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Abstract

Amide proton transfer (APT) imaging, as a novel magnetic resonance molecular imaging technique based on the chemical exchange saturation
transfer (CEST) effect, indirectly reflects molecular-level information such as tissue protein concentration, pH, and microenvironment by detect-
ing the exchange between intracellular free water and amide protons in proteins/peptides. Since it was first proposed by Professor Jinyuan Zhou
in 2003, the technique has achieved significant progress in theoretical modeling, sequence optimization, and clinical translation, particularly in
its expanding application to central nervous system diseases. In recent years, APT has been widely used for tumor grading, stroke staging, early
identification of hypoxic-ischemic encephalopathy (HIE), and pathological tracking of neurodegenerative diseases. This review systematically
summarizes the principles and advantages of APT imaging, with a focus on its recent applications in brain tumors, cerebral infarction, and neu-
rodegenerative diseases. It also discusses signal variation characteristics and underlying mechanisms in different disease states, as well as cur-
rent clinical applications and technical challenges.

Keywords: Amide proton transfer (APT); chemical exchange saturation transfer (CEST); magnetic resonance molecular imaging; central nervous
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Introduction

Chemical exchange saturation transfer (CEST) magnetic reso-
nance imaging is a molecular imaging technique based on the
chemical exchange between exchangeable protons and water
molecules. Through frequency-selective saturation and indi-
rect detection, it can non-invasively detect various endogenous
or exogenous metabolites containing exchangeable proton
groups, and is widely used to obtain metabolic and microen-
vironmental information from tissues. Amide proton transfer
(APT) imaging is one of the most clinically translated CEST
techniques and was first reported by Zhou et al. in Nature
Medicine in 2003[1], drawing wide attention. Unlike conven-
tional MRI, APT imaging does not require exogenous contrast
agents and can acquire molecular-level information such as
mobile protein/peptide content and pH environment within tis-
sues, offering a new perspective for metabolic evaluation and
disease mechanism research. Over the past two decades, APT
has rapidly expanded from animal experiments [2] to human
studies[3-5], with increasing use in a variety of central nervous

system (CNS) disorders including brain tumors, stroke, hypox-
ic-ischemic encephalopathy (HIE), and neurodegenerative dis-
eases. While previous reviews have discussed APT imaging in
individual disease entities, such as glioma or stroke, few have
systematically examined shared mechanisms and signal char-
acteristics across CNS pathologies.

This review seeks to address a systematic overview of APT
imaging, not only covering its principles and technical aspects,
but also emphasizing disease-specific signal mechanisms and
clinical applications across major CNS disorders. Particular
attention is given to the shared and divergent mechanisms of
APT contrast in tumors, ischemia, hypoxia, and proteinopa-
thies, as well as the clinical implications for diagnosis, staging,
and prognosis. Furthermore, we discuss current technical
limitations and the challenges that must be addressed to fa-
cilitate broader clinical adoption of APT imaging. Through this
comparative approach, we aim to provide readers with an in-
tegrative understanding of APT'’s diagnostic and translational
value in CNS disease (Figure 1).
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Figure 1. Amide proton transfer imaging applications in central ner-
vous system diseases.
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Principles and Technical Characteristics of
APT Imaging

APT imaging is a molecular MRI technique based on the CEST
mechanism. Its basic principle[1] involves applying a frequen-
cy-selective saturation radiofrequency pulse at approximately
+3.5 ppm from the water resonance, which saturates the
amide protons (—=NH) within proteins and peptides in tissues.
These saturated protons then exchange with water protons,
leading to a decrease in water signal intensity. By comparing
the water signal before and after saturation, one can indirectly
assess the concentration of mobile proteins/peptides and lo-
cal metabolic changes in tissues (Figure 2).

Figure 2. Schematic illustration of the principle of amide proton trans-
fer (APT) imaging.
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The APTw signal intensity depends not only on the concen-
tration of exchangeable amide protons but also on their
exchange rate, which is highly influenced by tissue pH and
temperature[1]. Therefore, APT can reflect protein metabolism
and is particularly sensitive to metabolic disturbances such
as tissue acidosis. It complements techniques such as dif-
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fusion-weighted imaging (DWI), perfusion-weighted imaging
(PWI), and magnetic resonance spectroscopy (MRS) in eval-
uating molecular metabolism, tissue acidity, and protein con-
tent, making it a valuable tool for studying various central ner-
vous system diseases. APTw signal acquisition is influenced
by multiple imaging parameters. Common settings include: ra-
diofrequency saturation power B, = 1.5-2.5 T, saturation du-
ration t_sat = 0.8-2.0 s, and 25-61 offset frequency points for
Z-spectrum acquisition. The APTw signal is usually quantified
using the magnetization transfer ratio (MTR) asymmetry at 3.5
ppm, MTR_asym(3.5 ppm). Although this method is simple
and practical, it is susceptible to interference from other CEST
effects or non-exchangeable background signals, and its spec-
ificity and quantitative accuracy remain subjects of debate[6].
To better quantify the APT effect, the magnetization transfer
ratio asymmetry (MTRasym) is the most commonly used
semi-quantitative index, defined as[7]:

MTR,yyn(Aw) = [S;y (~Aw) = Sy (+Aw) ]/ S,

where S, (tAw) represent the signal intensities at frequency
offsets *Aw from the water resonance (typically Aw = 3.5 ppm
for APT), and S, is the unsaturated signal. This asymmetry ap-
proach reflects the net saturation transfer from amide protons
to water and serves as an indirect marker of protein content
and exchange processes.

Advances in the Application of APT Imaging in
Brain Tumors

Glioma Grading, Typing, and Prognosis

As a molecular imaging technique based on endogenous
protein contrast, APT imaging has been widely used in recent
years for grading and molecular subtyping of brain gliomas.
Multiple studies have consistently reported a positive correla-
tion between APTw signal intensity and glioma pathological
grade, with high APTw signals commonly seen in high-grade
gliomas. These hyperintense signals are often evident even in
lesions lacking contrast enhancement[8]. Togao et al.[9] fur-
ther reported that in diffuse gliomas without typical enhance-
ment, APT imaging can compensate for the limitations of
structural, DWI, and perfusion imaging by providing molecular
contrast information beyond anatomical imaging, thus reflect-
ing mobile protein/peptide concentrations and improving grad-
ing accuracy.

In addition to its grading value, APTw signal has also been
explored as a marker for tumor biological behavior and pa-
tient prognosis. Almeida et al.[10] found that in WHO grade 4
gliomas, APT values were significantly associated with 1-year
survival. Studies by Joo[7] and Paech[11] also indicated that
elevated APTw signal was an independent predictor of poor
prognosis. These findings suggest that APT can detect spatial
heterogeneity in intratumoral metabolic activity and may serve
as a noninvasive prognostic molecular imaging biomarker.
However, most studies have used cross-sectional designs, and
the causal relationship between APTw signal variation and
survival outcomes remains unclear. Multicenter validation is
required to confirm its predictive stability. With the 2016 and
2021 WHO classifications of central nervous system tumors
incorporating molecular markers into diagnostic criteria, the



potential of APT for preoperative molecular prediction has at-
tracted increasing attention. APT values correlate with IDH mu-
tation status, being lower in IDH-mutant than in IDH-wildtype
gliomas,[12] likely reflecting underlying metabolic and prolifer-
ative differences, and they also display a negative association
with Ki-67[13]. Multimodal radiomics models incorporating
APT, DWI, and DCE imaging demonstrated high accuracy in
predicting IDH-1 mutation status and Ki-67 expression. How-
ever, the ability of APT to distinguish 0%methylguanine-DNA
methyltransferase (MGMT) promoter methylation status re-
mains uncertain, as most studies report no significant signal
differences[7, 10, 14].

Differentiation of other Brain Tumors

Beyond gliomas, APT imaging has demonstrated diagnostic
utility in differentiating other common intracranial tumors by
providing molecular-level information that complements con-
ventional MRI. Recent studies have explored its value in distin-
guishing solitary brain metastases (SBMs) from glioblastoma
multiforme (GBM). Yu et al. demonstrated that APTw signal in-
tensities were significantly higher in GBM than in SBMs in the
peritumoral brain zone[15], and Chen et al. also found that the
APTw values and CBF in the peritumoral region were signifi-
cantly higher in GBM compared to SBM[16], likely reflecting the
higher concentration of mobile proteins and peptides due to
GBM'’s more aggressive proliferative and infiltrative behavior.
The APTw signal heterogeneity was also greater in GBM, of-
fering an additional dimension for tumor characterization[15].
The combined application of APTw with other functional im-
aging parameters can significantly improve diagnostic accura-
cyl16, 17].

APT imaging has also been applied to characterize meningio-
mas, which represent another common extra-axial tumor. Joo
et al. [18]investigated the value of amide proton transfer (APT)
imaging in differentiating benign from atypical meningiomas.
The results demonstrated that the MTR,,,, values were sig-
nificantly higher in atypical meningiomas compared to benign
ones, suggesting that APT imaging may serve as a useful
adjunct to conventional MRI by enhancing the ability to distin-
guish atypical meningiomas. Koike et al.[19] conducted a pilot
APT-CEST study in seventeen patients and found that lesions
that later exhibited significant volumetric growth on follow-up
exhibited markedly elevated mean MTR. Moreover, APTw sig-
nal intensity correlated linearly with the annual percentage in-
crease in tumour diameter, whereas conventional MRI features
offered no prognostic utility. These observations imply that the
protein-weighted contrast of APT can unmask the latent pro-
liferative drive of even WHO-grade | meningiomas, allowing cli-
nicians to foresee which innocuous-looking masses may one
day demand intervention. These findings support the utility of
APT imaging in the noninvasive assessment of tumor biology
across diverse brain tumor types.

Differentiating Tumor Recurrence from Radiation Effects

In post-surgical or post-radiotherapy follow-up of brain tumors,
distinguishing tumor recurrence from radiation necrosis or
other treatment-related effects remains a major imaging chal-
lenge. Conventional contrast-enhanced MRI has limitations,
especially when enhancement patterns are atypical or overlap
between entities occurs. Recently, APT imaging has been
investigated as a tool for this differential diagnosis. Several
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studies[20-23] have applied APT to differentiate true glioma
recurrence from treatment-related changes, showing that
combining APT with DWI, perfusion, and other MRI techniques
significantly improves diagnostic performance. For example,
Chen et al.[24] reported that APT imaging alone achieved
pooled sensitivity and specificity of 0.85 and 0.88, respectively,
which increased to 0.92 and 0.83 when combined with addi-
tional MRI parameters. A very recent meta-analysis by Essed
et al.[5] confirmed the diagnostic utility of APT in differentiat-
ing true progression from treatment effects, with reported sen-
sitivity and specificity of 0.88 and 0.84.

In addition, Jiang et al.[25] demonstrated that biopsy guidance
based on APT imaging improves sampling accuracy. High-sig-
nal APT regions typically correspond to viable tumor tissue,
while low-signal areas are often necrotic. These findings sup-
port the use of APT as a noninvasive molecular imaging tool to
aid in the identification of indeterminate postoperative lesions
and to guide subsequent treatment strategies.

Advances in the Application of APT Imaging in
Cerebral Infarction

As early as 2003, Professor Jinyuan Zhou, the inventor of APT,
demonstrated using a rat model that APT could detect pH
changes in ischemic brain regions.[1] Subsequent animal and
clinical studies have further explored the application value of
APT in stroke.

APT Imaging of Acute Infarction and Ischemic Penumbra
Animal experiments[26] showed that within 0.5-3 hours after
middle cerebral artery occlusion (MCAOQ), the APTw signal
significantly decreased in the ischemic region and correlates
closely with areas showing diffusion restriction, even when
T1WI and T2WI remain normal or show only mild changes.
This suggests that APT may outperform structural imaging in
identifying early metabolic abnormalities. In a clinical study,
Heo et al.[27] observed that in ischemic penumbra regions
with hypoperfusion but no irreversible injury, APTw signal
was reduced due to pH drop from restricted metabolism.
Conversely, in “benign oligemia” areas with hypoperfusion
but preserved pH, APTw signals remained near normal. Thus,
APT may assist in differentiating reversible from irreversible
ischemic tissue and help delineate the penumbra more accu-
rately. Further studies found that APTw signal reduction areas
were typically larger than diffusion-positive regions (DWI high
signal) but smaller than perfusion-deficient zones (PWI), and
the mismatch between APT and DWI regions may serve as an
additional indicator of the ischemic penumbra[28]. This unique
imaging pattern provides supplementary information beyond
the classic perfusion—diffusion mismatch and may refine pa-
tient selection for thrombolytic or thrombectomy treatment in
the hyperacute stage.

Infarct Staging and Prognostic Evaluation

During the subacute to chronic phases of cerebral infarction,
ongoing changes in tissue metabolism and microenviron-
mental pH are crucial for assessing disease progression and
prognosis. Due to its pH sensitivity, APT imaging has been
proposed as a tool for dynamic monitoring of post-stroke met-
abolic recovery. Several studies have evaluated its utility in in-
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farct staging and prognostic stratification. For example, Song
et al.[29] analyzed APT images in patients within 2 hours to 7
days of stroke onset and found that APTw signal in the isch-
emic region remained lower than that in contralateral white
matter, with a time-dependent upward trend, likely reflecting
gradual resolution of acidosis. Momosaka et al.[30] further
showed that multipercentile APT parameters significantly cor-
related with clinical outcomes, suggesting that APT may quan-
tify the severity of metabolic dysfunction and aid in prognostic
stratification.

It is noteworthy that APT alone has limited predictive power.
A multimodal imaging study by Zhou et al.[31] demonstrated
that the minimum APT value showed the strongest correlation
with NIHSS scores, but only in combination with apparent dif-
fusion coefficient (ADC) and computed tomography perfusion
(CTP) did the prognostic model achieve optimal performance.
This supports the view that APT complements rather than re-
places existing imaging markers. Similarly, studies by Zhang et
al.[32] and Yu et al.[33], focusing on reperfusion efficacy and
clinical recovery, found that rising APTw signal trends aligned
with symptomatic improvement, further reinforcing its role in
disease monitoring.

Application of APT Imaging in Hypoxic-Isch-
emic Encephalopathy (H?E)

Neonatal hypoxic-ischemic encephalopathy (HIE) is a major
cause of severe brain injury in newborns. Timely detection of
metabolic abnormalities is crucial for prognosis assessment.
In animal experiments, Zheng et al.[34] established a neonatal
piglet model of hypoxic-ischemic brain injury (HIBI) and em-
ployed amide proton transfer (APT) imaging combined with
proton magnetic resonance spectroscopy ("H-MRS) to eval-
uate cerebral metabolic changes. The results demonstrated
a significant decrease in APTw signal intensity and a marked
elevation in lactate levels in the basal ganglia following hypox-
ic-ischemic insult, indicating local tissue acidosis and lactate
accumulation. The reduction in APTw signal was primarily
attributed to the decreased exchange rate of amide protons
with water in an acidic environment. Notably, follow-up obser-
vations revealed that the recovery of APTw signal preceded
the decline in lactate concentration, suggesting that APT im-
aging may serve as a sensitive tool for dynamically monitoring
acid-base metabolic recovery and thus assessing the extent of
tissue injury and potential prognosis. In human studies, Chen
et al.[35] reported that APT imaging may facilitate the early
identification of mild hypoxic-ischemic encephalopathy (HIE)
cases that appear negative on conventional MRI. Other studies
have shown increased APTw signal intensity in multiple brain
regions of infants with HIE, with APT demonstrating higher
sensitivity for HIE diagnosis compared to ADC measure-
ments[36, 37]. These findings suggest that APT imaging holds
promise as an early diagnostic tool for HIE.

Application of APT Imaging in Pediatric Brain
Development

Myelination of white matter during childhood is a critical pro-
cess in the development of the nervous system. Conventional
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MRI can assess myelination using T1- and T2-weighted im-
aging, but this is primarily morphological and lacks molecu-
lar-level quantitative indicators. The combination of MTR and
APT techniques offers complementary molecular imaging
approaches for evaluating the microstructural development of
white matter[38].

Zheng et al.[39] applied APT and MTR imaging to assess brain
development in 38 neonates without neurological disease and
found that APT and MTR values in the frontal lobe, basal gan-
glia, and occipital lobe were positively correlated with gesta-
tional age, suggesting the potential of these metrics for reflect-
ing white matter maturity. Tang et al.[38] further investigated
white matter characteristics in children with developmental de-
lay and found that in the group with delayed myelination, MTR
values were generally lower across all brain regions, indicating
reduced myelin lipid synthesis; meanwhile, APT values were
significantly elevated in regions such as the pons, middle cer-
ebellar peduncles, corpus callosum, frontal and occipital white
matter, and centrum semiovale, possibly due to a relatively
higher proportion of protein content around unmyelinated ax-
ons. In contrast, children with developmental delay but normal
myelination showed no significant differences in APT or MTR
values compared to healthy controls. APT imaging thus pro-
vides a novel method for the early quantitative assessment of
white matter development. Particularly in cases where conven-
tional MRI indicates delayed myelination, APT and MTR offer
biologically meaningful parameters that may aid in the early
identification of developmental delay. In addition, APT imaging
also holds significant value for studying the developmental
trajectory of normal pediatric brains. Literature reports[40]
indicate that APT values in white matter exhibit a downward
trend with increasing age, with the most pronounced changes
occurring during the first year after birth, reflecting the rapid
progression of the myelination process. This change is par-
ticularly evident in the corpus callosum, frontal and occipital
white matter, and the centrum semiovale, suggesting that APT
imaging is highly sensitive to dynamic changes in white matter
maturation.

Application of APT Imaging in Neurodegener-
ative Diseases

Neurodegenerative diseases, such as Alzheimer’s disease (AD),
mild cognitive impairment (MCI), and Parkinson's disease (PD),
are typically characterized by neuronal loss, abnormal protein
aggregation, and glial activation in specific brain regions.
These pathological changes may alter the local protein content
within brain tissue, thereby affecting APT imaging signals and
offering a new, noninvasive approach for exploring disease
mechanisms and facilitating early diagnosis.

Application of APT Imaging in AD and MCI

The core pathological features of AD include excessive depo-
sition of B-amyloid plaques and tau-related neurofibrillary
tangles in the brain, accompanied by widespread neuronal and
synaptic loss as well as glial activation[41]. These changes re-
sult in abnormal protein metabolism within brain tissue, which
in turn affects APT imaging signals.

Wang et al.[42] performed APT imaging on AD patients using a
3.0T MRI system and found that APT values in the bilateral hip-



pocampus were significantly higher than those in age-matched
healthy controls. The elevated APTw signal may reflect in-
creased levels of mobile proteins due to abnormal protein ag-
gregation or glial proliferation. Moreover, the study showed a
significant negative correlation between hippocampal APT val-
ues and Mini-Mental State Examination (MMSE) scores, sug-
gesting that APT imaging may serve as a potential indicator of
disease severity. In a separate study, Wang et al.[43] observed
decreased APT values in the hippocampus and cortex of AD
model rats, which correlated with histological findings of neu-
ronal loss and increased GFAP-positive astrocytes, indicating a
close relationship between APTw signal alterations and under-
lying tissue changes. Subsequent studies in AD and MCI pop-
ulations have confirmed similar trends: APTw signal intensity
in specific brain regions is higher in patients with AD[44] and
MCI[45, 46] compared to healthy elderly controls. Guo et al.[46]
observed significantly increased APT values in the bilateral
hippocampus and amygdala in 70 patients with amnestic MCI
(aMCl). The APT value of the left amygdala yielded an AUC of
0.875 for diagnosing aMCI. In a study by Chen et al.[47], com-
bining the APT value of the right hippocampus with the level of
glutamate—glutamine (GIx) significantly improved the diagnos-
tic performance for aMCI compared to either parameter alone.
These findings suggest that APT imaging has favorable diag-
nostic performance in the aMCI population and holds promise
as a novel, noninvasive molecular imaging biomarker for aMCI.

Application of APT Imaging in PD

The primary pathological features of PD include progressive
loss of dopaminergic neurons in the substantia nigra and for-
mation of Lewy bodies (aggregates of a-synuclein). In addition
to the substantia nigra, PD may also involve widespread met-
abolic changes in cortical regions, which can be reflected in
APT imaging alterations.

Li et al.[48] conducted a study using CEST imaging in 61 PD
patients and 24 healthy controls, and found that APTw signal
and total CEST signal in the substantia nigra decreased sig-
nificantly with disease progression. These decreases were
negatively correlated with Hoehn and Yahr (H&Y) staging,
Unified Parkinson’s Disease Rating Scale (UPDRS) scores, and
disease duration. The changes in APTw signal may be attribut-
ed to reduced concentrations of mobile proteins and peptides
due to dopaminergic neuronal loss. In PD patients with asym-
metric motor symptoms, the substantia nigra on the more
affected side exhibited lower APTw signal, and the calculated
asymmetry index was positively correlated with clinical motor
symptom asymmetry[49]. These findings indicate that APT not
only quantifies pathological changes in the substantia nigra,
but also detects lateralized differences that correlate with
clinical symptom asymmetry, suggesting potential utility in PD
imaging subtyping and lateralized treatment planning. Beyond
the substantia nigra, PD may also affect the cerebral cortex.
Tian et al.[50] applied 3D-APT imaging in 34 PD patients and
performed whole-brain analysis, revealing increased APT val-
ues in multiple regions including the temporal cortex. Although
no significant correlations were found between APTw signal
and disease duration or clinical scores, the APT parameter
achieved an AUC of 0.865 for differentiating PD from controls,
and the AUC increased to 0.932 when combined with multi-
parametric features. This study suggests that APT abnormali-
ties are not limited to deep nuclei and may reflect widespread
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synucleinopathy-related metabolic alterations in the cortex.
Collectively, the studies by Li[48] and Tian[50] suggest that
APTw signal changes in PD may exhibit region-specific pat-
terns.

Discussion

Mechanistic Characteristics of APT Imaging in Central Ner-
vous System Diseases

APT imaging is a molecular MRI technique sensitive to the
exchange of amide protons between mobile proteins/peptides
and water. This exchange mainly depends on the concentra-
tion of mobile proteins/peptides, local tissue pH, and tempera-
ture. However, as body temperature remains stable in humans,
protein concentration and pH are generally considered the pri-
mary determinants of APT signal variation in clinical imaging.
Additional factors, such as tissue water content and magneti-
zation transfer effects, can also influence APT signal intensity
to a lesser extent[1]. By sensitively reflecting these properties,
APT provides a novel molecular perspective on CNS pathology
(table 1), complementing conventional MRI. Below, we discuss
the mechanistic contributors to APT signal alterations across
CNS diseases, organized by the underlying biochemical fac-
tors that drive these changes.

The APTw signal intensity directly correlates with mobile pro-
tein and peptide concentration. Elevated APT signals often
indicate increased mobile protein content in tissues. In brain
tumors (Fig 3 and 4), rapid cellular proliferation leads to a high
concentration of cytosolic proteins/peptides, which increas-
es the APTw signal. This mechanistic link explains why APT
hyperintensity correlates with more aggressive tumor activity
and has shown utility in glioma grading and molecular subtype
prediction.[10] Similarly, recurrent tumor and treatment-related
necrosis can be distinguished by APT. Recurrent tumors tend
to be APT-hyperintense due to viable tumor cells with high pro-
tein metabolism, whereas radiation necrosis shows low APT
signal because the tissue is largely non-neoplastic, fibrotic or
necrotic with minimal protein exchange[20, 22, 23]. The lack
of active protein synthesis and metabolic activity in necrotic
tissue results in fewer mobile amide protons and thus a di-
minished APT signal. This contrast in APT behavior provides a
mechanistic basis for using APT imaging to differentiate resid-
ual/recurrent tumor from post-therapy necrosis in neuro-oncol-
ogy.

Beyond tumors, developmental and neurodegenerative con-
texts also highlight the role of protein content. In the develop-
ing pediatric brain, regions of delayed myelination or immature
white matter show higher APT signals due to a greater pool
of mobile cytosolic proteins, as myelin formation, tracked by
magnetization transfer imaging, gradually sequesters lipids
and proteins into solid myelin structures[51]. Studies have
demonstrated that APT imaging can sensitively monitor my-
elination processes and white matter maturation, offering
molecular imaging support for tracking white matter injury
and recovery in preterm infants and other neurodevelopmen-
tal disorders[38, 39]. Likewise, abnormally high APTw signals
observed in neurodegenerative diseases such as Alzheimer’s
disease might reflect protein accumulation or redistribution.
For instance, excessive amounts of misfolded or aggregated
proteins and reactive glial proteins in affected brain regions,
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Figure 3. A 71-year-old male with a solitary brain metastasis. The tumor was located in the left frontal lobe, demonstrating a slightly hypointense
signal on TTWI (A), and a heterogeneously isointense to hypointense signal on both T2WI (B) and T2-FLAIR (C) sequences. The APTw image (D)
shows a relatively homogeneous isointense mass.

Figure 4. A 55-year-old male with glioblastoma. The tumor was located in the left frontal lobe, demonstrating a slightly hypointense signal on
T1WI (A), and a heterogeneously isointense to hyperintense signal on both T2WI (B) and T2-FLAIR (C) sequences with cystic components. The
APTw image (D) shows a heterogeneously hyperintense mass.

Table 1. Summary of APT Signal Characteristics and Mechanisms in Major CNS Diseases

Disease Type APT Signal Change Primary Mechanism Clinical Utility

Increased protein content, active  Grading, molecular subtyping,

High-grade glioma Increased . - o
cellular proliferation recurrence monitoring

Early detection, penumbra

Acute cerebral infarction Decreased Tissue acidosis, decreased pH R
localization

pH alteration / abnormal protein or Early diagnosis in MRI-negative

Neonatal HIE Increased / Decreased . .
metabolic accumulation cases
Delayed myelination, increased Quantitative assessment of
Developmental delay Increased . . . . S
intracellular mobile protein ratio myelination
Alzheimer's disease Increased Abnormal protein aggregation, neu-  Early detection, biomarker

roinflammation, neuronal loss exploration

Disease staging, monitoring,
Assessment of cortical alter-
ations

Decreased (Substantia nigra)  Substantia nigra neuronal loss/

Parkinson’s disease - .
Increased(cortex) synuclein aggregation
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though the mobile fraction of these proteins and their exact
contribution to APT remain to be clarified. However, immobile
fibrillar protein aggregates like amyloid plaques do not directly
increase APT signals; rather, the surrounding microenviron-
mental changes involving mobile proteins from degenerating
neurons or activated glia primarily contribute to these APT el-
evations. An increase in mobile protein/peptide concentration
generally drives APT signal up, serving as an indicator of active
protein metabolism or accumulation in tissue.

Intracellular and extracellular pH strongly influences APT sig-
nals by affecting the proton exchange rate. Tissue acidosis (low
pH) slows this exchange, reducing APT signals. Thus, APT
imaging is highly sensitive to metabolic disturbances that alter
pH. In acute cerebral infarction, impaired blood flow triggers
anaerobic metabolism, lactic acid accumulation, and tissue
acidosis, significantly decreasing APT signals shortly after
stroke onset[30]. APT can therefore detect ultra-early ischemic
changes, potentially before irreversible injury occurs. However,
distinguishing reversible ischemic tissue (penumbra) from irre-
versibly damaged regions using APT alone remains uncertain.
Interpretation typically requires complementary MRI methods
like DWI and PWI, combined with clinical outcomes. Current
stroke studies, limited by small sample sizes, still require his-
topathological validation to confirm whether APT reliably iden-
tifies metabolically compromised yet viable tissues.

Similarly, HIE involves metabolic acidosis following hypoxia.
Preliminary studies indicate APT imaging sensitively detects
early metabolic disruptions in neonatal brains, suggesting
potential for early diagnosis and therapy monitoring[36, 37].
However, further validation from large-scale studies remains
necessary. Chronic neuroinflammation in neurodegenerative
conditions may subtly alter local pH, indirectly influencing APT
signals alongside protein changes. This pH-dependent char-
acteristic underscores APT'’s value in assessing ischemia and
hypoxia-related disorders. Nonetheless, accurate clinical inter-
pretation generally requires multimodal imaging approaches.
APT imaging primarily reflects protein concentration and pH.
However, these signal changes lack disease specificity and
require integrated clinical and imaging interpretation. Future
research must validate APT signals through direct pathological
and biochemical correlations. Integrating APT with comple-
mentary modalities such as MRS and PET can further enhance
diagnostic accuracy, making APT a quantifiable and mecha-
nism-driven clinical tool.

Methodological Advantages and Limitations

Compared to other metabolic imaging techniques such as
MRS, which suffers from low spatial resolution and long scan
times, and PET, which involves ionizing radiation and requires
radiotracers, APT is more accessible and safer. It avoids exog-
enous agents and radiation exposure, while remaining sensi-
tive to endogenous biomarkers like mobile proteins and pH.
However, several technical bottlenecks and challenges remain
to be addressed before broader clinical application can be
achieved.

First, APT imaging often suffers from low signal-to-noise ratio
(SNR), limited contrast, and high sensitivity to magnetic field
inhomogeneities. The APT effect is highly susceptible to B,/
B, field inhomogeneity and noise interference, which can dis-
tort quantification and reduce diagnostic reliability[52]. This
necessitates optimization of imaging parameters—such as
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increasing B, power, adjusting saturation duration, and adopt-
ing three-dimensional (3D) acquisition sequences—to enhance
image stability and robustness. Despite ongoing efforts to
correct for B, and B, inhomogeneities, accurate mapping and
correction remain technically demanding, particularly in deep
brain regions and heterogeneous field environments.

Second, the APT effect shows temperature dependence, which
may affect interpretation in conditions with variable tissue
temperature such as ischemia, fever, or intraoperative moni-
toring. Although generally stable in clinical settings, this factor
should be considered in experimental designs and multicenter
studies.

Third, specificity remains a major issue. The APTw signal
arises not only from amide protons but is also influenced by
other CEST effects. Overlapping contributions from various ex-
changeable components may cancel out or interfere with each
other, thereby confounding the interpretation of true APTw sig-
nals[53]. To address this limitation, advanced post-processing
techniques such as Lorentzian line-shape fitting and multi-pool
modeling based on Bloch—-McConnell equations have been
proposed. Lorentzian fitting allows the separation of amide,
nuclear Overhauser enhancement (NOE), and semi-solid mag-
netization transfer components within the Z-spectrum, while
multi-pool models enable quantitative estimation of exchange
parameters such as ksw, T1, T2, and proton concentrations.
These approaches enhance the physiological interpretability
of APTw signals and reduce contamination from non-specif-
ic background effects. However, their complexity, increased
computational demands, and lack of standardization currently
hinder widespread clinical adoption[54].

Fourth, APT imaging is susceptible to partial volume effects,
particularly in small anatomical structures such as brainstem
nuclei, hippocampal subfields, or cortical layers. These effects
may attenuate or mask pathological APTw signals, thereby
complicating diagnostic interpretation and reducing sensitivity
in small or heterogeneous regions.

Fifth, current studies have primarily focused on trends in APTw
signal changes across disease states, while systematic vali-
dation of its diagnostic specificity remains lacking. Elevated
APTw signal may occur in diverse pathological processes—
such as tumor proliferation, gliosis, and synaptic alterations—
making it difficult to determine etiology based solely on APT
values. Furthermore, few studies have quantitatively correlated
APT metrics with histopathological features in a systematic
manner. Future research should incorporate multimodal imag-
ing techniques such as MRS and PET, along with histological
analysis to clarify the pathological basis of APTw signal alter-
ations.

Finally, standardization and consistency must be improved.
Substantial variability exists across studies in APT sequence
implementation and data processing methods. This not only
hampers comparability in multicenter studies but also restricts
the broader clinical adoption of APT imaging. Moreover, APT
imaging cannot independently provide sufficient diagnostic
information and should be interpreted in conjunction with con-
ventional MRI sequences and other functional imaging tech-
niques to achieve comprehensive clinical insights. Although
several consensus recommendations[6]for CEST and APT im-
aging have been proposed in recent years, further refinement
and broader implementation of standardized acquisition pro-
tocols and quantification strategies—including emerging mod-
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el-based methods—remain essential to ensure reproducibility
and promote clinical translation.

Future Perspectives

Looking ahead, APT imaging holds promise for development
in multiple directions within the field of central nervous sys-
tem imaging. Multimodal integration is a key trend: combining
APT with other imaging modalities such as DWI, arterial spin
labeling (ASL), and PET—augmented by machine learning,
radiomics, or image fusion techniqgues—may help unlock the
full potential of APT imaging. This approach is expected to
improve diagnostic accuracy and enable more comprehensive
characterization of neurological diseases.

Conclusion

APT imaging has shown the greatest translational potential
in tumor classification and grading, identification of ischemic
penumbra in cerebral infarction and early diagnosis of HIE.
Dynamic monitoring of APT values can also be applied for
treatment response and prognosis evaluation. As APT transi-
tions to clinical practice, resolving technical bottlenecks and
fostering interdisciplinary collaboration, APT holds promise for
contributing deeper insights into the precise diagnosis, thera-
peutic assessment, and pathophysiological understanding of
brain disorders, thereby advancing the field of imaging medi-
cine toward the molecular level.
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