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Abstract

Stable isotopes are non-radioactive variants of the same element whose small mass differences produce predictable effects
in chemical and biological systems. While medicine has mainly used the administration of enriched stable isotopes as
tracers of physiological function, the natural sciences developed stable-isotope ratios into robust measures of source,
transformation, and underlying mechanism across Earth and life history. This analytical power — that often goes beyond
conventional concentration-based assays — emerged through advances in isotope theory, mass spectrometry, but perhaps
most importantly also globally shared reference systematics. Here, we review that trajectory and argue that medicine is
positioned for a similar shift, as new computational and analytical tools make isotope analysis increasingly compatible
with clinical throughput. In this shift, some natural isotope variation may serve as mechanistic biomarkers of physiology
and disease. Integrated with multiomics and machine learning, stable isotopes could support earlier detection, improved
risk stratification, and personalized care, particularly in cancer.

Keywords Stable isotopes - Reference materials - Isotope fractionation - Mechanistic biomarkers - Isotope
metallomics - Mass spectrometry - Precisiononcology - Machine learning - Exposomics - Cancer

Introduction

Modern medicine rests on a multitude of measurements,
but most of them are single snapshots. A blood- chemistry
panel can reveal, for example, that concentrations of cal-
cium or potassium are high or low at a particular moment.
Yet such panels rarely reveal why those levels changed,
what molecular pool they reflect, or what physiological pro-
cess produced them. Stable (non-radioactive) isotopes can
offer a complementary information about human biology

P< Emma U. Hammarlund
emma.hammarlund@med.lu.se

Tissue Development and Evolution (TiDE), Department
of Experimental Medical Science, Lund University, Lund,
Sweden

Multi-elemental Insights of Origins (MIO) Consortium,
Lund, Sweden

Lund University Cancer Center (LUCC), Lund, Sweden
Lund Stem Cell Center (SSC), Lund, Sweden

Globe Institute, University of Copenhagen, Copenhagen,
Denmark

Department of Chemistry and Chemical Engineering,
Chemistry and Biochemistry, Chalmers University of
Technology, Gothenburg, Sweden

Institute of Geology and Natural Resources, Department
of Geosciences & Natural Resource Management (IGN),
Copenhagen, Denmark

Cancer Ecology Center, The Brady Urological Institute,
Johns Hopkins School of Medicine, Baltimore, USA

Published online: 08 October 2026

beyond concentration measurements [1, 2]. Because iso-
topes of the same element differ slightly in mass, biologi-
cal and chemical processes handle them differently — and
those small biases show up as measurable isotope ratios [3].
Indeed, stable isotopes can report both process and origin in
the same sample.

In the natural sciences, stable isotopes have made it pos-
sible to ask not only what is present, but why it is there
and how it changed. The study of isotope ratios across com-
partments (or pools) became a tool to reconstruct past cli-
mates, map origins, and trace exposures, largely because the
research community built shared scales and reference mate-
rials. The robustness of the method grew from, and allowed
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for, the comparison of results across laboratories and time.
In parallel, the medical field pioneered the use of stable iso-
topes to trace function. Still today, tracer applications are
used in, for example, gastroenterology, metabolic research
and infectious disease [4-8]. However, the broader potential
of natural-abundance isotope ratios as mechanistic biomark-
ers is still underutilized [9].

A distinction important for clinical readers is that
enriched stable-isotope tracers require deliberate adminis-
tration of a labelled substrate (e.g., *C-urea, *C-glucose, or
deuterated water), whereas natural-abundance isotope-ratio
biomarkers measure endogenous variation already present
in tissue or biofluids without tracer administration [2, 9]. An
example of the former is deuterium dilution for total body
water, whereas geographic variation in the proportion of
stable isotopes of oxygen ('°0 vs. '®0) or hydrogen ('H vs.
2H) in human tissues illustrates the latter [2, 10].

This review is written for medical oncologists, transla-
tional cancer biologists, and clinical researchers evaluating
emerging biomarker modalities. We review how stable iso-
topes moved into scientific awareness and disciplines, from
tracing presence to interpreting processes. We also argue
for a next step that would bring the stable-isotope to the
bedside, especially combined with computational methods.
Such efforts could report not only what is present, but which
processes are shifting in disease or treatment®’. Stable iso-
tope chemistry applied more broadly and bolstered by estab-
lished global norms and references could enable biologic
discovery, early detection, risk stratification, and individual-
ized therapeutic monitoring across a wide range of diseases.

A recent discovery of an ancient
phenomenon

In the late nineteenth century, chemists observed puzzling
discrepancies in atomic weights among elements with simi-
lar chemical properties, and within the same groups of the
periodic table. These anomalies suggested that atoms of a
single element might not all be identical, though the con-
cept remained undefined for some time. Building on this
groundwork, Ernest Rutherford’s studies of radioactiv-
ity and atomic disintegration in the early 1900s provided
critical insight into atomic transformations. In only two
years, Rutherford and Frederick Soddy published a series of
papers showing that radioactive atoms transform into new
forms of matter and eventually into stable atoms [11, 12].
For this work, Rutherford (but not Soddy) was awarded the
Nobel prize in 1908 for “his investigations into the disin-
tegration of the elements, and the chemistry of radioactive
substances”.
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Soddy, however, continued his work into radioactivity
and atomic transformation. He concluded that elements
could share identical chemical properties yet differ in
atomic mass. Therefore, he proposed that chemical identity
depends on nuclear charge rather than weight. He also pre-
dicted that as a radioactive element, like uranium, decays to
lead, the lead will have a different mass than ordinary lead.
In a short Letter to Nature in 1913, he introduced the term
isotope to describe variants that occupy the same position in
the periodic Table [13]. The term isotope, meaning “same
place”, was suggested to Soddy by Dr. Margaret Todd.
Following Soddy’s discovery of isotopes came an intense
decade of effort across laboratories that allowed scientists
to see, understand,, and later use the phenomenon in far
greater detail.

Influential first experimental evidence for isotopes came
from the Brit Joseph John (JJ) Thomson. One of his experi-
ments, using cathode rays in 1897, led to the discovery of
the electron. Thomson had then turned to “positive electric-
ity,” developing methods to separate positively charged ions
by their mass-to-charge ratio. He built a so-called parabola
where ions are separated by electric and magnetic fields,
with their paths recorded on photographic plates. On a
photographic plate in 1913, Thomson recorded the paths
for neon gas with atomic weight 20 but also observed a
faint trace corresponding to a mass of 22 — a neon isotope
[14]. Soon followed a series of confirmative experiments
that would reinforce the isotope concept, including at the
Radium Institute in Vienna.

In Vienna, Stefanie Horovitz took on the task to test
Soddy’s prediction that the element lead originating from
uranium would be slightly lighter than ordinary lead. Using
painstaking gravimetric analyses (i.e., dissolving rocks of
ore, extracting, washing, filtering, dissolving and re-crystal-
lizing repeatedly), Horowitz showed in 1914 that uranium-
derived lead was indeed lighter, and therefore an isotope of
lead [15]. When her lab director Otto Honingschmid left
for a post in Munich, Horovitz stepped away from science
and was later, sadly, deported to Treblinka [16]. At the time
of her hard work to demonstrate the existence of isotopes,
however, she was respected by Soddy and others in the
community.

From discovery to isotopic narratives

Experimental confirmation of isotopes came in 1919, when
a previous assistant at the Cavendish Laboratory introduced
the mass spectrograph. Thomson’s assistant Francis William
Aston had joined the lab in 1910 to help build and refine the
parabola apparatus. That experience let him push the tech-
nique further. His next instrument — the mass spectrograph



Medical Oncology (2026) 43:332

Page3of 14 332

— was capable of accurately measuring atomic masses with
much higher precision and revealed that many elements are
mixtures of isotopes [17]. The work that earned Aston the
1922 Nobel Prize paved the way for isotope analysis with
steadily increasing precision [18]. Today, mass spectrom-
eters can reach almost infinite resolving power for quantify-
ing isotopic abundances, always with a trade-off of analytical
time [19]. Even before the technique became widely acces-
sible, two biochemists at Columbia University still found a
way to use isotopes to probe how the body works.

Human physiology was the first field to apply stable iso-
topes when, in the 1930s, Rudolf Shoenheimer explored the
idea that fat and proteins in the body are continuously pro-
duced and degraded. Together with David Rittenberg, they
used the newly described heavy stable isotopes of water and
hydrogen to trace metabolism [20, 21]. Before mass spec-
trometers were available, they detected heavy water through
density measurements of purified tissue water. Thus, they
fed rats and mice with food and water labelled with stable
isotopes and measured in what tissues or waste these ended
up. This work not only revealed the body’s “dynamic state”
but also established isotope tracer biochemistry in medi-
cine. While tracer biochemistry relies on mass balance and
pathway connectivity, stable isotopes had one more level
of utility once it became clear that physical and biological
processes also fractionate them in predictable ways.

The basis of isotope fractionation was established in
the late 1940s when Harold Urey described why different
masses of isotopes at process equilibrium result in uneven
partitioning in chemical and biological systems [22]. Urey
showed that small isotope mass differences alter bond
vibrational energies and create predictable partitioning dur-
ing reactions and phase changes (e.g., from liquid to solid
states). He argued that at equilibrium, the heavier isotope
tends to concentrate in the phase or molecular site where
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Fig. 1 Schematic of how the lighter oxygen isotope (*°0) is trans-
ported farther and is therefore preferentially stored in the terrestrial
reservoirs, including the icesheet (a kinetic effect). Since the terrestrial

it is most strongly bound, i.e., where it is energetically
most stable. For example, as oxygen changes state from
liquid water (H,O) to the solid calcium carbonate mineral
(CaCO0s), the heavier oxygen isotope ('*O as compared to
160) will concentrate, i.e., fractionate, into the energetically
more stable carbonate component. Since Urey also demon-
strated, in theory, that this equilibrium fractionation of oxy-
gen is a temperature dependent process, it led him to suggest
that oxygen isotopes can reconstruct past temperatures [23].
In his example, assuming an animal makes shells of calcium
carbonate in isotopic equilibrium with the water it lives in,
measuring the shell’s oxygen isotope ratio allows you to
infer the temperature of the water the animal inhabited. This
represents the first use of isotopes as a paleothermometer
(Fig. 1). In 1950, the temperature dependent direction of
enrichment was corroborated experimentally by McCrae,
also in Urey’s group, which ushered in the use of a paleo-
temperature scale in carbonate analyses [24] .

In parallel to equilibrium fractionation, the physical
chemist Jacob Bigeleisen made it clear that isotopes also
fractionate because of kinetic effects. Kinetic isotope effects
state that lighter isotopes may, for example, react faster,
diffuse easier, or be removed (distilled) in a process in a
uni-directional way. In 1949, he formulated, together with
Meyer, the quantitative theory of kinetic isotope effects
(KIE) [25] and experimentally demonstrated it via isotope-
dependent reaction rates to break carbon bonds [26]. After
this, it took over the following decade until the geosciences
started to extract this theory to describe, for example, nat-
ural variation in the '*0/!°O ratio of waters and how iso-
tope ratios in precipitation relate to climate [27, 28]. While
kinetic effects are essential to explain environments that
are, for example, diffusion-limited like sediments, the geo-
sciences interpret isotope ratios using equilibrium fraction-
ation as a baseline [29] .

Reflected signal of
icesheet extent

The preserved record -
of climate change
180/160

8'%0 (%0) CLIMATE

v)

Cold

Present

180

SEDIMENTS

icesheets grow during colder global climate, the remaining proportion
of all oxygen isotopes is recorded in shells (of CaCO5) as these form in
equilibrium with the ocean
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To express such isotope ratios, results are reported using
delta (8) notation. Following Urey, small differences in iso-
tope ratios are reported as delta values (8) that express the
isotope-number ratio of heavy to light isotope (R) in the
sample normalized to the same R in a reference material
(Eq' 1): 8:Rsample / Rstandard - L

If Horowitz and Aston’s work confirmed that isotopes
exist, medical researchers were the first to use labelled iso-
topes for tracing purposes. Once their predictable fraction-
ation in biological and chemical processes became clear,
however, stable isotope systematics was taken on by geo-
scientists in the 1960s and 1970s to reconstruct past state,
infer origins, and more. This was also the time when mass
spectrometers became accessible to a wider community.
The material and extraction methods still varied, however,
which led to joint efforts to align on reference material and
scale. That collaborative era to standardize the method is a
main reason why stable isotope chemistry is so comparable
and, therefore, powerful across laboratories today.

A community-built language made isotope
data robustly comparable

Despite the technical advancements with more readily
accessible mass spectrometers, it was clear that absolute
isotope ratios were hard to measure with sufficient accuracy.
McKinney et al.’s formalization of delta (8) notation in 1950
helped launch the collaborative effort of a shared scale sys-
tem that made isotope data comparable across laboratories,
methods, and time [23, 30].

Yet, comparisons between laboratories were still ham-
pered by the many extraction methods involved to produce
the clean gases (e.g., CO: from carbonates) for analyses.
Towards the end of the 1950s, the field had therefore started
to share materials that served as practical ‘zeros’. This led
to common reference scales anchored in shared standards
such as PDB (Pee Dee Belemnite; 8'°C), SMOW (Standard
Mean Ocean Water; 8'%0), CDT (Canyon Diablo Troilite;
3%28), and atmospheric nitrogen (3'°N) [31, 32]. To calibrate
laboratory working standards to these shared one-point
anchors efficiently allowed inter-lab and study comparisons,
until reference materials started to run out.

In a subsequent ‘Vienna era’ from the 1960s, international
bodies like IAEA (International Atomic Energy Agency, in
Vienna), but also NIST (U.S. National Institute of Standards
and Technology) and USGS (U.S. Geological Survey) began
to establish replacement standards and enable their distribu-
tion across laboratories. Their reference materials created
the scales used today, such as the Vienna-PDB (VPDB) for
carbon, Vienna-SMOW (VSMOW) for water isotopes, and
Vienna-CDT (VCDT) for sulfur. As instruments improved,
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laboratories also had to correct for scale compression and
expansion, which drove the adoption of two-point or mul-
tipoint normalization. Because one-point correction alone
could introduce differences in slope between laboratories, at
least two certified reference materials with well-separated &
values are used to anchor both offset and scale.

Today, & values are understood as scale-realized results
that should be reported with reference to the international
scale, the normalization approach, and uncertainty [33].
These developments over a near-century can be described
as the evolution of a method ecosystem. At the core of this
ecosystem is the definition of ‘fractional abundance’ by ref-
erence to an agreed-upon scale, the use of normalization
that cancels instrument bias, and continuous intercompari-
sons [33, 34]. Few analytical methods achieve this degree of
comparability, with pH and temperature among the closest
parallels. That stable isotopes are used in fields from geol-
ogy, ecology and hydrology to forensics and paleontology
is a testament to its power to capture and compare chemi-
cal and biological states regardless of the analytical labora-
tory or timepoint [2]. These fields have the study of material
sources and transformations in common, but also that they
benefit from inexpensive and high-throughput ratio mea-
surements. One field with a similar need is cancer detection,
where signs of transformation could benefit from high-
throughput and inexpensive analysis. So far, however, the
use of stable isotopes in clinical medicine is limited.

A breadth of applications

The importance of stable isotopes goes beyond that they
can label and trace molecules, since they can also turn mea-
surements into narratives of source, transformation, and
constraint. Across disciplines, the most successful applica-
tions share the same logic, i.e., that isotope ratios become
informative when they are interpreted against known frac-
tionation rules, reference frameworks (standards, scale and
normalization), and system dynamics. The examples below
are therefore not a comprehensive inventory of applications,
but illustrations of a broader principle — that isotopes add
process-level information where concentration measure-
ments alone are insufficient.

Reconstructing past states along Earth and life
history - geology and evolution

In the Earth sciences, stable isotopes became powerful when
signals preserved in minerals, sediments, and shells could
be read as records of past process [29]. While the early
paleotemperature scale introduced by Urey and McCrea
was fundamental for early paleoclimate work, stable isotope
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geochemistry has since become central to reconstructing
Earth’s atmosphere, climate, habitability, and continental
change through time [23, 24, 28, 35].

Different isotope systems record different aspects of this
history. For example, the early build-up of an ozone layer is
described via rare stable sulfur isotopes [36]. Prior to ozone
layer formation, UV-light drove the mass-independent
splicing of SO, to SO in the atmosphere through photoly-
sis, which led to an isotope signature in sulfur compounds,
transferred from the air to the sediment, detected and ana-
lyzed eons later in the sedimentary rock record [37]. As oxy-
gen built up in the atmosphere and the ozone layer formed,
the window for UV light to drive this photolysis closed and
the strong mass-independent sulfur signature disappears
from the sedimentary rock record. In contrast, signatures
produced by the microbial process of sulfate reduction, a
mass-dependent process (a kinetic effect) remained to be
detected in the record. In addition, the subsequent evo-
lution of our planet’s oxygenation state can also be indi-
rectly explored via sulfur isotopes (local indications added
together) [38] but also e.g., chromium isotopes (soil mineral
oxidation) [39] or molybdenum isotopes (global deep sea
oxygenation) [40, 41].

Carbon isotopes occupy a particular place in geology
since they connect metabolism (biological carbon fixation)
to the sedimentary record and thereby allow for explora-
tions of environmental and biological evolution [29, 42]. In
living systems, carbon isotopes similarly distinguish dietary
inputs; for example, 613C can separate consumption of C3
versus C4 plants because these two photosynthetic path-
ways fractionate carbon differently. Carbon isotopes have
also been used to infer very early evidence for biological
carbon fixation, possibly from planktonic microorganisms
in the water column (consistent with photosynthesis) [43].
Isotopes preserved in the layered rock record (stratigraphy)
is a major tool for correlating basins across time. When inte-
grated with paleontological data, such 8*C chemostratigra-
phy is key to resolve the timing and background of local and
global evolutionary events, such as extinctions and diversi-
fication [44].

While geology show that isotope ratios can reflect and
preserve process in minerals and sediments across deep time,
biology demonstrate that the same logic applies to current
and more recently historic living systems — where tissues
record origin, diet, movement, and ecological interactions.

Inferring origin and movement across space -
biology, archeology, ecology, and forensics

In biology, isotope ratios are especially useful because liv-
ing tissues integrate both source signals and physiological

processing. As a result, isotope ratios can reveal provenance,
ecological interaction, and life history [45].

Origin or provenance can be constrained by the spatial
distribution of isotopes across a geographic area (isoscapes)
that, later, is mapped in tissues. For example, feather 6°H can
link birds to the environment in which the feathers formed.
This can be combined with 8'%0 or §3C that may reflect
specific drinking-water, diet or habitat constraints. Classi-
cal work on migratory birds used feather 6°H to link win-
tering individuals back to broad breeding regions [46, 47].
The geographic migration, feeding patterns, or living condi-
tions of prehistoric humans can be traced through strontium
(¥’Sr/%6Sr; reflecting geological substrate rather than mass-
dependent fractionation) and oxygen (5'%0) isotopes in hard
and soft tissues [48—50]. Building on this, nitrogen isotopes
(8"°N) in bone collagen of prehistoric humans can resolve
dietary composition and trophic level (e.g., vegetable or
fish), especially when combined with 6'*C to separate ter-
restrial vs. marine sources [51].

Microbial ecology via recordings of how elements
such as carbon, nitrogen, and sulfur move through global
biogeochemical cycles across the atmo-, bio-, litho- and
hydrospheres. Nitrogen is a key example: because microbes
control entry into and loss from the bioavailable nitrogen
pool, nitrogen isotope systematics can record the balance
of processes that shape productivity, food webs, and carbon
uptake [52]. Although N is essential to life and common in
the atmosphere, N, is basically inert until microbes deter-
mine whether nitrogen gets into or out of the reactive pool
(as nitrate or ammonium) and, therefore, becomes bioavail-
able [52]. The balance of reactive and inert nitrogen defines
productivity in lake and ocean, carbon uptake, food webs
and indirectly climate. And to decipher the relationship
between all these processes and players, nitrogen isotope
systematics are calibrated and, to the extent we understand
this systematics, used as recorders of the ecology of the set-
ting (local or global).

The biological applications extend into forensics, where
the same tissue-level isotope signals are interpreted to make
inferences about identity, origin, and movement that com-
plement genetic and morphological approaches [53]. For
example, in scalp hair, 3*H and §'%0 reflect the isotopic
composition of body water averaged over weeks to months.
This signal is driven mainly by local drinking water and,
to a lesser extent, by diet [54]. Since meteoric water iso-
tope ratios vary in a structured way across regions, these
patterns can be modelled as isoscapes and map geographic
origin, migration or life-course exposure histories [55-57].
Approaches can also combine light bio-elements (32H,
3'%0, 313C, 8"°N, 5**S) with heavier geo-elements such as
radiogenic ¥’Sr/*®Sr and, in some cases, lead [58, 59]. These
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approaches help identify unknown decedents, reconstruct
mobility, and trace wildlife trafficking [60, 61].

The forensic community has contributed to the method-
ological framework established in the physical and Earth
sciences, with a strong focus on calibration schemes, refer-
ence materials, and consistency across laboratories [62]. As
an example, the human hair reference materials USGS42
and USGS43 were developed to anchor 5°H and §'%0 mea-
surements in keratin to the Vienna Standard Mean Ocean
Water (VSMOW) scale [63]. When combined with shared
protocols for sample cleaning, preparation, and data normal-
ization, these materials support efforts to make hair-based
provenance assessments reproducible and suitable for legal
contexts [64]. Even so, interpretation remains probabilistic
and constrained by data availability. For example, isoscape
coverage is uneven worldwide and behaviors, such as bot-
tled water consumption, can weaken links between hair and
local tap water [58]. Therefore, strategies developed within
the forensic sciences to address quality control offer a road-
map for future clinical applications of stable isotopes, where
regulatory requirements are also strict.

Resolving intake, exposure, and environmental
interactions — epidemiology and public health

Once isotope ratios could be linked robustly to provenance,
the same framework was extended to nutrition and exposure
[65]. In health research, natural variation in carbon, nitro-
gen, and sulfur isotopes can distinguish among food sources
and dietary patterns more objectively than self-report [56,
57, 66]. In public health, isotopes can also identify expo-
sure sources, for example distinguishing lead derived from
paint versus pipes [67, 68]. Keratinized tissues such as hair
and nails are especially useful because they integrate intake
and exposure over longer intervals than blood [69, 70]. The
same principle underlies applications in doping control, fal-
sified medicines, and food authentication [71-75].

In summary, isotope ratios are important tools for track-
ing many forms of nutrition, pollution, and environmental
exposure [76—78]. These public-health uses bring the argu-
ment close to medicine: isotope ratios are valuable not only
because they identify what entered the body, but because
they retain information about how the body handled it.
That shift — from exposure to physiology — is the clinical
opportunity that can be explored further.

Tracing function and detecting altered physiology -
medicine

Medicine, then, is not an outlier to this story but its next

logical step [79]. The field already adopted stable isotopes
as safe tracers of function, but a larger promise may lie in
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revealing altered physiology directly through natural-abun-
dance fractionation patterns [80].

Otto Warburg is famous in medicine for his work in
the 1920s and 1930s to describe how cells consume oxy-
gen and, by extension, how metabolism proceeds. Through
continuous method development, he could detect minute
gas changes above a living tissue slice and, eventually,
also show that cancer cells rely on glycolysis even in the
presence of oxygen [81]. However, it may at the time have
been even more revolutionary to argue that tissues are not
static, but instead dynamic by undergoing continuous syn-
thesis and breakdown of compounds like lipids. This idea
was advanced and tested by Shoenheimer, using labelled
isotopes together with David Rittenberg who was recruited
from Urey’s laboratory. Here, a trajectory began in which
tracer approaches became important tools for the field of
medicine.

Yet the clinical use of stable isotopes has largely remained
within the tracer paradigm, even though the same fraction-
ation principles that transformed the Earth sciences could,
in principle, render naturally occurring isotope variation
informative about disease mechanism. Today, '*C-labelled
substrates are widely used to trace metabolic flux through
glycolysis, the TCA cycle, and biosynthetic pathways,
yielding insight into mitochondrial and cancer metabolism
[4, 82, 83]. Tracers are also being explored to detect cancer
cell metabolism, then detected in blood [84, 85]. Indirect
tracing of disease via stable isotopes is also possible, such as
tracing the microbial metabolism of the ulcer-inducing bac-
teria through a clinical breath test [80, 86]. In the '*C-urea
breath test, urease-positive Helicobacter pylori hydrolyses
labelled urea, where the resulting in *CO: is detected in
the exhaled breath [7]. Multiple other breath tests are being
investigated for detection and monitoring of various cancers
as well as metabolic disruptions such as diabetes and fat
malabsorption [8, 87, 88].

Fractionation related to disease remains far less used than
tracer approaches, yet it offers something tracers cannot: a
read-out of altered physiology without any administered
label. Although isotope effects — kinetic or equilibrium — are
often small at the level of individual reactions, they accu-
mulate across metabolic networks and become detectable
in metabolites, tissues, and excreted products. Enzymatic
bond-making and bond-breaking, pathway branching, lipid
synthesis, transport, metal binding, and repeated cycles of
synthesis and degradation can all reshape isotope distribu-
tions across molecular pools [9, 89]. Natural-abundance
isotope measurements may therefore reveal altered physi-
ology even in the absence of externally administered trac-
ers, if source effects and clinical confounders are explicitly
controlled.
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The available examples already span several isotope
systems, biofluids, and tumor types. Serum calcium iso-
tope fractionation (5*¥#>Ca) tracks bone mineral balance
in osteoporosis, chronic kidney disease, and multiple
myeloma, where active disease shifts serum toward lighter
values [90-92] (Fig. 2). Bone mineralization is a kinetic
effectively one-way process that preferentially incorporates
the lighter isotope, “*Ca, into the crystal lattice, leaving the
residual blood pool enriched in heavier **Ca, so that bone
mineral is isotopically light relative to blood (A =~ —1.3%o)
by the same mass-sorting logic used in Earth-science depth
profiles, here read in blood rather than rock [93, 94]. Under
balanced turnover, bone formation and resorption are
approximately equal and the serum calcium-isotope com-
position is stable; in active multiple myeloma, osteolytic
resorption exceeds formation; the isotopically light calcium
previously stored in bone is released back into the circu-
lation, shifting the blood pool toward lighter values [94,
95]. Serum 3*/#Ca is accordingly lower in patients with
active myeloma (mean~—0.75%o) than in those in remis-
sion or with stable disease (mean~—0.66%o), tracking dis-
ease activity earlier than bone-density (DXA) imaging and
independently of standard biochemical markers [93-95]. In
liver cancer (hepatocellular carcinoma), blood copper and
sulfur isotope compositions differ from controls, which
is consistent with copper redistribution into cysteine-rich
proteins and tumor-associated sulfur pools [96, 97], and
spatially resolved laser-ablation multicollector ICP-MS
(LA-MC-ICP-MS) can now map copper isotope varia-
tion across tumor regions [98]. Breast tumors are enriched
in light zinc isotopes relative to blood and healthy tissue,
with metallothionein-linked zinc sequestration proposed as

The principle
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process, so it sorts calcium by mass.

The mechanism in bone

a mechanism [99, 100], while carbon and nitrogen isotope
patterns in breast tissue and cell lines reflect altered lipid
and nitrogen-retention metabolism [9, 101]. Bladder cancer
studies combining plasma and red-blood-cell copper isotope
composition with concentration and machine learning have
achieved high classification performance [102], urinary
zinc isotope and metallomic signatures have been reported
in pancreatic and other secretory-organ cancers [103, 104],
and C/N/S isotope differences distinguish endometrial
tumor from healthy uterine tissue [105].

These differences are modest in absolute terms — typi-
cally a few tenths of a per mille (%o, i.e. parts per thou-
sand as opposed to per cent, %). Serum 3*¥*’Ca differs
by roughly 0.1%. between active and inactive multiple
myeloma [95]; serum §%Cu is depleted by ~0.2-0.6%o
in several cancers, with tumor tissue~0.5%o heavier than
adjacent normal tissue [106, 107]; and breast-tumor §%°Zn
is ~0.15-0.9%o lighter than surrounding tissue and blood
[100]. On one hand, these signals can be seen as 1-2 orders
of magnitude smaller than the natural-abundance gradients
that Earth scientists sometimes encounter — for example
the ~25%o spread in plant 8*C between C; and C, photo-
synthetic pathways, or the tens-of-per-mille range in sedi-
mentary 8°*S [108]. On the other hand, their magnitude
is closer to the transition-metal variation seen among ter-
restrial rocks (e.g. 8°°Fe spanning~2.5%o in sediments)
[109], and the variation measured within individual animals
(where the within-organism &°°Fe, 8°°Cu and §%Zn span
amplitudes similar to those in most terrestrial materials of
roughly 1-3%o) [110]. Also, the magnitude is comparable to
the fractionation within the human body itself (where 5°°Fe
differs by ~ 1-2%o and °°Zn by ~0.2%o between serum and
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Fig. 2 Calcium-isotope fractionation as a mechanistic biomarker of
bone disease in multiple myeloma. (A) The principle of kinetic cal-
cium-isotope fractionation during bone mineralization. (B) Mecha-
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red blood cells) [111]. The clinical challenge is therefore
twofold: to resolve and verify the magnitude of the disease-
related signal and to, when possible, enhance the small sig-
nals since physiological and lifestyle variation of similar
magnitude can perturb essential-metal isotope compositions
[112]. With a signal that exceeds the ~0.05-0.1%o precision
of some mass spectrometry instruments, the analytical bar
is attainable, especially if newly developed, pattern-based
methods that trade single-measurement precision for greater
dimensionality further strengthen the power to overcome
such confounders.

Isotopic fractionation patterns may therefore provide
a basis for detecting and monitoring malignancies. Yet,
application in medicine remains limited, perhaps because
of disciplinary barriers between medicine and chemistry,
the short-term variability of liquid biopsies, or a mismatch
between clinical priorities and available analytical tech-
nologies. Here, the forensic experience is instructive for
the medical field. There, isotope data became actionable
only once reference materials, standardized workflows, and
probabilistic interpretive frameworks matured together.

Across these disciplines, the recurring value of stable iso-
topes is not merely that they can label matter, but that they
preserve aspects of mechanism. In rocks, tissues, foods, and
biofluids alike, isotope ratios become informative when
they can be interpreted as the outcome of source mixing,
fractionation, and system dynamics. Read this way, the
diversity of applications is less a collection of case studies
than evidence for a common analytical framework, one that
medicine has only partly adopted. Why this framework is
only partly adopted in medicine may relate to its specific
needs and priorities.

Limitations, confounders, and clinical translation. Nat-
ural-abundance isotope ratios in human tissues and bioflu-
ids integrate source, physiology, and disease effects. Diet
and geography can dominate light-element signals (for
example, C; versus C, plant intake for 6'*C; drinking-water
patterns for 52H and §'%0), and hospital diet changes can
shift isotope composition during inpatient care [112]. Age,
sex, menopausal status, renal and hepatic function, inflam-
mation, medications, supplementation, microbiome com-
position, hydration, and sample-matrix differences (serum,
plasma, red blood cells, urine, tissue) can all influence metal
and light isotope distributions [112]. These factors are not
arguments against isotope biomarkers, but they require
matched disease controls, longitudinal sampling, paired
concentration measurements, and explicit metadata cap-
ture before clinical claims are made. Operational barriers
to clinical-scale metal-isotope analysis include instrument
and consumable cost, specialist expertise, acid digestion,
chromatographic isolation of individual analytes, handling

@ Springer

of concentrated mineral acids, and limited throughput rela-
tive to routine clinical chemistry [113].

Positioning relative to established liquid-biopsy modali-
ties. Medical oncologists will reasonably ask how natural-
abundance isotope measurements compare with circulating
tumor DNA (ctDNA), methylation assays, circulating tumor
cells, extracellular vesicles, and conventional metabolo-
mics or proteomics [114-118]. Those platforms address
complementary questions: ctDNA reports tumor genotype;
methylation assays support multi-cancer detection; circu-
lating tumor cells capture intact-cell biology; extracellular
vesicles carry nucleic acid and protein cargo; metabolomics
surveys pathway state. Natural-abundance isotope ratios are
unlikely to replace these modalities as stand-alone pan-can-
cer screens. Their more realistic niche is mechanism-linked
adjunct information—metal redistribution versus concen-
tration changes alone, bone mineral balance in myeloma,
or paired isotope-concentration signatures integrated with
machine learning; when incremental value over standard-
of-care tests is demonstrated prospectively [102].

Discipline-specific priorities and selection of
technologies

Since Aston’s time of the early mass spectrometer, physi-
cists and geoscientists have pushed isotope measurements
toward ever greater analytical precision. Multi-collector
mass spectrometers can now resolve extremely small dif-
ferences in stable isotope composition, but that precision
also comes with lengthy workflows involving digestion,
chromatographic isolation of individual analytes, and long
washout times [113]. Such protocols are suited to research
questions in which sparse material, weak signals, and the
need for cross-laboratory comparability justify analytical
complexity.

Clinical medicine evolved under different constraints.
In the clinic, methods are selected not only for analytical
rigor, but also for speed, safety, throughput, and ease of
interpretation. Stable isotopes therefore entered medicine
mainly through tracer applications that met these practical
demands. Breath tests for Helicobacter pylori, for example,
provide rapid and interpretable functional readouts, using
infrared light to quantify '*C in CO,, without requiring
elaborate sample preparation or the highest-precision iso-
tope platforms [7].

The same logic partly explains the appeal of stable-iso-
tope imaging. Deuterium and '3C-based MRI avoid radioac-
tivity, and hyperpolarized '*C-MRI can report metabolism
in real time without the radiation burden of '*F-based PET
[5, 119]. Deuterium metabolic imaging similarly offers a
non-radioactive route to mapping glucose and glutamine



Medical Oncology (2026) 43:332

Page9of 14 332

metabolism in tumors [6]. These approaches succeeded not
because they maximize isotopic precision, but because they
answer clinically relevant questions in a practical format.

This difference in priorities may also explain why the
Earth sciences developed a broader isotope “method eco-
system” earlier than medicine. Geological archives are often
sparse, degraded, and biologically silent. For those reasons,
isotope systematics may be the only route to reconstructing
process. Medicine, by contrast, developed other high-per-
formance molecular tools, from qPCR onward, that could
interrogate biology rapidly and directly. As this revolution
in biological tools took place, isotope methods in medicine
remained largely within the tracer field.

That balance may now be shifting. Clinical applications
may not require the full analytical precision demanded in
isotope geochemistry if the goal is — not paleo-reconstruc-
tions with clues in partly degraded samples — classification,
risk stratification, or treatment monitoring. High-through-
put mass spectrometry could be isotope-capable workflows
such as LC/GC-IRMS for compound-specific light-element
isotope ratios; ICP-MS-based workflows for metal isotope
systems including Ca, Cu, Zn, and Fe in biofluids, hair, or
tissue digests; LA-ICP-MS/LA-MC-ICP-MS for spatially
resolved elemental or isotope information; and LC/ESI-
Orbitrap or FT-ICR-MS workflows that extract isotope-
pattern or isotopologue features from metabolites, lipids or
peptides. Combined with machine learning and multimodal
clinical data, these workflows may extract clinically useful
signal from isotope patterns even when individual measure-
ments are less precise than those demanded in geoscience
[120]. Instead, medicine may benefit from isotope analysis
that is not maximally precise, but fit for purpose: robust,
scalable, analytically validated, and informative enough for
clinical decision-making. In essence, future medical appli-
cations that can analyze several dimensions of chemical data
may need the mass spectrometry to be just ‘good enough’.

Future opportunities in physiology and
medicine

Stable isotope applications in medicine continue to expand,
including personalized metabolic profiling and pharmacoki-
netic studies based on labelled compounds [121, 122]. For
personalized metabolic profiling, isotope-labeled tracers
could enable clinicians to tailor nutritional interventions,
optimize drug dosing, and monitor disease progression
without exposure to radioactivity. Together with advances
in isotope-enriched pharmaceutical compounds, the track-
ing of drugs and pharmacokinetic could be enhanced.

For natural-abundance isotope biomarkers to become
clinically useful, isotope measurements must be robust,

scalable, and fast enough for clinical workflows. Importantly,
they may not require the maximal precision sought in geo-
chemistry if predictive performance can instead be achieved
through multidimensional isotope features integrated with
clinical and molecular data. Accurate precision can also be
achieved by expanding on the dimensions of isotopic fea-
tures that are studied. For that reason, the integration of sta-
ble isotope analysis with machine learning (ML) algorithms
could contribute to fractionation-based applications in the
medical oncology [123—-126]. fractionate-based application
in medical oncology [123—126]. The bladder cancer cop-
per-signature study illustrates this direction by combining
isotope composition, concentration, sample matrix, and ran-
dom forest modelling. Future models should be trained in
prespecified intended-use cohorts, locked before validation,
and benchmarked against established clinical tests rather
than optimized only for discovery performance. ML mod-
els can also learn non-linear relationships and interactions.
When these algorithms can integrate stable isotope data
with other clinical variables, imaging results, and genomic
information, we will be able to construct patient profiles that
support precision medicine strategies.

Looking ahead, exposomics may be one of the intersec-
tions between stable isotope chemistry and data science.
Stable isotope tools, together with complementary mass
spectrometry-based exposure measurements, can help
reconstruct dietary patterns, environmental inputs, xenobi-
otic metabolism, and endogenous pathway perturbations.
Integrating whole genome sequencing (WGS) with exposo-
mic profiling based on stable isotopes, other mass spectrom-
etry exposure data, and machine learning could improve
risk stratification and support more personalized prevention
strategies (Fig. 3). In oncology, for example, integrating
genomic susceptibility with exposure- and metabolism-
linked isotope signals could provide a more mechanistic
framework for actionable gene-environment hypotheses and
enabling a new field of “carcinogenomics”. This oncology-
focused review complements recent syntheses of natural
isotope variation in disease and cancer omics [9, 112, 127],
emphasizing translational requirements, confounder con-
trol, and comparison with established liquid-biopsy tools.

Summary

Although recognized only a century ago, stable isotopes are
as ancient as matter itself. If we learn to read them, they
allow for processes and origin to be read from the same
sample — something that concentrations measurements alone
cannot do. While medicine pioneered to use stable isotopes
to trace physiological function, their broader scientific his-
tory shows that they can reveal more. In the Earth sciences,
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Fig. 3 Stable isotopes in medicine. Stable isotope chemistry stands ready to move from the Earth sciences to the bedside, where it can enable
biologic discovery, early detection, risk stratification, and individualized therapeutic monitoring across a wide range of diseases

isotope ratios became a robust measurement language for
reconstructing source, transformation, and mechanisms
across life’s ecology and evolution. These efforts have been
possible thanks to collaborative efforts to share reference
materials, scales and normalization method, so that isotope
data could travel across laboratories and decades. While
medicine adopted stable isotopes mainly for tracing and
imaging, growing evidence shows that natural isotope varia-
tion in tissues and biofluids can also report altered physiol-
ogy in disease.

We argue that advances in computation now make this
broader isotope framework compatible with clinical set-
tings, where robustness and throughput are key. In fact, fur-
ther advances may be possible by combining current mass
spectrometry and computational analysis with also genomic
and clinical data. Then, some stable isotope measurements
may become mechanism-linked biomarkers for early detec-
tion, risk stratification, therapeutic monitoring, and biologi-
cal discovery.

Acknowledgements The authors thank the Multi-elemental Insights
of Origin (MIO) consortia and TiDE group for input and discussions.
The authors employed ChatGPT-5 and Claude Opus- 4.5 to improve
grammar throughout the manuscript. These tools did not generate orig-
inal concepts or scientific ideas, and the authors are responsible for the
content. Figure 3 was created by using Manus Al based on author-pro-
vided concepts and data; the final figure was validated by the authors.

Author contributions Emma U. Hammarlund: Conceptualization,

@ Springer

Writing - original draft, review & editing, Funding acquisition. Per
Malmberg: Conceptualization, Writing - original draft, review & edit-
ing.Julhash U. Kazi: Conceptualization, Writing - original draft, re-
view & editing.Nicole R. Posth: Conceptualization, Writing - original
draft, review & editing.Kenneth J. Pienta: Conceptualization, Writing
- original draft, review & editing, Funding acquisition.

Funding For funding, we are grateful to the Prostate Cancer Founda-
tion (KJP, EUH), the Swedish Cancer Society (Pj211581) (EUH) the
Sjoberg Foundation (EUH), and the Swedish Research Council (2023—
03816)(EUH) and the National Cancer Institute PSOCA272391 (KJP).

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests E.U.H. holds equity interest in LUC Innovations,
A.B., Capillon Analytics A.B., and Kreftect, Inc. P.M. holds equity in-
terest in LUC Innovations, A.B. J.U.K. holds equity interest in LUC
Innovations, A.B. K.J.P. holds equity interest in Kreftect, Inc. and
PEEL Therapeutics, Inc.</

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted



Medical Oncology

(2026) 43:332

Page 11 0of 14 332

use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

O’Neil JR. Theoretical and experimental aspects of isotopic frac-
tionation. Rev Mineral Geochem. 1986;16:1-40. https://doi.org/1
0.1515/9781501508936-006.

Wilkinson DJ, Brook MS, Smith K. Principles of stable isotope
research - with special reference to protein metabolism. Clin Nutr
Open Sci. 2021;36:111-25. https://doi.org/10.1016/j.nutos.2021.
02.005.

Peterson BJ, Fry B. Stable Isotopes in Ecosystem Studies. Annu
Rev Ecol Evol Syst. 1987;18:293-320. https://doi.org/10.1146/an
nurev.es.18.110187.001453.

Hilovsky D, Hartsell J, Young JD, Liu X. Stable Isotope Trac-
ing Analysis in Cancer Research: Advancements and Challenges
in Identifying Dysregulated Cancer Metabolism and Treatment
Strategies. Metabolites. 2024;14:318. https://doi.org/10.3390/me
tabo14060318.

Kurhanewicz J, et al. Hyperpolarized 13 C MRI: Path to Clinical
Translation in Oncology. Neoplasia. 2019;21:1-16. https://doi.or
2/10.1016/j.n€0.2018.09.006.

De Feyter HM, et al. Deuterium metabolic imaging (DMI)
for MRI-based 3D mapping of metabolism in vivo. Sci Adv.
2018;4:eaat7314. https://doi.org/10.1126/sciadv.aat7314.

Gisbert JP, Pajares JM. Review article: 13 C-urea breath test in
the diagnosis of Helicobacter pylori infection -- a critical review.
Aliment Pharmacol Ther. 2004;20:1001-17. https://doi.org/10.11
11/j.1365-2036.2004.02203.x.

Perri F, Andriulli A. Mixed triglyceride breath test: methodologi-
cal problems and clinical applications. Rev Med Univ Navarra.
1998;42:99-103.

Tea I, et al. Stable Isotope Abundance and Fractionation in
Human Diseases. Metabolites. 2021;11:370. https://doi.org/10.3
390/metabo11060370.

Reitsema LJ. Beyond diet reconstruction: stable isotope applica-
tions to human physiology, health, and nutrition. Am J Hum Biol.
2013;25:445-56. https://doi.org/10.1002/ajhb.22398.

Rutherford E, Soddy F. XLI. The cause and nature of radioactiv-
ity—Part I. Lond Edinb Dublin Philosophical Magazine J Sci.
1902;4:370-96. https://doi.org/10.1080/14786440209462856.
Rutherford E, Soddy FLX. Radioactive Change. Lond Edinb
Dublin Philosophical Magazine J Sci. 1903;5:576-91. https://doi
.org/10.1080/14786440309462960.

Soddy F, Intra-atomic, Charge. Nature. 1913;92:399-400. https://
doi.org/10.1038/092399¢0.

Thomson JJ. LXVIIL. On the structure of the atom. Lond Edinb
Dublin Philosophical Magazine J Sci. 1913;26:792-9. https://doi
.org/10.1080/14786441308635024.

Hénigschmid O, Horovitz S. Uber das Atomgewicht des ,,Uran-
bleis. Monatshefte Chem. 1914;35:1557—-60. https://doi.org/10.1
007/BF01517574.

Rayner-Canham M, Rayner-Canham G. In: Lykknes A, Van
Tiggelen B, editors. Women in their element Selected Women’s
Contributions to the Periodic System. World Scientific; 2019. pp.
290-300.

Aston FW. The Story of Isotopes. Science. 1935;82:235-40.
https://doi.org/10.1126/science.82.2124.235.

Nier AO. A Mass Spectrometer for Routine Isotope Abundance
Measurements. Rev Sci Instrum. 1940;11:212—6. https://doi.org/
10.1063/1.1751688.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hendrickson CL, et al. 21 Tesla Fourier Transform Ion Cyclo-
tron Resonance Mass Spectrometer: A National Resource for
Ultrahigh Resolution Mass Analysis. ] Am Soc Mass Spectrom.
2015;26:1626-32. https://doi.org/10.1007/s13361-015-1182-2.
Guggenheim KY. Rudolf Schoenheimer and the concept of the
dynamic state of body constituents. J Nutr. 1991;121:1701-4.
https://doi.org/10.1093/jn/121.11.1701.

Schoenheimer R, Rittenberg D. Deuterium as an Indicator in the
Study of Intermediary Metabolism. Science. 1935;82:156-7.
https://doi.org/10.1126/science.82.2120.15.

Urey HC. The thermodynamic properties of isotopic substances.
J Chem Soc. 1947;150:562—81. https://doi.org/10.1039/JR94700
00562.

Urey HC. Oxygen isotopes in nature and in the laboratory. Science.
1948;108:489-96. https://doi.org/10.1126/science.108.2810.489.
McCrea JM. On the Isotopic Chemistry of Carbonates and a Pale-
otemperature Scale. J Chem Phys. 1950;18:849-57. https://doi.or
2/10.1063/1.1747785.

Bigeleisen J. The Relative Reaction Velocities of Isotopic Mol-
ecules. J] Chem Phys. 1949;17:675-8. https://doi.org/10.1063/1.1
747368.

Bigeleisen J. Isotope Effect in the Rupture of Carbon-Carbon
Bonds in Propane—1-C13. J Chem Phys. 1949;17:344-5. https:
//doi.org/10.1063/1.1747250.

Epstein S, Mayeda T. Variation of O18 Content of Water from
Natural Sources. Geochim Cosmochim Acta. 1953;4:213-24.
https://doi.org/10.1016/0016-7037(53)90051-9.

Dansgaard W. Stable isotopes in precipitation. Tellus.
1964;16:436-68. https://doi.org/10.1111/j.2153-3490.1964.tb00
181.x.

Craig H. The geochemistry of the stable carbon isotopes. Geo-
chim Cosmochim Acta. 1953;3:53-92. https://doi.org/10.1016/0
016-7037(53)90001-5.

McKinney CR, McCrea JM, Epstein S, Allen HA, Urey HC.
Improvements in Mass Spectrometers for the Measurement of
Small Differences in Isotope Abundance Ratios. Rev Sci Instrum.
1950;21:724-30. https://doi.org/10.1063/1.1745698.

Craig H. Isotopic standards for carbon and oxygen and correction
factors for mass-spectrometric analysis of carbon dioxide. Geo-
chim Cosmochim Acta. 1957;12:133-49. https://doi.org/10.1016/
0016-7037(57)90024-8.

Craig H. Standard for Reporting Concentrations of Deuterium
and Oxygen-18 in Natural Waters. Science. 1961;133:1833—4.
https://doi.org/10.1126/science.133.3467.1833.

Coplen TB. Guidelines and recommended terms for expression
of stable-isotope-ratio and gas-ratio measurement results. Rapid
Commun Mass Spectrom. 2011;25:2538-60. https://doi.org/10.1
002/rem.5129.

Skrzypek G. Normalization procedures and reference material
selection in stable HCNOS isotope analyses: an overview. Anal
Bioanal Chem. 2013;405:2815-23. https://doi.org/10.1007/s002
16-012-6517-2.

Hawkesworth CJ, Kemp AIS. Using hafnium and oxygen iso-
topes in zircons to unravel the record of crustal evolution. Chem
Geol. 2006;226:144-62. https://doi.org/10.1016/j.chemgeo.2005.
09.018.

Farquhar J, Bao H, Thiemens M. Atmospheric influence of
Earth’s earliest sulfur cycle. Science. 2000;289:756-8. https://d
oi.org/10.1126/science.289.5480.756.

Farquhar J, Wing BA. Multiple sulfur isotopes and the evolution
of the atmosphere. Earth Planet Sci Lett. 2003;213:1-13. https://
doi.org/10.1016/S0012-821X(03)00296-6.

Canfield DE, Raiswell R. The evolution of the sulfur cycle. Am J
Sci. 1999;299:697-723. https://doi.org/10.2475/ajs.299.7-9.697.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1515/9781501508936-006
https://doi.org/10.1515/9781501508936-006
https://doi.org/10.1016/j.nutos.2021.02.005
https://doi.org/10.1016/j.nutos.2021.02.005
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.3390/metabo14060318
https://doi.org/10.3390/metabo14060318
https://doi.org/10.1016/j.neo.2018.09.006
https://doi.org/10.1016/j.neo.2018.09.006
https://doi.org/10.1126/sciadv.aat7314
https://doi.org/10.1111/j.1365-2036.2004.02203.x
https://doi.org/10.1111/j.1365-2036.2004.02203.x
https://doi.org/10.3390/metabo11060370
https://doi.org/10.3390/metabo11060370
https://doi.org/10.1002/ajhb.22398
https://doi.org/10.1080/14786440209462856
https://doi.org/10.1080/14786440309462960
https://doi.org/10.1080/14786440309462960
https://doi.org/10.1038/092399c0
https://doi.org/10.1038/092399c0
https://doi.org/10.1080/14786441308635024
https://doi.org/10.1080/14786441308635024
https://doi.org/10.1007/BF01517574
https://doi.org/10.1007/BF01517574
https://doi.org/10.1126/science.82.2124.235
https://doi.org/10.1063/1.1751688
https://doi.org/10.1063/1.1751688
https://doi.org/10.1007/s13361-015-1182-2
https://doi.org/10.1093/jn/121.11.1701
https://doi.org/10.1126/science.82.2120.15
https://doi.org/10.1039/JR9470000562
https://doi.org/10.1039/JR9470000562
https://doi.org/10.1126/science.108.2810.489
https://doi.org/10.1063/1.1747785
https://doi.org/10.1063/1.1747785
https://doi.org/10.1063/1.1747368
https://doi.org/10.1063/1.1747368
https://doi.org/10.1063/1.1747250
https://doi.org/10.1063/1.1747250
https://doi.org/10.1016/0016-7037(53)90051-9
https://doi.org/10.1111/j.2153-3490.1964.tb00181.x
https://doi.org/10.1111/j.2153-3490.1964.tb00181.x
https://doi.org/10.1016/0016-7037(53)90001-5
https://doi.org/10.1016/0016-7037(53)90001-5
https://doi.org/10.1063/1.1745698
https://doi.org/10.1016/0016-7037(57)90024-8
https://doi.org/10.1016/0016-7037(57)90024-8
https://doi.org/10.1126/science.133.3467.1833
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1007/s00216-012-6517-2
https://doi.org/10.1007/s00216-012-6517-2
https://doi.org/10.1016/j.chemgeo.2005.09.018
https://doi.org/10.1016/j.chemgeo.2005.09.018
https://doi.org/10.1126/science.289.5480.756
https://doi.org/10.1126/science.289.5480.756
https://doi.org/10.1016/S0012-821X(03)00296-6
https://doi.org/10.1016/S0012-821X(03)00296-6
https://doi.org/10.2475/ajs.299.7-9.697

332

Page 12 of 14

Medical Oncology (2026) 43:332

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Frei R, Gaucher C, Poulton S, Canfield D. Fluctuations in Precam-
brian atmospheric oxygenation recorded by chromium isotopes.
Nature. 2009;461:250-3. https://doi.org/10.1038/nature08266.
Berner RA. Atmospheric oxygen over Phanerozoic time. Proc
Natl Acad Sci U S A. 1999;96:10955-7. https://doi.org/10.1073
/pnas.96.20.10955.

Arnold GL, Anbar AD, Barling J, Lyons TW. Molybdenum
isotope evidence for widespread anoxia in mid-Proterozoic
oceans. Science. 2004;304:87-90. https://doi.org/10.1126/sc
ience.1091785.

Knoll AH, Hayes JM, Kaufman AJ, Swett K, Lambert IB. Secular
variation in carbon isotope ratios from Upper Proterozoic succes-
sions of Svalbard and East Greenland. Nature. 1986;321:832-8.
https://doi.org/10.1038/321832a0.

Rosing MT. 13 C-Depleted carbon microparticles in >3700-
Ma sea-floor sedimentary rocks from west greenland. Science.
1999;283:674—6. https://doi.org/10.1126/science.283.5402.674.
Bergstrom SM, Agematsu S, Schmitz B. Global Upper Ordovi-
cian correlation by means of 813C chemostratigraphy: implica-
tions of the discovery of the Guttenberg 613C excursion (GICE)
in Malaysia. Geol Mag. 2010;147:641-51. https://doi.org/10.101
7/S0016756810000142.

Katzenberg MA, Waters-Rist AL. In: Katzenberg MA, Grauer
AL, editors. Biological Anthropology of the Human Skeleton.
Wiley-Blackwell; 2018. pp. 467-504.

Hobson KA, Wassenaar LI. Linking breeding and wintering
grounds of neotropical migrant songbirds using stable hydrogen
isotopic analysis of feathers. Oecologia. 1996;109:142-8. https://
doi.org/10.1007/s004420050068.

Chamberlain CP, et al. The use of isotope tracers for identify-
ing populations of migratory birds. Oecologia. 1997;109:132-41.
https://doi.org/10.1007/s004420050067.

Frei KM, et al. Bronze Age non-elite mobility in Denmark exam-
ined through a new human-based bioavailable strontium isotope
range. PLoS ONE. 2026;21:¢0341434. https://doi.org/10.1371/jo
urnal.pone.0341434.

Eerkens JW, Berget AG, Bartelink EJ. Estimating weaning and
early childhood diet from serial micro-samples of dentin colla-
gen. J Archaeol Sci. 2011;38:3101-11. https://doi.org/10.1016/}.j
as.2011.07.010.

Ganiatsou E, Souleles A, Papageorgopoulou C. Estimating wean-
ing duration from incremental dentine deltalSN and deltal3C
using a sequence-based LSTM neural network: A deep learn-
ing framework for bioarchaeological applications. PLoS ONE.
2025;20:¢0337619. https://doi.org/10.1371/journal.pone.033761
9.

Behnke M1, et al. Aquatic biomass is a major source to particulate
organic matter export in large Arctic rivers. Proc Natl Acad Sci U
S A. 2023;120:€2209883120. https://doi.org/10.1073/pnas.22098
83120.

Thamdrup B. New Pathways and Processes in the Global Nitro-
gen Cycle. Annu Rev Ecol Evol Syst. 2012;43:407-28. https://do
i.org/10.1146/annurev-ecolsys-102710-145048.

Bartelink EJ, Chesson LA. Recent applications of isotope analy-
sis to forensic anthropology. Forensic Sci Res. 2019;4:29—44.
https://doi.org/10.1080/20961790.2018.1549527.

Ehleringer JR, et al. Hydrogen and oxygen isotope ratios in
human hair are related to geography. Proc Natl Acad Sci U S A.
2008;105:2788-93. https://doi.org/10.1073/pnas.0712228105.
Verostick KA, Serna A, Stantis C, Bowen GJ. Human tissue oxy-
gen and strontium isotope values in North America: A data com-
pilation and assessment for forensic geolocation. J Forensic Sci.
2025;70:905-20. https://doi.org/10.1111/1556-4029.70030.
Petzke KJ, Lemke S. Hair protein and amino acid 13 C and 15 N
abundances take more than 4 weeks to clearly prove influences
of animal protein intake in young women with a habitual daily

@ Springer

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

protein consumption of more than 1 g per kg body weight. Rapid
Commun Mass Spectrom. 2009;23:2411-20. https://doi.org/10.1
002/rcm.4025.

Wolf N, Newsome SD, Peters J, Fogel ML. Variability in the rout-
ing of dietary proteins and lipids to consumer tissues influences
tissue-specific isotopic discrimination. Rapid Commun Mass
Spectrom. 2015;29:1448-56. https://doi.org/10.1002/rcm.7239.
Pawlowski R, Forbes SL, Szpak P. Stable isotopes (613C, 315N,
834S) of human skin during decomposition. Forensic Sci Int.
2026;382:112871. https://doi.org/10.1016/j.forsciint.2026.11287
1.

Bowen GJ, Isoscapes. Spatial Pattern in Isotopic Biogeochemis-
try. Annu Rev Earth Planet Sci. 2010;38:161-87. https://doi.org/1
0.1146/annurev-earth-040809-152429.

Chesson LA, Berg GE, Megyesi M. Disaster victim identifica-
tion: Stable isotope analysis and the identification of unknown
decedents. J Forensic Sci. 2024;69:1658-70. https://doi.org/10.11
11/1556-4029.15554.

Zhang Y, et al. Quality control of Ganoderma lucidum by using C,
H, O, and N stable isotopes and C and N contents for geographi-
cal traceability. Front Plant Sci. 2023;14:1234729. https://doi.org
/10.3389/1pls.2023.1234729.

Carter JF, Hill JC, Doyle S, Lock C. Results of four inter-labora-
tory comparisons provided by the Forensic Isotope Ratio Mass
Spectrometry (FIRMS) network. Sci Justice. 2009;49:127-37.
https://doi.org/10.1016/j.scijus.2008.12.002.

Coplen TB, Qi H. USGS42 and USGS43: human-hair stable
hydrogen and oxygen isotopic reference materials and analyti-
cal methods for forensic science and implications for published
measurement results. Forensic Sci Int. 2012;214:135-41. https://
doi.org/10.1016/j.forsciint.2011.07.035.

Lambrigger T. Oxygen isotope variation in drinking water in
Oaxaca, Mexico and its implications for forensic provenancing
efforts. Sci Justice. 2023;63:747-54. https://doi.org/10.1016/j.sc
1jus.2023.10.001.

Petzke KJ, Fuller BT, Metges CC. Advances in natural stable
isotope ratio analysis of human hair to determine nutritional and
metabolic status. Curr Opin Clin Nutr Metab Care. 2010;13:532—
40. https://doi.org/10.1097/MCO.0b013e32833¢3c84.

Patel PS, et al. Serum carbon and nitrogen stable isotopes as
potential biomarkers of dietary intake and their relation with inci-
dent type 2 diabetes: the EPIC-Norfolk study. Am J Clin Nutr.
2014;100:708-18. https://doi.org/10.3945/ajen.113.068577.
Evans J, Pashley V, Madgwick R, Neil S, Chenery C. Tracking nat-
ural and anthropogenic Pb exposure to its geological source. Sci
Rep. 2018;8:1969. https://doi.org/10.1038/s41598-018-20397-y.
Pang Y, et al. Metal mixtures in urban and rural populations in the
US: The Multi-Ethnic Study of Atherosclerosis and the Strong
Heart Study. Environ Res. 2016;147:356—64. https://doi.org/10.1
016/j.envres.2016.02.032.

O’Brien DM. Stable Isotope Ratios as Biomarkers of Diet for
Health Research. Annu Rev Nutr. 2015;35:565-94. https://doi.o
rg/10.1146/annurev-nutr-071714-034511.

Philipsen MH, Haxen ER, Manaprasertsak A, Malmberg P, Ham-
marlund EU. Mapping the Chemistry of Hair Strands by Mass
Spectrometry Imaging-A Review. Molecules. 2021;26:7522.
https://doi.org/10.3390/molecules26247522.

Cawley AT, Flenker U. The application of carbon isotope
ratio mass spectrometry to doping control. J Mass Spectrom.
2008;43:854—64. https://doi.org/10.1002/jms.1437.

Becchi M, et al. Gas chromatography/combustion/isotope-ratio
mass spectrometry analysis of urinary steroids to detect mis-
use of testosterone in sport. Rapid Commun Mass Spectrom.
1994;8:304-8. https://doi.org/10.1002/rcm.1290080404.


https://doi.org/10.1038/nature08266
https://doi.org/10.1073/pnas.96.20.10955
https://doi.org/10.1073/pnas.96.20.10955
https://doi.org/10.1126/science.1091785
https://doi.org/10.1126/science.1091785
https://doi.org/10.1038/321832a0
https://doi.org/10.1126/science.283.5402.674
https://doi.org/10.1017/S0016756810000142
https://doi.org/10.1017/S0016756810000142
https://doi.org/10.1007/s004420050068
https://doi.org/10.1007/s004420050068
https://doi.org/10.1007/s004420050067
https://doi.org/10.1371/journal.pone.0341434
https://doi.org/10.1371/journal.pone.0341434
https://doi.org/10.1016/j.jas.2011.07.010
https://doi.org/10.1016/j.jas.2011.07.010
https://doi.org/10.1371/journal.pone.0337619
https://doi.org/10.1371/journal.pone.0337619
https://doi.org/10.1073/pnas.2209883120
https://doi.org/10.1073/pnas.2209883120
https://doi.org/10.1146/annurev-ecolsys-102710-145048
https://doi.org/10.1146/annurev-ecolsys-102710-145048
https://doi.org/10.1080/20961790.2018.1549527
https://doi.org/10.1073/pnas.0712228105
https://doi.org/10.1111/1556-4029.70030
https://doi.org/10.1002/rcm.4025
https://doi.org/10.1002/rcm.4025
https://doi.org/10.1002/rcm.7239
https://doi.org/10.1016/j.forsciint.2026.112871
https://doi.org/10.1016/j.forsciint.2026.112871
https://doi.org/10.1146/annurev-earth-040809-152429
https://doi.org/10.1146/annurev-earth-040809-152429
https://doi.org/10.1111/1556-4029.15554
https://doi.org/10.1111/1556-4029.15554
https://doi.org/10.3389/fpls.2023.1234729
https://doi.org/10.3389/fpls.2023.1234729
https://doi.org/10.1016/j.scijus.2008.12.002
https://doi.org/10.1016/j.forsciint.2011.07.035
https://doi.org/10.1016/j.forsciint.2011.07.035
https://doi.org/10.1016/j.scijus.2023.10.001
https://doi.org/10.1016/j.scijus.2023.10.001
https://doi.org/10.1097/MCO.0b013e32833c3c84
https://doi.org/10.3945/ajcn.113.068577
https://doi.org/10.1038/s41598-018-20397-y
https://doi.org/10.1016/j.envres.2016.02.032
https://doi.org/10.1016/j.envres.2016.02.032
https://doi.org/10.1146/annurev-nutr-071714-034511
https://doi.org/10.1146/annurev-nutr-071714-034511
https://doi.org/10.3390/molecules26247522
https://doi.org/10.1002/jms.1437
https://doi.org/10.1002/rcm.1290080404

Medical Oncology

(2026) 43:332

Page 13 0of 14 332

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

Roncone A, et al. Stable isotope ratio analysis: an emerging tool
to trace the origin of falsified medicines. Trends Anal Chem.
2024;174:117666. https://doi.org/10.1016/j.trac.2024.117666.
LuY, Doerr C, Sebilo M. Geochemical fingerprinting and machine
learning for authenticating sparkling wine origins. NPJ Sci Food.
2026;10:109. https://doi.org/10.1038/s41538-025-00635-0.
Wadood SA, et al. Isotope-assisted data mining techniques for
authenticating rice across Chinese markets. Food Chem X.
2025;30:103015. https://doi.org/10.1016/j.fochx.2025.103015.
Liu X, et al. Source identification and coastal export of sulfate in
a megacity river: Insights from sulfur isotopes and inverse model.
Mar Pollut Bull. 2026;226:119365. https://doi.org/10.1016/j.mar
polbul.2026.119365.

Tanure LPP, et al. Elemental redistribution in tropical soils:
insights into REE, U, and Th mobility after extended phospho-
gypsum use. Environ Geochem Health. 2026;48:146. https://doi.
org/10.1007/s10653-026-02991-6.

Zhang J, et al. Novel Insights into Driving Forces of Carbon
Burial, Nutrient Heterogeneity, and Pollutant Release Pathways
in Urban Lake Sediments. Environ Manage. 2026;76:87. https://d
0i.0rg/10.1007/s00267-026-02384-6.

Charidemou E, Ashmore T, Griffin JL. The use of stable isotopes
in the study of human pathophysiology. Int J Biochem Cell Biol.
2017;93:102-9. https://doi.org/10.1016/j.biocel.2017.07.012.
Reitsema LJ, Holder S. Stable Isotope Analysis and the Study
of Human Stress, Disease, and Nutrition. Bioarchaeol Int.
2018;2:63—74. https://doi.org/10.5744/b1.2018.1018.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contribu-
tions to current concepts of cancer metabolism. Nat Rev Cancer.
2011;11:325-37. https://doi.org/10.1038/nrc3038.

Wang X, et al. Metabolic flux analysis elucidates perfluorooc-
tanoic acid-induced mitochondrial metabolic dysregulation in
human lung cells. Environ Pollut. 2025;382:126722. https://doi.o
rg/10.1016/j.envpol.2025.126722.

Lane AN, et al. Stable isotope-resolved metabolomics (SIRM)
in cancer research with clinical application to nonsmall cell lung
cancer. OMICS. 2011;15:173-82. https://doi.org/10.1089/0mi.20
10.0088.

Xu J, et al. Metabolic flux analysis and fluxomics-driven determi-
nation of reaction free energy using multiple isotopes. Curr Opin
Biotechnol. 2020;64:151-60. https://doi.org/10.1016/j.copbio.20
20.02.018.

Violante S, Berisa M, Thomas TH, Cross JR. Stable Isotope
Tracers for Metabolic Pathway Analysis. Methods Mol Biol.
2019;1978:269-83. https://doi.org/10.1007/978-1-4939-9236-2
17.

Braden B, Lembcke B, Kuker W, Caspary WF. 13 C-breath tests:
current state of the art and future directions. Dig Liver Disease.
2007;39:795-805. https://doi.org/10.1016/j.d1d.2007.06.012.
Spanel P, Dryahina K, Smith D. A quantitative study of the influ-
ence of inhaled compounds on their concentrations in exhaled
breath. J Breath Res. 2013;7:017106. https://doi.org/10.1088/17
52-7155/7/1/017106.

Neumann D, et al. Clinical assessment of the lag-time and t(max)
of pellets with controlled release of glucose: in vitro/in vivo
comparison using (13) C-breath test. Biopharm Drug Dispos.
2017;38:458—63. https://doi.org/10.1002/bdd.2086.

DeNiro MJ, Epstein S. Mechanism of carbon isotope fraction-
ation associated with lipid synthesis. Science. 1977;197:261-3.
https://doi.org/10.1126/science.327543.

Eisenhauer A, et al. Calcium isotope ratios in blood and urine:
A new biomarker for the diagnosis of osteoporosis. Bone Rep.
2019;10:100200. https://doi.org/10.1016/j.bonr.2019.100200.
Heuser A, Eisenhauer A. A pilot study on the use of natural cal-
cium isotope ((44)Ca/(40)Ca) fractionation in urine as a proxy for

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

the human body calcium balance. Bone. 2010;46:889-96. https://
doi.org/10.1016/j.bone.2009.11.037.

Shroff R, et al. Naturally Occurring Stable Calcium Isotope
Ratios in Body Compartments Provide a Novel Biomarker of
Bone Mineral Balance in Children and Young Adults. J Bone Min
Res. 2021;36:133-42. https://doi.org/10.1002/jbmr.4158.
Morgan JLL, et al. Rapidly assessing changes in bone mineral
balance using natural stable calcium isotopes. Proc Natl Acad Sci
U S A. 2012;109:9989-94. https://doi.org/10.1073/pnas.1119587
109.

Skulan JL, DePaolo DJ. Calcium isotope fractionation between
soft and mineralized tissues as a monitor of calcium use in verte-
brates. Proc Natl Acad Sci U S A. 1999;96:13709-13. https://doi.
org/10.1073/pnas.96.24.13709.

Gordon GW, et al. Predicting multiple myeloma disease activ-
ity by analyzing natural calcium isotopic composition. Leukemia.
2014;28:2112-5. https://doi.org/10.1038/leu.2014.193.

Balter V, et al. Natural variations of copper and sulfur stable iso-
topes in blood of hepatocellular carcinoma patients. Proc Natl
Acad Sci U S A. 2015;112:982-5. https://doi.org/10.1073/pnas.
1415151112.

Telouk P, et al. Copper Isotope Evidence of Oxidative Stress-
Induced Hepatic Breakdown and the Transition to Hepatocellular
Carcinoma. Gastro Hep Adv. 2022;1:480—6. https://doi.org/10.10
16/j.gastha.2022.02.024.

Schannor M, et al. Advancing Biomarker Research: In Situ Cu
Isotope Analysis in Liver Tumors by LA-MC-ICP-MS. Anal
Chem. 2025;97:4425-32. https://doi.org/10.1021/acs.analchem.
4c05626.

Sullivan KV, et al. Zinc stable isotope analysis reveals Zn dysho-
meostasis in benign tumours, breast cancer, and adjacent histo-
logically normal tissue. Metallomics. 2021;13:mfab027. https://d
oi.org/10.1093/mtomcs/mfab027.

Larner F, et al. Zinc isotopic compositions of breast cancer tis-

sue. Metallomics. 2015;7:112-7. https://doi.org/10.1039/c4
mt00260a.
Tea I, et al. 13 C and 15 N natural isotope abundance reflects

breast cancer cell metabolism. Sci Rep. 2016;6:34251. https://doi
.org/10.1038/srep34251.

Wang W, et al. Identification of two-dimensional copper signa-
tures in human blood for bladder cancer with machine learning.
Chem Sci. 2022;13:1648-56. https://doi.org/10.1039/d1sc06156
a.

Schilling K, et al. Zinc stable isotopes in urine as diagnostic
for cancer of secretory organs. Metallomics. 2021;13:mfab020.
https://doi.org/10.1093/mtomcs/mfab020.

Schilling K, et al. Urine metallomics signature as an indicator of
pancreatic cancer. Metallomics. 2020;12:752-7. https://doi.org/1
0.1039/d0mt00061b.

Zuzak T, et al. Isotopic Composition of C, N, and S as an Indica-
tor of Endometrial Cancer. Cancers (Basel). 2024;16:3169. https:/
/doi.org/10.3390/cancers16183169.

Télouk P, et al. Copper isotope effect in serum of cancer patients.
A pilot study. Metallomics. 2015;7:299-308. https://doi.org/10.1
039/C4MTO00269E.

Miaou E, Tissot FLH. Copper isotope ratios in serum do not
track cancerous tumor evolution, but organ failure. Metallomics.
2023;15:mfad060. https://doi.org/10.1093/mtomes/mfad060.
Canfield DE. The evolution of the Earth surface sulfur reservoir.
Am J Sci. 2004;304:839-61. https://doi.org/10.2475/ajs.304.10.8
39.

Beard BL, et al. Iron
ence. 1999;285:1889-92.
ience.285.5435.1889.

Jaouen K, Pons M-L, Balter V. Iron, copper and zinc isotopic
fractionation up mammal trophic chains. Earth Planet Sci Lett.

isotope  biosignatures.  Sci-
https://doi.org/10.1126/sc

@ Springer


https://doi.org/10.1016/j.trac.2024.117666
https://doi.org/10.1038/s41538-025-00635-0
https://doi.org/10.1016/j.fochx.2025.103015
https://doi.org/10.1016/j.marpolbul.2026.119365
https://doi.org/10.1016/j.marpolbul.2026.119365
https://doi.org/10.1007/s10653-026-02991-6
https://doi.org/10.1007/s10653-026-02991-6
https://doi.org/10.1007/s00267-026-02384-6
https://doi.org/10.1007/s00267-026-02384-6
https://doi.org/10.1016/j.biocel.2017.07.012
https://doi.org/10.5744/bi.2018.1018
https://doi.org/10.1038/nrc3038
https://doi.org/10.1016/j.envpol.2025.126722
https://doi.org/10.1016/j.envpol.2025.126722
https://doi.org/10.1089/omi.2010.0088
https://doi.org/10.1089/omi.2010.0088
https://doi.org/10.1016/j.copbio.2020.02.018
https://doi.org/10.1016/j.copbio.2020.02.018
https://doi.org/10.1007/978-1-4939-9236-2_17
https://doi.org/10.1007/978-1-4939-9236-2_17
https://doi.org/10.1016/j.dld.2007.06.012
https://doi.org/10.1088/1752-7155/7/1/017106
https://doi.org/10.1088/1752-7155/7/1/017106
https://doi.org/10.1002/bdd.2086
https://doi.org/10.1126/science.327543
https://doi.org/10.1016/j.bonr.2019.100200
https://doi.org/10.1016/j.bone.2009.11.037
https://doi.org/10.1016/j.bone.2009.11.037
https://doi.org/10.1002/jbmr.4158
https://doi.org/10.1073/pnas.1119587109
https://doi.org/10.1073/pnas.1119587109
https://doi.org/10.1073/pnas.96.24.13709
https://doi.org/10.1073/pnas.96.24.13709
https://doi.org/10.1038/leu.2014.193
https://doi.org/10.1073/pnas.1415151112
https://doi.org/10.1073/pnas.1415151112
https://doi.org/10.1016/j.gastha.2022.02.024
https://doi.org/10.1016/j.gastha.2022.02.024
https://doi.org/10.1021/acs.analchem.4c05626
https://doi.org/10.1021/acs.analchem.4c05626
https://doi.org/10.1093/mtomcs/mfab027
https://doi.org/10.1093/mtomcs/mfab027
https://doi.org/10.1039/c4mt00260a
https://doi.org/10.1039/c4mt00260a
https://doi.org/10.1038/srep34251
https://doi.org/10.1038/srep34251
https://doi.org/10.1039/d1sc06156a
https://doi.org/10.1039/d1sc06156a
https://doi.org/10.1093/mtomcs/mfab020
https://doi.org/10.1039/d0mt00061b
https://doi.org/10.1039/d0mt00061b
https://doi.org/10.3390/cancers16183169
https://doi.org/10.3390/cancers16183169
https://doi.org/10.1039/C4MT00269E
https://doi.org/10.1039/C4MT00269E
https://doi.org/10.1093/mtomcs/mfad060
https://doi.org/10.2475/ajs.304.10.839
https://doi.org/10.2475/ajs.304.10.839
https://doi.org/10.1126/science.285.5435.1889
https://doi.org/10.1126/science.285.5435.1889

332

Page 14 of 14

Medical Oncology (2026) 43:332

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

2013;374:164-72.
https://doi.org:.
Albarede F, Telouk P, Lamboux A, Jaouen K, Balter V. Isotopic
evidence of unaccounted for Fe and Cu erythropoietic pathways.
Metallomics. 2011;3:926-33. https://doi.org/10.1039/c1mt00025
J-

Sullivan KV, Moore RET, Vanhaecke F. The influence of physi-
ological and lifestyle factors on essential mineral element isoto-
pic compositions in the human body: implications for the design
of isotope metallomics research. Metallomics. 2023;15:mfad012.
https://doi.org/10.1093/mtomcs/mfad012.

An Y], Huang FA. Review of Mg Isotope Analytical Methods by
MC-ICP-MS. J Earth Sci-China. 2014;25:822—-40. https://doi.org
/10.1007/s12583-014-0477-8.

Merker JD. Circulating tumor DNA analysis in patients with
cancer: American Society of Clinical Oncology and College of
American Pathologists joint review. J Clin Oncol. 2018;36:1631—
41. https://doi.org/10.1200/JC0O.2017.76.8671.

Klein EA, et al. Clinical validation of a targeted methylation-
based multi-cancer early detection test using an independent vali-
dation set. Ann Oncol. 2021;32:1167-77. https://doi.org/10.1016
/j.annonc.2021.05.806.

Pantel K, Alix-Panabiéres C. Liquid biopsy and minimal residual
disease - latest advances and implications for cure. Nat Reviews
Clin Oncol. 2019;16:409-24. https://doi.org/10.1038/s41571-01
9-0187-3.

Greening DW. Clinical relevance of extracellular vesicles in can-
cer - therapeutic and diagnostic potential. Nat Reviews Clin Oncol.
2025;22:924-52. https://doi.org/10.1038/s41571-025-01074-2.
Bartman CR. Metabolic pathway analysis using stable isotopes in
patients with cancer. Nat Rev Cancer. 2023;23:863—78. https://do
i.org/10.1038/s41568-023-00632-z.

Wang ZJ, et al. Hyperpolarized (13)C MRI: State of the Art and
Future Directions. Radiology. 2019;291:273—-84. https://doi.org/1
0.1148/radiol.2019182391.

Carreer WJ, Flight RM, Moseley HN. A Computational Frame-
work for High-Throughput Isotopic Natural Abundance

https://doi.org/10.1016/j.epsl.2013.05.037.

@ Springer

121.

122.

123.

124.

125.

126.

127.

Correction of Omics-Level Ultra-High Resolution FT-MS Datas-
ets. Metabolites. 2013;3:853-66. https://doi.org/10.3390/metabo
3040853.

Godin JP, McCullagh JS, Review. Current applications and chal-
lenges for liquid chromatography coupled to isotope ratio mass
spectrometry (LC/IRMS). Rapid Commun Mass Spectrom.
2011;25:3019-28. https://doi.org/10.1002/rcm.5167.

Perini M, et al. Insights into the stable isotope ratio variability
of hybrid grape varieties: a preliminary study. J Sci Food Agric.
2023;103:2867-75. https://doi.org/10.1002/jsfa.12316.

Tang Y, et al. Tracing origin and cultivation practice of Litho-
carpus litseifolius via multi-data fusion and machine learning
approaches. NPJ Sci Food. 2026;10:105. https://doi.org/10.1038/
$41538-026-00748-0.

Fernandez Suarez S, Lorenzo Galban J, Fernandez-Sanchez S,
Garcia-Marti M, Astray G. Food Authenticity Models for Myti-
lus galloprovincialis (Mediterranean Mussel): Exploratory Study.
Foods. 2025;14:4195. https://doi.org/10.3390/foods14244195.
Delgado TA, Tillquist RC, Bartelink EJ. The potential of machine
learning in classifying latin American water isotope values
and its implication for forensic provenancing. Forensic Sci Int.
2026;378:112725. https://doi.org/10.1016/j.forsciint.2025.11272
5.

Heydarizad M, et al. Exploring stable isotope patterns in monthly
precipitation across Southeast Asia using contemporary deep
learning models and SHapley Additive exPlanations (SHAP)
techniques. Isot Environ Health Stud. 2025;61:547—68. https://do
1.0rg/10.1080/10256016.2025.2508811.

Tea I, De Luca A, Vandier C, Hérault O, Mantha OL. Towards
natural isotopic variations in the cancer omics landscape. TRAC
Trends Anal Chem. 2026;201:118863. https://doi.org/10.1016/j.tr
ac.2026.118863.

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.epsl.2013.05.037
https://doi.org
https://doi.org/10.1039/c1mt00025j
https://doi.org/10.1039/c1mt00025j
https://doi.org/10.1093/mtomcs/mfad012
https://doi.org/10.1007/s12583-014-0477-8
https://doi.org/10.1007/s12583-014-0477-8
https://doi.org/10.1200/JCO.2017.76.8671
https://doi.org/10.1016/j.annonc.2021.05.806
https://doi.org/10.1016/j.annonc.2021.05.806
https://doi.org/10.1038/s41571-019-0187-3
https://doi.org/10.1038/s41571-019-0187-3
https://doi.org/10.1038/s41571-025-01074-2
https://doi.org/10.1038/s41568-023-00632-z
https://doi.org/10.1038/s41568-023-00632-z
https://doi.org/10.1148/radiol.2019182391
https://doi.org/10.1148/radiol.2019182391
https://doi.org/10.3390/metabo3040853
https://doi.org/10.3390/metabo3040853
https://doi.org/10.1002/rcm.5167
https://doi.org/10.1002/jsfa.12316
https://doi.org/10.1038/s41538-026-00748-0
https://doi.org/10.1038/s41538-026-00748-0
https://doi.org/10.3390/foods14244195
https://doi.org/10.1016/j.forsciint.2025.112725
https://doi.org/10.1016/j.forsciint.2025.112725
https://doi.org/10.1080/10256016.2025.2508811
https://doi.org/10.1080/10256016.2025.2508811
https://doi.org/10.1016/j.trac.2026.118863
https://doi.org/10.1016/j.trac.2026.118863

	﻿Stable isotopes from Earth science to bedside medicine: beyond tracers and toward mechanistic biomarkers in medical oncology
	﻿Abstract
	﻿Introduction
	﻿A recent discovery of an ancient phenomenon
	﻿From discovery to isotopic narratives
	﻿A community-built language made isotope data robustly comparable
	﻿A breadth of applications
	﻿Reconstructing past states along Earth and life history – geology and evolution
	﻿Inferring origin and movement across space – biology, archeology, ecology, and forensics
	﻿Resolving intake, exposure, and environmental interactions – epidemiology and public health
	﻿Tracing function and detecting altered physiology – medicine

	﻿Discipline-specific priorities and selection of technologies
	﻿Future opportunities in physiology and medicine
	﻿Summary
	﻿References


