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Abstract

Breast cancer screening, while vital for reducing mortality, faces significant limitations in sensitivity
and specificity, particularly in dense breasts. Current modalities primarily detect anatomical changes,
often missing biologically aggressive tumors at their earliest stages. The altered metabolism of cancer
cells establishes a characteristic inverted pH gradient that drives tumor invasion, metastasis, and
treatment resistance. This makes tumor acidity a compelling, functional biomarker for early
detection. This review synthesizes the emerging role of pH as a diagnostic biomarker and provides a
critical evaluation of advanced imaging techniques for its non-invasive measurement. We detail the
biological underpinnings of tumor acidosis, emphasizing its regulation through glycolytic
reprogramming and dysregulated proton transport. Our analysis encompasses a broad spectrum of
pH-sensitive imaging modalities, including magnetic resonance methods such as Chemical Exchange
Saturation Transfer (CEST) MRI for extracellular pH mapping and multi-nuclear Magnetic
Resonance Spectroscopy (MRS) using 'H, P, and "F nuclei to probe various cellular compartments.
Furthermore, we examine hyperpolarized *C MRI for real-time metabolic flux imaging, where
metrics like the lactate-to-pyruvate ratio show significant predictive value for treatment response.
The review also assesses optical and photoacoustic imaging techniques, which offer high sensitivity
but are often constrained to superficial tumors. Imaging tumor pH provides a powerful functional
window into the earliest metabolic shifts in breast cancer, far preceding macroscopic anatomical
changes. The ongoing development and clinical validation of these pH-sensitive imaging techniques
hold immense promise for revolutionizing breast cancer screening by enabling earlier, more specific
detection and personalized risk stratification, ultimately aiming to improve patient outcomes.

Keywords: breast neoplasms; early detection of cancer; diagnostic imaging; mammography; tumor
microenvironment; proton magnetic resonance spectroscopy; carbon-13 magnetic resonance
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1. Introduction

Despite widespread adoption of breast cancer screening, tumours can still remain
underdetected, contributing to continued morbidity and mortality [1]. The most common cancer
among women worldwide is breast cancer with 2.3 million new cases annually accounting for 30%
of cancers in women with rising incidence rates [2,3]. To reduce mortality by early detection of cancer,
US Preventive Services Task Force (USPSTF) recommends biennial screening digital mammography
(DM) and digital breast tomosynthesis (DBT, also known as 3D-mammography) for women aged 40
to 74. Supplemental modalities such as breast ultrasonography, magnetic resonance imaging (MRI)
and contrast enhanced mammography are advised for women with high lifetime risk based on
familial and personal factors [4]. While patients with dense breasts are challenging to screen with DM
and DBT, there is currently insufficient evidence for the use of supplemental screening modalities in
these populations.
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While these imaging tools can identify structural changes, they have notable limitations
including reduced sensitivity and specificity in dense breasts, risk of false positives and false
negatives, and potential for overdiagnosis, all of which can lead to increased testing, invasive follow-
up procedures, and psychological distress [4-8]. Moreover, by the time morphological abnormalities
are visible, some tumours may already exhibit aggressive behaviour [9]. This underscores the need
for screening approaches capable of detecting cancer earlier and with greater biological specificity,
particularly in patients with dense breast tissue. One promising avenue is functional and metabolic
imaging, such as targeting tumour pH. Cancer cells, unlike normal cells, exhibit altered metabolism
to support intensive growth and turnover characterized by a more basic intracellular pH and more
acidic extracellular pH due to the Warberg effect [10-14]. The Warburg effect is a well known
phenomenon where tumours even in presence of sufficient oxygen produce lactate using the
glycolytic pathways instead of oxidative phosphorylation [14]. An acidic pH in breast cancer cells has
been seen to contribute to increased invasive growth, migration, aggressiveness, metastasis, and poor
prognosis, making pH a compelling biomarker for early breast cancer screening [15-21].

Recent improvements in advanced imaging modalities can help improve our ability to detect
breast cancer earlier by overcoming the limitations of traditional techniques, and may provide
evidence for future improvements in screening and diagnostic guidelines, particularly for patients
with dense breast tissue. This review synthesizes current evidence and emerging advances in pH-
sensitive breast imaging, comparing these innovations with established modalities to evaluate their
feasibility for earlier cancer detection.

2. Tumor pH Biology and and Its Role in Breast Cancer
2.1. Why pH Is a Hallmark of Cancer?

Tumor pH can be used as a diagnostic marker for tumors, where the central theme is an
inversion of the pH gradient due to an altered metabolism, a fundamental reversal from physiology
that Koltai T termed “the cancer pH paradigm” [22-26]. Typically, extracellular pH (pHe) ranges from
7.3 and 7.4 while intracellular pH (pHi) ranges from 7.0 to 7.3 [27,28]. The reversal of this pHi/pHe
gradient in cancer is a result of interplay between glycolytic reprogramming and dysregulated proton
dynamics [14,29,30]. The Warburg effect, describing tumor cells’ increased oxidative
phosphorylation, drives lactate and proton(H+) overproduction; these acids are extruded via a
Na+/H+ exchanger (NHE), the H+-lactate co-transporter, monocarboxylate transporters (MCTs), and
the H+-ATPase (H+ pump) which lead to secretion of H+ creating an acidic tumor microenvironment
and an alkaline cytosolic environment [29,30]. The change to an alkaline pHi promotes cell
proliferation and cell survival by limiting apoptosis, associated with intracellular acidification [31-
36]. Extracellular acidosis actively drives malignancy by promoting invasion (via MMP-9 activation),
evasion of immune surveillance, and enhancing chemoresistance among other effects [24,37-44]. In
breast cancer, this pH inversion critically influences tumor aggressiveness, metastatic potential and
treatment response, while also offering opportunities for early detection strategies.

2.2. Acidic Shift in Breast cancer

In cancer there are multiple pathways that contribute to the regulation of pHe/pHi [45,46].
Cancer cells tend to have a higher alkaline pHi (>7.4) and lower acidic pHe (6.7-7.1) compared to
normal cells [11]. This shift is not a passive occurrence but an active, orchestrated process driven by
metabolic reprogramming and molecular regulation. In breast cancer cells, the acidity of the
extracellular environment is attributed to multiple causes. The Warburg effect (aerobic glycolysis) is
initiated by oncogenic signaling and a failure of energy-sensing checkpoints, particularly the loss of
the LKB1-AMPK pathway, which allows cells with inefficient, acid-producing metabolism to evade
growth arrest and continue proliferating [47,48]. Malignant tumors have increased tumor pHi than
lower grade tumors [49]. Acid extrusion is achieved through the coordinated upregulation of specific
transporters on the plasma membrane or through phagosomes [50,51]. Monocarboxylate transporters
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MCT1 and MCT4 (SLC16A1, SLC16A3) are pivotal, co-exporting lactate alongside protons (H+) into
the extracellular space, directly acidifying the tumour microenvironment [52-54]. Their expression
and membrane localization are dependent on their association with the chaperone protein CD147,
which is itself linked to poor prognosis [55-57]. Simultaneously, proton pumps, specifically the
plasma membrane H+-ATPase, operate aggressively and uniformly across the cell surface to pump
protons out, further contributing to the severe extracellular acidification [50,58]. Additionally
phagosomes can also contribute as they lead to increased leakage of protons [51,59,60].

The Na+/H+ exchanger (NHE1) extrudes intracellular H+ in exchange for extracellular Na+,
while the Na+HCO3- cotransporter NBCnl (SCL4A7)imports bicarbonate ions, which buffer the
cytosol [61-63]. Lowered cancer cell proliferation and reduced breast tumor growth is seen when the
expression of NBCnl is disrupted, but elevated levels are associated with shorter survival and
increased metastasis [64,65]. In contrast NHE1 is linked to promoting motility in ErbB2-positive
breast cancer cells, stimulating epithelial to mesenchymal transition (EMT) and contributing to
chemotherapy resistance [61,62,66-68]. A loss of extracellular HCO3- sensing protein receptor protein
tyrosine phosphatase RPTPy is seen in premalignant lesions of the breast. The upregulation or
downregulation of these transporters is not random,; it is directly driven by oncogenic pathways. The
tyrosine kinase ErbB2 (HER?2), a key driver in certain breast cancer subtypes, enhances the expression
and activity of both NHE1 and NBCn1 via the ERK-RSK signaling pathway. This direct link ensures
that the pH regulatory machinery is integrated with the core proliferative signals of the cancer cell
[69-71].

The resulting inverted pH gradient promotes invasion and metastasis. Intracellular
alkalinization protects the cancer cell from acid-induced damage and promotes proliferation [50,58].
Conversely, extracellular acidification remodels the tumour microenvironment by activating secreted
enzymes like cathepsins that degrade the extracellular matrix (ECM), clearing a path for invasion.
Thus, the coordinated activity of MCTs, H+-ATPases, NHE1, and NBCnl, all regulated by oncogenic
drivers, creates a permissive environment for breast tumour growth, invasion, and ultimately, poor
patient outcomes.

3. Imaging Techniques for pH Detection in Breast Cancer

Because of changes in pH in tumor, imaging techniques are being evaluated to measure in vivo
acidosis, including magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS),
nuclear medicine (positron emission tomography, PET), electron paramagnetic resonance (EPR),
optical imaging (OI), and photoacoustic imaging (PAI). In this section, we review these imaging
techniques and their application in breast cancer.

3.1. MRS Methods

MRS techniques offer the ability to derive metabolic information without use of ionizing
radiation with limited radiation exposure [72,73]. While MRI depends on the signal of all the protons,
in contrast MRS focusses on how different proton groups in molecules resonate at slightly different
frequencies in a magnetic field [74]. MRS techniques seek to identify and quantify different cellular
chemicals based on the relative signals detected at these resonance offsets, providing quantitative
insight into tissue metabolism in vivo [73,75]. MRS operates on the same scanner as an MRI but is
uniquely designed to detect and quantify the concentrations of specific endogenous metabolites
within living tissue [74,75]. By revealing these metabolic alterations, MRS can identify pathological
processes even before any structural damage becomes visible [73]. However, the technique presents
significant technical challenges, as it is highly sensitive to magnetic field imperfections, must detect
molecules present in very low concentrations, and requires complex analysis to interpret the resulting
spectral data [72,73].

Proton Magnetic Resonance Spectroscopy (‘H-MRS)

H-MRS represents a valuable approach for assessing tumor microenvironment parameters
through detection of both endogenous metabolites and exogenous probes, leveraging the high
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natural abundance (99.98%) and superior sensitivity of the proton nucleus in human tissue [73,76].
This technique has demonstrated clinical utility in breast cancer characterization through detection
of elevated choline compounds (tCho), which serve as a biomarker of increased membrane turnover
in malignant tissues, with diagnostic sensitivity and specificity ranging from 71-80% [77-79]. More
recently, attention has turned to lactate as a hypoxia-associated metabolite, with studies
demonstrating that lactate can be detected in the human breast noninvasively using '"H MRS [80].

However, conventional 'H-MRS faces challenges in breast tissue due to the high concentration
of lipids in breast tissue. Lipid resonances can overlap with many of the other chemical compounds
relevant, including choline. Techniques used elsewhere in the body, such as placement of saturation
bands or masking of lipid-containing tissues, can be difficult to implement in the breast [81,82].
Double-quantum filtered (DQF) MRS methods have been developed to suppress these interfering
lipid signals, enabling specific lactate detection that reveals significantly higher levels in grade III
compared to grade Il breast lesions, supporting its potential as a biomarker of tumor aggression [82-
88].

For direct measurement of extracellular pH (pHe), exogenous imidazole-based probes such as
(*¥)2-imidazole-1-yl-3-ethoxycarbonylpropionic acid (IEPA) and (+)2-(imidazol-1-yl)succinic acid
(ISUCA) have been developed, featuring pH-sensitive H resonances in the 7-9 ppm range, a spectral
region relatively free from endogenous interferences [89-94]. These compounds enable ratiometric
measurements through pH-dependent chemical shifts of their H-2 proton relative to internal
reference protons, allowing concentration-independent pH assessment. Preclinical studies in
orthotopic breast cancer models have successfully generated pHe maps using these approaches,
revealing acidic regions within tumors that correlate with aggressive features [90,95]. While 3P MRS
offers a more direct way to monitor phospholipid metabolites, energy metabolites, and intracellular
pH levels, the increased spectral resolution at higher field strengths (7T versus 1.5T) has enabled
distinct detection of phosphoethanolamine (PE) metabolites from phosphocholine (PC) metabolites
in patient studies [96-100]. Clinical observations show altered metabolite ratios in breast cancer
patients, with elevated PE resonances compared to PC resonances, which may partially explain the
tCho levels detected. Furthermore, alterations in pH levels have been observed clinically through
split Pi resonances, with calculations yielding pH values of 7.5 and 6.9 [101,102].

However, the technique faces challenges including relatively small pH-dependent chemical
shifts (approximately 0.7 ppm over the physiological range) that require high magnetic field strengths
(e.g., 3T) for adequate resolution, and spatial resolution on the order of multiple millimeters that may
be insufficient for characterizing heterogeneous tumor microenvironments [95]. Additionally, some
imidazole-based probes exhibit buffering capacity that could potentially alter the pHe they are
intended to measure, although recent developments in diimidazole compounds aim to address these
limitations with enhanced sensitivity and reduced buffering capacity [89,103]. Despite these
challenges, the technique's compatibility with standard clinical MRI systems and its ability to
simultaneously assess multiple metabolic parameters position it as a promising multiparametric
approach for breast cancer evaluation.

Chemical Exchange Saturation Transfer (CEST) MRI:

Chemical exchange saturation transfer (CEST) imaging refers to a method to measure low-
concentration solutes by the phenomenon of magnetization transfer (MT). In MT, a specific proton
group (e.g., amides) are stimulated at their resonance frequency using radiofrequency (RF) pulses,
saturating their magnetization. This magnetization is transferred to surrounding water due to the
exchange of the excited protons with protons in bulk water. Repeated cycles of stimulation and
transfer will lead to a build-up of signal in bulk water, which cannot be saturated given its
concentration is orders of magnitude higher than the stimulated proton groups. This increased signal
can then be more easily detected [104-108]. The chemical exchange of saturated protons with protons
of water is pH dependent, and therefore measurement of the rate of transfer can be used to estimate
tissue pH [109,110]. CEST imaging has proven effective in detecting acidic pH of breast tumors and
revealing their metastatic potential, as the CEST effect diminishes at higher, more basic pH levels due
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to an excessively rapid exchange rate. CEST is broadly categorised into two types: endogenous and
exogenous CEST [111-114].

a. Endogenous CEST: This approach focuses on stimulation of chemical groups endogenously
found in tissues. The most established method is amide proton Transfer(APT) imaging, which focuses
on amide protons (proteins and peptides) [114]. The exchange rate between the amide protons and
water decreases with decreasing pH [110,115-119]. Since cancer cells exhibit higher intracellular
protein concentrations due to rapid turnover, the APT signal is often increased [120-122]. Clinically,
APT has demonstrated high diagnostic performance, distinguishing between benign and malignant
breast lesions with an AUC as high as 0.959 [123,124]. Its signal shows a positive correlation with
tumor stage and Ki-67 proliferation index and decreases following effective neoadjuvant therapy
[125]. A current limitation is it has mostly been studied for characterizing larger lesions compared to
smaller ones.

Other endogenous CEST methods target different protons: hydroxyl groups (e.g.,
glycCEST,gagCEST used in humans to distinguish tumor from surrounding tissue) and amine
groups of glutamate (gluCEST) [103,126-128]. While GluCEST has shown promise in mouse models
for monitoring early response to glutaminase inhibitors in TNBC, its clinical translation is limited by
high magnetic field requirements and a focus on specific subtypes [129]. Although amide and
guanidyl CEST can map intracellular pH (pHi), these studies require high magnetic strengths and
lack simultaneous compensation for confounding tumor effects, limiting their current clinical
understanding.

b. Exogenous CEST:

This method utilizes administered CEST contrast agents to specifically map the extracellular pH
(pHe) of the tumor microenvironment [130]. It employs FDA-approved, non-ionic iodinated X-ray
contrast agents known for high water solubility, low toxicity and is pH dependent, such as Iopromide
and Ioversol [131-133].

A key advance is the development of acidoCEST MRI, a technique that takes advantage of
differences in CEST effects of its two amide groups at different pH levels; a ratio of the magnitude of
these two CEST effects was found to be highly linearly correlated with pH [133]. This allows for a
ratiometric analysis method that calculates pHe independent of the agent's concentration, a
significant advantage for use in human subjects [131,134,135].

However, exogenous CEST faces challenges. Many pioneering studies were conducted at 7T,
which is not widely available even at academic institutions, and validation on clinical 3T systems is
needed. The accurate measurement range is typically limited to pH < 7.2, and while many tumor
microenvironments are at pH < 7.4, the technique remains sensitive to confounding variables like
temperature, pH, contrast agent and magnetic field (B0/B1) inhomogeneity, necessitating careful
experimental control [136,137].

31P - MRS (phosphorous)

Phosphate compounds play a central role in cellular energy metabolism; all energetic processes
in human tissue cells involve phosphate-containing metabolites such as phosphocreatine
(PCr),inorganic phosphate (Pi) and adenosine triphosphate (a-p-y-ATP) [138]. Phosphorous MR
Spectroscopy (31P-MRS) relies on the same phenomenon of difference in resonance frequencies of
phosphorous when it is bound in different chemicals. 31P-MRS can measure intracellular pH by
assessing the chemical shift difference between different phosphorus chemical compounds, with this
difference changing based on pH; this technique has been used to assess pH changes in multiple
tissues and tumors [139]. Inorganic Pi is most affected by changes in pH particularly in tumors,
whereas the PCr is used as a reference since it has a relatively stable resonance position across
physiologic pH [140-142]. Most studies have focussed on the quantification of phosphorus
metabolites in breast cancers as compared to normal tissue with focus on changes of these metabolites
under chemotherapy, with increase in pHi following treatment.Studies on 3TMRI show improved
signal to noise ratio and spectral resolution in the human breast in vivo [143-148].While MRS can be
used to study the intracellular pH changes which are the very initial changes that take place in cancer
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cells further studies have been done to assess the extracellular pH [149]. 31P MRS of 3-
aminopropylphosphate (3-APP), a non-toxic membrane impermeant, is used to measure extracellular
pH of tumor. It has been demonstrated to show changes in breast cancer cell lines [23]. A major benefit
of 31P-MRS is the lack of a need for water suppression in order to detect phosphorous metabolites,
unlike detecting in vivo metabolites with 1TH-MRS [148]. Limitations of a 31P-MRS include lower
sensitivity as Pi concentrations are generally lower than proton concentrations, and thus it is essential
to use techniques to acquire sufficiently high SNR for pH quantification [139].

19F - MRS (Fluoride)

19F Magnetic Resonance Spectroscopy (MRS) has emerged as a powerful technique for probing
the tumor microenvironment, particularly extracellular pH (pHe), due to the near absence of
endogenous fluorine background in biological tissues [150-152]. This lack of background signal
allows for unambiguous detection of exogenous fluorinated probes, while the nucleus's high
gyromagnetic ratio and large chemical shift dispersion (~300 ppm) provide excellent spectral
resolution [150]. The development of effective 19F pH indicators requires careful optimization of
pharmacokinetic properties, including a pK, within the physiological range, high sensitivity and
specificity, low toxicity, efficient cellular delivery, and appropriate membrane permeability
characteristics [149,151-154].

Several classes of fluorinated probes have been developed for pH sensing. Early approaches
utilized fluorinated alanines, which demonstrated pH-dependent chemical shifts but were limited to
perfused cell systems and were not applied in vivo [155-158]. More advanced probes include
fluorinated vitamin B6 analogues such as 6-fluoropyridoxol and its trifluoromethylated derivative,
which exhibit improved pK, values and membrane impermeability, making them suitable for
extracellular pH measurement in tumor xenograft models [159]. The fluoroaniline sulfonamide ZK-
150471 has shown particular promise, demonstrating superior signal-to-noise ratio and pH
sensitivity compared to 3P MRS probes like 3-APP [149,160].

Recent innovations focus on "smart" contrast agents and nanoscale delivery systems [161-163].
PEGylated nanogels containing perfluorocarbons exhibit pH-dependent size changes, enabling
indirect pH estimation through “F signal variations [164-169]. Molecular switches acting as
ratiometric probes eliminate the need for external references, paramagnetic relaxation enhancement
strategies using Mn?* ions have improved signal intensity by over five-fold [165,167,170,171]. Liposil-
encapsulated fluorinated ionic liquids represent another advancement, enabling multiplexed F MRI
with enhanced relaxation properties [171].

Despite these advantages, ’F MRS faces challenges including probe instability, nonspecific
accumulation due to hydrophobicity, and limited spatial resolution despite high field strengths
[160,164] While extracellular pH measurement is well-established, simultaneous intracellular pH
assessment remains challenging. Nevertheless, the continuous development of novel fluorinated
compounds and encapsulation strategies positions ’F MRS as a valuable complementary approach
to proton-based methods for characterizing tumor acidosis in breast cancer research and potential
clinical applications [164,167].

3.2. Hyperpolarized 3C MRS:

Hyperpolarized carbon-13 (**C) magnetic resonance imaging (MRI) is a real-time, non-invasive
method that enhances signal of *C-labeled compounds through cooling a 13C-enriched sample with
a polarizing agent to near absolute zero in presence of strong magnetic fields (3.35 - 7T) for 2 hours
and transferring polarization via microwave irradiation to improve visualization of metabolic
activity. However, this technique requires specialized equipment for polarization and rapid quality
control, necessitating dedicated multinuclear MRI scanners with custom 3C coils. These technical
and economic constraints have currently limited its widespread clinical implementation [172].

Two primary approaches facilitate pH quantification using hyperpolarized *C MRI. The first
method utilizes ¥C-bicarbonate, which undergoes pH-dependent equilibrium with BCO: via
carbonic anhydrase catalysis, enabling quantitative mapping of extracellular pH through signal
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intensity ratios. The second approach employs [1-*C]pyruvate, whose metabolic conversion to *CO:z
in highly aerobic tissues permits similar ratio-based calculations primarily reflecting intracellular pH.
Since both compounds are endogenous metabolites, these techniques show significant potential for
clinical translation in mapping pH distributions in human cancers [173].

In breast cancer applications, the hyperpolarized '*C-lactate signal has demonstrated utility as a
potential biomarker for tumor grading, with detectable signals in triple-negative and high-grade
tumors but absence in lower-grade malignancies [174,175]. The lactate-to-pyruvate ratio (Lac/Pyr)
correlates strongly with HIF1a expression, linking metabolic activity to hypoxia and tumor volume,
while also showing associations with lactate dehydrogenase A (LDHA) and monocarboxylate
transporter 1 (SLC16A1/MCT1) expressions [176].

The technology shows particular promise for treatment response assessment, detecting
metabolic alterations within 7-11 days post-treatment. Increases in Lac/Pyr ratio >20% following
therapy have demonstrated predictive value for pathological complete response (pCR) [176,177].
However, data interpretation requires careful consideration since the ¥C-lactate signal reflects
complex interactions involving substrate delivery, transporter expression, and enzymatic activity
rather than only lactate production. This complexity is evidenced by paradoxical observations such
as increased lactate conversion following pazopanib treatment [178].

Recent technological innovations address limitations of conventional polarization methods.
Novel approaches like Spin-Lock Induced Crossing with Signal Amplification By Reversible
Exchange (SLIC-SABRE) enable rapid generation of hyperpolarized [1-*C]pyruvate within minutes
at reduced cost, facilitating high-throughput studies. Applications in transgenic breast cancer models
have successfully identified elevated lactate metabolism and metabolic subcompartments
corresponding to histological profiles, demonstrating potential for overcoming current
implementation barriers [179].

While challenges remain regarding technical complexity, cost, and data interpretation, ongoing
advancements in hyperpolarized 3C MRI position it as a transformative approach for non-invasive
pH monitoring in breast cancer management. The capability to track spatial and temporal pH
dynamics provides unique insights into tumor heterogeneity and treatment response, offering
significant potential for advancing personalized cancer care [174].

3.3. Optical and Fluorescent Probes for tumor pH detection

Optical imaging represents a powerful approach for detecting the acidic tumor
microenvironment, leveraging light-based technologies to provide accurate, real-time data on
biochemical properties including extracellular pH (pHe) [180,181]. These methods are particularly
valuable for their high sensitivity and versatility, though their application is primarily limited to
superficial or accessible tumors [101,182-187]. A key advantage of these approaches is their capacity
for ratiometric measurements, where the ratio of signals at different emission or excitation
wavelengths enables pH quantification independent of probe concentration, photobleaching, or
tissue depth variations. This capability for concentration-independent measurement significantly
enhances accuracy and reliability in pH detection [188].

For in vivo applications, the near-infrared (NIR) range (650-900 nm) is particularly valuable due
to reduced light absorption and scattering by biological tissues, allowing penetration to deeper
depths of the tissue of up to 1 cm. Several optical techniques have been developed for pH sensing,
each with distinct characteristics [103,133].

Optical sensors such as Optical coherence tomography (OCT) and photoacoustic imaging (PAI)
are a non-invasive technique to detect tumors [189]. OCT employs non-invasive light-based imaging
to generate high-resolution, micrometer-scale images of tissue architecture. OCT takes advantage of
the high spatial resolution of near-infrared light to detect micrometer-level reflectances in tissue, an
optical analogue of ultrasound [190]. OCT has demonstrated particular utility in identifying early-
stage breast malignancies that evade detection by conventional imaging modalities. Clinical
investigations have validated OCT's diagnostic capability, reporting sensitivity of 93% and specificity
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of 85% in distinguishing cancerous breast tissue, establishing its potential as an effective tool for early
cancer detection [191]. Fluorescence imaging employs pH-sensitive dyes that change their emission
properties in response to acidity. Optical coherence tomography (OCT), though not a direct pH
sensor, provides high-resolution structural imaging that can complement pH measurements. The
development of various probes has been crucial for advancing optical pH detection, ranging from
visible-light probes like seminaphthorhodafluor-1 (SNARF-1) for preclinical window chamber
models to NIR fluorescent probes such as modified rhodamine bound to dextran (Dex-Me-pEPPR)
and activatable nanoparticles that turn on fluorescence in acidic conditions [184,192,193]. The pH can
be measured independent of concentration by assessing the ratio of fluorescence signals at different
emission wavelengths or at different fluorescence lifetimes [17,182,185,186,192].

PAI has emerged as a particularly promising modality for deeper tissue pH sensing, utilizing
probes designed with pH-dependent and pH-independent absorption peaks [180]. To overcome the
depth limitations of optical methods like photoacoustic imaging (PAI) has emerged as a modality for
deeper tissue pH sensing. PAI is a hybrid modality that combines optical imaging with ultrasound
detection, providing high spatial-temporal resolution for imaging structures several centimeters deep
with exceptional capital and temporal resolution [194,195]. This technique can identify tumors as
small as 1-2 mm with a sensitivity of 91%. Systems including albumin-based nanoparticles with
benzo-a-phenoxazine and IR825, or polymer nanoparticles containing SNARF-5F, enable pH
quantification through ratioing of optoacoustic signals at different excitation wavelengths [196].
Despite their considerable promise, the clinical translation of optical and photoacoustic pH-sensing
for broad breast cancer screening faces hurdles. The primary limitation remains depth penetration,
which restricts these methods to superficial or accessible tumors [101,196]. Furthermore, challenges
related to the biocompatibility, stability of probes, along with addressing the complexities of absolute
pH quantification due to nonlinear response curves [103]. Consequently, these technologies are
currently best suited for specialized applications such as intraoperative guidance or endoscopic
procedures, where their high sensitivity and capacity for spatial pH mapping can be fully leveraged
[103,194-197].

Table 1. Diagnostic Imaging techniques for pH detection for breast cancer screening.

Technique Primary Key Strength Key Finding Main
Measure Limitation

H MRS Total High 71-80% Cannot

(Conventional Choline endogenous sensitivity/specific directly

) (tCho) concentration; ity for malignant measure pH;
concentratio widely available lesion detection lipid  signal
n on standard contamination

clinical MRI

systems
H MRS Lactate Specific lactate Higher lactate in 50% inherent
(DQF) concentratio detection by grade III vs. grade signal loss;
n suppressing II lesions; links to challenging for
lipid signals hypoxia small lesions
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H MRS Chemical Ratiometric, Successful ~ pHe Small chemical
(Exogenous shift of concentration- mapping in shift range
Probes) probe's  H-2 independent preclinical models (~0.7  ppm);
proton pHe reveals acidic may alter
measurement regions native pHe
3P MRS Chemical Direct Resolves multiple Low
shift measurement of pH compartments endogenous
difference of intracellular pH; via Pi splitting concentration;
inorganic monitors energy poor
phosphate metabolism spatial/tempor
compared to al resolution
pH-
independent
phosphates I
F MRS Chemical Negligible Superior SNR vs. Requires
shift of biological 3P MRS; enables exogenous
exogenous background; specific pHe probes; limited
19F probe large chemical mapping clinical
shift dispersion translation
Hyperpolariz Lac/Pyr  or >10,000x signal Lac/Pyr increase Extreme
ed BC MRS H®BCOs/13C enhancement 220% predicts pCR cost/technical
Oz ratio for real-time post-treatment complexity;
metabolic flux short  signal
lifetime
CEST MRI Amide No contrast High AUC (~0.96) Confounded
(Endogenous) proton agent needed; for = malignancy; by  multiple
transfer correlates with tracks therapy factors;  less
(APT) effect tumor response sensitive in
aggression small lesions
CEST  MRI Chemical Ratiometric, Revealed "pH- Limited to
(Exogenous) exchange of concentration- neutral” tumors; acidic  range
iodinated independent quantitative pHe (pH <7.2);
agents pHe mapping requires high
measurement field strength

(e.g., 7T)
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Fluorescence Fluorescence High sensitivity; Direct correlation Limited to
Imaging intensity real-time between low pHe superficial
ratio ratiometric and high tumor tumors (<1 cm
quantification invasion depth)
Optical Tissue High spatial 93% Does not
Coherence microstructu resolution sensitivity/85% directly
Tomography re changes (~micrometers); specificity for measure pH;
non-invasive cancerous tissue structural
context only
Photoacoustic Optoacoustic Deeper 91% sensitivity for Nonlinear
Imaging signal ratio penetration than lesions 1-2 mm; response
pure optical; quantifies tumor curves; probe
combines pH biocompatibili
optical/ultrasou ty issues
nd

4. Discussion

This comprehensive review establishes tumor acidosis as a fundamental, targetable hallmark of
breast cancer with profound implications for early detection. The inverted pH gradient, characterized
by alkaline intracellular and acidic extracellular environments, is not merely a metabolic byproduct
but an active driver of tumor progression, invasion, and treatment resistance. The central conclusion
of this analysis is that pH-sensitive imaging represents a paradigm shift in breast cancer screening,
moving beyond anatomical assessment to functional, metabolic characterization.

The primary conclusion is that multiple imaging modalities have now matured to the point of
providing reliable pH measurement. Techniques such as CEST MRI, particularly the exogenous
acidoCEST approach, and advanced MRS methods (*°F, 3'P) offer clinically feasible pathways to
quantify extracellular and intracellular pH with increasing precision. Hyperpolarized *C MRI,
despite its current technical complexity, provides unprecedented insight into real-time metabolic
flux, with the lactate-to-pyruvate ratio emerging as a powerful predictive biomarker for treatment
response.

The relevance of these findings to the field is substantial and multi-faceted. First, pH imaging
addresses critical limitations of current screening, particularly in dense breasts where structural
modalities underperform. By detecting metabolic alterations that precede macroscopic tumor
formation, these techniques enable truly early cancer detection. Second, the ability to stratify tumors
based on their pH profile and metabolic activity offers new avenues for personalized risk assessment
and treatment selection, potentially identifying aggressive tumors that warrant more intensive
management while sparing patients with indolent disease from overtreatment.

The translation of these technologies into routine clinical practice represents the next frontier.
While challenges remain in standardization, cost reduction, and validation across diverse
populations, the convergence of biological understanding and imaging innovation positions pH-
based screening as a transformative approach. Future efforts should focus on integrating these
functional techniques with existing structural modalities, developing standardized protocols, and
validating pH thresholds that reliably predict clinical outcomes. The implementation of pH-sensitive
imaging holds the potential to revolutionize breast cancer management by enabling detection at its
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earliest metabolic origins, ultimately reducing mortality through timely intervention and
personalized therapeutic strategies.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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Abbreviations

The following abbreviations are used in this manuscript:

MRI Magnetic Resonance Imaging

MRS Magnetic Resonance Spectroscopy

'H-MRS Proton Magnetic Resonance Spectroscopy
3IP-MRS Phosphorus-31 Magnetic Resonance Spectroscopy
PE-MRS Fluorine-19 Magnetic Resonance Spectroscopy
13C-MRS Carbon-13 Magnetic Resonance Spectroscopy
CEST Chemical Exchange Saturation Transfer

APT Amide Proton Transfer

BOLD Blood Oxygen Level-Dependent

PET Positron Emission Tomography

CT Computed Tomography

us Ultrasound

pHe Extracellular pH

pHi Intracellular pH

Na*/H* exchanger (NHE1) Sodium/Hydrogen Exchanger Isoform 1
MCT Monocarboxylate Transporter

CAIX Carbonic Anhydrase IX

NMR Nuclear Magnetic Resonance

RF Radiofrequency

ppm Parts per Million

TR/TE Repetition Time / Echo Time

FID Free Induction Decay

PCr Phosphocreatine

Pi Inorganic Phosphate

CO2 Carbon Dioxide

9F Fluorine-19 (nucleus used in MRS)

13C Carbon-13 (nucleus used in MRS)
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DNP Dynamic Nuclear Polarization

PA Photoacoustic

PAI Photoacoustic Imaging

pKa Acid Dissociation Constant

Bo Main Magnetic Field Strength

B: Radiofrequency Magnetic Field

T1/T2 Longitudinal / Transverse Relaxation Time
SPIO Superparamagnetic Iron Oxide
pH-sensitive MRI Magnetic Resonance Imaging sensitive to pH contrast mechanisms
FDA U.S. Food and Drug Administration
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