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BACKGROUND: Low skeletal muscle mass and impaired muscle quality (myosteatosis) have been associated with poor outcomes in
cancer patients. This study aimed to evaluate the impact of pre-therapeutic low muscle mass and myosteatosis on
chemoradiotherapy (CRT)-induced toxicity and survival outcomes in patients with non-resectable pancreatic cancer (PC).
METHODS: In this retrospective study, pre-therapeutic CT scans were used to measure muscle mass/density. Low muscle mass was
defined as a skeletal muscle index <38.5 cm”’/m?* (women) and <52.4 cm?/m” (men), and myosteatosis as a mean psoas density <41
HU if BMI < 25 kg/m? or <33 HU if BMI > 25 kg/m?”. Adverse effects were collected per week (W) of treatment. Dose-limiting toxicity
(DLT) was defined as any toxicity leading to dose reduction, treatment delays or permanent discontinuation.

RESULTS: Among the 85 included patients, 75 (88.2%) and 18 (22.2%) had pre-therapeutic low muscle mass and myosteatosis,
respectively. Only 12 patients (14.1%) experienced DLT. Patients with low muscle mass developed significantly more toxicities at W2
(p=0.013) and W5 (p = 0.026), notably more nausea (p = 0.037) and anemia (p = 0.004). Low muscle mass was associated with
poorer overall survival (HR 4.41 [1.50-12.94], p = 0.007) in multivariate Cox analysis, while myosteatosis was not associated with CRT
toxicities, DLT and overall survival (p = 0.408).

CONCLUSION: Patients with low muscle mass experienced more toxicities and poorer outcomes during CRT for non-resectable PC.

European Journal of Clinical Nutrition (2025) 79:576-586; https://doi.org/10.1038/s41430-025-01566-5

INTRODUCTION

Pancreatic cancer (PC) is a major public health issue. Its incidence
is steadily increasing in France, Europe, and the United States of
America while its prognosis remains poor [1-3]. The 5-year overall
survival (OS) rate, all stages combined, is estimated to be around
10%, and PC is the seventh leading cause of cancer death in both
sexes [4]. Despite the few progresses in therapeutics, PC remains
highly fatal, and treatment options are limited due to late
diagnosis.

Locally advanced PC (LAPC), representing 30% of cases, is
defined as a pancreatic tumor having a tumor-to-artery interface
>180° or an unreconstructable portal vein or superior mesenteric
vein, with no distant metastasis [5]. As upfront surgical resection
cannot guarantee high rates of RO resection due to extensive
vascular involvement [6], gemcitabine-based induction che-
motherapy is the recommended standard of care in this setting
[7-9]. Moreover, FOLFIRINOX chemotherapy regimen is a new
alternative, based on the favorable results of the NEOPAN phase 3
study [10].

The role of chemoradiotherapy (CRT) remains controversial in
non-resectable PC. The concept of CRT is based on the
potentiation of radiotherapy by a radiosensitizing molecule, most
often capecitabine [11]. It can be proposed as a consolidation
treatment after successful induction chemotherapy in selected
patients [12-14]. The LAP0O7 study secondary analyses [15, 16] and
the CONKO-007 trial [17] reported potential benefits in terms of
local tumor control, without compromising patient’s safety.
Nevertheless, CRT could impair quality of life through chemother-
apy- or radiotherapy-induced adverse effects, such as abdominal
pain, nausea, vomiting or diarrhea [18].

Recently, body composition has emerged as a major prognostic
factor in oncology [19-21]. Sarcopenia is defined as the
association of low muscle strength, with low muscle quantity or
quality, and/or low physical performance [22]. Cancer patients
with sarcopenia have higher treatment-induced toxicity, more
postoperative complications, impaired quality of life and poorer
OS [23, 24], especially in patients with resected PC and non-
resectable PC [25-27]. Despite similar muscle mass, the presence
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of myosteatosis, defined by the excess of adiposity deposits in
muscle tissue, has been associated with increased chemotherapy-
induced toxicity, shorter time to tumor progression and poorer OS
in cancer patients [19, 28]. Body composition analysis from
computed tomography (CT) scans, commonly used to screen for
sarcopenia, could also be used to detect myosteatosis through the
attenuation of mean skeletal muscle Hounsfield units (HU) [29].
However, the impact of myosteatosis on survival and the
treatment-related toxicities has not yet been studied in patients
treated with CRT for non-resectable PC.

Therefore, this study aimed to assess the impact of low muscle
mass and myosteatosis on treatment-related toxicity and survival
outcomes in non-resectable PC patients treated with CRT.

MATERIALS AND METHODS

Study design and patients

We retrospectively reviewed all medical records of patients with pancreatic
adenocarcinoma treated by CRT between January 1,2011 and May 1, 2022
in two French tertiary centers (Godinot Cancer Institute, Reims and Antoine
Lacassagne Center, Nice). Patients were included if diagnosed with a
histologically-confirmed non-metastatic pancreatic adenocarcinoma (or
adenosquamous carcinoma), borderline resectable but non-resectable
after induction chemotherapy or locally advanced according to the
National Comprehensive Cancer Network (NCCN) criteria [5] and treated
with concomitant definitive CRT. However, patients with an oligometa-
static PC achieving a complete metastatic response after the first-line
chemotherapy and then receiving CRT were also included, as the main
concern was local control. A pre-therapeutic CT scan (performed before the
initiation of CRT) covering from the apex of lungs to the sacrum with
exploitable morphologic data was mandatory. The CT scan acquisition
protocol was identical for both centers and is described in the
Supplementary Materials.

Patients with other histological types of PC, and/or without an available
or exploitable pre-therapeutic CT scan, and/or who received desynchro-
nized CRT, radiotherapy alone, hemostatic, antalgic, or stereotaxic
pancreatic radiotherapy, and/or who had radiotherapy performed for local
PC recurrence, were not included. Patients were excluded in case of
prescribed but unperformed radiotherapy, or if they were diagnosed with
multiple distant metastases at the beginning of treatment.

Data collection
Baseline demographic characteristics at the initiation of CRT were
retrospectively collected, including gender, age, weight (kilograms), height
(centimeters), body mass index (BMI) (kg/m? and Eastern Cooperative
Oncology Group (ECOG) performance status (PS). PCs were classified
according to histological subtypes and surgical resectability criteria
defined by the NCCN consensus [5], based on the diagnostic CT scan
and the review of the multidisciplinary board tumor meeting. The date of
initial diagnosis of PC was collected. Biological data included serum
albumin, C-reactive protein (CRP) and CA19.9 levels at CRT initiation, and
the phenotype of dihydropyrimidine dehydrogenase (DPD) using plasma
uracil rate determination. To improve accuracy, we prioritized collecting
demographic and biological data as close as possible to the first day of
treatment (during the month preceding the diagnosis, chemotherapy
induction or CRT initiation). Previous induction treatments before CRT,
such as chemotherapy (drugs and number of cycles received) or surgery,
and the duration of CRT, the number of administered cycles of
chemotherapy and number of days of radiotherapy effectively carried
out were described.

Date of disease progression according to RECIST1.1 criteria [30] and date
of death were also collected.

Chemoradiotherapy protocol

Radiotherapy was delivered with photons in three-dimensional con-
formal radiation therapy (3DCRT) or in intensity modulation radiation
therapy (IMRT) using conventional fractionation. Radiotherapy was
combined with daily oral chemotherapy (capecitabine 850 mg/m? twice
daily, Monday to Friday) or with intravenous (IV) LV5FU2 simplified
chemotherapy regimen every two weeks (L-leucovorin 200 mg/m?> IV
infusion over 2 h and 5-fluorouracile (5FU) 400 mg/m? IV bolus injection
then 5FU 2400 mg/m? continuous IV infusion over 46 h). The total dose
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of radiotherapy could vary from 50,4 Gy in 28 sessions to 54 Gy in
27 sessions, five days a week, as recommended by the French national
guidelines [8].

Toxicity

Overall and weekly treatment-related acute toxicities (nausea, vomiting,
diarrhea, hand-foot syndrome, mucositis, heart problem, anemia,
thrombocytopenia, neutropenia, febrile neutropenia) from the first week
(W) of treatment (W1) to W7 are graded weekly (according to the
Common Terminology Criteria for Adverse Events (CTCAE) version 5.0)
[31] during CRT in our institution. These data were collected from the
medical file. Treatment-related dose-limiting toxicity (DLT) was defined
as any toxicity leading to dose reduction, treatment delays or permanent
discontinuation.

CT scan analyses

For each patient, the pre-therapeutic CT scan performed before the
initiation of CRT and obtained from the hospital imaging database
(Synapse PACS V5 software, Fujifilm Medical Systems, U.S.A., Inc) was used
to measure skeletal muscle mass and density. As commonly used in the
literature, measurements were performed on a single CT slice at the third
lumbar vertebra (L3) at the level of the transverse processes [21, 22, 29, 32].
The CT scan image analysis was anonymized and selected in Digital
Imaging and Communications in Medicine (DICOM) format with data on
injection time and slice thickness. All morphologic analyses were
performed by a single reader after training with an experienced radiologist,
avoiding interobserver variability. Muscle area and density were measured
using the AsanJ-Morphometry™ software (Asan Image Metrics, Seoul,
Korea, created in 2019 and available at http://datasharing.aim-aicro.com/
morphometry). Right and left psoas areas were delineated semi-
automatically by predetermined thresholds for the Hounsfield Units (HU)
on CT scans (—190 to —30 HU for fat and 0-100 for muscle) and manually
corrected if necessary [32].

Muscle mass was studied through the total muscle area (TMA), which
includes that of the psoas muscles, the lumbar muscles, the erector spinae,
the transversus abdominis muscles, the internal and external oblique
muscles, and the rectus abdominis. TMA was calculated in cm? and
normalized to the square of the height (m? to obtain the skeletal muscle
index (SMI) (cm*/m?). Low muscle mass was defined as SMI < 38.5 cm?*/m?
for women and <52.4cm?*/m? for men [22, 33], according to the 2019
revised European consensus.

Myosteatosis was assessed by psoas muscle density (PMD). The mean
attenuation of the left and right psoas was obtained by freehand
drawing the region of interest (ROI) outlining the psoas muscles at the
selected CT slice, and the average density of the two psoas muscles was
calculated and used to define myosteatosis. Heterogeneous thresholds
are used in the literature to define myosteatosis [19, 34]. As used in many
recent studies, myosteatosis was defined as a mean PMD <41 HU if
BMI < 25 kg/m? and <33 HU if BMI>25kg/m? [29]. Another threshold
(PMD < 44.5 HU) described by Herrod et al. was also assessed in an
exploratory analysis [35].

To account for a possible heterogeneity in CT injection time, we also
adjusted the mean PMD on the contrast aorta density. A circular ROl on the
same CT slice was drawn in the center of aorta avoiding the periphery of
the vessel, particularly the atheromatous calcifications. The indexed psoas
density (IPD) was then calculated using the following equation: average
PMD/aorta density (HU).

Additional measurements performed for muscle mass and density are
described in the Supplementary Materials.

Aims and endpoints

The primary objective was to assess the impact of pre-therapeutic low
muscle mass and myosteatosis on treatment-related toxicities during CRT.
Primary endpoints were the rate of overall treatment-related toxicities (any
grade), weekly toxicities (severe grades 3-5) and DLT.

The secondary objective was to describe survival outcomes of patients
treated by CRT according to the presence of low muscle mass or
myosteatosis. Secondary endpoints included OS and progression-free
survival (PFS). OS was defined as the time from CRT initiation to death from
any cause; alive patients were censored at the date of their last follow-up.
PFS was defined as the time from CRT initiation to the date of the RECIST-
based progression or death; alive patients without progression were
censored at the date of their last follow-up.
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Fig. 1
treatment.

Statistical analysis

Quantitative variables were expressed as median and interquartile range
(IQR). Values were compared using the non-parametric Kruskal-Wallis test.
Qualitative data were described as frequencies and compared with the
Chi-square test or Student’s test when appropriate.

A univariate analysis was performed for key demographic and tumoral
factors, as well as for overall and weekly treatment-induced toxicities and
DLT, depending on the presence of low muscle mass or myosteatosis,
using the appropriate test.

Survival outcomes were described using Kaplan-Meier survival curves.
The survival regression analysis was performed using the Cox proportional
hazard model. A univariate analysis, followed by a multivariate analysis,
was done using preselected clinically relevant covariates (sex, PS, presence
of low muscle mass, presence of myosteatosis). The proportional hazard
assumption was checked using a Schoenfeld plot. All p-values were two-
sided, and a p-value < 0.05 was considered significant.

Due to the heterogeneous population (including patients with initially
borderline resectable, locally advanced or oligometastatic PC), an a
posteriori sensitivity analysis was performed including only patients
with LAPC.

All data were collected using Epilnfo 7.2.5.0 and analyzed using R Studio
(R Core Team, version 4.2.0, 2022).

RESULTS
Description of the population
A total of 85 patients were included. Baseline characteristics of the
overall population and grouped by the presence of low muscle
mass and myosteatosis are described in Table 1. The included
patients were mostly women (n =52, 61.2%) and aged over 65
(median: 68.9 years, IQR: 60.2-73.7). At CRT initiation, all pancreatic
tumors were non-resectable, and initially locally advanced (n =53,
62.4%), borderline resectable (n =29, 34.1%) and three patients
(3.5%) had an oligometastatic PC achieving a complete response
after induction chemotherapy. Nearly all patients received an
induction chemotherapy (n=82, 98.8%), mostly FOLFIRINOX
combination regimen (n=68, 81.9%). The most common
concomitant chemotherapy was capecitabine (n=78, 91.8%).
The median dose received during RT was 54 Gray (IQR: 50.4-54).
Most patients received RT with IMRT technique (n =74, 87.1%)
whereas eleven patients (12.9%) received 3DCRT.

Among the overall population, 75 patients (88.2%) had low
muscle mass whereas 18 (22.2%) had myosteatosis. Measurements
of SMI and PMD did not differ between patients of the two
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Weekly any-grade toxicities during chemoradiotherapy. Data expressed as total number of patients affected by a toxicity per week of

radiotherapy centers (p=0.477 and p =0.08, respectively). All
patients with myosteatosis also had low muscle mass (n=18,
100%). Ten patients (11.8%) had neither myosteatosis nor low
muscle mass. Patients with low muscle mass were significantly
older (p=0.005) and had significant lower BMI (p=0.009) in
univariate analysis. Patients with myosteatosis had significantly
lower SMI (p=0.038) and lower IPD (p=0.001) in univariate
analysis. CT contrast agent injection did not influence the
diagnosis of myosteatosis (p = 0.183).

Description of overall and weekly toxicities
A total of 531 overall toxicities were observed during CRT. Patients
mainly experienced nausea (n =32, 50% in W3), diarrhea (n = 21,
33.3% in W5), anemia (n =21, 33.3% in W5), and thrombocyto-
penia (n =22, 34.4% in W3) (Fig. 1, Supplementary Table A1).
Cumulated weekly toxicities were mostly grade 1 (n =455,
75.3%), and a few cases of grade 3 toxicity were observed for
nausea (n = 2), vomiting (n = 1) and diarrhea (n = 1) (Supplemen-
tary Table A2). Six patients reported hand-foot syndrome during
CRT. No patient experienced grade 4 or 5 toxicity, febrile
neutropenia or any cardiac disorder.

Description of dose-limiting toxicities (DLT)
Eleven patients (12.9%) experienced a chemotherapy-related DLT
(Table 2).

Chemotherapy was delayed for eight patients (9.4%) and
stopped for a median of 8.5 days (4.75-14.25). Six patients
(7.1%) underwent chemotherapy dose reductions of 20-30% of
the initial dose. The most frequent chemotherapy-DLTs were
thrombocytopenia (54.5%, n = 6), nausea (36.4%, n = 4), vomiting
(36.4%, n=4) and hand-foot syndrome (30.0%, n=3). DLT was
mainly managed in ambulatory care (81.8%, n =9).

Only one patient (1.2%) experienced a radiotherapy-related DLT
and had to stop radiotherapy for 11 days because of nausea and
vomiting.

No patient died due to treatment-induced toxicity.

Analysis of DLT, overall and weekly toxicities according to low
muscle mass and myosteatosis

In the univariate analysis, low muscle mass was significantly
associated with more weekly toxicities during the second
(p =0.013) and the fifth (p = 0.026) weeks of treatment (Table 3).
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Table 2.
toxicity (DLT).

Variable
Chemotherapy DLT, n (%)

Number of patients with delayed chemotherapy,
n (%)

Number of days off chemotherapy, median (IQR)

Number of patients with chemotherapy dose
reduction, n (%)

Chemotherapy dose reduction, n (%)

Chemotherapy- and radiotherapy-related dose-limiting

Value
11 (12.9)
8 (9.4)

8.5 (4.75-14.25)
6 (7.1)

20% 2/6 (33.3)
25% 3/6 (50.0)
30% 1/6 (16.7)
Type of DLT, n (%)
Nausea 4 (36.4)
Vomiting 4 (36.4)
Diarrhea 1 (10.0)
Hand-foot syndrome 3 (30.0)
Neutropenia 1 (10.0)
Thrombocytopenia 6 (54.5)
Treatment initiated for the DLT management, 9 (81.8)
n (%)
Ambulatory management of DLT 9 (81.8)
In-hospital management of DLT 2 (18.2)
Radiotherapy DLT, n (%) 1(1.2)
Number of patients with delayed radiotherapy, 1(1.2)
n (%)
Number of days off radiotherapy 11
Type of DLT, n
Nausea 1
Vomiting 1
Treatment initiated for the DLT management, n 1
Ambulatory treatment, n 1

DLT Dose-limiting toxicity, /IQR interquartile range.

Patients with low muscle mass developed more nausea
(p=0.037) and anemia (p=0.004) (Fig. 2). The presence of
myosteatosis was not associated with more weekly toxicities
(Table 3) or more DLT (p = 1.000).

Survival outcomes

The median OS of the whole population was 17.1 months (IQR:
7.6-37.2) from CRT initiation (Fig. 3). The median OS from
diagnosis of PC was 20.6 months (IQR: 14.9-32.7). Seventy-one
patients died during the follow-up including 82.3% (n=57)
related to PC.

In the univariate analysis, factors associated with OS were the
presence of low muscle mass (HR 3.63 [1.29-10.25], p = 0.015) and
ECOG PS 2 (versus ECOG PS 0, HR 6.33 [2.04-19.66], p =0.001).
Myosteatosis was not associated with a poorer outcome
(p=0.513). In the multivariate analysis, ECOG PS 2 (HR 6.98
[2.07-23.54], p=0.002) and low muscle mass (HR 4.41
[1.50-12.94], p = 0.007) were significantly associated with shorter
0OS, whereas myosteatosis was not (p = 0.408) (Table 4).

To support our results, a sensitivity analysis was conducted a
posteriori, including only patients with LAPC. This confirmed the
prognostic impact of low muscle mass on OS, while an ECOG PS 2
was no longer significant given the small number of patients in
this subgroup.

SPRINGER NATURE

Description of weekly toxicities in patients with low muscle mass and myosteatosis.

Table 3.

p-value

MD

Patients with normal
muscle density

p-value
(n=63)

MD

Patients with low
muscle mass?®
(n=175)

Patients with normal

Weekly cumulative number of
treatment-induced toxicities

(n

Week of

Patients with
myosteatosis®
(n=18)
16 (88.9)
16 (94.1)

muscle mass (n = 10)

treatment
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PFS was not statistically different between patients according to
muscle mass or density (Fig. 4).

DISCUSSION

To the best of our knowledge, this study was the first to assess the
respective impacts of pre-therapeutic low muscle mass and
myosteatosis on CRT-induced toxicity in patients with non
resectable PC. In this population, low muscle mass was highly
prevalent (n =75, 88.2%) and was significantly associated with
more weekly toxicities (any grade) at W2 (p=0.013) and W5
(p=0.026) during CRT, notably more nausea (p=0.037) and
anemia (p =0.004). Low muscle mass was also independently
associated with poorer OS (HR 4.41 [1.50-12.94], p =0.007) in

European Journal of Clinical Nutrition (2025) 79:576 - 586

multivariate analysis, while myosteatosis had no impact on the
occurrence of weekly toxicities and OS (p = 0.408).

In this cohort, the prevalence of sarcopenia, estimated by low
muscle mass (88.2%), was higher than that previously described in
the literature. Prevalence of pre-therapeutic sarcopenia has been
previously reported to be approximately 38% in patients with all-
type of cancers [20, 24] and 67% in patients with LAPC treated
with CRT [25]. However, most patients (85.8%) in the study of
Naumann et al. had not received prior chemotherapy. In our study,
almost all patients received induction chemotherapy (98.8%),
including multi-drug chemotherapy in 81.9% of patients. The use
of prior chemotherapy may have induced low muscle mass in our
patients and may therefore have influenced the prevalence of
sarcopenia before the initiation of CRT [36]. Additionally,
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pancreatic exocrine insufficiency has been reported to be highly
prevalent in patients with PC and could have influenced the
development of sarcopenia in these patients [37, 38]. A recent
review [37]. has indeed reported that untreated pancreatic
exocrine insufficiency can lead to maldigestion, and consequently
malabsorption, malnutrition, and increased risk of osteoporosis,
sarcopenia, and/or cardiovascular events. Untreated pancreatic
exocrine insufficiency has also been associated with more
postoperative complications after pancreatic resection and poorer
response to chemotherapy through the gut microbiome dysbiosis
and the modulation of the immune response. Furthermore, higher
rates of sarcopenia could also be explained by the systemic
catabolic syndrome in patients with PC, inducing both fat and
muscle mass loss. Cancer-associated cachexia is mediated by the
main cytokine and immune cell-driven pathways, especially in
patients with PC [39]. PC cachexia is a multifactorial complex
syndrome [38] involving both tumor-related systemic factors (pro-
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inflammatory cytokines, increased lipolysis and glycolysis, KRAS-
dependent metabolic changes, adipose tissue browning),
impaired pancreatic exocrine and endocrine functions (leading
to increased gluconeogenesis, insulin resistance, malabsorption,
gut microbiome dysbiosis, increased intestinal permeability and
systemic inflammation) and alterations of the intestinal tract
(gastric outlet obstruction, gut microbiome dysbiosis with excess
bacterial growth). Another recent study has assessed low muscle
mass and density in patients with PC using preoperative CT scans,
with a prevalence of sarcopenia of 74.0% and myosteatosis of
67.7% [40]. This study showed the differences in fat distribution,
with sarcopenic patients having lower subcutaneous adipose
tissue while those with myosteatosis having greater visceral
adipose tissue. Of note, transcriptomic analyses in muscles
revealed increased inflammation and decreased growth in
patients with sarcopenia, and a disrupted oxidative phosphoryla-
tion and lipid accumulation in patients with myosteatosis [40].
Finally, the thresholds used in the literature to define sarcopenia in
cancer patients are very heterogenous. This study used gold-
standard thresholds as recommended by the European consensus
[33] to define low muscle mass, but the definition of sarcopenia
also includes muscle strength measurement [22, 41], which was
not performed routinely in our unit and therefore not available in
this retrospective study. Thus, low muscle mass alone did not
allow a conclusion on the presence of sarcopenia in our study,
since loss of muscle mass may be independent of the presence of
sarcopenia [41].

The most frequent adverse effects during CRT were digestive
and hematological toxicities. Similar results have been reported in
two recent studies including patients with LPAC undergoing CRT
[16, 17]. In the LAPO7 trial [16], six patients in the CRT group had
grade 3 or 4 nausea versus none in the chemotherapy group
(p =0.008). In the CONKO-007 trial [17], hematological toxicities
were increased in the CRT arm, whereas other toxicities were
comparable. Several parameters can influence the radiotherapy-
induced toxicity, notably the treatment technique performed and
the use of concomitant chemotherapy. For example, the
concomitant chemotherapy used in the CONKO-007 trial [17]
was gemcitabine, which is more radio-sensitizing than capecita-
bine. In the LAPO7 study [16], patients were treated between 2008
and 2011 with 3DCRT without IMRT, even though IMRT has been
developed to spare healthy tissue and prevent radiation toxicity
[42, 43]. In the present study, most patients received the IMRT
technique and a concomitant chemotherapy with capecitabine.

A significant association between low muscle mass and the
occurrence of weekly toxicities during CRT was shown in this
study, particularly during the second (p=0.013) and fifth
(p =0.026) weeks of CRT. A statistical trend was also observed
for the other weeks of treatment, though this difference was not
statistically significant, likely due to small sample sizes. The
number of adverse events did not increase with the duration of
treatment, and only a few DLT (14.1%) and grade 3 toxicities
(4.7%) were reported, probably due to the tight weekly monitor-
ing in our units with early management of adverse events.
Consistent with our results, sarcopenia has been reported to be
predictive of treatment-induced toxicity [27, 28, 44, 45], including
CRT-related toxicity [25], in digestive cancer patients.

The prognostic impact of sarcopenia on survival outcomes has
previously been studied in patients with LAPC treated with CRT.
Naumann et al. showed that a persistent loss of weight and lean
muscle was negatively associated with OS [25], supporting the
importance of a longitudinal evaluation of these parameters
during CRT. In our study, muscle mass and SMI were measured
only once before CRT initiation on the pre-therapeutic CT scan. A
potential association between the evolution of body composition
during CRT and treatment-induced toxicities or survival outcomes
is yet to be studied in this setting, especially since CRT is known to
reduce muscle mass [25, 36]. A simple tool, the handgrip test,
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Table 4. Factors associated with overall survival in univariate and multivariate analysis (n = 85).
Variable HR univariable (95% CI)
Older age >70 year (vs <70 year) 1.07 (0.64-1.80)

Male sex (vs female) 1.37 (0.82-2.29)

ECOG PS 1 (vs 0) 1.11 (0.62-1.97)

ECOG PS 2 (vs 0) 6.33 (2.04-19.66)
Normal BMI (vs low) 0.90 (0.44-1.85)

Serum albumin level 0.93 (0.84-1.03)

Total muscle area 1.00 (0.99-1.01)

Skeletal muscle index 0.97 (0.94-1.01)

Psoas muscle density 1.00 (0.97-1.04)

Total psoas index 0.85 (0.70-1.04)

Indexed psoas density 1.02 (0.50-2.08)

Low muscle mass (vs normal)® 3.63 (1.29-10.25)
Myosteatosis (vs absence)® 1.22 (0.67-2.22)

p value HR multivariable (95% CI) p value
0.799 0.98 (0.95-1.01) 0.112
0.224 - -
0.728 1.09 (0.59-1.99) 0.786
0.001 6.98 (2.07-23.54) 0.002
0.774 - -
0.145 - -
0.455 - -
0.126 - -
0.964 - -
0.111 - -
0.960 - -
0.015 4.41 (1.50-12.94) 0.007
0.513 0.73 (0.35-1.53) 0.408

BMI body mass index, CI confidence interval, ECOG PS Eastern Cooperative Oncology Group performance status, HR hazard ratio.
#Low muscle mass was defined as SMI < 38.5 cm?/m2 for women and <52.4 cm2/m2 for men.
PMyosteatosis was defined as mean PMD < 41 HU if BMI < 25 and <33 HU if BMI > 25.

Bold data show statistically significant results.

could be used to monitor the evolution of sarcopenia parameters
during treatment could be the measurement of muscle strength,
which is the key parameter in the consensus definition of
sarcopenia [22]. This test has already shown its feasibility in
routine and its association with muscle mass (measured with SMI)
and nutritional parameters in digestive cancer patients [46-48].
Finally, in multivariate analysis, ECOG PS 2 was associated with the
worst prognostic impact on OS, but due to its low frequency in the
whole cohort (n = 4), this factor seemed less relevant to use than
low muscle mass.

Myosteatosis had no impact on the occurrence of weekly
toxicities and survival outcomes in the present study. The
literature has used various thresholds to define myosteatosis in
cancer patients [19, 34]. We chose to define myosteatosis as a cut-
point for muscle attenuation of <41 HU if BMI < 25 kg/m” or <33
HU if BMI>25kg/m? which is currently the most used in the
literature [29]. Since this definition is not yet consensual in cancer
patients, another threshold for myosteatosis (PMD <44.5 HU)
described by Herrod et al. [35] was also assessed in an exploratory
analysis (Supplementary Tables A3 and A4), with similar results.
Myosteatosis had no impact on the occurrence of weekly toxicities
or survival, whatever the threshold used to define it. Although CT
scans were not systematically performed with injection of contrast
products, and the density of the structures may vary depending
on the injection, the diagnosis of myosteatosis was not associated
with contrast enhancer injection in our study (p =0.183), which
supports a potentially limited effect of this bias on our results.
Another point of interest for the evaluation of myosteatosis was
the precise delineation of the psoas muscles, which is meticulous
work. Density may vary by a few HU depending on the delimited
area and may interfere with this calculation. To limit this bias and
maximize reproducibility, all morphologic analyses were per-
formed by a single reader after a training with an experienced
radiologist. Despite these biases and considering the large
proportion of patients with LAPC presenting with loss of skeletal
muscle mass, often of multifactorial origin, the assessment of
muscle quality through myosteatosis is of increasing interest in
patients with PC. Indeed, both baseline muscle mass and quality
(myosteatosis) have been reported to be independent risk factors
for early chemotherapy-related toxicity in metastatic PC, which
would help stratifying patients for the most suitable choice of
treatment [28]. Additionally, baseline muscle attenuation was
reported to be associated with poorer prognosis and with the
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incompletion rate of adjuvant chemotherapy in PC patients
treated with neoadjuvant chemoradiotherapy [49]. Ongoing and
future studies should continue to explore muscle parameters for
prognosis in patients with cancer.

Our study had several other limitations. First, the retrospective
design may have limited the exhaustive collection of clinical
toxicities. However, we emphasize the fact that all CT scans were
performed before the outcome of interest. Second, a low number
of events was observed for some covariates, including myostea-
tosis. This limited the statistical power and hampered the
robustness of our conclusions. Finally, the studied population
was heterogenous, including borderline resectable tumor and
oligometastatic PC achieving a complete metastatic response after
the first-line chemotherapy. All these patients received CRT for the
same indication, i.e. definitive CRT. To support our results, a
sensitivity analysis including only patients with LAPC was
performed a posteriori, confirming the prognostic impact of
sarcopenia. Nevertheless, the studied population remains hetero-
geneous, and the inclusion of these uncommon profiles could bias
the results. However, we should underline that only few of them
were included (n = 3, 3.5% of patients with oligometastatic PC).

An additional sensitivity analysis was carried out by calculating
gender-based sarcopenia and myosteatosis using tertiles and
comparing the lowest with the highest tertile. We observed similar
results by comparing the first and third tertile but lost significance
in the process (sarcopenia: logrank p =0.16; multivariate Cox
proportional hazard model, p = 0.16; myosteatosis: logrank, p = 1;
multivariate Cox proportional hazard model, p =0.94). Although
we lost significance, we should note that we over stratified the
population resulting in a considerable loss of statistical power.

Despite these limitations, this study highlights the need to
optimize the management of patients with PC in current practice
[27]. The prevalence of low muscle mass was high in patients with
non-resectable PC initiating a definitive CRT after induction
chemotherapy. Since low muscle mass was associated with CRT-
related toxicities, targeted therapeutic interventions could be
considered to prevent DLT in this frail population. Patients may
also benefit from early and longitudinal nutritional monitoring and
adapted physical activity throughout cancer care in order to
reduce treatment-related toxicity and improve quality of life and
survival [27, 50-52]. Due to limited resources, there is a need to
target adapted physical activity programs to patients who need
them most: patients with PC seem to be a population of choice in
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this indication, since the prevalence of sarcopenia and cachexia
remains high. But in current practice, access to these programs is
still limited and should be developed.

CONCLUSIONS

In conclusion, patients with low muscle mass experienced more
weekly treatment-induced toxicities and poorer outcomes during
CRT for non resectable PC. Conversely, the presence of
myosteatosis did not influence CRT-related toxicity and survival.
Prospective studies are necessary to evaluate the potential impact
of myosteatosis and the longitudinal evolution of sarcopenia
during treatment. Early detection of muscle mass reduction could

SPRINGER NATURE

optimize the management of patients with non-resectable PC,
through nutritional monitoring and adapted physical activity as
key points in cancer care.

DATA AVAILABILITY
The data presented in this study are available on request from the corresponding
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