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Introduction: We investigated the correlation between amide proton transfer-weighted magnetic reso-
nance imaging (APTw MRI) and dynamic susceptibility contrast (DSC) perfusion in order to assess the
potential of APTw MRI as an alternative to DSC in adult brain tumor (glioma) imaging.
Methods: After Ethical Committee approval, forty adult patients, treated for histopathologically
confirmed glioma (World Health Organization (WHO) grade II-IV), were prospectively imaged at 3 Tesla
(3 T) with DSC perfusion and a commercially available three-dimensional (3D) APTw sequence. Two
consultant neuroradiologists independently performed region of interest (ROI) measurements on relative
cerebral blood volume (rCBV) and APTw maps, co-registered with anatomical images. The correlation
APTw MRI-DSC perfusion was assessed using Spearman's rank-order test. Inter-observer agreement was
evaluated by the intraclass correlation coefficient (ICC) and Bland-Altman (BA) plots.
Results: A statistically significant moderately strong positive correlation was observed between
maximum rCBV (rCBVmax) and maximum APTw (APTwmax) values (observer 1: r ¼ 0.73; p < 0.01;
observer 2: r ¼ 0.62; p < 0.01). We found good inter-observer agreement for APTwmax (ICC ¼ 0.82; 95%
confidence interval (CI) 0.66e0.90), with somewhat broad outer 95% CI for the BA Limits of Agreement
(LoA) (�1.6 to 1.9). ICC for APTwmax was higher than ICC for rCBVmax (ICC ¼ 0.74; 95%; CI 0.50e0.86), but
the difference was not statistically significant.
Conclusion: APTwmax values correlate positively with rCBVmax in patients treated for brain glioma. APTw
imaging is a reproducible technique, with some observer dependence. Results need to be confirmed by a
larger population analysis.
Implications for practice: APTw MRI can be a useful addition to glioma follow-up imaging and a potential
alternative to DSC perfusion, especially in patients where contrast agent is contraindicated.
© 2021 The College of Radiographers. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Dynamic susceptibility contrast (DSC) perfusion is an advanced
magnetic resonance imaging (MRI) technique, widely used in
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gliomas requiring surveillance.1,2 DSC overcomes the lack of spec-
ificity of conventional contrast-enhanced MRI to discern between
phenomena such as true progression, pseudoprogression and
radionecrosis, which all affect blood brain barrier integrity, leading
to contrast enhancement.1,2 Relative cerebral blood volume (rCBV),
obtained from DSC measurements, serves as a biomarker for tumor
angiogenesis.3 Although useful, DSC relies on gadolinium contrast,
which increases the risk of nephrogenic systemic fibrosis in pa-
tients with impaired renal function and can accumulate in the brain
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of patients with normal renal function after repeated administra-
tions.4 Moreover, DSC is prone to susceptibility artifacts at air-tissue
interfaces, in the presence of surgical material and blood break-
down products.3

A variety of studies have been conducted investigating non-
contrast, less susceptibility artifact prone alternatives to DSC.5e7

Three-dimensional (3D) pseudo-continuous arterial spin labeling
(pCASL) perfusion, susceptibility-weighted imaging (SWI) and dy-
namic contrast enhanced (DCE) (T1) perfusion have shown signif-
icant correlations with DSC, fewer susceptibility artifacts and
similar diagnostic performance in tumor grading and differenti-
ating progression from treatment effects.6,7

Amide proton transfer-weightedMRI (APTwMRI) is a molecular
imaging technique based on chemical exchange saturation transfer
(CEST).8 APTw signal reflects the concentration of protons in the
amide groups (dNH) of mobile proteins and peptides and current
evidence suggests APTw is positively correlated with cell density
and proliferation.9e11 APTw MRI has been applied in neuro-
oncology (tumor grading, differentiating tumor recurrence from
treatment effects), as well as in breast, prostate and cervical
cancer.12e16

APTw MRI does not rely on exogenous contrast agent and may
be a completely non-invasive alternative to DSC, especially in pa-
tients where contrast agent is contraindicated. APTw has also the
practical advantage that acquisition can be immediately repeated if
image quality is suboptimal, which is not the case with DSC
perfusion.

Despite the promising results from studies investigating the use
of APTw in conjunction with other advanced neuroimaging MR
techniques such as DSC perfusion, intravoxel incoherent motion
(IVIM) diffusion or spectroscopy, APTw MRI has not yet gained
widespread clinical use.12,17,18 With the APTw sequence now
available as a commercial product, there is a need for further evi-
dence regarding its implementation before incorporating APTw
MRI into clinical imaging protocols.

APTw MRI has previously shown good repeatability in supra-
tentorial locations, but inter-observer agreement was not
investigated.19

The aim of the present study was therefore to assess the cor-
relation between APTwMRI and DSC perfusion and the potential of
APTw MRI as a non-contrast alternative to DSC perfusion in the
imaging of adult glioma patients. Moreover, we performed inter-
observer agreement analysis on APTw measurements.

Materials and methods

The investigators notified the Regional Research Ethics Com-
mittee and ethical approval was waived (Journal No. S-20182000-
19), as the study was deemed non-interventional. Written
informed consent was obtained from all participants and permis-
sion to handle patient data for research purposes was granted by
the Danish Data Protection Agency (Journal No. 18/31,678).

Patients

Forty-one consecutive patients (mean 57 years, range 28e79, 14
female, 27 male), were imaged between October 2018eFebruary
2019. One patient was excluded from analysis because of insuffi-
cient image quality.

The patients were referred for MRI as part of the follow-up
routine or for treatment assessment. Inclusion in the study was
based on the criteria: age over 18 and treated/under treatment for
histopathologically confirmed glioma. Exclusion criteria were
inability to provide informed consent, claustrophobia, pregnancy,
MRI safety hazards and contrast agent contraindications. Patient
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enrolment details are provided in Fig. 1 and information about the
included tumor types can be found in Table 1.

Image acquisition

Imaging was performed on a clinical 3 Tesla (3 T) MRI system
(Achieva, Philips Medical Systems, the Netherlands), equipped with
radio frequency (RF) MultiTransmit, using a 16-channel phased-
array receive head coil.

A commercially available three-dimensional (3D) APTw
sequence was added to the department's standard glioma follow-
up protocol, consisting of anatomical sequences (3D fluid-
attenuated inversion recovery (FLAIR), T2, 3D T1 pre- and post-
contrast) and DSC perfusion.

DSC was performed as a T2* weighted gradient-echo sequence
with single-shot echo-planar imaging (EPI) readout (EPI factor 41)
and fat suppression (spectral presaturationwith inversion recovery
(SPIR)),fieldof view(FOV)224�224mm2, 25contiguous slices, slice
thickness 4 mm (100 mm axial coverage), in-plane resolution
2.3 � 2.3 mm2 (reconstructed to 1.75 � 1.75 mm2), repetition time
(TR) 1606ms, echo time (TE) 40ms,flip angle 75�, 40 phases. Parallel
imaging with a sensitivity encoding factor of 2.3 in the anterior
posterior (AP) directionwasused. Scan timewas1.09min. A contrast
bolus of 0.1 mL/kg Gadovist (gadobutrol, 1 mmol/mL, Bayer
Healthcare, Germany)was administeredwith a flowof 2mL/s via an
i.v. catheter in the antecubital fossa, followed bya 35mL salineflush.

APTw data was acquired pre-contrast from 10 contiguous axial
slices, employing a 3D multishot turbo spin echo (TSE) sequence
with lipid suppression (SPIR). Imaging parameters were: FOV
230� 180mm2, in-plane resolution 1.8� 1.8mm2 (reconstructed to
0.9 � 0.9 mm2), slice thickness 6 mm (60 mm axial coverage),
sensitivity encoding right left (RL) - 1.6, TR 6120 ms, TE 7.8 ms, flip
angle 90�, TSE factor 174. APTw contrast parameters were RF satu-
ration power 2 mT, saturation duration 2 s. Scan time was 3.46 min.

By using the two RF channels in an alternating fashion, a train of
frequency-selective saturation RF pulses were applied at seven
different frequency offsets, including the amide resonance fre-
quency at þ3.5 parts per million (ppm) relative to water
(4.75 ppm). Three acquisitions with slightly different echo shifts
(±0.5 ms) were performed at þ 3.5 ppm in order to calculate an
integrated B0 map using the mDixon algorithm.20

The water signal level as a function of frequency offset was
measured togenerate aZ-spectrum, centeredon thewater resonance,
assigned to 0ppm. The saturated image (Ssat) andanon-saturated (S0)
image, acquiredwitha largeRFpulse offset,wereused to compute the
magnetization transfer ratio asymmetry (MTRasym) according to:20

MTR asym ¼ ðS satð�3:5 ppmÞ� S satð3:5 ppmÞÞ = S 0

APTw values span from �5% to þ5% and represent the per-
centage signal change between the saturated and unsaturated
image.

Image analysis

Images were analyzed independently by 2 consultant neuro-
radiologists with 10- and 25-years’ experience, blinded to each
other's measurements. The raters were not blinded to the his-
topathological grade of the tumors or the patients' clinical in-
formation. Each radiologist performed both rCBV and APTw
measurements.

Perfusion maps (rCBV) were computed in IntelliSpace Portal v. 8
(Philips Healthcare, the Netherlands) using standard post-
processing software. rCBV values were normalized to contralat-
eral normal-appearing white matter (CNAWM) by choosing a



Figure 1. Flow chart describing the enrolment process, with details about excluded and included patients.

Table 1
Tumor histology, tumor grade and characteristics of the patients included in the
study (n ¼ 40).

Histology Male (n) Female (n) Mean age
years (range)

Oligodendroglioma (WHO II) 2 1 53 (44e60)
Diffuse astrocytoma (WHO II) 7 2 43 (28e60)
Anaplastic astrocytoma (WHO III) 3 1 53 (37e67)
Anaplastic oligodendroglioma

(WHO III)
2 2 58 (46e71)

Glioblastoma (WHO IV) 12 8 64 (35e79)

WHO, World Health Organization.
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region of interest (ROI) similar in size and located in the contra-
lateral hemisphere. APTw maps were automatically generated on
the scanner and exported to IntelliSpace.

Contrast-enhanced 3D T1 and, for non-enhancing lesions, 3D
FLAIR images were co-registered with the rCBV and APTw maps to
provide anatomical information.

Each observer drew up to five ROIs per patient in areas which,
upon visual inspection, either demonstrated contrast enhancement
on post-contrast T1 weighted images or had imaging features
indicative of non-enhancing residual/recurring tumor on FLAIR.
97
The APTw-rCBV ROI pairs for each patient had similar size and were
placed in similar anatomical locations, based on visual assessment.
Areas of necrosis, hemorrhage and large vessels were avoided. The
ROI with the maximum value was chosen among the APTw and
respectively the rCBV ROIs for each patient.

Statistical analysis

Maximum rCBV (rCBVmax) and maximum APTw (APTwmax)
values were used in the statistical analysis. Spearman's rho (r) was
computed for each observer and applied to test the strength of the
relationship between APTwmax and rCBVmax. Correlation coefficient
values of 0.6e0.8 were considered moderately strong.23

The intraclass correlation coefficient (ICC) for the APTwmax and
rCBVmax recorded by the two observers was computed based on a
two-way random-effects model, mean rating (k ¼ 2) and absolute
agreement.24 ICC values between 0.75 and 0.9 were considered to
indicate good inter-observer agreement.25 The inter-observer dif-
ferences between APTwmax and rCBVmax were quantified by Bland-
Altman (BA) plots, after testing for normality using the
ShapiroeWilk test. Visualizations were done with scatter plots,
supplemented by supporting linear regression lines and 95% con-
fidence bands.26,27 Statistical significance was considered if
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p < 0.05. Statistical analysis was performed using Stata IC/16 soft-
ware (StataCorp LLC, College Station, TX).
Results

Correlation analysis

Spearman's rho showed a statistically significant moderately
strong positive correlation between APTwmax and rCBVmax. The
correlation coefficients were r ¼ 0.73; p < 0.01 for observer 1 and
r ¼ 0.62; p < 0.01 for observer 2. APTw signal intensity also seemed
to correlate visually with rCBV as shown in Fig. 2 and Fig. 3.

The correlation between APTwmax and rCBVmax for each
observer is illustrated in Fig. 4. No trend was observed
between outliers on the scatter plots in Fig. 4 and a particular
histology type.
Inter-observer agreement

ICC for APTwmax was 0.82 (95% confidence interval (CI)
0.66e0.90), indicating good inter-observer agreement. ICC for
rCBVmax was 0.74 (95% CI 0.50e0.86). Due to the overlap between
CI, the difference between the ICC for APTwmax and the ICC for
rCBVmax couldn't be considered statistically significant.

The inter-observer Bland-Altman limits of agreement (LoA)
were �1.27 to 1.49 and �2.84 to 2.73 for APTwmax and rCBVmax,
respectively. The outer 95% confidence limits for the LoA
were �1.60 to 1.90 for APTwmax and �3.70 to 3.60 for rCBVmax. The
results of BA analysis are presented in Table 2 and Fig. 5.

Upon visual inspection of the BA plot, no trend was observed
between the difference and themean, with difference scores evenly
distributed below and above the bias line within the 95% LoA.
Figure 2. Patient with histopathologically confirmed glioblastoma, treated with surgery and
signal (APTw ¼ 2.95%). b. Relative cerebral blood volume (rCBV) map with increased rCBV (3.
on post-contrast T1 weighted image.

Figure 3. Patient with recurrent glioblastoma, treated with surgery, chemoradiation and
image with iso-to hypointense signal around the operation cavity (APTw ¼ 0.15%). b. The rela
relative to contralateral normal-appearing white matter (CNAWM). c. Post-contrast T1 w
progression.
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Discussion

In our study, we investigated the correlation between APTw and
rCBV values in post-treatment glioma, as well as inter-observer
agreement for APTw measurements. We found a moderately
strong positive correlation between APTwmax and rCBVmax values.
The ICC showed good inter-observer agreement for APTw imaging,
while the slightly broad outer 95% CI for the LoA on the BA plot
indicated the APTw technique has some degree of observer
dependence.

The potential of APTw inpost-treatment glioma imaging hasbeen
investigated inpre-clinical andclinical studies.28,29Thenoveltyof our
study consists in the use of a commercially available APTw sequence
and standard post-processing to assess the correlation between
APTw and rCBV. Furthermore, we investigated inter-observer
agreement for APTwmeasurements. This is e to our knowledge e a
less documented aspect in the literature, but of considerable impor-
tance for the clinical implementation of APTw imaging.

The findings regarding the correlation between APTw and rCBV
values agree with previous studies. Similar to our results, Togao
et al. reported a positive correlation (r¼ 0.42, p < 0.01) between the
90th-percentile of APTw and rCBV values on histogram analysis in
tumor grading.17

Our results indicated that APTw measurements are reproduc-
ible, but with some observer dependence, which could be
explained by variations in ROI placement. In future studies, inter-
observer agreement could potentially be improved by adopting a
less user-dependent image analysis approach, such as histogram
analysis, previously described in the literature.30,31

Based on BA analysis, APTwmax showed less observer depen-
dence than rCBVmax, which has been reported to vary not only with
ROI placement, but also with variations in the choice of reference
tissue used for normalization.32,33
chemoradiation. a. Amide proton transfer-weighted (APTw) image with hyperintense
34) relative to contralateral normal-appearing white matter (CNAWM). c. Enhancement

anti-angiogenic therapy upon recurrence. a. Amide proton transfer-weighted (APTw)
tive cerebral blood volume (rCBV) map doesn't show significantly increased rCBV (1.41)
eighted image demonstrates no enhancement. d. FLAIR exhibits no sign of tumor



Figure 4. a. Correlation between maximum amide proton transfer-weighted (APTwmax) - maximum relative cerebral blood volume (rCBVmax) values for observer 1. b. Correlation
APTwmax - rCBVmax for observer 2.

Table 2
Results of Bland-Altman analysis, showing inter-observer agreement for APTwmax and rCBVmax.

Bias Mean (SD) Bias 95% CI Limits of Agreement Lower Limits of
Agreement 95% CI

Upper Limits of
Agreement 95% CI

APTwmax 0.11 (0.7) �0.12 to 0.33 �1.27 to 1.49 �1.60 to �1.03 1.25 to 1.90
rCBVmax �0.05 �0.51 to 0.40 �2.84 to 2.73 �3.70 to �2.36 2.25 to 3.60

APTwmax, maximum amide proton transfer-weighted value; rCBVmax, maximum relative cerebral blood volume; SD, standard deviation; CI, confidence interval.
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Even though APTw and rCBV appear to be positively correlated,
the techniques represent different contrast mechanisms, reflecting
two hallmarks of tumor activity. The APTw effect is considered to
originate from hypercellularity and increased concentration of
amide protons in the cytoplasm of proliferating glioma cells,
whereas rCBV is a marker of neovascularization.13,34 It is therefore
likely that APTw imaging provides additional information to rCBV
and could potentially increase diagnostic accuracy in challenging
situations. Evidence currently suggests that using APTw imaging
together with DSC perfusion improves diagnostic performance
when distinguishing between recurrent glioma and treatment-
related effects.28,30

An interesting finding of our study was that the area of APTw
signal hyperintensity measured in our cohort was generally larger
than the corresponding rCBV and contrast-enhancing hotspots
(Fig. 2). This phenomenon has previously been reported and
attributed to the presence of tumor infiltration.35 The ability of
Figure 5. BlandeAltman plots visualizing inter-observer agreement for maximum amide
(rCBVmax) values. Limits of Agreement (LoA) are represented as continuous black lines. Nine
shaded areas, respectively. The regression line representing the fit between the differences
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APTwMRI to detect tumor invasion beyond areas of increased rCBV
and contrast enhancement might improve the sensitivity of post-
treatment imaging to detect early tumor progression. This can be
particularly challenging after anti-angiogenic therapy, where infil-
trative non-enhancing progression has been observed.36

APTw vs. DSC parameters

The APTw and DSC sequences employed in this study used
different in-plane spatial resolution, slice thickness and coverage.

DSC had lower in-plane spatial resolution compared to APTw
(2.3 � 2.3 mm2 vs. 1.8 � 1.8 mm2), reflecting the need for acquisi-
tion speed to capture the first passage of contrast bolus through the
vasculature.21

Because of the long RF saturation duration needed to achieve
optimal image contrast and the acquisition of several frequency
offsets to generate a Z spectrum, APTw used a long TR, resulting in
proton transfer-weighted (APTwmax) and maximum relative cerebral blood volume
ty-five confidence intervals (CI) for the bias and the LoA are indicated by olive and blue
and the mean is shown in red.
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long scan times. To avoid prolonging scan time and minimize the
risk of motion artifacts, lower coverage was employed for APTw
(60 mm) compared to DSC (100 mm).

Moreover, APTw acquisition parameters had been experimen-
tally optimized to maximize image contrast and modifying pa-
rameters carried the risk of influencing APTw values and sequence
performance.20,22

Using identical in-plane spatial resolution, slice thickness and
coverage for APTw and DSC could potentially improve compara-
bility and have a positive effect on study results. However, this
might come at the expense of increased scan time and potentially
suboptimal image contrast, which would counteract the positive
effects of increased comparability.

Limitations

While the present study contributes additional data to validate
the correlation between APTw values and rCBV, it is based on a
relatively small number of participants.

Furthermore, no intra-observer agreement analysis was per-
formed and consequently, an estimation of APTw repeatability
could not be made. Further investigation of intra-observer agree-
ment to assess the robustness of the APTw sequence and compar-
ison with existing repeatability studies is required. Further training
in interpreting APTwmaps and avoiding pitfalls could also improve
agreement.

Assessing the clinical significance of APT's observer dependence
was challenging, mostly because of the limited clinical experience
with the technique and the lack of standardization of APTw imag-
ing parameters. As APTw parameters (especially RF saturation
scheme) can have an influence on APTw signal intensity, compar-
ison with APTw values reported in the literature was difficult.37

The use of commercially available sequences will hopefully
lead to a higher degree of standardization, facilitate comparisons
among studies and encourage the adoption of APTw imaging as a
clinical tool.

Conclusion

In conclusion, there is a statistically significant positive corre-
lation between APTwmax and rCBVmax values in post-treatment
gliomas, which makes APTw MRI a potentially valuable part of a
multiparametric glioma imaging protocol. Moreover, the present
study indicates that APTw imaging has good reproducibility, with
some observer dependence. Results need to be confirmed by a
larger population analysis.
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