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Abstract
Amide proton transfer (APT) imaging is an emerging molecular magnetic resonance imaging technique based on chemical 
exchange saturation transfer (CEST). APT imaging has shown promise in oncologic imaging, especially in the imaging of 
brain tumors. This review article illustrates the theory of CEST/APT imaging and describes the clinical utility, pitfalls, and 
potential for future development of APT imaging.
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Introduction

Histopathological examination has been considered the 
gold standard for the diagnosis of tumors, and molecular 
and genetic information has become increasingly incorpo-
rated into this diagnostic approach [1]. However, in clinical 
settings, non-invasive imaging diagnosis greatly contributes 
to every aspect of management. Magnetic resonance (MR) 
imaging plays a particularly important role in diagnosing 
central nervous system (CNS) tumors, as it provides higher 
lesion-to-normal contrast than computed tomography. Con-
ventional MR imaging techniques, such as T2-weighted 
imaging, fluid-attenuated inversion recovery (FLAIR) 
imaging, and contrast-enhanced T1-weighted imaging, offer 
important information for characterizing tumors. Moreover, 
quantitative imaging biomarkers derived from advanced MR 
imaging techniques, such as diffusion-weighted imaging and 
perfusion imaging, have proven useful in further character-
izing tumors on the basis of microstructure and vasculari-
zation [2–5]. Nevertheless, these methods have sometimes 
resulted in conflicting results or overlap in measured values. 
Thus, new imaging methods with greater specificity to tumor 
biology are desired.

Chemical exchange saturation transfer (CEST) is a novel 
MR imaging contrast technique that relies on the molecu-
lar characteristics of the sample [6]. Amide proton transfer 
(APT) imaging is an emerging CEST-based MR imaging 
technique [7] that is sensitive to mobile proteins and pep-
tides in the tissue. APT imaging has become increasingly 
recognized as a promising imaging modality for tumors. 
This review article illustrates the fundamental principles of 
CEST and APT, describes the utility and pitfalls of APT 
imaging in oncology, and finally discusses future directions 
for its application.

Theory of CEST and APT

Figure 1 illustrates the basic principle of CEST. CEST is 
based on the transfer of saturation between solute mol-
ecules and water molecules via chemical exchange; in this 
transfer, a proton physically moves back and forth between 
the solute and the solvent (water). The solute proton has 
a resonance frequency different from that of water but is 
invisible with conventional MR imaging because of the very 
low solute concentration (typically on the order of millimo-
lar). The exchangeable protons of the solute are saturated 
via a selective saturation radio frequency (RF) pulse at the 
solute frequency. The saturation is transferred to the bulk 
water via chemical exchange, thereby decreasing the mag-
netization and signal of the water. The saturation transfer 
continues during irradiation by the saturation pulse, result-
ing in a build-up of saturation in the bulk water pool. This 
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amplification mechanism allows for the indirect observation 
of low-concentration solutes.

Figure 2 shows the Z-spectrum, which is a plot of the 
bulk water signal intensity against different saturation pulse 
offset frequencies. The water signal is strongly suppressed 
at 0 ppm, which is the water resonance frequency, because 
of direct saturation. The CEST effect is usually observed as 
a small dip in the spectrum at the specific frequency of the 
solute protons.

The proton exchange rate must be slow enough to enable 
the selective saturation of the solute protons but fast enough 
to induce a detectable water signal reduction. Generally in 

CEST, a higher magnetic field is advantageous, as the shift 
difference in hertz increases in proportion to the magnetic 
field strength. CEST experiments can be conducted using 
both endogenous and exogenous molecules. A number of 
exogenous CEST agents have been proposed for various 
specific purposes [8–10], but these are beyond the scope of 
this review.

The feasibility of endogenous CEST imaging was first 
demonstrated in the imaging of urea in the bladder of healthy 
human subjects [11]. Since then, several endogenous metab-
olites with exchangeable protons in amide (–NH), amine 
(–NH2), and hydroxyl (–OH) groups with optimal exchange 
properties under physiological conditions have been identi-
fied and imaged in vivo (Table 1) [12–16]. Thus, CEST-
based MR imaging shows promise as a non-invasive, non-
ionizing tool for molecular imaging.

APT imaging is a specific type of endogenous CEST 
imaging technique proposed by Zhou et al. [7]. This method 
enables the semi-quantitative measurement of amide protons 
(–NH) in intrinsic mobile proteins and peptides, which have 
a specific resonance frequency 3.5 ppm downfield from that 
of water. Because this resonance frequency is sufficiently 
remote from that of water and amide protons are relatively 
abundant in tissue, especially in tumors, APT imaging is 
considered to be the most clinically relevant type of CEST 
imaging.

The amide proton transfer ratio (APTR), which is the 
exchange transfer effect per proton, has been described as [7] 

where k is the exchange rate constant, R1w (= 1/T1w) is the 
spin–lattice relaxation rate of water, and tsat is the saturation 
time. As shown by this equation, the APT effect is depend-
ent on not only the fractional concentration of exchangeable 
amide protons but also several other parameters, including 
the T1 of water, T1w, and the saturation pulse length tsat. It is 
also important to note that the proton exchange rate constant 
k is dependent on physiological conditions such as the pH 
and temperature.

APTR =
k [amide proton]

2[H2O]R1w

(1 − e−R1wtsat),

Fig. 1   Schematic of the principle behind CEST. Exchangeable pro-
tons of solute molecules are saturated with a specific saturation pulse. 
The saturated protons are transferred to water molecules via chemi-
cal exchange. Continuous irradiation of the saturation pulse results in 
the build-up of saturation in the water molecules, thus amplifying the 
bulk water signal reduction

Fig. 2   Z-spectrum. The signal intensity of bulk water is plotted at 
varying offset frequencies of the saturation pulse. A strong suppres-
sion due to direct saturation is present at the water resonance fre-
quency (0  ppm). The CEST effect is observed as a smaller signal 
reduction at the specific frequency for the solute protons (α ppm)

Table 1   Types of CEST imaging

Proton CEST imaging

Amides proton (–NH) Amide proton transfer (APT)
Amine proton (–NH2) Glutamate (GluCEST)

Creatine (CrCEST)
Hydroxyl proton (–OH) Glycogen (GlycoCEST)

Myoinositol (MICEST)
Glucose (GlucoCEST)
Glycosaminoglycans (GagCEST)
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APT imaging sequence

Pulse sequences in APT imaging include a saturation pulse 
followed by an image acquisition component. The saturation 
pulse is typically long (0.5–2 s), because a longer pulse will 
saturate more water protons [17]. To obtain the full spectrum 
of the water signal intensity, imaging is repeated with differ-
ent saturation pulse frequencies.

Several sequences, such as two-dimensional (2D) fast 
spin-echo (FSE) [18], 2D gradient-echo (GE) [19], and 2D 
spin-echo echo-planar imaging (SE-EPI) [20], are used for 
image acquisition. 2D sequences evaluate only one slice of 
a tumor or require a long time to evaluate a whole tumor. 
Volume data acquisition is essential for clinical use to evalu-
ate a whole tumor. Recently, three-dimensional (3D) volume 
data acquisition sequences, including sequences based on 3D 
FSE [21] and 3D gradient- and spin-echo (GRASE) [22], 
have become available.

The scanning time varies widely depending on the num-
ber of saturation pulse frequencies and slice levels. With a 
single-slice 2D FSE sequence obtaining the full spectrum, 
the scanning time may be approximately 3 min. A scan with 
a 3D sequence covering a large part of the brain may be fin-
ished in approximately 7–8 min if the choices of saturation 
pulse frequencies are limited to those specific for APT (i.e., 
around ± 3.5 ppm). In any case, an additional scan may be 
necessary for voxel-wise correction for B0 inhomogeneity 
(see the next section).

Measurement of APT effect

As described earlier, CEST imaging is based on the satura-
tion of solute protons at their specific frequency. However, 
this process may be hampered by magnetic field inhomoge-
neities in the magnet, which in turn produce a shift in the 
Z-spectrum. Thus, correction for B0 inhomogeneities in each 
voxel is essential for accurate measurement. Several different 
correction methods have been proposed; these include rea-
ligning the 0 ppm to the minima of the interpolated Z-spec-
trum [7]; a water suppression shift referencing (WASSR) 
method, in which direct water saturation is identified using 
low-power RF pulses [23]; and correction using a separately 
obtained B0 map [24].

The Z-spectrum not only consists of direct saturation and 
the CEST (APT) effect but also includes signal reductions 
by the nonspecific magnetization transfer (MT) effect and 
the nuclear Overhauser effect (NOE). The nonspecific MT 
effect represents saturation transfer via complex mechanisms 
involving cross-relaxation [25] and chemical exchange [26]. 
In contrast to CEST, which is based on saturation transfer 
through proton exchange (chemical exchange) between water 
and mobile structures with long T2, nonspecific MT occurs 
between semisolid macromolecules with short T2, such as 

myelin and water. The NOE is another saturation transfer 
mechanism that is observed upfield from the water frequency 
[27].

The APT effect is most often quantified as the asymmetry 
of the MT ratio, MTRasym, at 3.5 ppm, given as

 where S−3.5ppm and S3.5ppm are the signal intensities at − 3.5 
and 3.5 ppm, respectively, and S0 is the unsaturated signal 
intensity.

This approach effectively eliminates the overlapping 
direct saturation and nonspecific MT effects because of their 
symmetric nature; however, the upfield NOE signal remains 
as a confounding factor in the quantification of downfield 
APT. Nevertheless, the MTRasym value at 3.5 ppm is widely 
accepted as an approximate index of the APT signal inten-
sity and is often called APT-weighted signal intensity (APT-
WSI). APT-weighted images are obtained by performing the 
voxel-wise mapping of this index (Fig. 3) [7]. Several other 
approaches to obtain pure APT images have been recently 
proposed [28–30].

Clinical applications to brain tumors

APT imaging selectively detects amide protons in mobile 
proteins and peptides. In contrast to semisolid structural 
proteins, mobile proteins are found mainly as cytosolic, 
endoplasmic reticulum, and secreted proteins. The underly-
ing assumption in the APT imaging of tumors is that there 
is a close relationship between the proliferative activity of 
the tumor and mobile protein synthesis. Yan et al. [31] used 
rats implanted with gliosarcomas and showed that in com-
parison with healthy brain tissue, tumor tissue contains an 

MTRasym(3.5 ppm) = (S−3.5ppm−S3.5ppm)∕S0,

Fig. 3   APT effect measured as MTRasym at 3.5 ppm, the asymmetry 
of the MT ratio at 3.5 ppm excluding contributions from symmetric 
direct saturation and the nonspecific MT effect. The NOE upfield 
of water remains a confounding factor. APT-weighted images are 
obtained via the voxel-by-voxel mapping of MTRasym at 3.5 ppm
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increased concentration of cytosolic proteins that contribute 
to the APT signal despite there being virtually no difference 
between the total protein concentrations of the two tissues. 
Moreover, proteomic analyses have shown that there are dif-
ferent expressions between astrocytomas and normal brain 
tissues as well as among different grades of astrocytomas 
[32].

Prediction of malignancy grade in diffuse gliomas

Discrimination between low- and high-grade gliomas is 
critical because the prognoses and thus appropriate thera-
peutic strategies differ substantially between these two cases 
in many tumors [33]. In previous studies, the APTWSI 
(MTRasym at 3.5 ppm) was found to be 3–4% higher in tumor 
tissue than in peritumoral brain tissue for human brain tumor 
at 3 T [34]. Moreover, the APTWSIs in six high-grade glio-
mas were found to be higher than those in three low-grade 
gliomas (2.9 ± 0.6% vs. 1.2 ± 0.2%) [34]. This preliminary 
result suggests the potential of APT imaging for grading 
gliomas based on this novel contrast mechanism in a clinical 
setting. Togao et al. [35] have reported a significant posi-
tive correlation between World Health Organization (WHO) 
grade and APTWSI in 36 adult diffuse gliomas, demonstrat-
ing the clinical utility of APT imaging in predicting the his-
tological grade. In the report, APTSWI could differentiate 
high-grade (grade III and IV) gliomas from low-grade (grade 
II) ones with a sensitivity of 93% and a specificity of 100%. 
The same research group has shown that the APTWSI is 
superior to the apparent diffusion coefficient and relative 
cerebral blood volume in distinguishing malignant gliomas 
without intense contrast enhancement from benign gliomas 
[36]. The usefulness of the APTWSI in grading gliomas has 
been confirmed by several research groups [37, 38]. Figure 4 
shows APT-weighted images of low- to high-grade gliomas.

Prediction of genetic mutation in gliomas

In the recently revised WHO classification, gliomas are 
diagnosed based on a combination of histological findings 
and molecular information [1]. One of the most important 
genetic mutations in diffuse gliomas is the isocitrate dehy-
drogenase (IDH) mutation. This mutation has been impli-
cated in oncogenesis in several types of tumors and is known 
to have a major impact on the prognosis of affected patients. 
That is, the presence of the IDH mutation is recognized as a 
marker of favorable prognosis in grade II and III astrocyto-
mas and glioblastomas [39, 40]. Thus, preoperative detection 
of this mutation may help plan an appropriate therapeutic 
strategy.

Jiang et al. [41] investigated whether APT imaging is 
useful in noninvasively predicting the IDH mutation sta-
tus in grade II gliomas. They reported that IDH-wildtype 

gliomas tended to have higher APTWSIs than IDH-mutant 
tumors (IDH-wildtype: 1.39 ± 0.49% vs. IDH-mutant: 
0.93 ± 0.44%), suggesting the predictive value of APT 
imaging.

Differentiation between malignant gliomas 
and malignant lymphomas

There have been few studies on utility of APT imaging 
in the differential diagnosis of brain tumors. Jiang et al. 
[42] have demonstrated the usefulness of APT imaging 
in differentiating high-grade gliomas from primary CNS 
malignant lymphomas (PCNSLs). In their report, PCNSLs 
had significantly lower maximum APTWSI (APTWmax) 
than high-grade gliomas (3.38 ± 1.06% vs. 4.36 ± 1.30%). 
This finding was hypothetically attributed to higher 
nucleus–cytoplasm ratios in PCNSLs, which would reduce 
the amount of cytoplasmic protein. Moreover, PCNSLs 
showed significantly lower differences between the maxi-
mum and minimum APTWSIs (APTWmax–min) than high-
grade gliomas (0.76 ± 0.42% vs. 2.55 ± 1.20%), indicating 
a lower heterogeneity. The APTWmax–min could differenti-
ate the two tumor types with a sensitivity of 100% and 
a specificity of 84.6% [42]. Figure 5 shows examples of 
images of a PCNSL.

Fig. 4   APT-weighted images of a–c grade II (oligodendroglioma), 
d–f grade III (anaplastic oligodendroglioma), and g–i grade IV 
(glioblastoma) gliomas. Note that the APTWSI was measured as the 
MTRasym value at 3.5 ppm increases with increasing grade
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Discrimination between treatment‑related changes 
and viable tumors

Chemoradiation therapy following surgical resection has 
been regarded as a standard treatment for high-grade gli-
omas [43]. When an enhancing lesion emerges during a 
follow-up MR examination in patients with post-treatment 
gliomas, differentiation between recurrent tumors and treat-
ment-related changes is crucial but often challenging with 
conventional MR techniques [44]. An animal experiment 
predicted the potential utility of APT as a biomarker for 
this differentiation [45], and this utility has been verified in 
several clinical studies [46–49]. In these studies, recurrent 
tumors showed significantly higher APTWSIs than treat-
ment-related changes; these high APTWSIs may be related 
to active proliferation. Figure 6 shows an APT-weighted 
image of a case of clinically diagnosed radiation necrosis.

Pitfalls and limitations

Despite previous reports showing the clinical value of APT 
imaging in the management of brain tumors, the sources 
of signal contributors in APT imaging is only partially 

understood. In brain tumor imaging, intracellular cytosolic 
protein has been the primarily hypothesized source of APT 
contrast. However, clinical and experimental studies have 
shown that there may be other sources of contributions to 
increased APTWSIs.

First, it is known that a high APTWSI is often observed 
in cysts and cavities filled with protein-containing fluid [50]. 
Figure 7 shows an example of cystic tumor with a high APT-
WSI. A high APTWSI in cysts appears to be independent of 
the malignancy grade. Thus, cystic components have been 
carefully excluded in previous studies on the evaluation of 
gliomas [35, 46].

Second, there are several reports of hematoma as a source 
of high APTWSI [51, 52] (Fig. 8). Blood includes abundant 
proteins, such as albumin, and peptides. A previous experi-
mental report showed that porcine whole blood samples 
showed large MTRasym values greater than 10%, peaking 
at 2.5–3 ppm at 3 T [53]. In an animal study using a rat 
model, an increased APTWSI was observed in a hypera-
cute intracranial hemorrhage [51]. In a clinical report, acute 
hemorrhages showed high APTWSIs even without cellular 
contributions [51]. High APTWSIs have also been seen in 
blood flowing in vessels [53]. Recently, very high APTWSIs 
(MTRasym values of up to 6.9%) have been reported in a 

Fig. 5   Images of a PCNSL. a Contrast-enhanced T1-weighted image 
showing a heterogeneously enhancing mass in the left occipital lobe. 
b APT-weighted image. An intermediate APTWSI (approximately 
1–3%) is observable in the enhancing tumor. c Hematoxylin and eosin 
(H&E)-stained section showing densely aggregated cells with a high 
nucleus–cytoplasm ratio

Fig. 6   Radiation necrosis in a 63-year-old male with postopera-
tive atypical meningioma treated with surgical resection and γ-knife 
radiotherapy. a FLAIR and b contrast-enhanced T1-weighted images 
obtained 7 months after the completion of radiotherapy, showing an 
enhancing lesion with surrounding edema in the postoperative region. 
c Corresponding APT-weighted image showing no elevation of APT-
WSI in the lesion

Fig. 7   Images from a 67-year-old female with a cystic meningioma 
(grade I) in the right frontal convexity. a T2-weighted and b con-
trast-enhanced T1-weighted images, revealing a homogeneous solid 
component (arrows) and a large cystic component. c APT-weighted 
image. The cystic component shows a high APTWSI, whereas the 
solid component (arrow) shows a relatively low APTWSI

Fig. 8   Images from a 79-year-old male with an acute hematoma in 
the left parietal lobe. a CT image showing a high-density mass. b 
T1-weighted image. The hematoma shows a heterogeneous signal 
intensity. c Corresponding APT-weighted image, revealing a mark-
edly high APTWSI
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cavernous malformation [54]. Thus, blood in tumor ves-
sels is a potential source of high APTWSIs in hypervas-
cular tumors. Several studies have revealed that edematous 
brain tissue can show an increased APTWSI. In an early 
study by Wen et al. [50], it was found that the APTWSI 
in edematous areas adjacent to the tumor core was signifi-
cantly higher than that in normal-appearing white matter 
in the contralateral hemisphere in patients with gliomas. 
Because glioma cells can invade beyond the tumor core, 
the increased APTWSI may be attributable to either amides 
in infiltrating tumor cells or edema. More importantly, Yu 
et al. [55] have reported that the APTWSI was significantly 
higher in edematous areas surrounding brain metastases than 
in normal-appearing white matter. Because edematous areas 
surrounding a brain metastasis represent vasogenic edema 
and usually include no tumor cells, this result strongly sug-
gests that edema can be associated with increased APTWSI. 
This finding was attributed to intravascular proteins and pep-
tides penetrating into the extravascular space through a leaky 
blood–brain barrier. Figure 9 shows a case of a brain metas-
tasis with an increased APTWSI in the surrounding edema.

Finally, as mentioned earlier, the APTWSI can be affected 
by the local pH and temperature through alterations in the 
proton exchange rate. Studies have shown that in many 
tumor types, the intracellular pH is higher than that in nor-
mal brain tissue [56]. Because the amide proton exchange 
rate is base-catalyzed in the physiological pH range, the 
exchange rate increases with increasing pH, thus increasing 
the APT contrast. Nevertheless, the pH has not been consid-
ered to be a major source of increased APTWSI in malignant 
tumors. These should be recognized as possible confounding 
factors in interpreting APT imaging results.

Future directions in oncology

Recent studies have suggested the feasibility of APT imag-
ing in extracranial locations where motion- and/or fat-related 
artifacts and magnetic field inhomogeneities can hamper 
accurate measurement. Yuan et al. [57] demonstrated the 

technical feasibility of APT imaging in the head and neck 
region using a clinical 3 T scanner. A successful example 
of a head and neck APT image is presented in Fig. 10. The 
role of APT imaging in differential diagnosis and the pre-
diction of treatment outcomes will be examined in the near 
future. Recently, APT imaging has been attempted in more 
challenging parts of the body. Takayama et al. [58] have 
reported the usefulness of APT imaging in estimating the 
histological grade of endometrial adenocarcinoma in the 
uterus. Additional attempts have been made in the breast 
[59] and lung [60], where more sophisticated imaging tech-
niques for minimizing artifacts such as motion correction 
and fat signal suppression are needed.

Conclusion

APT imaging has shown promise in the preoperative grading 
and prediction of genetic mutation in gliomas, differential 
diagnosis among brain tumors, and differentiation between 
treatment-related changes and viable malignant tumors. 
However, various pathological conditions without intracel-
lular proteins can show increased APTWSIs, and such cases 
should not be mistaken for malignant tumors. The feasibility 
of APT imaging in extracranial locations has been recently 
demonstrated, opening new possibilities to extending its 
range of application.
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Fig. 9   Images from a 70-year-old female with a metastatic 
tumor from lung cancer. a T2-weighted and b contrast-enhanced 
T1-weighted images showing a rim-enhancing mass with peritumoral 
edema in the left thalamus. c APT-weighted image showing increased 
APTWSI in the edematous areas (arrows)

Fig. 10   Images from a 51-year-old female with a right parotid benign 
pleomorphic adenoma. a Fat-suppressed T2-weighted image. The 
lobulated mass shows a homogeneous high signal intensity. b Avid 
enhancement following contrast administration. c APT-weighted 
image. The mass shows a low APTWSI of 0.88%
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