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Background: The incidence of liver and pancreatic cancer is rising. Patients benefit from current treatments, but there are
limitations in the evaluation of (early) response to treatment. Tumor metabolic alterations can be measured noninvasively
with phosphorus (3'P) magnetic resonance spectroscopy (MRS).
Purpose: To conduct a quantitative analysis of the available literature on 3'P MRS performed in hepatopancreatobiliary
cancer and to provide insight into its current and potential for therapy (non-) response assessment.
Population: Patients with hef)atopancreatobiliary cancer.
Field Strength/Sequence: *'P MRS.
Assessment: The PubMed, EMBASE, and Cochrane library databases were systematically searched for studies published
to 17 March 17, 2022. All 3'P MRS studies in hepatopancreatobiliary cancer reporting *'P metabolite levels were included.
Statistical Tests: Relative differences in *'P metabolite levels/ratios between patients before therapy and healthy controls,
and the relative changes in 3'P metabolite levels/ratios in patients before and after therapy were determined.
Results: The search yielded 10 studies, comprising 301 subjects, of whom 132 (44%) healthy volunteers and 169 (56%)
patients with liver cancer of various etiology. To date, *'P MRS has not been applied in pancreatic cancer. In liver cancer,
alterations in levels of 3'P metabolites involved in cell proliferation (phosphomonoesters [PMEs] and phosphodiesters
[PDEs]) and energy metabolism (ATP and inorganic phosphate [Pi]) were observed. In particular, liver tumors were associ-
ated with elevations of PME/PDE and PME/Pi compared to healthy liver tissue, although there was a broad variety among
studies (elevations of 2%—-267% and 21%-233%, respectively). Changes in PME/PDE in liver tumors upon therapy were
substantial, yet very heterogeneous and both decreases and increases were observed, whereas PME/Pi was consistently
decreased after therapy in all studies (—13% to —76%).
Data Conclusion: 3'P MRS has great potential for treatment monitoring in oncology. Future studies are needed to corre-
late the changes in 3'P metabolite levels in hepatopancreatobiliary tumors with treatment response.
Evidence Level: 3
Technical Efficacy: Stage 2
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he incidence of hepatocellular carcinoma (HCC) and
Tintrahepatic cholangiocarcinoma (ICC) is increasing in
Western countries and even tripled in the United States since
1980."2 For these types of cancer, treatment options such as
surgical resection, transplantation, ablation, trans-arterial
chemoembolization, and systemic therapy have proven to
increase survival.>® Worldwide, the (m)RECIST 1.1 criteria,
which are based on computed tomography (CT) or magnetic
resonance imaging (MRI) of (viable) tumor shrinkage or
growth, are the most used criteria for cancer therapy response
assessment.”® However, these criteria have limitations due to
delayed impact of treatment on tumor growth, resulting in
misclassification of tumor response in patients.” Therefore,
(m)RECIST 1.1 cannot timely predict oncological treatment
effects.'>!!

Next to primary tumors in the liver, the liver is one of
the most common sites for metastatic disease and the most
observed distant recurrence location after pancreatic cancer
resection. 214 Currently, a shift in incidence rates among
cancers is taking place and a trend of rising incidence and
mortality from pancreatic cancer is seen.'>'® For pancreatic
cancer, the only curative treatment is complete surgical
removal of the tumor. However, because of the surrounding
With
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vessels, the cancer is often not resectable.
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irinotecan, and leucovorin), tumor reduction can often be

chemotherapy  (fluorouracil,
achieved, resulting in a resection rate up to 26% (95% CI:
20%-32%)."” The first standard follow-up with CT follow-
ing induction chemotherapy takes place after 2 months. At
that point, patients may show progression on CT. A reliable
early (i.e. before 2 months of therapy) response marker is not
available.

A highly sensitive and timely evaluation of (early) tumor
response assessment to systemic therapy and novel therapies
for pancreatic and liver cancer is currently lacking. Several
studies in various cancer types (bone, breast, liver, and brain
tumors) have shown that tumor metabolic alterations caused
by drug treatment can be detected by phosphorus (*'P) mag-
netic resonance spectroscopy (MRS).'® Acquisition and analy-
sis techniques for hepatic >'P MRS have been reviewed
before'”*® and attempts have been made to standardize *'P
MRS protocols for cancer research.”’ *'P MRS gives
a unique, noninvasive view on tissue energy metabolism
through the detection of phosphocreatine (PCr), adenosine
triphosphate (ATP, with o-, B-, and y-resonances) and inor-
ganic phosphate (Pi). Moreover, it allows measurement of sig-
nals from cell membrane precursors, the phosphomonoesters
(PMEs), and cell membrane degradation products, the pho-
sphodiesters (PDEs). An increased PME/PDE ratio, indicative
of cell proliferation, is a characteristic feature of tumor tissue
and a reduction in PME/PDE during therapy has been dem-
onstrated to be a marker of therapy response in breast
cancer.?> %4 Importantly, changes in 31D metabolites during
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treatment have been shown to take place well before
morphological changes can be observed.””*” *'P MRS could
thus possibly be of help to assess effects of therapy for pancre-
atic and liver cancer in an early stage, thereby optimizing
treatment efficacy and reducing unnecessary side effects of
ineffective treatments.

The aim of this systematic review is to conduct a quan-
titative analysis of the available literature on *>'P MRS per-
formed in hepatopancreatobiliary cancer and to provide
insight into the current status of >'P MRS and its potential
for therapy (non-)response assessment.

Materials and Methods
Study Selection

A systematic search was performed in PubMed, Embase, and The
Cochrane Library up to March 17, 2022. The study was conducted
according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines.28

The following search terms were used: (Phosphorus OR 31P
OR phosphorus-31 OR Phosphorus Imaging OR 31P-MRS OR
31P-NMR) AND (Pancreas OR Pancreatic OR Liver OR Hepatic
OR Biliary Tract) AND (Cancer OR Tumor OR Tumour). The
search was restricted to title and abstract. After removing duplicates
of the retrieved articles, one author (L.S.) assessed the relevance of
the articles by the in- and exclusion criteria (Fig. 1). References of
the studies included in this review were also cross-checked for inclu-
sion. If multiple studies were published by the same author, exclu-

sion of the overlapping data took place.

Eligibility Criteria

Studies were eligible when reporting on localized >'P MRS in pan-
creatic and/or liver cancer. Second, >'P metabolite levels (eg ATPD,
PME, PDE, etc.) or ratios (eg PME/ATP, PDE/ATP, PME/PDE,
etc.) had to be evaluable. Animal studies, studies reporting data of
in vitro experiments, and reviews were excluded. Articles written in
non-English language were also excluded. Doubts about inclusion of
studies were addressed by discussion and consensus in a regular
meeting with the contributing authors.

Study Characteristics Extraction

The following study characteristics were extracted from the selected
articles: first author, country, patient diagnosis, number of patients
and healthy controls, age, sex, therapy, MRI field strength, 31D radi-
ofrequency (RF) coil, *'P MRS method and parameters, and time
point of performing *'P MRS.

Data Extraction and Presentation

*>'P metabolite levels and/or metabolic ratios were extracted from the
selected articles. Methods for acquisition and quantification differed
among the studies and not all details were always reported. To be
able to directly compare the results from the different studies, we
therefore report relative differences in reported *'P metabolite levels/
ratios between patients before therapy and healthy controls, and the
relative changes in reported *'P metabolite levels/ratios in patients
before and after therapy, expressed as percentages. Metabolite ratios
that were not reported were derived from the separate metabolite
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Search Date: March 17th. 2022
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FIGURE 1: Flow diagram of study inclusion.

levels or from metabolite ratios with respect to ATP whenever those
were available.

Results

Study Selection

The systematic search yielded a total of 507 studies: 206 arti-
cles from PubMed, 264 from Embase and 37 from The
Cochrane Library. After exclusion of duplicates and screening
of title and abstract, 31 full-text articles were assessed for eli-
gibility. Of these studies, 23 (74%) were excluded due to no
data on ®'P metabolite levels (z = 17) or lack of in vivo data
(n = 6). At last, two studies®”>® were added after been found
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crosschecking references of
the ten studies
(n=2)

eligible by crosschecking references of the 8 studies, resulting
in 10 included studies.””>® The flow diagram of study inclu-
sion in this systematic review is presented in Fig. 1.

Study Characteristics

No studies were found on the application of *'P MRS in
pancreatic tumors. The included studies (Table 1) were thus
all on liver cancer and comprised 301 subjects, of whom
169 (56%) patients with liver cancer of various etiology and
132 (44%) healthy control subjects. Of the patients,
96 (57%) were diagnosed with liver metastases, 31 (19%)
with HCC, 9 with adenocarcinoma (of unknown primary
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tumor) (5%), 24 (14%) with hepatic lymphoma, 7 (4%) with
a carcinoid, and 2 (1%) with a cholangiocarcinoma. Not all
studies published the mean age of the subjects.””**?” Of
those who did, the mean age varied from 50 years to
61 years, with the biggest age range seen in the study of
Dixon et al® (16-81 years). Magnetic field strengths of 1.5—
3 T were used. Most studies made use of >'P RF transmit
and receive surface coils, with diameters ranging between
6 and 30 cm. Volume localization for >'P MRS was achieved
using slice selection or suppression, single-voxel localization
(i.e. image-selected in vivo spectroscopy [ISIS] or modified
ISIS) or 1D, 2D, or 3D chemical shift imaging (CSI)
approaches. For the studies with 3D spatial localization, the
nominal voxel sizes ranged between 8 and 560 mL. Flip
angles and repetition times varied among studies. In the
patients, >'P MRS was performed before therapy, or both
before and after therapy, except for the study of Francis
et al.’® In the latter study, only data were reported during/
after therapy, which could therefore not be used to calculate
relative differences (between patients before therapy and
healthy controls) or changes (before and after therapy). Treat-
ment consisted of chemotherapy, chemoembolization or
hepatic arterial embolization (dependent on the cancer type).
All studies reported if a patient underwent >'P MRS at initial
discovery of the tumor or during treatment. A specific diet

was followed in five studies.>*223%37

3P Metabolite Levels in Liver Cancer
Methods for metabolite quantification differed among the
studies, for example, peak areas were determined by either
integration or fitting, and metabolite levels were expressed as
metabolite ratios or individual metabolite levels in some cases.
In the studies reporting individual metabolite levels, either
the total phosphate signal was used for normalization®*>” or
absolute quantification was performed based on the calculated
coil sensitivity.”> To be able to directly compare the results
from the different studies, we therefore calculated relative dif-
ferences/changes in the reported *'P metabolite levels/ratios.
Table 2 shows relative differences in *'P metabolite
levels or metabolic ratios in patients before therapy and
healthy volunteers in the same study. For each metabolite or
metabolic ratio, there was data available from at least two
studies out of the seven eligible studies. The largest differ-
ences between patients and controls were observed in the
PME/ATP, PME/Pi and PME/PDE ratios, but there was also
large variability between the different studies: PME/ATP was
34%-200% higher, PME/Pi was 21%-233% higher
(Fig. 2a), and PME/PDE was 2%-267% (Fig. 2b) higher in
patients compared with controls. PDE/ATP and Pi/ATP
ratios were either higher or lower in patients compared with
controls and differences in these ratios were thus not consis-
tent among the different studies. Only two studies report
individual metabolite levels.”>?” Schilling et al measured
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similar ATP levels and increased PME levels in patients com-
pared to controls.”® In contrast, the study of Meyerhoff
et al’® did not report a difference in PME levels between
patients and controls but rather showed a lower ATP level in
patients.

Table 3 shows relative changes in *'P metabolite levels
or metabolic ratios in patients before and after therapy in
the same study. Six studies were eligible for assessing the
treatment response and less patients were included than for
the comparison between patients (before therapy) and
healthy volunteers.””?*?>333>37 The timing of the *'P
MRS after therapy differed among the studies. In the study
of Meyerhoff et al,>> ATP, PME, and PDE levels dropped
after therapy, whereas Pi remained stable. In contrast, in the
study of Schilling et al®” and Yuan et al,”® Pi was increased
after therapy. The Pi/ATP ratio increased after therapy in
three studies (24%-88%),°°>” and was unchanged in a
fourth study.”> PME/Pi ratios were decreased after therapy
(—13% to —76%) in all studies where this ratio was avail-
able or could be derived (five out of the six studies)
(Fig. 2a). PME/ATP and PDE/ATP ratios did not show
consistent changes upon therapy. Likewise, the PME/PDE
ratio decreased after therapy in two studies®”” but

33,37

increased in two other studies, and did not significantly

change in another (Fig. 2b).”?

Discussion

The current review provides an overview of quantitative °'P
MRS data in liver cancer. In liver cancer, substantial alter-
ations in levels of >'P metabolites involved in cell prolifera-
tion and energy metabolism have been observed. In
particular, liver tumors were associated with an elevation of
PME/PDE and PME/Pi compared to healthy liver tissue,
although there was a broad variety among studies. Substantial
changes in PME/PDE in liver tumors upon therapy were
observed, showing both decreases and increases for the
heterogonous treatments and measurement intervals among
the included studies, whereas PME/Pi was decreased after
therapy in all studies. To date, >'P MRS has not been applied
in pancreatic cancer.

As to our knowledge, Griffiths et al’” published the first
>'P MRS study of tumors in a living rat in 1981. Two years
later, they described the first application of in vivo *'P MRS
of a sarcoma in a hand.”® Tt was the beginning of upcoming
in vitro and in vivo >'P MRS studies in several tumor types.
Smith et al*' compared in vivo and in vitro >'P NMR spectra
from human breast tumors and found that the contribution
of PDEs was much lower in the in vitro spectra as compared
with in vivo spectra. This was related to the fact that the
in vivo PDE signal can contain contributions from mobile
(high curvature) membrane phospholipids, which are not rep-
resented in aqueous extracts. Furthermore, it is difficult to
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maintain integrity of cellular metabolites in vitro.*> Conse-
quently, despite the much lower sensitivity of *'P MRS
in vivo compared to in vitro, translation of in vitro observa-
tions to in vivo metabolism is questionable.

In all of the reviewed papers, the PME/PDE and
PME/Pi ratios in patients with liver cancer (before therapy)
was higher compared with the liver PME/PDE and PME/Pi
ratios in healthy volunteers, although there was great variabil-
ity with differences ranging from 2% to 267% (Fig. 2b) and
21%-233% (Fig. 2a), respectively. Upon therapy, a very het-
erogeneous response was observed in changes in PME/PDE
ratios, including decreases, as may be expected, but also
increases (Fig. 2b), whereas the PME/Pi ratios were consis-
tently decreased after therapy (—13% to —76%) in all studies
(Fig. 2a). The heterogeneous results may be related to the

different etiologies of liver cancer included in the studies, that
is, primary liver tumors and liver metastases, and the different
types of therapy that have been applied, that is, chemo(radio)
therapy, (chemo)embolization and hepatic arterial emboliza-
tion (HAE). Also, the time point of scanning after therapy
differed between and within the included studies. The opti-
mal time point to perform *'P MRS after the start of therapy
remains to be established.

Only in two of the reviewed studies, the >'P MRS
results were related to treatment response. Ljungberg et al
showed that before HAE, the PME/Pi ratio was significantly
lower in responders than in nonresponders, which may reflect
intrinsic differences in responsive and nonresponsive tum-
ors.”> However, 1 and 3 days after the start of HAE, PME/Pi
ratios were no longer significantly different between

a PME/PI
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FIGURE 2: (a) Differences in PME/Pi between patients and controls and changes in PME/Pi for patients before and after therapy, and
(b) differences in PME/PDE between patients and controls and changes in PME/PDE for patients before and after therapy, as
derived from the reviewed literature. The surface of each sphere is scaled to the number of patients in the respective study.
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FIGURE 3: 3D 3'P CSlI data of the liver from a healthy volunteer acquired at 7 T with a 3'P whole-body transmit coil in combination
with a 16-channel 3'P receive array. The image shows one slice of a transversal T,-weighted MRI scan overlaid with the 3'P CSI grid
(nominal voxel size = 20 mm isotropic). 3p MR spectra of three representative voxels in the liver (indicated by the blue rectangle)
are shown on the right. Peak annotations: phosphoethanolamine (PE), phosphocholine (PC), inorganic phosphate (Pi),
glycerophosphoethanolamine (GPE), glycerophosphocholine (GPC), phosphatidylcholine (PtdC), a-, -, and y-adenosine triphosphate
(ATP), nicotinamide adenine dinucleotide (NADH), and uridine diphosphate glucose (UDPG). Source: Adapted from reference 51

responders and nonresponders.”” Yuan et al found no signifi-
cant changes in *'P metabolite levels/ratios after treatment in
the nonresponsive group, whereas in the responders various
1P metabolite levels/ratios were significantly changed upon
therapy.” In the other studies, there was no information on
treatment outcomes and therefore it is not clear whether the
variability in the data upon treatment could in fact reflect dif-
ferences in treatment response. In breast cancer, a negative
preoperative indication for systemic therapy was highly accu-
rate (96%) for tumors <2.0 cm with PME < PDE as deter-
mined by *'P MRS.** Moreover, in breast cancer patients, a
decrease in PME/PDE was observed after 3 weeks of neo-
adjuvant chemotherapy for (partial) responders, whereas no

1152

significant change was detected for nonresponders.”* For liver
and pancreatic cancer, future studies should give insight into
the relation between *'P metabolite levels and treatment
response.

Besides the differences in tumor etiologies and thera-
pies, time point of scanning after therapy, and potential dif-
ferences in therapy response, also the experimental setups and
field strengths, >'P MRS methods and parameters, and ana-
lyses methods differed greatly between studies. Volume locali-
zation for >'P MRS was achieved using various methods (slice
selection or suppression, single-voxel localization with ISIS,
or 1D, 2D or 3D CSI) and for many studies voxel sizes were
rather large, ranging up to 560 mL. Therefore, there can be

Volume 57, No. 4

95U801 SUOWIWOD 9A 181D 8|qeot[dde au) Ag peusenob ale sajoie YO ‘9Sn Jo S9N Joj Akeuqi8UlJuQ A8]IM UO (SUONIPUCD-pUE-SWR)LI0o" A3 | IMAleIqijeul Juo//SANy) SUORIPUOD pue SWiB | 81 8eS " [£202/v0/Sz] uo AreiqiTauliuo A|im ‘AridiT AiseAlun 1yoenn Aq zZ£82" UW{/Z00T OT/I0p/Wod A8 im Ake.d 1 jpuluoy/sdny Wolj pepeo|umod ‘v ‘€202 ‘985222ST



substantial partial volume effects, that is, signal from healthy
tissue in the tumor voxel of interest, which can have reduced
potential effect sizes, especially in focal lesions, and thus can
have contributed to the observed variability. Even so, the
method of using metabolite ratios is very robust, because it is
less dependent on experimental variations, such as spatial sen-
sitivity. Moreover, in comparison to widely available 'H CSI,
>'P MRS is not hindered by the orders of magnitude larger
signals of water and lipids that would obscure the metabolite
detection, particularly in the presence of typical body motion
and magnetic field inhomogeneities.”> In none of the
reported studies NOE enhancement or broadband proton
decoupling was used. Although NOE enhancement can
improve SNR, it may also influence metabolic ratios, which
needs to be corrected for. Proton decoupling can substantially
improve the spectral resolution, in particular in the PME and
PDE regions at lower field strengths.*® The reported studies
were conducted at 1.5-3 T and because proton decoupling
was not used, quantified PDE concentrations may have been
affected by varying levels of phosphatidylcholine (also resonat-
ing in the PDE region), depending on the nutritional status
of the subjects. It is currently not clear whether nutritional
status plays an important role in >'P MRS of liver or liver
tumors. Brinkmann et al compared 3-5 hours fasting
vs. overnight fasting, for which they did not find significant
changes in the ratios of *'P metabolites in healthy liver tissue
or liver metastases.”> Future studies are needed to determine
whether nutritional status could influence *'P metabolite
levels.

While the motivation for in vivo detection of tumor
metabolism is strong, and feasibility of in vivo detection of
>IP metabolites in tumors was already demonstrated decades
ago, a relatively low number of papers could be found on
>IP MRS in liver cancer and no published *'P MRS studies
were found on localized pancreatic cancer. This may be due
to several reasons: Sensitivity of >'P MRS is low, so it
requires ecither very large voxels and thus large tumors or
increased sensitivity provided by ultra-high field MRI sys-
tems (eg 7 T). The first may limit patient inclusion and lack
of clinical relevance. The second complicates setting up a
clinical study, as ultra-high field MRI scanners have not yet
obtained FDA or CE clearance for clinical use in the human
body. However, most vendors have obtained FDA and CE
clearance for using the 7 T MRI for brain applications, so
xit may be straightforward to obtain these clearances for
body applications as well. A critical review as reported here
may help to justify these clearances. Recently, the first 7 T
application of *'P CSI in a liver metastasis was demonstrated
in a case study, showing improved spectral resolution com-
pared to lower field strengths, allowing separate detection of
the individual PMEs (i.e. PC and PE) and PDEs (i.e. GPC
and GPE)*® An additional complication of *'P MRS in the
body is that the penetration depth of commonly used *'P
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surface coils is limited, which makes >'P MRS of deeper
lying organs, such as the pancreas, challenging.””*® We have
overcome this challenge by using an embedded *'P whole-
body transmit coil, producing a homogeneous radio-
frequency field throughout the human body,* in combina-
tion with a 16-channel ®'P receive array’® to acquire high
spatial- and spectral resolution *'P CSI data of the whole
human liver at 7 T (Fig. 3).>! Future development of
motion correction techniques is expected to improve spectral
quality in the presence of (respiratory) motion, such as for
pancreatic tumors, and to reduce signal ghosting from tissues
outside the regions of interest.

In conclusion, >'P MRS has great potential in oncology
for predicting or monitoring early tumor response of therapy
(eg chemotherapy or immunotherapy). This review summa-
rizes metabolic alterations as observed with *'P MRS in liver
metastases or liver tumors in patients either with respect to
healthy controls or after therapy, obtained from 10 indepen-
dent studies with a total of 301 included subjects. The next
step is to find correlations of early metabolic alterations, as
observed with *'P MRS, with eventual treatment response, to
establish if >'P MRS is suitable for future clinical use in
hepatopancreatobiliary cancer.
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