to the free pool (RMT), equilibrium magnetization of the MT pool relative to the free pool (M0, MT), and T2 of the MT pool (T2, MT). T1 of the free

pool was calculated from the observed T1, while T1 of the macromolecular pool was assumed to be equal to 1 Hz.63

Because Z-spectra are sensitive to direct water saturation, MT, CEST, and rNOE at different offset ranges, it was necessary to isolate each of

them to reduce confounds. Based on the method introduced by Heo et al.,36 the extrapolated semi-solid magnetization transfer reference (EMR)

was calculated using the MT model parameters, which represents the MT effect. Adapting the technique described by Windschuh et al.,64 the

T1-corrected apparent exchange-dependent relaxation (AREX) metric for CEST and rNOE contributions was calculated as follows:

MTRREX ¼ 1
Zlab

� 1
ZEMR

ð2Þ

AREX¼MTRREX

T1,obs
, ð3Þ

where the measured Z-spectrum (with B1 of 0.5 and 2 μT were each used) is denoted Zlab, the extrapolated MT reference is ZEMR, and the

observed T1 is T1, obs.

Pre-processing and fitting were performed in MATLAB (R2018b; The MathWorks, Natick, MA) except for the image registration with FLIRT

as noted above.

2.5 | Diffusion-weighted image processing

The fractional anisotropy, trace, trace-weighted, and diffusion tensor component images were calculated by the built-in macro in ParaVision.

2.6 | Statistical analysis

The mean values of various parameters: MTR (which is has CEST, MT, and T1 weighting combined) at each frequency offset and saturation

B1; observed T1 and T2 relaxation (T1, obs and T2, obs); quantitative MT model parameters (T2, F, RMT, M0, MT, and T2, MT), and AREX (CEST and

rNOE contributions alone without MT and T1 weighting) at ±3.6 ppm and each saturation B1 between enhancing lesion and contralateral

cortex and between non-enhancing lesion and contralateral cortex ROIs (manually drawn on the T1w + C image and registered to the other

images) were compared by pairwise Wilcoxon signed-rank tests with Holm–Bonferroni adjustment using the R Statistical Software65 (v4.3.1).

The frequency offset 3.6 ppm corresponds to the amide CEST peak position and �3.6 ppm to approximately the centre of the broad aliphatic

rNOE peak.

4 of 16 LAM ET AL.
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2.7 | Lesion area estimation

The lesion on each single-slice MTR and AREX image (each at ±3.6 ppm with a B1 of 2 μT) and M0, MT image was also delineated, and the lesion

area calculated and compared with that estimated from the corresponding slice on the T1w + C image (in both native resolution and downsampled

to match the saturation transfer image resolution to estimate the error from partial volume effects) to see which matched the latter the closest.

2.8 | Histopathology

Rats were sacrificed while under isoflurane anaesthesia. Then, brains were removed and post-fixed in 10% paraformaldehyde overnight. Next,

paraffin-embedded brains were subsequently cut into 5-μm thick sections on a microtome (HM 360; Microm, Waldorf, Germany) and stained

using haematoxylin and eosin (H&E). H&E staining was carried out to histologically confirm GBM morphology and evaluate TP.

3 | RESULTS

3.1 | MRI

Representative structural images; T1, T2, and MTR maps; and a diffusion trace image are shown in Figure 1 at each of the three imaging time

points. The T1-weighted images (T1w) show the needle track, but the lesion exhibits no contrast. The FLAIR images show hyperintense oedema

and hypointense corpus callosum. On the T1-weighted post-injection images (T1w + C), the hyperintense lesion is clearly visible at 3–5 and

7–9 days, which develops a hypointense core at 11–13 days. T1 is approximately 1500 ms in normal appearing brain, whereas the lesion is

characterized by increased T1 (between 2000 and 2500 ms). Likewise, the transverse, observed relaxation time T2 is approximately 50 ms in

normal appearing brain, but 80 ms in the lesion. The ADC trace, ranging from 0.2 to 0.4 μm2/ms, does not appear to exhibit lesion contrast.

Figure 2 shows the magnetization transfer ratio (MTR), quantitative MT model parameters maps, and CEST contribution to the signal (AREX) for a

representative rat. The ROIs drawn on the T1w + C images are overlaid on the images. The lesion MTR is homogeneous and lower than that of

normal appearing brain for both frequency offsets (amide and aliphatic), while the MTR asymmetry (MTRasym) is elevated and more

inhomogeneous. The fitted MT parameter transverse relaxation time T2 of the free pool, T2, F is mildly longer (56 ± 6 ms in enhancing lesion vs

54 ± 5 ms in contralateral cortex at 3–5 days, 63 ± 7 vs 50 ± 7 ms at 7–9 days, and 65 ± 11 vs 53 ± 3 ms at 11–13 days). The lesion on the M0,

MT and AREX maps with a B1 of 2 μT are the both hypointense. The 2 μT MTR, M0, MT, and 2 μT AREX maps (Figure 2) best match the shape of

the hyperintensity on the T1w + C image (Figure 1).

Figure 3 presents the average CEST and MT Z-spectra across all rats at different time points for lesion ROIs and an ROI in the contralateral

cortex. There is good separation in Z-spectra between the lesion (especially for high B1 CEST) and contralateral cortex in the 2-μT CEST and 3-

and 5-μT MT Z-spectra at all time points. Figure 3 also presents the Z-spectrum differences between lesion and cortex ROIs. Broad local maxima

are evident in the MT Z-spectrum differences between lesions and cortex (at approximately 12 to 30 ppm) but less pronounced in the CEST

Z-spectrum differences.

Figure 4 shows a summary of differences between enhancing lesion and contralateral cortex ROIs in MTR (with B1 = 2 μT), observed T1

(T1, obs), relative macromolecular pool size (M0, MT), and AREX (with B1 = 2 μT). The differences between enhancing lesion (n = 9) and contralateral

cortex for the 2-μT-saturation, amide-weighted MTR (MTR3.6 ppm, 2 μT: mean ± SD of 57.4 ± 2.2 vs 61.2 ± 0.8%, respectively, at 3–5 days after

injection; 54.8 ± 2.2 vs 60.7 ± 0.7% at 7–9 days; and 56.1 ± 3.0 vs 60.8 ± 1.0% at 11–13 days), and relative macromolecular pool size (M0, MT:

5.0 ± 0.9 vs 6.3 ± 0.5% at 3–5 days, 4.1 ± 1.1 vs 6.2 ± 0.5% at 7–9 days, and 4.6 ± 1.1 vs 6.5 ± 0.4% at 11–13 days) were strongly significant

(p < 0.001) at all time points. The differences for the 2-μT-saturation, aliphatic-weighted MTR (MTR�3.6 ppm, 2 μT: 56.1 ± 3.8 vs 60.6 ± 1.1% at

3–5 days, 52.2 ± 4.1 vs 60.2 ± 0.7% at 7–9 days, and 55.0 ± 4.2 vs 59.8 ± 1.2% at 11–13 days), and amide and aliphatic AREX (AREX3.6 ppm, 2 μT:

0.23 ± 0.04 vs 0.28 ± 0.04 s�1 at 3–5 days, 0.21 ± 0.03 vs 0.29 ± 0.02 s�1 at 7–9 days, and 0.21 ± 0.04 vs 0.30 ± 0.03 s�1 at 11–13 days and

AREX�3.6 ppm, 2 μT: 0.20 ± 0.06 vs 0.27 ± 0.05 s�1 at 3–5 days, 0.16 ± 0.06 vs 0.27 ± 0.02 s�1 at 7–9 days, and 0.19 ± 0.06 vs 0.27 ± 0.04 s�1 at

11–13 days) images were weakly significant (p < 0.05) at 3–5 days after implantation and strongly significant (p < 0.001) at 7–9 and 11–13 days.

The difference for the observed T1 images was not significant at 3–5 days after implantation (T1, obs: 1750 ± 110 vs 1700 ± 80 ms), but grew in

significance at 7–9 days (1910 ± 240 vs 1670 ± 120 ms, p < 0.01) and 11–13 days (1890 ± 150 vs 1590 ± 70 ms, p < 0.001). Comparisons

between enhancing lesion and contralateral cortex for all metrics can be found in Supplementary Figure S2.

The differences between non-enhancing lesion (n = 6 at 3–5 days after implantation, n = 5 at 7–9 days, and n = 8 at 11–13 days) and

contralateral cortex (Supplementary Figure S3) were significant at all time points for amide-weighted MTR (MTR3.6 ppm, 0.5 μT: 11.5 ± 0.5 vs

13.4 ± 0.5% at 3–5 days, p < 0.01; 11.5 ± 1.1 vs 13.5 ± 0.6% at 7–9 days, p < 0.05; and 11.7 ± 0.5 vs 13.4 ± 0.5% at 11–13 days, p < 0.001 and

MTR3.6 ppm, 2 μT: 56.3 ± 2.6 vs 61.2 ± 1.0% at 3–5 days, p < 0.01; 53.0 ± 2.5 vs 60.7 ± 0.8% at 7–9 days, p < 0.01; and 53.1 ± 1.5 vs 60.9 ± 0.9%
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at 11–13 days, p < 0.001) and 2 μT-saturation MTR asymmetry (MTRasym, 2 μT: 2.7 ± 2.0 vs 0.2 ± 0.3% at 3–5 days, p < 0.01; 4.0 ± 1.5 vs

0.6 ± 0.3% at 7–9 days, p < 0.01; and 3.6 ± 1.0 vs 0.9 ± 1.0% at 11–13 days, p < 0.001). At 11–13 days, differences for aliphatic-weighted MTR

(MTR�3.6 ppm, 0.5 μT: 14.7 ± 1.0 vs 19.3 ± 0.6% and MTR�3.6 ppm, 2 μT: 49.5 ± 1.7 vs 60.0 ± 1.1%), 0.5 μT-saturation MTR asymmetry (MTRasym,

0.5 μT: �(3.0 ± 0.9) vs �(5.8 ± 0.5)%), observed T1 (T1, obs: 2100 ± 220 vs 1590 ± 80 ms), relative macromolecular pool size (M0, MT: 3.1 ± 0.7 vs

6.5 ± 0.5%), and AREX (AREX3.6 ppm, 0.5 μT: 0.038 ± 0.005 vs 0.050 ± 0.004 s�1; AREX�3.6 ppm, 0.5 μT: 0.057 ± 0.010 vs 0.101 ± 0.007 s�1;

AREX3.6 ppm, 2 μT: 0.186 ± 0.030 vs 0.306 ± 0.034 s�1; AREX�3.6 ppm, 2 μT: 0.116 ± 0.018 vs 0.272 ± 0.043 s�1) additionally become significant

(p < 0.001).

The differences between enhancing and non-enhancing lesion (i.e., tumour regions with leaky and minimal vasculature, respectively;

Supplementary Figure S4) were largely significant only at 11–13 days, when the tumour is vascularized, and mainly for 0.5 and 2 μT-saturation

MTR asymmetry (MTRasym, 0.5 μT: �(5.1 ± 0.9) vs �(3.0 ± 0.9)%, p < 0.001 and MTRasym, 2 μT: 0.8 ± 1.0 vs 3.6 ± 1.0%, p < 0.001); aliphatic-

weighted MTR (MTR�3.6 ppm, 0.5 μT: 18 ± 2 vs 15 ± 1%, p < 0.01 and MTR�3.6 ppm, 2 μT: 56 ± 3 vs 49 ± 2%, p < 0.01), relative pool size and T2 of

the macromolecular pool (M0, MT: 4.8 ± 4.0 vs 3.1 ± 0.7%, p < 0.01 and T2, MT: 9.1 ± 0.2 vs 8.7 ± 0.2 μs, p < 0.01), and aliphatic AREX

(AREX�3.6 ppm, 0.5 μT: 0.08 ± 0.02 vs 0.06 ± 0.01 s�1, p < 0.01 and AREX�3.6 ppm, 2 μT: 0.21 ± 0.05 vs 0.12 ± 0.02 s�1, p < 0.01).

F IGURE 1 Representative cropped structural images, T1 obs and T2 obs maps, and ADC trace images. The time after implantation of U-87 MG
cells is indicated. At 3–5 days, the acute reaction to the injection is evident; at 7–9 days, inflammation along the needle track and cancer cell mass
resulting in hypointensity in the T1w + C image, and at 11–13 days, a vascular tumour resulting in hyperintensity in the T1w + C image. ADC,
apparent diffusion coefficient.
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Plots of the selected saturation transfer and relaxation parameters from Figure 4 vs time after cancer cell implantation in each ROI are shown

in Figure 5. The contrasts have a trend (either increasing or decreasing depending on the contrast) in non-enhancing lesion (blue) but are largely

constant over time in the contralateral cortex (grey). In both of these ROIs, the data are more tightly grouped than those in enhancing lesion (red).

Also, the contrast values in the lesion ROIs only overlap with those of the contralateral cortex in a few cases, which indicates good discrimination.

The frequency offsets with the most significant differences between enhancing lesion and contralateral cortex ROIs for MTR and AREX both

with a B1 of 2 μT are listed in Table 1. Between enhancing lesion and contralateral cortex, differences in MTR were confined to a large range of

positive offsets (at 5.6 to 4.6, 4.0 to 3.8, and 2.2 to 1.2 ppm; p < 0.0001) at 3–5 days after cell implantation but encompassed a large range

of downfield and upfield offsets on subsequent days (at approximately 3.4 to 0.8 and �1.2 to �4 ppm; p < 0.0001). Differences in AREX at

3–5 days after cell implantation only reached p < 0.001 significance (at 1.6 ppm) but reached p < 0.0001 significance on subsequent days

(at approximately 3.4 to 1.2 and �3.4 to �3.6 ppm). No single-frequency offset was identified as the most significant by the test used, which

F IGURE 2 Representative MTR, MTRasym, two-pool quantitative MT parameter, and AREX maps. The time after implantation of U-87 MG
cells is indicated. See Supplementary Figure S1 for MTR, MTRasym, and AREX maps with a saturation B1 of 0.5 μT. The ROIs drawn on the
T1w + C images are overlaid. AREX, apparent exchange-dependent relaxation; MT, magnetization transfer; MTR, magnetization transfer ratio;
ROIs, regions of interest.
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agrees with the lack of any prominent local maximum in the CEST (low-B1) Z-spectrum difference plots in Figure 3. Statistical significance levels at

all offsets are listed in Supplementary Tables S4 and S5.

The use of six diffusion directions allowed us to analyse only the trace and trace-weighted images because the other parameters calculated

from tensor fitting (i.e., the fractional anisotropy; apparent diffusion coefficients λ1, λ2, and λ3 along the principal, secondary, and tertiary diffusion

directions, respectively, which make up the tensor diagonal elements; and tensor cross terms) had an insufficient contrast-to-noise ratio. Only the

trace-weighted image (but not the trace image) showed a strong difference between enhancing lesion and contralateral cortex and only at

11–13 days (Supplementary Figure S5), which was not exhibited between non-enhancing lesion and contralateral cortex (Supplementary

Figure S6) nor between enhancing and non-enhancing lesion (Supplementary Figure S7).

A plot of single-slice lesion area (on the T1w + C; MTR and AREX [±3.6 ppm, 2 μT]; and M0, MT images) versus time after cancer cell

implantation is shown in Figure 6. One lesion was identified as an outlier and omitted from calculations because its area was 8%–18% of the mean

area of the other lesions as measured on the native (high) resolution T1w + C images. The lesion area over time, also measured from the native

resolution T1w + C images, appeared to increase exponentially (with an adjusted R 2 of 0.99 when fitted to an exponential model compared to

0.97 for a linear model). The area estimated from the downsampled (lower-resolution) T1w + C images was up to 7% smaller than that from the

native resolution T1w + C images, so the downsampled images were used for comparison with the other images types, which were acquired at

lower resolution. The areas calculated from the other images types were similar to each other and smaller than those from the T1w + C. Areas on

MTR3.6 ppm, 2 μT images were 25%, 13%, and 14% lower than those on T1w + C at 3–5, 7–9, and 11–13 days after cell implantation, respectively;

areas on MTR�3.6 ppm, 2 μT images were 32%, 17%, and 19% lower; areas on M0, MT images were 21%, 6%, and 14% lower; areas on AREX3.6 ppm,

2 μT images were 20%, 14%, and 16% lower; and areas on AREX�3.6 ppm, 2 μT images were 34%, 14%, and 21% lower.

3.2 | Histopathology

Haematoxylin and eosin staining was performed on each brain (on days 13 to 14 after cell implantation when animals were sacrificed) and a

representative tumour slice is shown in Figure 7. H&E-based tissue morphology presented substantial development of the glioma within the right

hemisphere (Figure 7A). The magnified image of the lesion displays homogeneity in cell structure (Figure 7B): the area of tumour is well defined,

and no infiltrating cells in healthy brain tissue are visible.

F IGURE 3 Mean Z-spectra in non-enhancing and enhancing lesion and contralateral cortex ROIs and Z-spectrum differences between lesion
and cortex ROIs. The time after implantation of U-87 MG cells and saturation B1 are indicated. Shaded areas in the Z-spectra indicate SD across
all rats. The SD is omitted from the difference plots for clarity. ROIs, regions of interest; SD, standard deviation.
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F IGURE 4 Comparison of selected saturation transfer and relaxation parameters in enhancing lesion and contralateral cortex ROIs. Box plots
show the MTR at the amide offset of 3.6 ppm and the aliphatic of �3.6 ppm with a B1 of 2 μT, observed T1 (T1, obs), MT pool size (M0, MT) relative
to that of water from the two-pool quantitative MT model, and AREX metric, which represents the CEST effect without the influence of T1 nor
MT. The time after implantation of U-87 MG cells is indicated. Significant differences, by pairwise Wilcoxon signed rank tests with
Holm–Bonferroni adjustment, are also indicated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See Supplementary Figures S2–S7 for
boxplots for all parameters and pairwise ROI comparisons. CEST, chemical exchange saturation transfer; MT, magnetization transfer; MTR,
magnetization transfer ratio; ROIs, regions of interest.
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4 | DISCUSSION

An orthotopic model of glioma was utilized to characterize malignant glioma with conventional and novel CEST and MT MRI at three time points.

At 3–5 days after implantation, the acute reaction to the implantation was evident; at 7–9 days, inflammation along the needle track and cancer

cell mass was present resulting in hypointensity in the T1w + C image; and, at 11–13 days, a vascular tumour resulting in hyperintensity in the

T1w + C image was observed. The best observed contrast between enhancing lesion and contralateral cortex was found with the MTR image with

F IGURE 5 Plots of the selected saturation transfer and relaxation parameters from Figure 4 vs time after cancer cell implantation in non-
enhancing lesion, enhancing lesion, and contralateral cortex ROIs. Non-enhancing lesion was not present at all time points. Hence, some
measurements (blue crosses) are not connected by lines. Error bars represent SD across ROI voxels per animal. ROIs, regions of interest; SD,
standard deviation.
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2 μT saturation at 3.6 ppm frequency offset (corresponding to the amide chemical group) and in the MT macromolecular pool (M0, MT) parametric

map. Both were strongly significant (p < 0.001) at all time points.

Our results agreed qualitatively with those of Zhou et al.,39 who have imaged Fischer 344 rats (n = 8) with 9 L glioblastoma tumours (while

nude rats with U-87 MG tumours were used in the present work) at 4.7 T at 9–12 days after implantation using CEST Z-spectra. We measured a

7–9-day post-implantation MTR asymmetry with B1 = 0.5 μT of �(4 ± 1)% (mean ± SD) and with B1 = 2 μT of 3 ± 2%, which was higher than that

of contralateral brain. Zhou et al. report MTR asymmetry with low B1 (0.6 μT) of �1.5% and with high B1 (2.1 μT) of ≈ 4%, which is also higher

TABLE 1 Frequency offsets with the most significant differences between enhancing lesion and contralateral cortex ROIs for MTR and AREX
both with a B1 of 2 μT at all time points. For each case (MTR or AREX at each time point for each pair of ROIs compared), only the offsets with
the most significant differences, by pairwise Wilcoxon signed rank tests with Holm–Bonferroni adjustment, are listed.

Metric

Frequency offsets with the most significant differences

Days 3–5 Days 7–9 Days 11–13

MTR (2 μT) 5.6 to 4.6 ppm,

4.0 to 3.8 ppm,

2.2 to 1.2 ppm****

5.6 to 0.8 ppm,

�0.8 to �5.8 ppm****

3.4 to 0.8 ppm,

�1.2 to �1.6 ppm,

�2.0 to �2.6 ppm,

�3.2 to �3.4 ppm,

�4.0 ppm****

AREX (2 μT) 1.6 ppm*** 5.8 ppm,

5.0 ppm,

4.0 to 1.2 ppm,

�3.4 to �3.6 ppm****

3.8 ppm,

3.4 to 1.2 ppm,

�2.4 to �3.6 ppm,

�4.0 ppm****

Abbreviations: AREX, apparent exchange-dependent relaxation; MTR, magnetization transfer ratio; ROIs, regions of interest.

***p < 0.001, and ****p < 0.0001.

F IGURE 6 A plot of single-slice lesion area versus time after cancer cell implantation. ROIs were drawn separately on each of the following
image types: T1w + C (native resolution and downsampled to match the resolution of the saturation transfer images), MTR and AREX (±3.6 ppm,
2 μT), and M0, MT. Bars show the mean area; error bars, SD; circles, measurements from individual lesions; and crosses, measurements from the
lesion identified as an outlier, which were omitted from the mean and SD. AREX, apparent exchange-dependent relaxation; MTR, magnetization
transfer ratio; ROIs, regions of interest; SD, standard deviation.
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than that of contralateral brain. Quantitative differences between the present work and the results of Zhou et al. likely stem from the different

magnetic field used. They can also be related to different cell lines and, hence, different tumour metabolism.

Relaxation and MT measurements in the present work were also comparable with those in literature. Xu et al.37 have characterized Fischer

344 rats (n = 8) with 9 L glioblastoma tumours at 9.4 T at 14–18 days after implantation. Likewise, Heo et al.36 report data for Fischer 344 rats

(n = 6) with glioblastoma tumours at 4.7 T at 45 days after implantation. At 11–13 days, we observed a T1 of 1890 ± 150 ms and T2 of

50 ± 10 ms. Xu et al. report values of 2100 ± 300 and 36 ± 3 ms, respectively, and Heo et al. estimate the tumour rim T1 to be 1880 ± 50 ms. The

quantitative MT model parameters in this study were T2, F: 63 ± 7 ms, RMT: 66 ± 10 Hz, M0, MT: 4.6 ± 1.1%, and T2, MT: 9.1 ± 0.2 μs, whereas Xu

et al. estimate an RMT (denoted kmf) of 20 ± 3 Hz, and M0, MT (denoted pool size ratio) of 5.7 ± 1.0%, while Heo et al. report a T2, F (denoted T2w)

of 65 ± 0.8 ms, RMT (denoted R) of 22 ± 1 Hz, M0, MT (denoted M0
m) of 3.1 ± 0.2%, and T2, MT (denoted T2m) of 18 ± 1 μs. We measured an ADC

trace of 0.2 ± 0.1 μm2/ms at 3–5 days, 0.2 ± 0.2 μm2/ms at 7–9 days, and 0.4 ± 0.2 μm2/ms at 11–13 days. Xu et al. reported 0.8 ± 0.1 μm2/ms

at 14–18 days, which continues the trend that we measured.

Similar contrast has also been found in human CEST images. Our MTR asymmetry at 11–13 days with B1 = 0.5 μT at ±3.6 ppm of �(5 ± 1)%

was comparable with that measured by Heo et al.66 at 7 T with 0.54 μT pulsed saturation (whereas we used continuous-wave) in grade 2 and

3 gliomas of ≈ �2%. Our estimated AREX (also at 11–13 days) with B1 = 0.5 μT at 3.6 and �3.6 ppm of 0.040 ± 0.006 and 0.08 ± 0.02 s�1,

respectively, matched those measured by Dreher et al.67 at 7 T with 0.6 μT pulsed saturation in grade 4 gliomas of ≈0.045 and ≈0.1 s�1,

respectively.

Our finding of significant contrast between enhancing lesion and contralateral cortex in the MTR images with 2 μT saturation at 3.6 and

�3.6 ppm frequency offset (corresponding to the amide and aliphatic chemical groups, respectively; first and second rows in Figure 4) was in line

with the recent consensus paper.68 This lends support to the application of APT-weighted imaging to show tumour contrast at 3 T with 2 s

saturation duration and potentially of single-offset MTR imaging at 3.6 or �3.6 ppm at 7 T with steady state saturation. The clinically

recommended APT asymmetry contrast only acquires images saturated at ±3.5 ppm with a few nearby offsets acquired for interpolation after B0

inhomogeneity correction, which can shift the Z-spectrum left or right. That is the reason why 3.6 ppm, our nearest measurement, was chosen for

assessment. The offsets near ±3.5 ppm appear to capture the most significant differences for vascularized tumour at 11–13 days after cancer cell

implantation (Table 1). Also, the relative MT pool size estimated from the quantitative MT model appears to have as much contrast as APT.

APT-weighted contrast includes APT CEST contrast, around 3.6 ppm; rNOE, around �3.6 ppm, and MT, which is largely symmetric between

downfield and upfield frequency offsets. The data presented in this work isolated each contrast (APT and rNOE were isolated using the AREX

metric and MT using quantitative modelling). Each contrast is mechanistically unique and may be clinically relevant. APT CEST reflects amide

protons mainly from mobile proteins. rNOE reflects mobile macromolecules with aliphatic chemical groups. MT is sensitive to immobile semisolid

macromolecules such as lipids found in cell membranes. They may reflect different aspects of tissue metabolism and microstructure that may be

useful in differentiation between different tumour types.

An animal model at 7 T can provide clinically relevant guidance for 3 T scans because an animal study should have less inter-subject variability

compared to a clinical study due to the use of a single animal strain and cancer cell line and common subject history. This aids the characterization

of the most significant differences in lesion contrast compared with that of normal brain. Compared to 3 T, the line widths at 7 T are narrower,

which leads to less contamination of the amide (≈3.6 ppm) peak by neighbouring ones, such as from that of guanidinium (2 ppm). Thus, this study

has the most clinical relevance at 7 T, but the identified contrasts of interest may still be relevant at lower fields.

The MTR contrasts are scanner-dependent because they reflect the sequence-dependent saturation pulse parameters (specifically, the

frequency offsets at ±3.6 ppm and B1 of 2 μT can be replicated clinically, but the 4.9-s duration used in the present work to achieve

F IGURE 7 Histopathological sections stained with haematoxylin and eosin (H&E) of the same rat as in Figure 1. That rat was scanned on MRI
at 3, 7, and 11 days after cancer cell implantation and sacrificed at 14 days. (A) Macroscopic and (B) magnified (10�) images of a sagittal slice with
a tumour (arrow) in the right hemisphere. MRI, magnetic resonance imaging.
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steady-state saturation would be prohibitive due to radiofrequency energy specific absorption rate and acquisition time limitations) and

field-strength-dependent tissue T1. Steady-state (maximal) saturation is achieved when the duration is approximately five times the T1 value

of the saturated tissue, which was the goal in this work. A shorter duration results in less contrast. However, sufficient tumour contrast on

APTw images at 3 T has been shown to require a saturation duration of 1–2 s.68 The trade-off between acquisition time and tumour

contrast will have to be optimized for a given field strength and tissue characteristics. The optimal macromolecular (MT) relative pool size

ratio image is scanner-independent because it is estimated from a quantitative model and can be translated successfully to different field

strengths.41,69

Our estimate of exponential lesion area growth was in line with the exponential volume growth measured by Walsh et al.70 who have

performed multiparametric measurements of U-87 tumours in rats at 11.7 T starting at 10–28 days after cancer cell implantation and every

4–7 days thereafter. We also found that the mean lesion area calculated from the MTR and AREX (±3.6 ppm, 2 μT) and M0, MT images generally

matched closely with each other, but were all 6% to 34% smaller than that measured in the corresponding slice on the T1w + C. None were

consistently closer to the area estimated from the T1w + C at all time points. This could be due to extravasation of contrast agent from the lesion,

which does not occur using endogenous CEST and MT contrast.

The U-87 line is one of the most widely used human GBM cell lines in the literature (with over 2000 publications71) and carries a number of

human GBM characteristics such as a population of glioblastoma stem cells (CD133+) cells72; some of the molecular characteristics of human

GBMs such as hTERT, ATRX, and PTEN mutations; a lack of p53 or IDH1 mutations; and methylated MGMT status.73,74 Moreover, it has been

proven that it readily responds to standard therapy protocols with temozolomide and radiation.75,76 Therefore, even though it lacks some of the

clinical features of human GBMs such as diffuse infiltration77 or the presence of higher levels of ‘leaky’ vessels, that potentially increases

the access of systemic drugs to the tumour microenvironment,78 it has been extensively used in orthotopic xenograft models in order to study

novel therapeutic modalities along with its translational potential.79–82 Our findings provided additional information regarding the xenograft

microenvironment that will certainly strengthen our understanding of xenograft response to various therapeutic systems testable in the described

model. Therefore, even though our model did not perfectly represent a clinical GBM, our findings might shed a new light on the mechanisms

related to therapeutic systems' response within its limits and in this respect should allow one to project the probable response patterns to a given

therapeutic system in a clinical situation.

Finally, it was notable that gadolinium contrast agent was not required to identify the tumour, which has been shown clinically at 3 T with

MTR asymmetry (with 2 μT saturation at ±3.5 ppm).43 Even the entire Z-spectrum may not be required to screen for the presence of tumour at

7 T as the lesion had high contrast in a single MTR image (with 2 μT at 3.6 ppm) in the present work. The use of MTR instead of MTR asymmetry

would require fewer images (i.e., no need to acquire around �3.6 ppm) and reduce acquisition time.

This work has identified that differences between enhancing lesion and contralateral cortex are strongest in MTR with B1 = 2 μT at 3.6 ppm

(corresponding to the amide chemical group) and relative macromolecular pool size (M0, MT) images over entire period of 3–13 days after cancer

cell implantation.
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