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Abstract 

Purpose: Gliomas are diagnosed and staged by conventional MRI. Although non-

conventional sequences such as perfusion-weighted MRI may differentiate low-grade 

from high-grade gliomas, they are not reliable enough yet. The latter is of paramount 

importance for patient management.  In this regard, we aim to evaluate the role of 

Amide Proton Transfer (APT) imaging in grading gliomas as a non-invasive tool to 

provide reliable differentiation across tumour grades.  

Methods: A systematic search of PubMed, Medline and Embase was conducted to 

identify relevant publications between 01/01/2008 and 15/09/2020. Quality 

Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) was used to assess 

studies’ quality.  A random-effects model standardized mean difference meta-analysis 

was performed to assess APT’s ability to differentiate low-grade gliomas (LGGs) from 

high-grade gliomas (HGGs), WHO 2-4 grades, wild-type from mutated isocitrate 

dehydrogenase (IDH) gliomas, methylated from unmethylated O6-methylguanine-

DNA methyltransferase (MGMT) gliomas.  Area under the curve (AUC) of the Receiver 

Operating Characteristic (ROC) meta-analysis was employed to assess the diagnostic 

performance of APT. 

Results: 23 manuscripts met the inclusion criteria and reported the use of APT to 

differentiate glioma grades with histopathology as reference standard. APT-weighted 

signal intensity can differentiate LGGs from HGGs with an estimated size effect of  

(-1.61 standard deviations (SDs), p<0.0001), grade 2 from grade 3 (-1.83 SDs, 

p=0.005), grade 2 from grade 4 (-2.34 SDs, p<0.0001) and IDH wild-type from IDH 

mutated (0.94 SDs, p=0.003) gliomas. The combined AUC of 0.84 highlights the good 

diagnostic performance of APT-weighted imaging in differentiating LGGs from HGGs.  

Conclusions APT imaging is an exciting prospect in differentiating LGGs from HGGs 

and with potential to predict the histopathological grade. However, more studies are 

required to optimize and improve its reliability.  

Key words: MRI; Amide Proton Transfer; Gliomas; Grading; Brain tumors; isocitrate 

dehydrogenase.  
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Abbreviation list: 

CEST - Chemical Exchange Saturation Transfer  

APT - Amide Proton Transfer 

APTw (%) – APT weighted signal intensity 

MTRasym3.5ppm- Magnetization Transfer Ratio asymmetry at 3.5ppm  

LGGs – Low-Grade Gliomas  

HGGs – High-Grade Gliomas  

IDH- isocitrate dehydrogenase  

MGMT- O6-methylguanine-DNA methyltransferase  

NOE – Nuclear Overhauser Enhancement 

Radiofrequency - RF  

SD – Standard Deviation 

SMD – Standard Mean Deviation 
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INTRODUCTION

Gliomas account for 1/3 of brain tumors and their incidence has continuously 

increased globally [1]. Histopathological characteristics of tumor malignancy provided 

by the WHO grading system include cellular atypia, mitotic activity and anaplasia [2]. 

Newest classification incorporates integrated markers such as isocitrate 

dehydrogenase (IDH) status. Grades 1 and 2 are known as low-grade gliomas (LGGs), 

while grades 3 and 4 as high-grade gliomas (HGGs). LGGs are slow-growing, less 

likely to spread and return after excision, while HGGs are fast-growing, invasive and 

commonly recur. This behaviour is reflected in life expectancy: beyond 5-years for 

LGGs vs around 1 year for HGGs [3]. 

Currently, no MRI methods are able to spatially assess proteins/peptides in-vivo. 

Information at the protein level may be relevant for earlier detection, better spatial 

definition, and improved characterization of tumors. Mobile proteins are the basis of 

APT imaging. In particular, labelling the amide protons using series of frequency 

selective radiofrequency (RF)  pulses tuned at 3.5 ppm upfield of the water resonance 

enables the detection of brain tumors, predominantly on the basis of their higher 

protein/peptide content compared to brain tissue (~80mM) (Supplementary Figure 

1) [4] . In practice, an important parameter of paramount interest is the chemical 

exchange rate of amide protons with water hydrogens which falls under the slow-

intermediate regime (30-100Hz), making APT clinically useful compared to imaging of 

other molecules via CEST at 3T [5].  

Advantages of APT include imaging of molecules with short transverse relaxation 

times or mapping of physiological parameters on which its chemical exchange effect 

is dependent on pH, temperature, buffer concentration and composition [6]. In 

addition, APT is clinically advantageous as it is non-invasive and does not require any 

contrast agent. It has a better diagnostic performance than conventional MRI [7] and 

it is non-inferior to Dynamic Susceptibility Contrast, the most-widely used MRI-

perfusion technique in brain tumours [8]. 
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Our aim was to investigate whether APT is reliable enough to predict glioma 

histopathological status in clinical patients through a systematic review and quantify 

the diagnostic magnitude of APT by employing meta-analysis methodology. 

METHODS

The review has been conducted to fulfill the Preferred Reporting Items for Systematic 

Reviews and Meta-Analysis (PRISMA) criteria [9]. Every step was independently 

conducted by two reviewers and, in case of discrepancy, input from a third reviewer 

was employed for resolution.  

Search strategy 

The review question was “Can we use APT imaging to grade gliomas?”.  Thus, a 

systematic search of PubMed, Medline and Embase was conducted to identify 

relevant publications between 01/01/2008 and 15/09/2020.  

Patient/Intervention/Comparator/Outcomes (PICO) framework was used to define 

search items: (P)=brain-tumour, glioma, glioblastoma, astrocytoma, 

oligodendroglioma; (I)=APT, CEST, Nuclear Overhauser Enhancement (NOE); 

(C)=biopsy, histopathological grade and (O)=differentiate, grade. The PICO 

framework categories were combined using “AND”, while variations within categories 

were combined via “OR”. Reference lists of included articles were also reviewed to 

identify further eligible publications. 

Inclusion criteria 

Eligibility criteria included peer-reviewed, English-written publications available 

through electronic indexing satisfying the following conditions: APT was used as an 

index test to determine the gliomas’ pre-treatment histopathological grade; biopsy was 

used as the reference standard; participants had both the index and reference 

standard within 2-weeks; and radiologist and pathologist blinding. 

The exclusion criteria were: <9 glioma patients; animal or laboratory study; and 

review/case-reports/conference presentations. 
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Data extraction 

Extracted data included: study design, group characteristics, APT intended use and 

prior testing, inclusion and exclusion criteria, tumor histology. Regarding imaging 

acquisition, the following data was recorded: APT analysis method, post-processing 

corrections, MRI field-strength, type of pulse sequence and acquired voxel size, 

properties of the off-resonance RF pulses (irradiation-length and off-resonance 

saturation), region of interest (ROI) selection methodology.  

Quality assessment 

The quality of the systematic review was assured by limiting risk of bias and 

applicability concerns in line with the Quality Assessment of Diagnostic Accuracy 

Studies 2 (QUADAS-2) questionnaire [10]. Patient selection, conduct and 

interpretation of histopathological grading and APT were analyzed to meet the review 

question and avoid bias introduction. 

Statistical Methods 

Statistical analyses were performed for the following glioma grading combinations: 

LGGs-HGGs, grade 2-grade 3, grade 2-grade 4, grade 3-grade 4, IDH wild-type-IDH 

mutant, and unmethylated vs methylated O6-methylguanine-DNA methyltransferase 

(MGMT) promoter. No study included grade 1 gliomas. The mean, standard deviation 

and participant number were extracted and any study lacking these parameters was 

excluded from the analysis. Inter-study heterogeneity was determined via Cochran’s 

Q and I2 statistics. As the outcome measurements scales were variable, standardized 

mean difference (SMD) between groups was chosen.  

APT diagnostic performance was evaluated via a receiver operating characteristic 

(ROC) meta-analysis using the Area Under the ROC curve (AUC) and its standard 

error (SE). Any study who did not report the AUC or SE or other metrics which could 

be used to calculate the SE was excluded from this analysis.  
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A meta-analysis using Pearson’s correlation coefficients was performed to assess the 

relationship between APTw(%) and KI-67 index. 

A random-effects model was used for all meta-analyses regardless of the degree of 

heterogeneity. Publication bias was assessed via Funnel plots asymmetry (Egger’s 

test). 

A meta-regression analysis was conducted to determine the sources of heterogeneity. 

Evaluated moderator variables included:  acquisition time, echo time (TE), repetition 

time (TR), contrast weighting, pulse sequence, dimensionality, RF saturation power, 

RF pulse duration and number of frequency offsets.  Contrast weighting (T1, T2 or 

proton density), pulse sequence and dimensionality (2D or 3D) were treated as 

categorial, while the other as continuous variables. 

Statistical analyses were performed using R version-3.6.2 and MedCalc version-

19.1.6. p<0.05 was considered significant. 

RESULTS

Database searches revealed 2405 articles, 147 of which were duplicates. After 

screening the abstracts and titles against the eligibility criteria, the full-text of 134 

manuscripts was assessed. After applying the exclusion criteria, 23 studies were 

included in both our qualitative and quantitative analysis [7, 8, 11-31] (Figure 1).  20 

studies attempted to discriminate between LGGs and HGGs, 6 to differentiate between 

WHO glioma grades and 3 to predict gene mutation status in gliomas. The relevant 

data extracted from the studies has been tabulated (Table 1).   

Quality assessment 

In general, the 23 studies evaluating APT for grading gliomas were high in 

methodological quality (Figure 2). According to QUADAS-2, the risk of bias was 

assessed across four domains: patient selection, index test, reference standard and  

flow and timing (time-length and interventions between index test and reference 

standard). Regarding patient selection, 13% were high-risk as they lacked 
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consecutive/random patients and 26% were assessed as unclear. 35% lacked the 

required information to assess flow and timing, while 8% were high-risk because of 

potentially inappropriate exclusions. The applicability concerns were assessed across 

three domains: reference standard, index text and patient selection. There were no 

applicability concerns.  

Differentiating LGGs from HGGs 

20 manuscripts provided APTw values for LGGs and HGGs [7, 8, 13-30]. In order to 

differentiate LGGs from HGGs, most studies used APTw signal intensity (APTw(%)).In 

addition,  APTw-max [21], APT90 [24], fitted_APT [16] and relative-APTw (rAPTw) [32] 

were also employed (Supplementary Figure 1). Regarding ROI selection, there was 

a widespread agreement not to consider cystic, necrotic and hemorrhagic tumor 

components.   

There was a considerable heterogeneity between studies trying to differentiate LGGs 

and HGGs (I2 =80.86%, p<0.0001). The SMD between LGGs and HGGs for APTw 

was -1.61 standard deviations (SDs) (p<0.0001) (Supplementary Figure 2).  The 

negative SMD highlights that LGGs have lower APTw(%) than HGGs. The APTw cut-

off ranged between 1.53%-2.93%. Egger’s test (p=0.0003) and visual inspection of the 

contour-enhanced Funnel plot (Supplementary Figure 3) indicates the possibility of 

publication bias.  

APT diagnostic performance was evaluated using an AUC random-effects model 

meta-analysis. The ten studies which were included were homogenous (I2=0%, 

p=0.936) and the Funnel plot was symmetrical (Egger’s test p=0.859) suggesting the 

absence of publication bias (Supplementary Figure 4). The combined AUC was 0.84 

(95% confidence interval [CI] 0.80 to 0.87, p<0.0001) highlighting the good diagnostic 

performance of APTw(%) in distinguishing LGGs from HGGs.  
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Differentiating between WHO glioma grades 

Six studies attempted to stratify gliomas based on their WHO grade [8, 17-21]. There 

was a general consensus with APTw(%) being the metric of choice with one study 

reporting additionally the APTw-max [17]. 

Heterogeneity was observed for differentiating grade 2 from 3, grade 2 from grade 4 

and grade 3 from grade 4. Evidence of publication bias was observed only for grade 2 

vs grade 4 (Egger’s test p=0.002). The largest effect size expressed as SMD was 

observed between grade 2 and grade 4 tumors (-2.34 SD, p<0.0001), followed by 

grade 2 and grade 3 (-1.83 SD, p=0.005) (Table 2). This is in keeping with the above 

findings that APTw can differentiate between LGGs and HGGs. However, the analysis 

for grade 3 vs grade 4 was not statistically significant. If the only study which had 

higher APTw(%) in grade 3 than grade 4 is removed from the meta-analysis[17], a 

significant difference is obtained (-0.85 SD, p=0.0004) on the background of low 

heterogeneity (I2=35.78%, p=0.20) and no publication bias (Egger’s test p=0.40). 

Predicting gene mutation status 

Two studies attempted to stratify gliomas based on IDH status [12, 31] (I2=0.00%, 

p=0.966). The SMD between wild-type IDH and mutant IDH was 0.94 SDs (95% CI 

0.44 to 1.46, p=0.003). The positive SMD highlights that wild-type IDH gliomas have 

a  higher mean APTw(%) than mutated IDH gliomas. 

Two studies attempted to stratify gliomas based on MGMT methylation status [11, 31] 

(I2=62.84%, p=0.101). The SMD between unmethylated and methylated MGMT was 

0.64 SDs (95% CI -0.26 to 1.53, p=0.164). 

Predicting histopathological markers 

Seven studies [13-19] performed a Pearson correlation analysis, revealing that 

APTw(%) was positively correlated with the Ki-67 index. Our meta-analysis showed a 

combined effect of r=0.48 (95% CI 0.37 to 0.57, p<0.0001 suggesting moderate 

correlation. The heterogeneity was low (I2=0.00%, p=0.557). In addition, APTw was 
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positively correlated with cell density (r=0.38,p<0.05)[19] , cell count 

(r=0.76,p<0.001)[17], choline/creatine ratio in MR spectroscopy (MRS) 

(r=0.49,p<0.001)[23], tumor grade (r=0.51,p<0,001), and choline in MRS 

(r=0.44,p=0.031), but there was negatively correlated with N-acetyl-aspartate 

concentration in MRS (r=-0.644,p=0.017)[15]. No other meta-analysis was performed 

due to the small number of studies. 

Meta-regression  

The imaging pulse sequence was associated with study heterogeneity in differentiating 

grade 2 and grade 4 tumours. The study [18] which used gradient echo only displayed 

a higher SMD compared to studies which used gradient and spin echo or spin echo 

only (4.47SD vs 1.97SD vs 1.93SD, p=0.004). 

The number of frequency offsets were associated with study heterogeneity in 

differentiating grade 3 and grade 4 tumours (regression coefficient 0.07, 95% CI 0.01 

to 0.13, p=0.020). 

No other moderator variable was associated with study heterogeneity in any other 

meta-regression (Supplementary Table 1). 

DISCUSSION

This systematic review shows that APT-w imaging is an exciting prospect in grading 

gliomas as it has the ability to discriminate between LGGs and HGGs, WHO glioma 

grades 2-3/2-4 and predict IDH mutation status. 

All studies used a 3T field-strength and a pulsed RF scheme with most studies setting 

the RF saturation power at 2 μT. For clinical 3T MRI systems the RF power ranged 

from 0.5-3 μT.  Theoretically APTw(%) is calculated by asymmetry analysis at 3.5ppm 

on either side of the water resonance, which can be influenced by pH changes and 

NOE contributions from direct dipolar couplings (i.e. aliphatic and olefinic protons 

resonating at -3.5 ppm). pH can alter the amide proton transfer rate, therefore 

modifying APTw(%). However, glioma pH is minimally raised compared to healthy 
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neuronal tissue [33], leaving NOE the main player. NOE is highly significant at 7T field 

strength, but less so at 3T [34]. However, because of the use of lower irradiation 

amplitude for avoiding hardware limitations and specific absorption rate (SAR) 

constrains NOE, remains a significant contributor to the measured signal.  

In addition to RF saturation power, APTw signal also depends on RF pulse length. 

Most clinical scanners are limited (length duration <1s) because of RF duty cycle and 

SAR. However, this problem has been recently solved by the parallel RF transmission 

method [22]. All studies except [19, 22], used an RF saturation length of <1s. However, 

by sequentially increasing RF pulse length to 2s, the APTw(%) in HGGs increased 

with the extended pulse, while LGGs remained mostly unchanged reflecting the 

abundance of mobile proteins in higher grade tumors [22]. This happens because 

longer pulses allow more exchange cycles to occur between amide protons and water.  

However, this theoretical consideration has failed to materialize in meta-regression. A 

possible explanation for this is the limited SNR of MTRasymmetry metrics.  

To calculate the APTw signal intensity, all studies have used MTRasym3.5ppm analysis.  

However, methods such as Lorentzian analysis, Apparent Exchange-dependent 

Relaxation (AREX), fitting the Bloch-McConnel equations  might correct for 

concomitant effects such as magnetization transfer from immobile macromolecules, 

T1 and T2 contributions and provide quantitative measurements of the amide proton 

effect in vivo [35]. All studies have corrected for B0 field inhomogeneities with most 

studies employing the Water Saturation Shift Referencing method. Recently phase 

data using single-echo or double-echo techniques were evaluated with better results 

[36]. 

Overall, there was a considerable variability across studies regarding the MRI 

parameters: type of read-out sequence (with gradient and spin echo being the most 

commonly used), number of saturation offsets (n=6-33), RF saturation length(140-

2000ms), repetition time (140-8300ms), echo time (2.87-22.6ms) and acquisition time 

(3-11mins). This emphasizes the need for protocol standardization. The study 

heterogeneity analysis emphasized the high inter-study variability. In addition, the 

results are variable depending on the glioma types. Notably, the studies that failed to 
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differentiate grade 3 from grade 4 gliomas [17, 20] were conducted in highly variable 

histological glioma cohorts.    

The results of this meta-analysis indicate that APTw(%) at 3T can be employed to 

differentiate LGGs from HGGs, grade 2 from grade 3 and grade 2 from grade 4, but 

not for grade 3 from grade 4 gliomas. The effect size in terms of SMD was similar 

between LGGs and HGGs (-1.81) and grade 2 and grade 3 gliomas (-1.83) with a 

greater effect size being observed between grade 2 and grade 4 gliomas (-2.34). The 

meta-regression showed that gradient-echo pulse sequence was associated with 

improved differentiation of grade 2 and grade 4 tumours, while increasing the number 

of frequency offsets increases the SMD between grade 3 and grade 4 gliomas. APTw-

max [21] and APT90[24] have a theoretical advantage over APTw(%) in differentiating 

LGGs from HGGs as they capture the signal from the hot spot region of the tumor, 

which is histologically more dense in protein concentration in higher grade tumors[2]. 

However, there was no statistical significant difference in the diagnostic performance 

of APTw(%) compared to APT90 or APTw-max.  

The current evidence suggests that APTw(%) should remain the metric of choice and 

protocol standardization should aim: 3T MRI field-strength, gradient-echo pulse 

sequence, a pulsed RF scheme with a power of 2-3 μT and pulse length of 2s, and 

20-30 frequency offsets. However, more studies are required to test this hypothesis. 

The utility of APT is not limited to grading gliomas. APTw imaging has demonstrated 

in differentiating tumor infiltration from edema[37], tumor progression from radiation 

necrosis[38], gliomas from brain metastases [32] as well as evaluating treatment 

response and post-treatment recurrence [23]. Expanding on these promising results, 

APT has been also trialed to provide indices for tumor molecular composition [15-19].  

Our meta-analysis shows that APT can differentiate between IDH mutation status  

which is of critical clinical importance as targeted biological therapies for IDH [39] have 

been developed. Although one study  claims that APT can differentiate gliomas based 

on MGMT methylation-status[11], our meta-analysis was not significant. In addition, 

APTw has been significantly correlated with the tumour KI-67 index and with choline, 

creatine biomarkers extracted from MRS. Therefore, there might be potential in the 
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future to use APT to identify the molecular fingerprint of glioma and to filter patients 

accordingly.  

Similar meta-analyses have also highlighted the ability of APT to grade gliomas [40-

42]. The novelty of our manuscript stems from the comprehensive meta-regression 

which aimed to characterize imaging protocol considerations to discriminate LGGs 

from HGGs, grade 2 from grade 3, grade 2 from grade 4, and grade 3 from grade 4 

gliomas. These are also reflected in our technical focused discussion. In addition, we 

evaluate the ability of APT to predict IDH mutation status and MGMT methylation 

status and provide an in-depth review of APT as a tool to predict histopathological 

markers. 

Limitations of this study include: the relatively small study sample size, the high 

heterogeneity between the studies included and the possibility of publication bias for 

certain analyses. In addition, the studies included did not reflect the cutting-edge 

advancements in the field such as using Bloch-McConnel equations to calculate 

APTw(%) or using single-echo/double-echo techniques to correct for B0 field 

inhomogeneities.  

CONCLUSION 

We aimed to shed light into the ability of APT to grade gliomas and it is encouraging 

that, despite its limitations, APT can differentiate LGGs from HGGs, grade 2 from 

grade 3, and grade 2 from grade 4 gliomas. Furthermore, it provides metrics, that may 

predict gliomas key mutation statuses (e.g.  IDH-status). The significant heterogeneity 

in methodologies between studies was a major concern. Thus, APT acquisition and 

post-processing protocol standardization is mandatory prior to larger scale clinical 

applications.  
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FIGURE LEGENDS:  

Figure 1.  PRISMA flow chart of study selection process. 

PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analysis; 

APT, amide proton transfer; LGGs, low-grade gliomas; HGGs, high grade gliomas. 

Figure 2. QUADAS-2 Questionnaire: Quality Assessment Results  

According to QUADAS-2, risk of bias is assessed across four domains (patient 

selection, index test, reference standard, and flow and timing), while applicability 

concerns are assessed in three domains ((patient selection, index test and reference 

standard). 

QUADAS-2, Quality Assessment of Diagnostic Accuracy Studies-2. 
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Table 1.  Characteristics of the eligible studies. 

MRI, magnetic resonance imaging; RF, radiofrequency; APT, amide proton transfer; LGGs, low grade gliomas; HGGs, high grade gliomas; TE, 

echo time; TR, repetition time; MTRasym, Magnetization Transfer Ratio asymmetry. 
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Table 2. Comparison of APTw signal intensity differences between LGGs and HGGs and between the different WHO glioma grades. 

Standardized mean difference expresses the mean difference in standard deviation units. Significant p-values are highlighted in bold. 

CI, confidence interval. Other abbreviations as in Table 1.
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