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State of the art

The chemical exchange saturation transfer technique serves as a valuable tool for generating in vivo image
contrast based on the content of various proton groups, including amide protons, amine protons, and aliphatic
protons. Among these, amide proton transfer-weighted (APTw) imaging has seen extensive development as a
means to assess the biochemical status of lesions. The exchange from saturated amide protons to bulk water
protons during and following the saturation ratio frequency pulse contributes to detectable APT signals. While
APTw imaging has garnered significant attention in the central nervous system, demonstrating noteworthy
findings in cerebral neoplasia, stroke, and Alzheimer’s disease over the past decade, its application in the
abdomen has been a relatively recent progression. Notably, studies have explored its utility in hepatocellular
carcinoma, prostate cancer, and cervical carcinoma within the abdominal context. Despite these advancements,
there is a paucity of reviews on APTw imaging in abdominal applications. This paper aims to fill this gap by
providing a concise overview of the fundamental theories underpinning APTw imaging. Additionally, we sys-
tematically summarize its diverse clinical applications in the abdomen, with a particular focus on the digestive
and urogenital systems. Finally, the manuscript concludes by discussing technical limitations and factors influ-
encing APTw imaging in abdominal applications, along with prospects for future research.

1. Introduction mobile proteins and peptides by facilitating asymmetry magnetization

transfer from saturated amide protons to water protons, resulting to a

Amide proton transfer weighted (APTw) imaging is a type of mo-
lecular magnetic resonance imaging (MRI) technique derived from
chemical exchange saturation transfer (CEST) imaging [1]. CEST, as a
technique, leverages various proton groups within in vivo, including
amide, amine, and aliphatic protons, to generate image contrast [2-5].
Due to the higher concentration of amide protons relative to other
groups within in vivo, APTw imaging has developed the most exten-
sively researched modality within the CEST framework [3].

The capability of APTw imaging lies in its indirect reflection of

measurable reduction in the water signal [1,2,6-10]. Moreover, APTw
imaging adds value by capturing tissue physicochemical qualities, given
that the exchange rate between amide protons and water protons is
easily influenced by factors such as the potential of hydrogen (pH)
[3,11]. While APTw imaging has garnered significant attention in ce-
rebral applications, particularly in studies involving cerebral neoplasia,
stroke, Alzheimer’s disease, and Parkinson’s disease [3,12-18], its
introduction into abdominal imaging is a recent and promising devel-
opment. Unlike brain imaging, which benefits from fewer motion

Abbreviation: ADC, apparent diffusion coefficient; APTw, amide proton transfer-weighted; AUC, area under the receiver operating curve; CEST, chemical exchange
saturation transfer; CSC, cervical squamous carcinoma; D, true molecular diffusion coefficient; DKI, diffusion kurtosis imaging; DS, direct water saturation; DWI,
diffusion weighted imaging; EA, endometrial adenocarcinoma; EC, endometrial carcinoma; HCC, hepatocellular carcinoma; IVIM, intravoxel incoherent motion
imaging; MK, mean kurtosis; MRI, magnetic resonance imaging; MTC, magnetization transfer contrast; MTRuym,, asymmetry of magnetization transfer ration; PCa,
prostate cancer; pH, potential of hydrogen; rNOE, nuclear Overhauser effect-relayed; 3D, three-dimensional.
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artifacts, minimal interference from fat, and a broader field of view,
abdominal imaging encounters numerous challenges. Nevertheless, re-
searchers have successfully applied APTw imaging to enhance the
evaluation of abdominal diseases, achieving promising outcomes in liver
lesions, prostate cancer (PCa), and cervical cancer [5,19-22]. To the
best of our knowledge, a comprehensive overview of the state of
research on abdominal applications using APTw imaging is notably
absent in the literature. This review aims to bridge this gap by delving
into the fundamentals of APTw imaging, providing a systematic sum-
mary of its applications in abdominal imaging (Fig. 1 and Table 1), and
shedding light on the associated technical challenges and future
prospects.

2. Principles and methods for APTw imaging
2.1. Basic principles

APTw imaging is a molecular imaging modality based on the CEST
approach, the basic principle of which is shown in Fig. 2a. A two-pool
exchanging model, consisting of a small solute pool from bound water
and a large water pool from bulk water, forms the foundation of APTw
imaging [23]. The saturation-labeled solute protons can transfer
magnetization to unsaturated water when radiofrequencies are multi-
irradiated with a resonance frequency corresponding to the particular
solute protons. This process causes a drop in the immediately visible
water signal, contributing to the minimal detectable concentration
reaching toward micromolar levels [8,9]. Notably, the exchange rate of
solute proton to water proton needs to be quick enough, and the spin
lattice relaxation time of water needs to be sufficiently long [24]. Parts

Liver:

1. Differentiating focal liver lesions [21]
2. Predicting HCC histologic grade
[59-61]

3. Risk stratifcation of children
abdominal tumors [62]

4. Staging liver fbrosis [63]

Pancreas:

1. Evaluating treatment effects [64]

2. Monitoring tumor microenvironment
[65]

Ovary:
1. Differentiating ovarian cystic lesions
[79-81]

Uterine Cervix:

1. Evaluating histological features of
cervical carcinoma [20, 84, 85]

2. Differentiating cervial lesions [22,
82, 83]

3. Predicting lymph node metastasis
[86]

Magnetic Resonance Imaging 107 (2024) 88-99

per million (ppm) is utilized to represent the offset from resonance
frequency of free water proton to that of particular solute proton which
can remain constant in various B fields [5]. Numerous proteins and
peptides at roughly the same frequency as amide protons can influence
the assessment of amide group within in vivo MRI, leading to a large
composite resonance achieving an overall proton concentration of about
50-100 mM [3].

2.2. APTw imaging acquisition

The CEST effects are often assessed by using the Z-spectrum, depicted

in Fig. 2b as a function of irradiation frequency with S“"S—(OA“’) using the

bulk water resonant frequency as a zero-frequency reference. Here, Sy
represents the unsaturated water signal, and Sy (A®w) represents the
water signal during saturation at a frequency offset of Aw from the zero-
frequency. An asymmetry analysis method of the Z-spectrum was pro-
posed for mitigating the effect of direct water saturation (DS) and con-
ventional semisolid magnetization transfer contrast (MTC) on in vivo
APT imaging, as DS is symmetrical concerning the zero-frequency and
MTC is symmetrical for the most part [25]. This approach employs the
asymmetry of magnetization transfer ratio (MTRgsm) as a proxy of signal
intensity across different proton groups, where MTR is the sum of all
solute proton saturation effects at a specific frequency offset:
MIR(Aw) = 1 — S (A®)
So

The APT effect of MTR asymmetry analysis is illustrated as follows,

given the amide proton resonance frequency at an offset of 3.5 ppm [3]:

Kidney:

1. Evaluating renal impairment in CKD
[73]

2. Evaluation of fat supression
performance in renal tranplant patients
[58]

Rectum:

1. Predicting tumor treatment
response [66, 67]

2.A ing tumor p53 and Ki-67
expression [70]

3. Evaluating tumor prognostic factors
[71,72]

Prostate:

1. Diagnosing PCa [19, 74-77]

2. Predicting bone metastasis in PCa
patients [78]

Uterus Corpus:

1. Evaluating the menstrual cycle
phases [87]

2. Differentiating malignancy from
benign lesions [88, 96, 97]

3. Differentiating histological features
[89-92, 94, 95, 98]

4. Risk stratifcation of early-stage EC
[93, 99]

\4

Fig. 1. The application of APTw imaging in the abdomen.
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Table 1
Summary of selected APTw imaging studies in abdomen.
Reference Publication Study design®  Population Sample Task AUC of APTw
year size imaging
Liver
Seo et al. [21] 2021 Retrospective HCC, hemangioma, metastasis, cyst, 79 Lesion differentiation
ICC, FNH
Wu et al. [59] 2020 Prospective HCC 88 Histologic grade prediction 0.890
: P gic grace p (0.805-0.947)
Lin et al. [60] 2019 Prospective HCC 32 Histologic grade prediction 0.814
: P gic gradep (0.637-0.929)
Wu et al. [61] 2020 Prospective HCC 88 Histologic grade prediction 0.890
: P gic grace p (0.805-0.947)
Jia et al. [62] 2022 Prospective Pediatric abdominal tumors 57 Preoperative risk stratification 0.58-0.93
Llr[l:;l;lm etal. 2021 Prospective Male C57Bl/6 mice 8 Quantitative fibrosis estimation
Pancreas
M?zc:;ey etal. 2020 Prospective PDA mice 18 PFUS treatment effects assessment
Vohra et al. [65] 2022 Prospective Advanced PDA mice 24 Tumor micro-environment assessment
Rectum
Locally ad d rectal
Nishie et al. [66] 2019 Retrospective ocally a Yance recta 17 Treatment response prediction 0.87
adenocarcinoma
. Locally advanced rectal L 0.824
Chen et al. [67] 2021 Retrospective adenocarcinoma 53 Treatment response prediction (0.694-0.915)
Lietal. [70] 2020 Retrospective ~ Rectal adenocarcinoma 43 p53 and Ki-67 expression prediction 0.757-0.920
. . . . 0.890
Chen et al. [71] 2021 Retrospective  Rectal adenocarcinoma 61 Pathologic features prediction (0.784-0.956)
Lietal [72] 2021 Retrospective ~ Rectal adenocarcinoma 110 Pathologic features prediction 0.737-0.921
Kidney
hronic ki i health,
Juetal. [73] 2022 Prospective Chronic kidney disease, healthy 55 Renal impairment evaluation 0.807-0.991
volunteers
Stabinska et al. . . . .
[58] 2022 Prospective Renal transplant patients 14 Evaluation of fat suppression performance
Prostate
Guo et al. [19] 2022 Prospective PCa, BPH 140 Lesion differentiation 0.812
: P g (0.735-0.888)
Yin et al. [74] 2021 Retrospective ~ PCa, BPH 100 Lesion differentiation 0.877
. P N (0.832-0.968)
Jia et al. [75] 2011 Prospective PCa 12 PCa and benign area differentiation
Yang et al. [76] 2023 Retrospective ~ PCa, BPH, prostatitis 79 Lesion differentiation 0.710-0.780
0.878
i L. [77 202 P i P 1 P i
Qin et al. [77] 023 rospective Ca 80 csPCa detection (0.819-0.918)
Hu et al. [78] 2023 Retrospective PCa 39 Bone metastasis prediction 0.719
Ovary
Ishimatsu et al. . . . . . . . .
[79] 2019 Prospective Benign ovarian cystic lesions 18 Lesion differentiation 0.65-0.94
Li et al. [80] 2023 Retrospective  Ovarian cystic lesions 42 Lesion differentiation 0.910
Yu et al. [81] 2023 Retrospective Ovarian masses with cystic 46 Lesion differentiation 0.927-0.935
components
Uterine Cervix
Meng et al. [20] 2020 Retrospective ~ CA, CSC 112 Pathological features differentiation 0.588-0.816
He et al. [22] 2019 Prospective Cervical cancer, healthy volunteers 113 C.ervmal C ar.lcer and normal stroma 0.927
differentiation
Li et al. [82] 2023 Prospective  CA, CSC 88 CSCand CA differentiation; high—/low-level - ;g ;o7
CSC differentiation
. CSC and CA differentiation; high—/low-level 0.756
Meng et al. [83] 2019 Retrospective CA, CSC 76 CSC differentiation (0.609-0.904)
Li et al. [84] 2019 Prospective CSC 31 Histologic grade prediction 0.848-0.876
Hou et al. [85] 2022 Prospective CsC 46 Histologic grade prediction 0.871-0.883
: : . . 0.763
Xu et al. [86] 2023 Retrospective ~ Cervical cancer 69 Lymph node metastasis prediction (0.645-0.857)
Uterus Corpus
ional i . . 1
Zhang et al. [87] 2019 Prospective Healthy volunteers 20 Uterus signal intensities during the menstrua

90

cycle

(continued on next page)
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Table 1 (continued)

Reference Publication Study design®  Population Sample Task AUC of APTw
year size imaging
) . EA, leiomyoma, adenomyosis, . . -
Li et al. [88] 2021 Prospective 125 Lesion differentiation 0.870-0.905
healthy volunteers
Li et al. [89] 2021 Prospective Stage  EC 22 Ki-67 expression prediction 0.768
Tian S, et al. 2023 Retrospective  EC 47 p§3 abn(?rn.lal and p53 wild-type EC 0.739
[90] differentiation
Li et al. [91] 2023 Retrospective ~ EC 54 Her-2 Gene Expression 0.824
. P P (0.696-0.914)
Li et al. [92] 2021 Prospective EA 35 dMMR and pMMR tumor differentiation 0.778
- ; S e 0.768
Meng et al. [93] 2021 Prospective Stage  EC 80 Preoperative risk stratification (0.660-0.855)
. Histologic grade prediction; Ki-67 expression ~ 0.782
Fu et al. [94] 2022 Prospective EA 90 prediction (0.683-0.862)
chg]l etal. 2022 Prospective EC 33 Type I and type II EC differentiation ?0862667— 0.985)
. . . Stage Ia EC and endometrial polyp 0.850
Tian et al. [96] 2023 Retrospective  EC, endometrial polyp 32 differentiation (0.719-0.936)
Meng et al. [97] 2023 Retrospective  EC, endometrial polyp 53 SFage I_H. EC and endometrial polyp 0.798
differentiation
Ma et al. [98] 2022 Retrospective ~ EC 34 Microsatellite instability prediction 0.894
Jin et al. [99] 2022 Retrospective ~ Stage I EC 72 Risk factors prediction 0.748-0.828

Abbreviation: APTw: amide proton transfer-weighted; AUC: areas under the receiver operating curve; ICC: intrahepatic cholangiocarcinoma; FNH: focal nodular
hyperplasia; PDA: pancreatic ductal adenocarcinoma; pFUS: pulsed focused ultrasound; HCC: hepatocellular carcinoma; PCa: prostate cancer; csPCa: clinically sig-
nificant prostate cancer; BPH: benign prostatic hyperplasia; CA: cervical adenocarcinoma; CSC: cervical squamous carcinoma; EA: endometrial adenocarcinoma; EC:
endometrial carcinoma; Her-2: human epidermal growth factor receptor-2; dMMR: mismatch repair deficiency; pMMR: mismatch repair proficient; EEA: endometrioid
endometrial adenocarcinoma.

@ All studies were single center.

Ssar(+3.5ppm)

MTR=
APT
+DS
+MTC

a
Open circle: Tumor; Diamond: Peritumoral edema; Solid circle: Normal brain
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Fig. 2. a: CEST/APT detection enhancement principle. The small pool (s) reflects dilute exchangeable amide protons (at ~ 3.5 ppm downfield of the water reso-
nance) of mobile proteins, and the large pool (w) reflects bulk water protons. The radiofrequency irradiation selectively saturates/labels exchangeable protons in
pool s, which subsequently exchange with unsaturated protons of pool w (rate kg,). b: Z-spectra and MTRasym spectra for tumor, peritumoral edema, and
contralateral normal brain tissue in a 9 L tumor rat brain model (n = 5). Compared with the peritumoral edema and contralateral normal brain tissue regions, there is
a substantial increase in the tumor MTRasym over the 2-3.5 ppm offset range. Reproduced with permission from Zhou et al, Magn Reson Med 2003;50:1120-1126
and Zhou et al, J Magn Reson Imaging 2019;50:347-364.

MTR (3.5 ppm) = MTR(3.5 ppm) — MTR( — 3.5 ppm) where APTR denotes the amide proton transfer ratio, namely pure APT

S (= 3.5 ppm) — S, (3.5 ppm) signals [23]. The term “APTw imaging” was suggested by Zhou et al.

n So [26] to replace “APT imaging” due to the representation of composite

= APTR + MTR.,,, (3.5 ppm), resonance effects at around 3.5 ppm other than APTR by
91
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MTRasym/(B.S ppm). The nuclear Overhauser effect-relayed (rNOE) ex-
change of aliphatic proton (at —3.5 ppm) is primarily responsible for the
contributions of MTRasym'(B.S ppm) [27-30] and the MTC effect’s
inherent asymmetries [31]. Furthermore, a number of methods have
recently emerged for extracting pure APT signals, including multi-pool
Lorentzian fitting [32,33], voxel-wise optimization of pseudo-Voigt
profile [34] and MTRgex [35].

2.3. Challenges in abdominal APTw imaging

APTw imaging, the sole commercial CEST imaging protocol on 3
Tesla MR scanners, has been used in about half of the investigations for
the quantitative measurements of amide protons resonance effect [15].
However, this technique meets several inherent and unresolved issues in
abdomen, such as time consuming and susceptibility to inhomogeneous

a
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Bo and B;. In addition, motion artifacts and fat interference due to the
rNOE exchange effect are also notable. However, it is exciting to see that
some workable solutions have been put out with persistent effort.

Currently, there are two main ways to shorten scan time of APTw
imaging. Firstly, APTw imaging can be combined with certain tradi-
tional fast imaging techniques, such as gradient- and spin-echo and
turbo-spin-echo [36,37]. Secondly, decreasing the number of k-space
acquisitions is also a promising way that can be implemented by tech-
niques such as variably-accelerated sensitivity encoding, spectroscopy
with linear algebraic modeling, recurrent feature sharing reconstruction
network and so on [38-45]. Nevertheless, the actual acquisition time
reduction and special variant noise amplification in parallel imaging
need to be solved [38].

Since APTw imaging acquisition and quantitative analysis are highly
sensitive to By and By, corrections for By and B are imperative. The By

2

R S 3
tmEaepn g g -

L g :

L ' L L L
50 100 150 200 250 300

Fig. 3. Amide proton transfer weighted (APTw) imaging in a 78-year-old man with a hepatocellular carcinoma (HCC) and in a 61-year-old woman with hepatic
metastases from colon cancer. a: Contrast-enhanced T1-weighed image obtained during the late arterial phase shows a 6.6-cm HCC (arrow) in the liver segment 6. b:
On the corresponding APTw map, the magnetization transfer ratio asymmetry (MTRsr,) values of HCC and the background liver were — 7.23% and — 5.42%,
respectively. c: Contrast-enhanced T1-weighed image obtained during the portal venous phase shows a 4.2-cm metastasis (arrow) in the liver segment 6. d: The
corresponding APTw map shows an elevated MTR s, value for metastasis (0.42%) than the averaged MTRusm of three region of interests in the background liver
(—1.98%). Reproduced with permission from Seo et al., Eur Radiol 2020; 31: 222-231.
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shift map could be obtained through various methods, including the use
of frequency-stabilized CEST imaging sequence [46], CEST-Dixon im-
aging sequence [47] fitted from a water saturation shift referencing
method [48] or the interpolated Z-spectra, or employing three-
dimensional (3D) fast spin-echo Dixon APTw imaging with self-
generated By [49]. Corrections for By can be achieved through several
methods, such as the Bloch-Siegert shift method [50], simultaneous
mapping of water shift and B; [51], and other innovation techniques
[52-56].

Fast image readout method was employed in abdominal APTw im-
aging in order to reduce motion-relation artifacts, such as echo planar
imaging and fast imaging with steady-state precession [15]. Even
though non-geometry-specific 3D saturation pulse can help amide pro-
tons saturation process without much motion effect, the water readout is
significantly impacted. Utilizing volumetric navigators proves beneficial
for real-time motion correction in CEST [57]. Eventually, it’s worth
noting that respiratory triggering and holding breath are still essential
for minimizing motion-relation artifacts in clinical settings. When it
comes to fat interference, the most popular techniques for fat suppres-
sion are chemical shift-based techniques, like frequency-specific exci-
tation pulses for water imaging and CEST-Dixon imaging sequences
conducting water-fat separation and By, mapping [47,58].

3. Application of APTw imaging in abdomen
3.1. APTw imaging in digestive system

3.1.1. Liver

Recent investigations have delved into the application of APTw im-
aging in liver studies, revealing valuable insights. Seo et al. explored the
feasibility of liver APTw imaging and its efficacy in characterizing focal
liver lesions across 203 patients [21]. Their findings demonstrated that
liver metastasis exhibited higher APTw value than hepatocellular car-
cinoma (HCC) (Fig. 3). Notably, technical success was achieved in only
62.1% of the scans.

Beyond lesion characterization, APTw imaging emerges as a prom-
ising tool for predicting the histological grade of HCC. Several studies
compared the APTw imaging with diffusion weighted imaging (DWI),
diffusion kurtosis imaging (DKI) and intravoxel incoherent motion im-
aging (IVIM), and evaluated the diagnostic accuracy of APTw values
against various parameters [59-61]. Results revealed the area under the
receiver operating characteristic curves (AUC) for APTw values (AUC =
0.814-0.890) significantly surpassed DKI- and IVIM-derived parameters
(AUC = 0.713-0.765) and marginally exceeded DWI-derived parame-
ters (AUC = 0.745). In a study by Jia et al. [62] enrolled 57 children with
abdominal tumors, APTw values successfully differentiated high-risk
from low-risk neuroblastoma patients, but proved infeasible for dis-
tinguishing Wilms’ tumors and hepatoblastomas patients.

Exploring the realm of liver fibrosis, Lindquist et al. [63] investigated
the relationship between APTw values and the degree of fibrosis in a
mouse model induced by CCly administration. In vivo experiments
demonstrated a modest correlation between the APTw values and his-
tological results (r = 0.5-0.55), highlighting its potential value for
noninvasive detection of chronic liver disease and potential staging.
Nonetheless, further research in humans is imperative to validate and
extend these promising findings.

3.1.2. Pancreas

As of now, the assessment of pancreatic states within the human
body through APTw imaging remains an unexplored frontier, with only
two relevant animal studies to date. Maloney et al. observed a significant
enhancement in mean MTR and APTw values in genetically modified
KrastSt-6120/+  Tpp53lSLRIZ2H/A - cre mouse models with pancreatic
ductal cancer following pulsed focused ultrasound treatment [64]. In a
separate study, Vohra et al. utilized quantitative multi-parametric 14
Tesla MRI to assess the tumor microenvironment in Kras"S-¢12D/ *

93
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Trp53SiR172H/% " cre mouse models with advanced pancreatic ductal
adenocarcinomas [65]. Their findings revealed a moderate association
between tumor volume and glycosaminoglycan-CEST (r = 0.51) and
MTR (r = 0.60), albeit not with APTw values (r = 0.28). In summary,
while APTw imaging and the CEST technique exhibit potential for
assessing therapeutic efficacy and tumor microenvironments, further
investigations in human subjects are imperative to validate and expand
upon these promising insights.

3.1.3. Rectum

For the prediction of neoadjuvant chemoradiotherapy response in
patients with locally advanced rectal cancer, Nishie et al. observed that
the APTw value in the low-response group was significantly higher than
that in the high-response group [66]. In addition, the results of the study
by Chen et al. demonstrated combining pre-treatment APTw and
apparent diffusion coefficient (ADC) values resulted in significantly
improved diagnostic performance compared to ADC values alone [67].
Notably, APTw imaging offers advantages over DWI as it is sensitive to
the mucin and the acidic extracellular pH in rectal cancer, factors
influencing the response of neoadjuvant chemoradiotherapy [66,68,69],
and exhibits high reproducibility due to its higher spatial resolution
compared to DWIL.

In the pursuit of diagnostic and prognostic biomarkers, Li et al. [70]
found that the APT mean signal intensity had superior diagnostic ability
compared to the ADC mean in predicting different p53 and Ki-67 status
of rectal adenocarcinoma (AUC = 0.757 and 0.920, respectively). A
prospective study by Chen and colleagues, involving 61 patients with
rectal adenocarcinoma undergoing 3D APTw imaging, indicated a sig-
nificant positive correlation between mean APTw values and WHO
grades (r = 0.550) [71]. Furthermore, mean APTw values exhibited the
best performance, with 92.31% sensitivity and 79.17% specificity, for
identifying low-grade and high-grade rectal adenocarcinoma compared
to other image biomarkers. Another study by Li et al. [72] revealed
significantly higher APTw values in WHO high-grade rectal adenocar-
cinoma compared to the low-grade group (2.668 + 0.638% vs. 2.226 +
0.347%). Furthermore, they observed a significant difference in APTw
values between mucinous adenocarcinoma and common adenocarci-
noma (3.192 + 0.661% vs. 2.333 + 0.471%). In conclusion, APTw im-
aging exhibits promising potential in predicting pathological prognosis-
affecting characteristics and treatment response in rectal tumors.
However, further research is essential to validate its accuracy in pre-
dicting recurrence and overall survival.

3.2. APTw imaging in Genito-urinary system

3.2.1. Kidney

The application of APTw imaging in kidney diseases is still in its
infancy. Ju et al. examined the use of APTw imaging in evaluating renal
function, involving 30 chronic kidney disease patients and 25 healthy
volunteers [73]. Their findings indicated that cortical and medullary
APTw values increased with worsening renal impairment, and the APTw
values in the right renal cortex and medulla significantly correlated
negatively with glomerular filtration rate (r = —0.80 and — 0.83).
Additionally, Stabinska et al. validated the performance of two-point
Dixon-based CEST imaging for fat suppression in an egg-phantom and
14 renal transplant recipients [58]. This method demonstrated the
ability to obtain more accurate quantification of the APTw signal in the
transplanted kidney patients. These observations suggested that APTw
imaging holds promise as a novel method for non-invasively assessing
renal function and impairment in the future.

3.2.2. Prostate

In the realm of PCa diagnosis and correlation with the Gleason Score,
Yin et al. conducted a study enrolling 49 PCa patients and 51 patients
with benign prostatic hyperplasia [74]. Their results demonstrated that
the APTw value effectively distinguished PCa from benign prostatic
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hyperplasia, achieving an AUC of 0.877. Moreover, it exhibited a
moderate correlation with the Gleason score (r = 0.640). Another study
by Guo et al. [19] (Fig. 4) revealed significant differences in APTw
values among stromal, hyperplastic, and cancerous areas in the prostate.
The APTw value (OR = 12.18) and 1/ADC (OR = 703.87) were inde-
pendent predictors for distinguishing transition zone PCa from benign
prostatic hyperplasia. Consistent findings in other studies further sup-
ported APTw imaging’s efficacy, with AUCs ranging from 0.710 to 0.780
for differentiating PCa from benign prostate lesions [75,76]. Moreover,
Qin et al. demonstrated the ability of APTw imaging to differentiate PCa
grades with a sensitivity of 61.1% and specificity of 81.0% [77].
Expanding its utility, APTw imaging showed promise in predicting bone
metastasis of PCa. The APTw value was significantly higher in the bone
metastasis-positive group than in the bone metastasis-negative group
(median = 2.65 vs. 2.48) [78].
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3.2.3. Ovary

To evaluate the potential of APTw imaging for discriminating be-
tween various benign ovarian cystic lesions with different pre-saturated
pulse durations, Ishimatsu et al. [79] gathered 19 observations from 18
patients. Notably, when pre-saturated pulse duration was 2.0 s, serous
cystadenoma, mucinous cystadenoma and functional cyst exhibited
significant differences, suggesting that APTw imaging might provide an
early diagnosis of ovarian cystic lesions with the longer pre-saturation
pulse. In a study by Li et al. involving 42 patients, the value of APTw
imaging in identifying ovarian endometriotic cysts from other ovarian
cystic lesions was assessed [80]. The results indicated that APTw im-
aging demonstrated excellent diagnostic efficacy in distinguishing
ovarian endometriotic cysts from other ovarian cystic lesions, achieving
an impressive AUC of 0.910. Additionally, Yu et al. also investigated the
performance of APTw imaging in the differentiation between benign and
malignant ovarian masses with cystic components. Their findings

Fig. 4. Examples of the definition of the regions of interest (orange circle) for quantitative analyses. Row (a): T2WI image, row (b): APTw image with T2WI overlay,
row (c): ADC image, row (d): T2*-weighted image with T2WI overlay, row (e): corresponding pathological pictures (magnification = 200) with the main pathologic
features were marked (arrow). 1(a—e), glandular benign prostatic hyperplasia. Lesion appeared hyperintense on T2WI, APTw = 2.40%, ADC = 1.03 x 10~> mm?/s,
T2* = 56.48 msec. 2(a—e), stromal benign prostatic hyperplasia. Lesion appeared hypointense on T2WI, APTw = 2.90%, ADC = 0.82 x 10~3 mm?/s, T2* = 44.78
msec. 3(a—e), transition zone prostate cancer. Lesion appeared hypointense on T2WI, APTw = 3.20%, ADC = 0.77 x 10~3 mm?/s, T2* = 39.64 msec. Reproduced

with permission from Guo Z et al, J Magn Reson Imaging 2022; 56:1311-19.
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revealed significant differences in APTw values of cystic regions be-
tween the two groups [81].

3.2.4. Uterine cervix

In the realm of cervical cancer detection, He et al. conducted an
analysis of APTw images from 49 healthy individuals and 52 patients
with cervical lesions [22]. Their findings demonstrated the majority of
cases had good APTw image quality and the APTw imaging effectively
differentiated cervical cancer from normal cervical stroma, with an AUC
of 0.927. Subsequent studies [20,82,83] utilizing the APTw value
showed moderate to good diagnostic performance in differentiating
cervical adenocarcinoma and squamous cell carcinoma (AUC =
0.708-0.799). Notably, Meng et al. [20] reported that mean kurtosis
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(MK) exhibited superior performance (AUC = 0.882) compared to the
APTw value (Fig. 5), a trend also observed in Li’s study [82]. The Pre-
diction of the pathological grade of cervical squamous cell carcinoma
was a subject of extensive investigation [20,22,82-85]. These studies
collectively found that the APTw value could differentiate low-grade
and high-grade tumor with moderate to good performance (AUC =
0.731-0.883). Hou et al. [85] demonstrated the combination of APTw
imaging, DWI and DKI was the most efficient method for identifying
different grades in their study. Regarding the prediction of lymph node
metastasis in cervical cancer, Xu et al. [86] observed APTw imaging
demonstrated effective ability in identifying positive and negative
lymph node metastasis, achieving an AUC of 0.763. However, predicting
the International Federation of Gynecology and Obstetrics stage was

-
o W

o R,

Fig. 5. (a—f) Female, 55 years, with staging IV, G3 CSC, apparent kurtosis coefficient = 0.943, non-Gaussian diffusion coefficient = 0.832 x 10~ mm?/s, MTRsym
(3.5 ppm) = 3.39%; (g-1) female, 66 years, with staging IB,G2 cervical adenocarcinoma, apparent kurtosis coefficient = 0.721, non-Gaussian diffusion coefficient =
1.06 x 1072 mmz/s, MTR 5y, (3.5 ppm) = 3.16%. In these images, (a/g) are DKI original images, (b/h) are apparent kurtosis coefficient pseudocolored maps, (c/i)
are non-Gaussian diffusion coefficient pseudo-colored maps, (d/j) are APTw imaging original images, (e/k) are MTRusym (3.5 ppm) pseudocolored maps, and (f/1) are
pathological images. Reproduced with permission from Meng et al., Eur Radiol 2020; 30: 5758-5767.
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relatively difficult in current studies. The result of Meng et al. [20]
revealed the MK was superior to the APTw value in differentiating
advanced- and early-stage cervical cancer (AUC = 0.671 and 0.588,
respectively). These findings collectively underscore the potential of
APTw imaging as a valuable tool in various aspects of cervical cancer
diagnosis and prognosis.

3.2.5. Uterus corpus

In the realm of abdominal studies utilizing APTw imaging, endo-
metrial diseases have emerged as a pivotal focus. Zhang et al. [87] un-
covered that APTw values exhibit variation in correlation with the
menstrual cycle in healthy women of childbearing age.

Moreover, Li et al. observed significantly higher APTw values in
endometrial adenocarcinoma (EA) compared to leiomyoma, adeno-
myosis and normal uterine myometrium [88]. This finding suggests that
APTw imaging holds promise as a potential image biomarker for
detecting and characterizing endometrial lesions. In a related study, Li
et al. compared the capabilities of APTw imaging and IVIM for differ-
entiating Ki-67 proliferation status in type I EC. APTw values of the high-
proliferated Ki-67 group were significantly higher compared to the low-
proliferated Ki-67, whereas no difference was observed using IVIM [89].
Analyzing 46 EC patient data, Tian et al. demonstrated APTw imaging
could differentiate p53 abnormal from p53 wild-type EC, achieving an
AUC of 0.739 [90]. Furthermore, Li et al. [91] utilized APTw imaging to
estimate human epidermal growth factor receptor-2 expression in EC,
concluding that it could be used to preoperatively assess the human
epidermal growth factor receptor-2 expression (AUC 0.824),
contributing to more precise clinical treatment. APTw imaging and DWI
were employed by Li et al. to evaluate the differences between mismatch
repair deficient and proficient tumors in EA [92]. The APTw value was
significantly higher in the deficient group than in the proficient group,
while no significant differences were observed in ADC values. Meng
et al. prospectively evaluated risk stratification in early-stage EC using
APTw imaging and multiple DWI models [93]. They found that the low-
risk group exhibited significantly lower perfusion fraction, MK and
APTw values. The combination of APTw value, true molecular diffusion
coefficient (D) and MK distinguished between low- and non-low-risk
groups better than any single parameter (AUC = 0.958). Fu et al.
discovered that APTw value and D were independent predictors for
differentiating low- and high-grade EA, with a combined AUC (APTw
value + D) of 0.892 [94]. Ochiai et al. [95] discovered that the
maximum APTw value could differentiate type I and II EC, with an AUC
of 0.826. For identifying early-stage EC and endometrial polyps, Tian
et al. [96] and Meng et al. [97] found APTw imaging to be a valuable
tool, with AUCs ranging from 0.798 to 0.850. Ma et al. demonstrated
that combination of APTw value and pseudo-diffusion coefficient ach-
ieved the best diagnostic performance (AUC = 0.973), surpassing the
individual parameter for differentiating microsatellite stabilization and
instability groups [98]. Additionally, Jin et al. identified APTw value,
mean diffusivity, and MK as independent risk predictors for stage I EC
[99]. The combination of all these parameters yielded the best perfor-
mance, reaching an AUC of 0.906, a sensitivity of 71.0%, and a speci-
ficity of 92.7%. These cumulative findings underscore the diverse
applications and diagnostic potential of APTw imaging in the landscape
of uterine corpus diseases.

4. Difficulties and future prospects of APTw imaging

Despite the promising results demonstrated in abdominal studies
utilizing APTw imaging, several challenges persist, necessitating reso-
lution. These challenges include ambiguity in interpreting results,
lengthy scan time, correction for By and B; inhomogeneity, and the
elimination of artifacts.
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4.1. Interpretability of results

Although it is well established that some aggressive tumors exhibit
hyperintense and some ischemic tissues exhibit hypointense on APTw
images, the interpretation of these images cannot solely be attributed to
the concentration of mobile proteins and peptides or the low pH.
Notably, the absence of uniform standards across vendors and guidelines
for abdominal APTw imaging has led to variations in observed APTw
values among studies, resulting in contradictory outcomes. Further-
more, the APTw signal is influenced by numerous components beyond
the desired APT signal, complicating result interpretation. The impact of
contributions from both the downfield and upfield sides of the Z-spec-
trum adds to the complexity. To address this challenge, practical tech-
niques have been proposed for extracting the pure APT signal, including
multi-pool Lorentzian fitting [32,33] and other techniques [34,35]. In
summary, the urgent establishment of standardized criteria for APTw
imaging across diverse tissues and organs is imperative to enhance the
consistency and reliability of interpretation. This standardization will
contribute significantly to the clarity and comparability of APTw im-
aging results in abdominal studies.

4.2. Time consuming

The protracted duration of APTw imaging poses a significant chal-
lenge for its clinical utility, prompting a need for comprehensive in-
vestigations into time reduction strategies. Two principal avenues have
been explored to curtail scan time: by incorporating traditional fast
imaging techniques and by decreasing the number of k-space acquisi-
tions during the APTw imaging process. A recent advancement in this
realm is the introduction of a quick and segmented 3D echo-planar
imaging with incoherent undersampling in k-space 3D steady-state
CEST MRI [43]. This innovative approach employs model-based
reconstruction and spectral analysis to predict missing signals and
CEST-specific spectral images collaboratively, mitigating the need for
complete observations and thus reducing acquisition time. Another
strategy involves a fast acquisition technique that combined the multiple
interleaved mode saturation with fast online-customized parallel
transmission excitation pulses and By ; correction. This method aims to
swiftly obtain homogeneous whole-brain coverage, enhancing the effi-
ciency of the imaging process [44]. Additionally, a novel approach
based on periodically rotated overlapping parallel lines enhanced
reconstruction acquisition and deep neural network has been proposed
to shorten acquisition time [45].

4.3. The inhomogeneity of By and B;

Due to a wider field of view and more diverse tissue composition in
body imaging compared to brain imaging, the inhomogeneous problems
of By and B; are more difficult to solve. The APTw value’s sensitivity to
variations in BO and B1 fields exacerbates the challenges in maintaining
imaging quality. Bo inhomogeneity, impacting the position of bulk water
resonance, introduces complexities in APTw imaging, ultimately
causing potential inaccuracies in APTw value measurements. Concern-
ing the B, field, the MTC asymmetry within tissues significantly in-
fluences the APTw value at low B; fields. Conversely, the APT effect
dominates at high B; fields [15,100]. This diversity in B; fields com-
plicates the interpretation of APTw imaging, as the APTw value is
influenced differently under varying B; conditions. A noteworthy
observation by Zhou et al. [100] indicated that, despite significant dif-
ferences in signal origin across studies conducted at different B; fields,
the discrepancy of APTw values between malignancies and normal tis-
sue remain consistent, with some academics evaluating that the out-
comes of APTw imaging was a coincidental symbiotic effect [2].
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4.4. Artifacts

The potential sources of artifacts in abdominal imaging are more
varied than those in brain imaging, including interference from fat or
air, physiological organ movement during imaging (such as normal
breathing, and intestine peristalsis) and even errors brought by
menstruation [87]. The broader field of view utilized in abdominal
imaging amplifies the risk of By inhomogeneity, further compromising
image quality and increasing the likelihood of artifact generation. While
some techniques for artifact removal have been mentioned earlier, there
remains a need for enhanced methods with improved usability and
correction efficacy.

5. Conclusion

In conclusion, APTw imaging, an evolution of CEST molecular MRI
technology, generates image contrast based on amide protons in
endogenous tissue, eliminating the need for external contrast agents.
Despite notable achievements, the applications of APTw imaging in
abdomen is relatively limited, with only a handful of studies surpassing
100 participants. Several challenges impede APTw imaging’s clinical
efficacy in abdominal applications, including issues related to imaging
interpretability, extended scan times, artifacts, and the inhomogeneity
of By and B; fields. Addressing these challenges demands further
exploration, emphasizing sequence optimization, standardized inter-
pretation criteria, and promoting multi-center studies to enhance
reproducibility and reliability in abdominal imaging. Consequently,
APTw imaging holds significant promise as a clinical solution across
various abdominal applications, provided these challenges are system-
atically addressed and overcome through continued research and
development efforts.
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