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Relaxation-compensated amide proton transfer (APT) MRI signal
intensity is associated with survival and progression in high-grade
glioma patients
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Abstract
Objectives The purpose of this study was to investigate the association of relaxation-compensated chemical exchange saturation
transfer (CEST) MRI with overall survival (OS) and progression-free survival (PFS) in newly diagnosed high-grade glioma
(HGG) patients.
Methods Twenty-six patients with newly diagnosed high-grade glioma (WHO grades III–IV) were included in this prospective
IRB-approved study. CESTMRI was performed on a 7.0-Twhole-body scanner. Association of patient OS/PFS with relaxation-
compensated CEST MRI (amide proton transfer (APT), relayed nuclear Overhauser effect (rNOE)/NOE, downfield-rNOE-
suppressed APT (dns-APT)) and diffusion-weighted imaging (apparent diffusion coefficient) were assessed using the univariate
Cox proportional hazards regression model. Hazard ratios (HRs) and corresponding 95% confidence intervals were calculated.
Furthermore, OS/PFS association with clinical parameters (age, gender, O6-methylguanine-DNA methyltransferase (MGMT)
promotor methylation status, and therapy: biopsy + radio-chemotherapy vs. debulking surgery + radio-chemotherapy) were
tested accordingly.
Results Relaxation-compensated APT MRI was significantly correlated with patient OS (HR = 3.15, p = 0.02) and PFS (HR =
1.83, p = 0.009). The strongest association with PFS was found for the dns-APT metric (HR = 2.61, p = 0.002). These results still
stand for the relaxation-compensated APT contrasts in a homogenous subcohort of n = 22 glioblastoma patients with isocitrate
dehydrogenase (IDH) wild-type status. Among the tested clinical parameters, patient age (HR = 1.1, p = 0.001) and therapy
(HR = 3.68, p = 0.026) were significant for OS; age additionally for PFS (HR = 1.04, p = 0.048).
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Conclusion Relaxation-compensated APT MRI signal intensity is associated with overall survival and progression-free survival
in newly diagnosed, previously untreated glioma patients and may, therefore, help to customize treatment and response moni-
toring in the future.
Key Points
• Amide proton transfer (APT) MRI signal intensity is associated with overall survival and progression in glioma patients.
• Relaxation compensation enhances the information value of APT MRI in tumors.
•Chemical exchange saturation transfer (CEST) MRI may serve as a non-invasive biomarker to predict prognosis and customize
treatment.
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Abbreviations
APT Amide proton transfer
APTAREX APT contrast calculated with the AREX metric
APTLD APT contrast calculated with the LD metric
AREX Apparent exchange-dependent relaxation
CEST Chemical exchange saturation transfer
dns-APT Downfield relayed nuclear Overhauser effect

suppressed APT
FLAIR Fluid-attenuated inversion recovery
FoV Field of view
GBCA Gadolinium-based contrast agents
GBM Glioblastoma multiforme
gdce-T1 T1-weighted gadolinium contrast-enhanced

MRI
GRE Gradient echo
HGG High-grade glioma
IDH Isocitrate dehydrogenase
IQR Interquartile range
KPS Karnofsky performance scale
LD Lorentzian difference
MGMT O6-Methylguanine-DNA methyltransferase
MITK Medical Imaging Interaction Toolkit
MPRAGE Magnetization-prepared rapid gradient echo
MTRasym Magnetization transfer ratio asymmetry
MTRLD Magnetization transfer Lorentzian difference
NOE Nuclear Overhauser effect
NOEAREX NOE contrast calculated with the AREX metric
NOELD NOE contrast calculated with the LD metric
OS Overall survival
PFS Progression-free survival
RANO Response assessment in neuro-oncology
rCBV Relative cerebral blood volume
RCT Radio-chemotherapy
rNOE Relayed nuclear Overhauser effect
T1-w T1-weighted
T2-w T2-weighted
TE Echo time
TR Repetition time
TSE Turbo spin echo
WASABI Simultaneous mapping of water shift and B1
WHO World Health Organization

Zlab Label Z-spectrum
Zref Reference Z-spectrum

Introduction

Gliomas are the most frequent primary brain tumors in adults.
Patient overall survival (OS) is the most objective and relevant
measure of meaningful clinical efficacy while the duration of
progression-free survival (PFS) commonly serves as surrogate
endpoint for OS [1]. Patients with high-grade glioma (HGG,
WHO grades III–IV) still face poor prognosis despite gross
total resection followed by radio-chemotherapy as therapy of
choice [2, 3]. However, HGGs are highly heterogeneous in
their therapeutic response due to different radiosensitivity
and/or chemosensitivity [4–6]. Unfortunately, stratification
of these patients is not possible at diagnosis without histopath-
ological analysis after resection or biopsy. In order to start
patient individualized treatment as early as possible, which
in turn leads to a better outcome [7], it is of utmost importance
to provide noninvasive information about patient prognosis
and tumor biology prior to invasive procedures.

To date, contrast-enhanced magnetic resonance imaging
(MRI) is one of the key elements in the diagnostic workup
of glioma patients [8, 9]. There are many studies reporting OS
and PFS association with MRI parameters, particularly based
on advanced imaging techniques at 3 T, such as apparent
diffusion coefficient (ADC) and relative cerebral blood vol-
ume (rCBV) analyses. The majority of these studies found
decreased ADC values and increased rCBV values in the tu-
mor region of newly diagnosed or recurrent gliomas associat-
ed with worse outcome (OS and/or PFS) [10–15]. However,
the results of these various studies are inconsistent in their
degree of association, with most approaches being
outperformed by clinical parameters, such as patient age, the
Karnofsky performance scale (KPS), or molecular character-
istics of the tumor [16–18]. In this context, promising results
were reported employing deep learning radiomics analyses
which combine information extracted from various MR se-
quences and clinical risk factors [19, 20]. In order to further
increase the diagnostic value of these approaches, additional
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independent information on the heterogeneous tumor biology
is needed.

Chemical exchange saturation transfer (CEST) imaging is a
novel MRI technique providing complementary information
to current standard MR protocols on the subcellular protein
level. Due to its sensitivity to protein concentration [21, 22]
and conformation [23–25], as well as intracellular pH [22,
26–28], CEST imaging yields further characterization of the
tumor microenvironment. Most of the recently performed
CEST studies were conducted using the magnetization trans-
fer ratio asymmetry (MTRasym) technique [29–31]. However,
MTRasym approaches have multiple contributions from differ-
ent CEST effects, including conventional upfield and down-
field relayed nuclear Overhauser effect (rNOE) signals, as
well as T1 and T2 relaxation, and conventional semisolid mag-
netization [32]. Consequently, an isolation of different CEST
signals (particularly APT and rNOE signals) may enhance
information value. This has recently been demonstrated to
be feasible employing a multi-Lorentzian fit analysis on data
with high spectral resolution acquired at 7-T MRI [33].

The purpose of this study was to prospectively investigate
the association of relaxation-compensated multi-pool CEST
MRI with overall survival and progression-free survival in
patients with newly diagnosed, previously untreated high-
grade glioma. We hypothesized that the information provided
by protein-weighted CEST imaging is linked to patient out-
come and survival. To the best of our knowledge, this is the
first investigation of the prognostic value of CESTMRI on the
survival and progression-free survival of glioma patients.

Materials and methods

Patients

Thirty-one patients with newly diagnosed intra-axial mass le-
sions were included in this prospective IRB-approved study
between January 2014 and September 2017. Written informed
consent was obtained from all patients after the nature and
possible consequences of the study were explained. Study
inclusion criteria wereMRI findings suspicious for HGG, pre-
viously untreated, age > 18 years, and eligibility for 7-T MRI.
In total, 26 patients were histopathologically confirmed with
HGG (24 glioblastoma multiforme (GBM) WHO grade IV, 2
anaplastic astrocytoma WHO grade III). Glioma grade was
determined based on the 2016 WHO classification of tumors
of the central nervous system [34]. Five patients had tumors of
a non-glial entity (metastasis, lymphoma); these patients were
consequently excluded from the analysis. Patient characteris-
tics of the study cohort are provided in Table 1. The study
cohort has previously been reported [32, 35] and a subcohort
of 11 patients has been included in the method-based

publications [33, 36]. However, no investigations of OS and
PFS have previously been performed.

OSwas calculated from the date of theMRI examination to
death or the date of last inquiry at the registration office where
the patient was reported to be alive. PFS was determined as
the time from the date of the MRI examination to the date of
progression according to the updated RANO criteria [37]. The
date of the last inquiry and considered follow-up examination
was May 7, 2018. At that time, ten patients were still alive and
thus censored in the statistical analysis. One patient had not
experienced progression of disease, and from two patients, the
PFS could not be determined due to the fact that their follow-
up visits took place at outside institutions. These three patients
were consequently censored in the PFS analysis.

Clinical MRI at 3 T

The acquisition of conventional MRI exams was performed at
3 T employing the following protocol parameters: T1-
weighted gadolinium contrast-enhancedMRI (gdce-T1) (echo
time (TE) = 4.04 ms; repetition time (TR) = 1710 ms; field of
view (FoV) in mm2, 256 × 256; matrix, 512 × 512; slice thick-
ness = 1 mm), T2 fluid-attenuated inversion recovery
(FLAIR) (TE = 135 ms; TR = 8500 ms; FoV, 230 × 172; ma-
trix, 256 × 192; slice thickness = 5 mm), T2-weighted MRI
turbo spin echo (TSE) (TE = 86 ms; TR = 5550 ms; FoV,
229 × 172; matrix, 384 × 230; slice thickness = 5 mm), and
diffusion-weighted imaging (DWI) yielding the apparent dif-
fusion coefficient (ADC) (echo planar readout, TE = 90 ms;
TR = 5300 ms; b = 0 mm2/s and b = 1200 mm2/s; FoV, 229 ×
229; matrix, 130 × 130; slice thickness = 5 mm).

Relaxation-compensated CEST MRI at 7 T

Relaxation-compensated multi-pool CEST MRI was per-
formed on a 7.0-T (297.2 MHz) whole-body MRI scanner
(MAGNETOM 7 T; Siemens Healthineers) employing a
custom-developed CESTsequence based on a 2-D single-slice
gradient echo (GRE) and a single-channel transmit (Tx)/24-
channel receive (Rx) 1H head coil, as previously described
[32, 36, 38].

To achieve simultaneous, separate quantification of amide
and rNOE signals in Z-spectra, voxels were fit pixel-wise by
multiple Lorentzian functions [33], resulting in a label (Zlab)
and a corresponding reference Z-spectrum (Zref) for each
CEST effect.

The non-relaxation-compensated magnetization transfer
Lorentzian difference (MTRLD) of a CEST pool (e.g., APT,
rNOE) is given by [21]:

MTRLD ¼ ZRef−ZLab
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Lorentzian difference contrasts were determined for the
amide peak at 3.5 ppm (APTLD) and for NOE signals at −
3.5 ppm (NOELD). The MTRLD metric is not relaxation-com-
pensated. Relaxation compensation can be achieved by
employing the apparent exchange-dependent relaxation
(AREX) [28, 33] metric including MT, T1, and T2 relaxation
correction of the CEST contrasts:

AREX ¼
1

ZLab
−

1

ZRef

� �

T1

This metric was used to calculate the relaxation-
compensated APT (APTAREX) and NOE contrast (NOEAREX);
the unit of these values is hertz (Hz). Ultimately, downfield
rNOE contributions that additionally resonate at 3.5 ppm can
be removed by employing the downfield-rNOE-suppressed
amide proton transfer (dns-APT/dns-APTAREX) metric [36]
with Δω = 3.5 ppm and rrNOE = 0.2:

dns−APT þΔωð Þ ¼ AREX þΔωð Þ−rrNOE∙AREX −Δωð Þ

B0 and B1 field inhomogeneities were determined using the
water shift and B1 method (WASABI) [39] and reconstructed
corresponding to B1 = 0.6-μTsaturation amplitude [40]. In the
literature, rNOE effects are often referred to as NOE effects.
This convention is also followed in this manuscript for better
readability.

For data co-registration, a high-resolution T2-w turbo spin
echo (TSE) sequence (TE = 54 ms; TR = 14,130 ms; FoV,
220 × 178.8 mm2; matrix, 512 × 416.3; slice thickness,
2 mm) was additionally acquired at 7 T. Image co-

registration was performed using an automatic multi-modal
rigid registration algorithm of the Medical Imaging
Interaction Toolkit (MITK) [38].

Data analysis and statistics

One region of interest (ROI) was determined in each patient
on T2-FLAIR and gdce T1-w images (pre- and post-injection)
(Fig. S1). This ROI comprised the peritumoral edema and
contrast-enhancing tumor, excluded necrotic tumor areas and
blood products thoroughly. Tumor segmentation was per-
formed with the MITK software [41] by a radiologist (R1:
A.R.) with more than 10 years of experience in neuroimaging.
Furthermore, a second segmentation was performed by anoth-
er radiologist (R2: H.S., expert with more than 30 years of
experience) in order to test for inter-reader agreement using
Bland-Altman analyses and intraclass correlation (ICC) anal-
yses. The two radiologists were blinded to each other’s
segmentations.

Univariate Cox regression analyses were performed for OS
and PFS with the following variables: MRI parameters:
APTLD, APTAREX, dns-APTAREX, NOELD, NOEAREX, and
ADC; clinical parameters: age, gender, MGMT promotor
methylation status, and treatment: debulking surgery +
radio-chemotherapy (RCT) versus biopsy + RCT. Hazard ra-
tios and corresponding 95% confidence intervals were calcu-
lated. A possible association of IDH1-R132H mutation status
and OS/PFS was not assessed, since only three patients of the
study cohort were confirmed to have an IDH mutation. The
Kaplan-Meier method with univariate two-sided log-rank

Table 1 Summary of the patients’
characteristics. All diagnoses
were histopathologically proven
through surgical resection or
tumor biopsy after CEST MRI at
7.0 T. RCT radio-chemotherapy,
n/a data not available)

Characteristic Number Percentage

Age at diagnosis (years) Mean 57 ± 14

Sex Female 11 42%

Male 15 58%

Disease WHO IV 24 92%

WHO III 2 8%

MGMT promotor methylation Unmethylated 6 23%

Methylated 13 50%

Indeterminate, n/a 7 27%

IDH1-R132H Wild type 22 85%

Mutation 3 12%

n/a 1 4%

Treatment Debulking surgery + RCT 16 62%

Biopsy + RCT 10 38%

Overall survival (days) (-05/2018) Mean 327 ± 137 16 62%

Alive, n/a 10 38%

Progression-free survival (days) Mean 249 ± 174 23 88%

(-05/2018) No progress, n/a 3 12%
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statistics was additionally performed for MRI parameters
which were significantly associated with OS and/or PFS after
dichotomization into two groups at the median.

Furthermore, possible interdependence of available clinical
parameters and all MRI parameters were assessed. For contin-
uous variables, Spearman rank-order correlation analyses
were performed while Mann-Whitney rank sum tests were
applied to dichotomized data. For statistical analyses, the level
of significance was set to p < 0.05. All statistical analyses
were performed with R (Version 3.5.1).

Subgroup analysis: glioblastoma IDH wild-type
patients

It was recently shown that relaxation-compensated CEST
MRI, particularly APTAREX and dns-APTAREX imaging, is
strongly associated with IDH mutation status [32].
Therefore, the subcohort of histopathologically confirmed
glioblastoma IDH wild-type (IDH-wt) patients (Table 1, n =
22) was additionally assessed regarding possible associations
of CEST MRI and patient OS/PFS using univariate Cox re-
gression analyses to exclude possible bias from IDH mutation
status in the study cohort.

Results

General imaging characteristics of CEST MRI

Increased amide signals from relaxation-compensated CEST
MRI (APTAREX, dns-APTAREX) were observed in the tumor
area, especially in regions adjacent to blood-brain barrier dis-
ruption and partially overlapping with the gadolinium contrast
enhancement. Hyperintense APT signals were also observed
in regions with decreased ADC values (Fig. 1). APT effects
tended to bemore pronounced in patients with shorter OS and/
or PFS. Figure 1 depicts two representative patients of the
study cohort for the relaxation-compensated APTmetrics with
(i) relatively long OS + PFS and (ii) relatively short OS + PFS,
respectively. Hyperintense amide signals in the tumor region
delineate more clearly on the dns-APTcontrast compared with
the APTAREX contrast due to the additional suppression of
downfield resonating NOE effects. NOE-mediated effects
(NOELD and NOEAREX) were decreased in the tumor area
(including necrosis, contrast enhancement, and large parts of
the peritumoral edema) in all patients of the study cohort.

Overall survival

Mean overall survival was 327 ± 137 days and 10 patients
were still alive at the end of the study and, thus, censored in
the statistical analysis. Among the tested clinical parameters,
patient age (HR = 1.10, p = 0.001) and therapy (biopsy + RCT

versus debulking surgery + RCT; HR = 3.68, p = 0.03) were
significant for OS in the univariate Cox regression analysis
(Table 2A). Here, patients who were younger and underwent
full therapy (debulking surgery + adjuvant RCT) had a better
clinical outcome. Regarding gender and MGMT status, a ten-
dency toward shorter survival was observed for males (HR =
2.76, p = 0.08) and patients with unmethylated MGMT
promotor (HR = 2.62, p = 0.12). Univariate Cox regression of
the investigated MRI metrics yielded significant association of
patient OS with the relaxation-compensated CEST contrasts
APTAREX (HR = 3.15, p = 0.02), dns-APTAREX (HR = 2.51,
p = 0.03), and NOEAREX (HR = 1.40, p = 0.01) (Table 2A).

Kaplan-Meier analysis of survival was significant for
APTAREX after data dichotomization at the median (p =
0.009) (Fig. 2). Survival times of HGG patients with tumor
signal intensities less or equal to median (APTAREX ≤ 4.23%)
were significantly increased (mean 376 ± 170 days, median
411 days) comparedwith patients with signal intensities above
the median (APTAREX > 4.23%;mean 289 ± 110 days, median
292 days). Kaplan-Meier statistics were not significant for the
other MRI parameters (p > 0.05). A tendency toward longer
survival was however also observed for the dns-APT metric
(p = 0.25) (Fig. 2A, B).

Progression-free survival

Mean overall progression-free survival was 249 ± 174 days
and 3 patients had not yet experienced disease progression
(or the follow-up data was not available) and were, thus, cen-
sored in the statistical analysis. In the univariate Cox regres-
sion analyses, patient age (HR = 1.04, p = 0.048) was the only
significant clinical parameter (Table 2A). A tendency toward
longer PFS was observed for therapy (debulking surgery +
RCT versus biopsy + RCT, p = 0.08).

Among the investigated MRI parameters, both relaxation-
compensated APT metrics (APTAREX, dns-APTAREX) and the
APTLD contrast were significant for PFS (HR = 1.83, p = 0.009;
HR = 2.61, p = 0.002; and HR= 1.46, p = 0.042). Furthermore,
DWI-derived ADC values tended to be lower in patients with
shorter PFS (HR= 2.23, p = 0.052). All results of the univariate
Cox regression analyses are summarized in Table 2A.

Kaplan-Meier analyses of PFS were significant for
APTAREX and dns-APTAREX after data dichotomization at
the median (p = 0.005 and p = 0.004) (Fig. 2C, D) but not
significant for the other MRI parameters (p > 0.05). HGG pa-
tients with APTAREX signal intensities less than or equal to the
median (APTAREX ≤ 4.23 %) had significantly longer PFS
(mean 334 ± 185 days, median 287 days) compared with pa-
tients with intensities greater than the median (APTAREX
> 4.23%; mean 140 ± 60 days, median 124 days). The
strongest association with PFS was found for the dns-
APTAREX contrast with a significantly increased PFS in
patients with signal intensities less than or equal to the median
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(dns-APTAREX ≤ 2.27%; mean 344 ± 189 days, median
297 days) compared with patients with intensities greater than
the median (dns-APTAREX > 2.27%; mean 147 ± 62 days, me-
dian 130 days).

Inter-reader agreement and interdependence of MRI
and clinical parameters

Bland-Altman analyses of the investigated MRI contrasts
measured by the two radiologists (R1, R2) showed high con-
cordance (Fig. S2). The large majority of values (96.15%) lied
within the 95% limits of agreement for all MRI contrasts.
Moreover, ICC statistics indicated high correlations between
the two different segmentations (Table S1, ICC range 0.98–
0.99, 95%CI 0.95–1.00). All HRs and corresponding p values
of the univariate Cox regression analysis agreed very well
between both readers (Table 2, Table S2). The only discrep-
ancy was that the expert’s segmentation (R2) yielded an addi-
tional significant association of NOEAREX and ADCwith PFS
(p = 0.048 and p = 0.032) compared with the other reading
(p = 0.058 and p = 0.052).

Spearman rank correlation analysis did not show significant
interdependence of patient age and anyMRI contrast (p > 0.05).
Furthermore, MGMT promotor methylation status and type of
therapy did not show significant association with the tested
MRI parameters (p > 0.05). Gender was not associated with
any APT contrast (p > 0.05) but statistically significant for the
NOELD (p = 0.007) and NOEAREX (0.004) metrics. NOE-
mediated signal intensities were significantly increased in tu-
mors of males (NOEAREX: median = 10.40%, IQR = 5.02–
9.89%; NOELD: median = 11.30%, IQR = 10.60–12.50%)
compared with females (NOEAREX: median = 10.40%, IQR =
5.02–9.89%; NOELD: median = 10.30%, IQR = 6.25–11.10%).

Subgroup analysis: glioblastoma IDH wild-type patients

Due to the known association of CESTMRI and IDHmutation
status in glioma [32, 42], univariate Cox analysis was addition-
ally performed for the investigated MRI metrics and clinical
parameters in the homogenous subcohort of glioblastoma IDH
wild-type (IDH-wt) patients (n = 22). The APTAREX contrast
was significantly associated with patient OS (HR = 3.25, p =

Fig. 1 Relaxation-compensated APTMRI in HGG patients at 7.0 T. Two
representative glioblastoma patients of the study cohort are shown. One
51-year-old patient (a1–d1) with a relatively long period of PFS
(279 days) and an OS of 479 days and a 44-year-old patient (a2–d2) with
a relatively short period of PFS (90 days) and an OS of 352 days.
Increased amide signals (ci: APTAREX, di: dns-APTAREX) can be observed
in the tumor area of both patients, especially adjacent to blood-brain
barrier disruption and overlapping with the gadolinium contrast enhance-
ment. APT effects are, however, more pronounced in the patient with

shorter PFS and OS (c2–d2) particularly at dns-APT imaging (d2). In
the patient with longer OS and PFS (a1–d1), the APT hyperintensity
(c1–d1) matches very well the hypointense signal alterations on the
ADC map (b1), possibly indicating areas with increased cellularity. In
the patient with the worse outcome (a1–d1), no clear ADC hypointensity
displays in the tumor region (b2), while amide signals are markedly in-
creased (c2–d2). Signal artifacts of the nasal sinuses are indicated (white
arrow heads) (AREX CEST signal intensities (ci–di) in % Hz)
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0.04), while the dns-APT metric was significantly associated
with PFS (HR = 2.42, p = 0.04). In contrast to the entire study
cohort, no significant associations of OS or PFSwere found for
the NOEAREX or APTLD metric (p > 0.05).

Among the tested clinical parameters, patient age (HR =
1.10, p < 0.01) and therapy (HR = 4.02, p = 0.02) were signif-
icant for OS, while no significant association was found for
PFS (p > 0.05). The results of the glioblastoma IDH-wt
subcohort analysis are summarized in Table 2B.

Discussion

In this work, we have shown that relaxation-compensated am-
ide proton transfer MRI signal intensity at 7.0 T is associated
with overall survival and progression-free survival in newly
diagnosed, previously untreated glioma patients. Therefore,
the study adds an important element to the fast-growing body

of evidence regarding the prognostic value of CEST MRI in
neuro-oncology.

The current study showed that glioma patients with in-
creased APT values were more likely to progress sooner and
live shorter, respectively. This effect may be caused by strong
alterations of amino acid concentrations and global upregula-
tion of protein expression in more aggressive brain tumors.
Our findings were particularly conclusive for the relaxation-
compensated APTAREX and dns-APTAREX contrasts which
showed a significant association between increased amide sig-
nals and patient outcome for OS and PFS, both for the entire
study cohort of HGG patients as well as the GBM IDH-wt
subcohort analysis. The dns-APT metric (which additionally
removes downfield resonating rNOE effects from the
APTAREX contrast) showed the strongest association of all
investigated parameters with PFS. The surrogate endpoint
PFS is, however, less objective than OS due to the vagueness
of patient treatment response evaluation in the early follow-
up. The APTLD metric, which is not relaxation-compensated,

Table 2 Univariate Cox
proportional hazards analyses for
all tested regressors. Analyses
were performed for the whole
study cohort (A: n = 26 HGG
patients) and a homogenous
subcohort of glioblastoma IDH-
wt patients (B: n = 22).HR hazard
ratio, CI confidence interval, m
male, f female. MGMTstatus:met
methylated promotor, unm
unmethylated promotor. Therapy:
RCT definitive radio-chemothera-
py, DSRCT debulking surgery
plus RCT

Regressor Overall survival Progression-free survival

HR (95% CI) p value HR (95% CI) p value

A) Study cohort: high-grade glioma patients (n = 26)

MRI contrasts

NOELD 1.30 (0.98–1.73) 0.065 1.11 (0.96–1.29) 0.165

NOEAREX 1.40 (1.07–1.83) 0.014* 1.16 (0.99–1.35) 0.058

APTLD 1.46 (0.95–2.26) 0.085 1.46 (1.01–2.01) 0.042*

APTAREX 3.15 (1.22–8.16) 0.018* 1.83 (1.16–2.89) 0.009**

dns-APTAREX 2.51 (1.13–5.60) 0.025* 2.61 (1.42–4.83) 0.002**

ADC 0.78 (0.57–1.09) 0.143 0.80 (0.63–1.00) 0.052

Clinical parameter

Age (years) 1.10 (1.04–1.17) 0.001** 1.04 (1.00–1.08) 0.048*

Gender (m vs. f) 2.76 (0.88–8.67) 0.081 1.09 (0.47–2.55) 0.826

MGMT status (unm vs. met) 2.62 (0.76–8.98) 0.126 2.22 (0.68–7.25) 0.189

Therapy (RCT vs. DSRCT) 3.68 (1.17–11.57) 0.026* 2.23 (0.91–5.46) 0.080

B) Subcohort: glioblastoma IDH wild-type patients (n = 22)

MRI contrasts

NOELD 1.10 (0.71–1.69) 0.681 0.96 (0.66–1.42) 0.854

NOEAREX 1.24 (0.90–1.71) 0.196 0.94 (0.68–1.29) 0.701

APTLD 1.15 (0.58–2.28) 0.699 1.94 (0.93–4.04) 0.078

APTAREX 3.25 (1.03–10.26) 0.044* 1.82 (0.87–3.80) 0.112

dns-APTAREX 2.15 (0.69–6.68) 0.184 2.42 (1.03–5.68) 0.042*

ADC 0.96 (0.63–1.47) 0.867 0.87 (0.66–1.15) 0.327

Clinical parameter

Age (years) 1.10 (1.03–1.18) 0.007** 1.02 (0.97–1.07) 0.383

Gender (m vs. f) 1.51 (0.48–4.79) 0.481 0.71 (0.28–1.81) 0.469

MGMT status (unm vs. met) 2.05 (0.60–6.98) 0.253 1.59 (0.49–5.15) 0.437

Therapy (RCT vs. DSRCT) 4.02 (1.21–13.33) 0.023* 1.91 (0.73–4.95) 0.185

Level of significance: *p < 0.05, **p < 0.01
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was also significant for PFS over all HGG patients. In the
subcohort analysis of GBM IDH-wt patients, this association
was not observed. The known influence of IDH1 mutation
status on the CESTcontrasts [32, 42] may explain this finding,
since the presence of IDH1 mutation also strongly affects
patient outcome [4]. Likewise, the NOE-mediated CEST con-
trasts were not associated with OS or PFS in the GBM IDH-wt
subcohort, while a significant association was found between
OS (and PFS, R2) and NOEAREX in the HGG study cohort.
Furthermore, underlying MT, T1, and T2 relaxation may addi-
tionally mask a possible association of the MTRLD metrics
and OS or PFS. Therefore, the significant associations of the
relaxation-compensated APT contrasts with both OS
(APTAREX) and PFS (dns-APTAREX) in the GBM IDH-wt
subgroup strongly support the hypothesis that CEST MRI is
a predictive biomarker of outcome in glioma patients. In a
heterogeneous study cohort of IDH-wt and IDH-mut patients,
this association becomes even more evident due to the super-
imposition of both effects.

Inter-reader agreement analyses showed excellent agree-
ment between the two radiologists. The additionally found
significant association of NOEAREX and ADC with PFS for
R2 (expert reading) is most likely due to minor deviations
between the two different segmentations yielding p values
slightly above (R1: p = 0.058 and p = 0.052) and slightly

below (R2: p = 0.048 and p = 0.032) the alpha level of statis-
tical significance in the univariate Cox analysis.

NOE contrasts generally seem to provide clinically relevant
information substantially different from APT-mediated CEST
MRI. This is plausible since the underlying mechanism is fun-
damentally different. Relayed NOE effects are based on dipole-
dipole couplings in macro-molecules, proteins, and peptides
while amide proton transfer happens via direct exchange of
water-bound protons with amide groups [21, 43]. Previous pub-
lications showed that NOE signals may enable baseline predic-
tion of therapy response and assessment of early treatment ef-
fects in patients with glioma [35] and brain metastases [44] and
may correlate with tumor cellularity [45]. In this study cohort,
we also found a significant association between NOE signals in
tumors (NOELD and NOEAREX) and gender. To the best of our
knowledge, this has not been previously reported but may just
be a coincidental finding. This result should, however, be inves-
tigated in future studies, on both patients and healthy subjects.

In accordance with the literature, tumor ADC values tended
to be decreased in patients with shorter OS and/or PFS in this
study [10, 12, 13, 15]. Furthermore, investigated clinical param-
eters were significantly associated with OS (patient age and
therapy) and PFS (therapy). In this context, Burth et al reported
for a relatively large retrospective study cohort that parameters
derived from conventional clinical MRI scans (e.g., ADC,

Fig. 2 Kaplan-Meier analysis and
log-rank statistics for overall sur-
vival (OS: A, B) and progression-
free survival (PFS: C, D) after
data dichotomization at the medi-
an. Significant association with
patient OS was found for the
relaxation-compensated
APTAREX contrast (A, p = 0.009),
while a tendency toward longer
survival was, however, also ob-
served for the dns-APT metric (B,
p = 0.25). Significant association
with PFS was found for both
relaxation-compensated APT
metrics (C: APTAREX, p = 0.005;
dns-APTAREX, p = 0.004)
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rCBV)were generally outperformed by clinical risk factors such
as patient age andKPS in amultivariate regression analysis [17].
Clinical scores, however, suffer from the rater’s subjectivity. At
this point, quantitative non-invasive multiparametric MRI tech-
niques may improve the diagnostic performance of outcome
prediction. Our results suggest that relaxation-compensated
APT imaging may hereby add valuable information on a sub-
cellular protein level to conventional MRI protocols.

CEST MRI has recently been applied as an imaging bio-
marker to assess different histologic and genetic subtypes of
glioma patients, both at clinical and ultra-high (7 T) field
strength. Thereby, several studies showed differentiability of
HGG and low-grade gliomas employing APT-w MRI both at
3-T and 7-T MRI [31, 32, 46, 47] and an association of CEST
MRI and IDH mutation status as discussed previously in the
text [32, 42]. Regarding MGMT promotor methylation status,
Jiang et al reported significantly increased APT-w signals in
glioblastomas with unmethylated MGMT promotor [48],
while no significant differences were found by Paech et al
[32]. In summary, these studies strongly suggest that CEST
MRI is able to provide non-invasive insights into tumor biol-
ogy which may in turn help to furthering our understanding of
highly heterogeneous and complex gliomas.

Our findings need to be validated in independent, larger
study cohorts and at clinical field strength. Recently, several
studies reported successful separation of different CEST pools
at 3.0 T which may enable immediate applicability of the
presented approach in the clinical setting [49, 50]. Our results
may motivate and justify such studies.

Some limitations of this work need to be acknowledged. (i)
The relatively small size of the study cohort (n = 26) is a lim-
itation. However, statistically meaningful results were obtain-
ed and the shown data represent the first prospective survival
analysis employing CEST MRI. Moreover, these results still
stand for the relaxation-compensated APT contrasts in a ho-
mogenous subcohort of n = 22 GBM IDH-wt patients. (ii) In
this work, univariate Cox regression analyses were performed.
More sophisticated multivariate regression analyses, however,
require larger study cohorts to obtain meaningful results and
should, therefore, be addressed in future investigations. (iii)
Another possible limitation is the inclusion of patients with
different surgical approaches. However, this study cohort rep-
resents a common clinical spectrum, which seemingly did not
impede the significance of CEST MRI. (iv) Ultimately, B1

saturation power is known to affect individual CEST effects
differently. Consequently, the presented results are only valid
for the specific field strength pair (B0, B1) = (7 T, 0.6 μT).

Conclusion

Relaxation-compensated APT MRI signal intensity was
shown to be associated with OS and PFS in a study cohort

of newly diagnosed glioma patients and may therefore en-
hance the prognostic value of these non-invasive MRI tools
at the time of initial diagnosis and during follow-up. Patients
with increased APT values were more likely to progress soon-
er and live shorter, possibly reflecting strong alterations of
amino acid concentrations and global upregulation of protein
expression in more aggressive brain tumors.
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