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Abstract

Background Cancer cachexia and skeletal muscle wasting are related to poor survival. In this study, quantitative body com-
position measurements using computed tomography (CT) were investigated in relation to survival, post-operative complica-
tions, and surgical site infections in surgical patients with cancer of the head of the pancreas.
Methods A prospective cohort of 199 patients with cancer of the head of the pancreas was analysed by CT imaging at the L3
level to determine (i) muscle radiation attenuation (average Hounsfield units of total L3 skeletal muscle); (ii) visceral adipose
tissue area; (iii) subcutaneous adipose tissue area; (iv) intermuscular adipose tissue area; and (v) skeletal muscle area. Sex-
specific cut-offs were determined at the lower tertile for muscle radiation attenuation and skeletal muscle area and the higher
tertile for adipose tissues. These variables of body composition were related to overall survival, severe post-operative compli-
cations (Dindo–Clavien ≥ 3), and surgical site infections (wounds inspected daily by an independent trial nurse) using Cox-
regression analysis and multivariable logistic regression analysis, respectively.
Results Low muscle radiation attenuation was associated with shorter survival in comparison with moderate and high mus-
cle radiation attenuation [median survival 10.8 (95% CI: 8.8–12.8) vs. 17.4 (95% CI: 14.7–20.1), and 18.5 (95% CI: 9.2–27.8)
months, respectively; P< 0.008]. Patient subgroups with high muscle radiation attenuation combined with either low visceral
adipose tissue or age <70 years had longer survival than other subgroups (P = 0.011 and P = 0.001, respectively). Muscle radi-
ation attenuation was inversely correlated with intermuscular adipose tissue (rp =�0.697, P< 0.001). High visceral adipose tis-
sue was associated with an increased surgical site infection rate, OR: 2.4 (95% CI: 1.1–5.3; P = 0.027).
Conclusions Low muscle radiation attenuation was associated with reduced survival, and high visceral adiposity was associ-
ated with an increase in surgical site infections. The strong correlation between muscle radiation attenuation and
intermuscular adipose tissue suggests the presence of ectopic fat in muscle, warranting further investigation. CT image anal-
ysis could be implemented in pre-operative risk assessment to assist in treatment decision-making.
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Background

Cancer of the head of the pancreas (HOP) has a poor progno-
sis with 1 year and 5 years survival rates of 24% and 7%,
respectively.1 The poor prognosis is partly attributable to can-
cer cachexia, a syndrome of severe weight loss and muscle
wasting, which occurs in the vast majority of patients with
pancreatic cancer and other cancers in the head region of
the pancreas (e.g. ampullary carcinoma and distal cholangio-
carcinoma).2,3 Currently, surgery is the only available treat-
ment for HOP cancer to achieve curation, usually by
performing a classical pancreaticoduodenectomy (Whipple)
or pylorus-preserving pancreaticoduodenectomy. This type
of surgery is very invasive and has a high risk of serious com-
plications that considerably reduce survival, such as pancre-
atic fistula, gastrojejunostomy leakage, and surgical site
infection (SSI).4,5 Therefore, pre-operative selection of pa-
tients who are less vulnerable to complications is important.

For pre-operative risk assessment in HOP cancer, deter-
mining the degree of cachexia is particularly relevant. While
weight loss usually is patient reported and therefore partly
subjective, muscle and adipose tissue area can be objectively
measured using the standard abdominal computer tomogra-
phy (CT) scan that is routinely performed prior to surgery.
Indeed, the total skeletal muscle area on a single CT slice at
the third lumbar vertebra (L3) is strongly correlated with total
body skeletal muscle area.6 The area of visceral adipose tis-
sue (VAT), subcutaneous adipose tissue (SAT), and
intermuscular adipose tissue (IMAT) can also be accurately
estimated using this approach. Although a low skeletal mus-
cle area has been associated with poor outcome in various
cancer types,7 including pancreatic cancer,8,9 the amount of
(visceral) adipose tissue seems to have more impact on out-
come in patients with pancreatic cancer. Several studies
found a strong association between increased VAT and
post-operative pancreatic fistula in patients with pancreatic
cancer,8,10,11 while other studies found associations with in-
creased major post-operative complications12 and pulmonary
complications.13 Increased fat content in muscle tissue
(myosteatosis) also seems to impact clinical outcome in pan-
creatic cancer. In fact, there are indications that increased
muscle fat content rather than low muscle mass is associated
with shorter survival in patients with unresectable pancreatic
cancer.14 CT scans contain information about the radio den-
sity of a specific tissue type in Hounsfield units (HUs), which
is referred to as radiation attenuation. A recent review
showed that muscle radiation attenuation is highly variable
among patients with cancer.15 Low muscle radiation attenua-
tion could be a reflection of increased intramyocellular tri-
glycerides (i.e. myosteatosis) or increased water content
(i.e. muscle oedema). Goodplaster et al.16 showed an inverse
association between muscle radiation attenuation and tri-
glyceride content in muscle phantoms and muscle biopsies
from healthy adults. Myosteatosis has also been associated

with insulin resistance and decreased muscle activity.17–19

These changes in the composition of muscle tissue may result
in diminished muscle function and strength, which, in turn, is
associated with poor surgical outcome.20 We therefore aimed
to assess the association of radiation attenuation, adipose tis-
sue, and other characteristics of body composition with post-
operative survival, post-operative complications, and SSIs in
patients with HOP cancer.

Methods

Subjects

This study was a chart review of a prospective cohort of 199
patients undergoing pancreatic surgery between 2008–2013
at the Maastricht University Medical Centre (MUMC), the
Netherlands. Patients were included for analysis if they had
pathology-proven or radiology-proven cancer of the pancre-
atic head, ampulla, distal common bile duct, or duodenum.
Exclusion criteria were the presence of a neuro-endocrine tu-
mour, benign or pre-malignant disease, metastatic disease on
radiology examination (e.g. liver or lung metastases),
intraductal papillary mucinous neoplasm, and missing ab-
dominal CT scan or abdominal CT scan of poor quality.

Data collection

The primary outcome parameter of this study was overall sur-
vival, measured in months from the day of surgery. Secondary
outcomes included major post-operative complications and
SSIs. The pancreaticoduodenectomy composite endpoint
(CEP)21 was used as outcome parameter for major
post-operative complications (Dindo–Clavien grade≥ 3).22

The eight most important complications after a
pancreaticoduodenectomy are compiled into a single
variable, the CEP. The CEP is a binary variable that is given
a score of 1 if a patient has experienced one or more of the
eight complications; a score of 0 is given if a patient has none
of the eight complications. The eight endpoints included in
the CEP were intra-abdominal abscess, sepsis,
gastrojejunostomy leakage, post-pancreaticoduodenectomy
haemorrhage, bile leakage/hepaticojejunostomy leakage,
pancreatic fistula/pancreatic anastomosis leakage, delayed
gastric emptying, and operative mortality. Intra-abdominal
abscess was defined as any quantity of purulent fluid leaking
via the abdominal drain that is culture positive or a walled-off
collection of pus in the abdominal cavity at the time of radio-
logical imaging, reoperation, or percutaneous drainage;
gastrojejunostomy leakage was defined as anastomotic in-
competence documented either by confirmatory upper gas-
trointestinal contrast X-rays, CT scans, or reoperation;
operative mortality was defined as death within 90 days from
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surgery.21 Sepsis was defined as the presence of both
infection and a systemic inflammatory response.23 Post-
pancreaticoduodenectomy haemorrhage, bile leakage, pan-
creatic fistula, and delayed gastric emptying were scored
according to the International Study Group of Liver Surgery24

or International Study Group of Pancreatic Surgery criteria as
applicable.25–27 Post-operative SSIs were scored by an inde-
pendent trial nurse both in-hospital and at the outpatient de-
partment during a 90 days period after surgery. Wounds were
inspected daily during hospital stay and at every visit to the
outpatient department. Infections were scored as incisional
or organ/space SSIs according to the Centers for Disease Con-
trol and Prevention definitions.28 Patient-reported weight,
height, and weight loss in the 6months prior to surgery as
well as age and sex were recorded at the outpatient depart-
ment. Comorbidities (diabetes mellitus, cardiac, pulmonal,
and renal) were retrieved from the patient’s medical file.
C-reactive protein (CRP) and albumin levels at diagnosis
(maximum of 1month before surgery) were recorded from
the patient’s medical file (if available) as markers of inflam-
mation, but these were not routinely measured in all pa-
tients. Measurements were performed as part of standard
care by the Department of Clinical Chemistry of the MUMC.
Definitive diagnosis and tumour staging were performed
post-operatively by the pathologist. In case of signs of incur-
able disease during surgery (e.g. peritoneal metastasis), no
resection was performed, resulting in missing pathology
data. These patients were included in the analysis because
they are a substantial part of the surgical patient popula-
tion and therefore potentially could benefit from additional
pre-operative work-up including CT-based body composition
analysis. The study protocol was approved by the medical
ethical committee of the MUMC that waived the
requirement to obtain informed consent.

Computed tomography scan analysis

Pre-operative CT scans were performed maximally 6weeks
before surgery. Abdominal CT scans were analysed in
anonymized format by one blinded independent researcher
trained in radiologic anatomy and body composition analysis.
Firstly, a single slice of each patient’s CT scan was selected at
the level of the L3. CT scans with large radiation artefacts or
with missing parts of muscle tissue on the ventral, dorsal, or
both lateral edges of the scan were excluded. Muscles in-
cluded into the analysis were the internal and external
obliques, transversus abdominus, rectus abdominus, psoas,
quadratus lumborum, and erector spinae muscles. CT scans
were analysed using sliceOmatic 5.0 (TomoVision, Magog,
Canada) software for Microsoft Windows®. Using predefined
HU ranges, the total cross-sectional area (cm2) of skeletal
muscle tissue (�29 to 150 HU), VAT (�150 to �50 HU), SAT
(�190 to �30 HU), and IMAT (�190 to �30 HU) was

determined. In addition, the radiation attenuation for skeletal
muscle was assessed by calculating the average HU value of
the total muscle area within the specified range of �29 to
150 HU (i.e. this is calculated from the muscle tissue only ex-
cluding the IMAT). The total areas of skeletal muscle, VAT,
and SAT were corrected for stature to calculate the L3-muscle
index, L3-VAT index, and L3-SAT index in cm2/m2, providing
good estimates of total body skeletal muscle, VAT, and SAT
mass.6

Statistical analysis

Prado et al.29 and Martin et al.7 previously published cut-off
values for L3-muscle index and radiation attenuation, found
by using optimal stratification. However, these cut-offs were
found in a Canadian cohort of patients with respiratory tract
and gastro-intestinal cancer and might not be comparable
with the present Dutch cohort of patients with HOP cancer.
Body composition varies greatly among regions and ethnici-
ties as illustrated by the large Japanese cohort study of
Fujiwara et al., which found highly different cut-offs com-
pared with the study of Martin (e.g. female cut-off for L3-
muscle index at 29.6 in the Japanese cohort versus 41 in
the Canadian cohort).7,30 Therefore, we decided to set our
own cut-offs as performed by other studies with similar pop-
ulation sizes.31–34 Optimum stratification works well for large
cohorts in which the lowest P-value will be used to set the
cut-off.35 However, in smaller cohorts, the P-value is too
unstable to use optimum stratification to find a reliable cut-
off. Because we considered our cohort was too small for
cut-point analysis by optimal stratification, we determined
cut-off values for our cohort based on tertiles. Determining
the cut-off at a tertile enables comparison between groups
with a relative low/high value to be compared with the rest
of the group while not forcing subjects with a value around
the cut-off value in a low or high category. Cut-off values
were set at the lowest tertile for radiation attenuation and
L3-muscle index, and at the highest tertile for L3-VAT index,
L3-SAT index, and IMAT. Because IMAT is not uniformly dis-
tributed throughout the muscle, it was not added to the
regression analysis. Body composition is highly influenced
by sex; therefore, separate cut-off values were determined
for men and women. Data were analysed using IBM SPSS
23 for Microsoft Windows®. Differences in patient character-
istics were analysed using the independent T-test or Pearson
χ2 test. The Kaplan–Meier estimate and Cox regression anal-
ysis were used to assess the association of each individual
body composition measurement with survival. Multiple logis-
tic regression was used to assess the association of body
composition with major complications and SSIs. For both
Cox regression and multiple logistic regression analyses, two
models were used. Model 1 was the unadjusted univariable
analysis. Model 2 was a multivariable analysis adjusted for
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sex, age, and body mass index (BMI) because these are
known important confounders of body composition and sur-
vival.7 In addition, any variable that generated a P-value of
<0.1 in univariable analysis was added to the multivariable
analysis. For correlations, Pearson’s correlation coefficient (rp)
was used. Only correlations with a value of ≥0.5 or ≤�0.5
are reported. A P-value of <0.05 was considered significant.

Results

Patient cohort

From all 199 patients of the prospective cohort, 186 were in-
cluded in the present analysis. Eight patients were excluded
because of benign disease, three because of intraductal papil-
lary mucinous neoplasm, and two because of poor quality CT
scans. Two patients had incomplete data on post-operative
complications and infections but were included in the survival
analysis. The median follow-up was 57.7months. Patient char-
acteristics are shown in Table 1. CT scan analysis was per-
formed on all 186 patients for muscle radiation attenuation,
L3-muscle-index, and L3-VAT-index. Because the tissues of
some patients were outside of the CT scan range, IMAT and
L3-SAT index could be measured in 183 and 144 patients, re-
spectively. Mean and sex-specific cut-off values for all CT-
derived body composition parameters are shown in Table 2.

Survival analysis

Initial survival analysis was performed using the unadjusted
Kaplan–Meier estimate for all CT scan measurements.
Patients with a low muscle radiation attenuation had a signif-
icantly lower survival than patients with a moderate or high
radiation attenuation, median survival of 10.8 (95% CI: 8.8–
12.8) vs. 17.4 (95% CI: 14.7–20.1), and 18.5months (95% CI:
9.2–27.8), respectively (P = 0.008, Figure 1A). There were no
significant differences in survival between patients within
the different categories of L3-muscle index, L3-VAT index,
and L3-SAT index. Patients with both high muscle radiation
attenuation and a low L3-VAT index (n = 93, 50.0%) had signif-
icantly higher survival than patients with other combinations
(Figure 1B, P = 0.011). Patients with both a high muscle radi-
ation attenuation and age <70 (n = 81, 43.5%) had a higher
survival compared with other combinations, while both a
low muscle radiation attenuation and age ≥70 (n = 33,
17.7%) were associated with significantly lower survival
(Figure 1C, P = 0.001). Results of the Cox-regression analysis
are shown in Figure 2. There was a significantly shorter sur-
vival in patients with a low muscle radiation attenuation
(HR 1.57, 95% CI 1.08–2.29, P = 0.020) compared with pa-
tients with a moderate or high muscle radiation attenuation.

L3-muscle index, L3-VAT index, and L3-SAT index were not
significantly associated with survival.

Post-operative complications and surgical site
infections

In total, 88 patients had one or more pancreatic surgery-
specific post-operative complications, leading to a positive
CEP: sepsis (n = 23), gastrojejunostomy leakage (n = 7), post-
pancreatectomy haemorrhage (n = 22), bile leakage (n = 16),
delayed gastric emptying (n = 44), operative mortality
(n = 24), intra-abdominal abscess (n = 35), and pancreatic fis-
tula (n = 26). Low L3-muscle index was significantly associated
with less post-operative complications [adjusted OR: 0.48,
(95% CI 0.24–0.96), P = 0.038; Figure 3]. One hundred and
one patients developed an SSI (52 incisional, 28 organ/space
SSIs, and 21 had both types). High L3-VAT index was signifi-
cantly associated with an increased incidence of SSIs [adjusted
OR: 2.42, (95% CI 1.10–5.28), P = 0.027; Figure 4].

Comorbidities and correlations

Comorbidities for all patients are shown in Table 1. Patients
with low muscle radiation attenuation did not have a higher
prevalence of diabetes or cardiac, pulmonary, and renal co-
morbidities. Patients with low muscle radiation attenuation
had significantly lower pre-operative albumin levels com-
pared with patients with moderate–high muscle radiation at-
tenuation. There was no difference in pre-operative CRP
levels. Patients with an age >70 years had a significantly
lower muscle radiation attenuation and L3-muscle index than
patients with an age <70 years (radiation attenuation: 32.4
± 8.5 vs. 37.2 ± 8.5; L3-muscle index: 43.3 ± 7.9 vs. 46.2 ± 8.3,
respectively). Muscle radiation attenuation correlated in-
versely with IMAT area (rp =�0.697, P< 0.001). As expected,
BMI correlated positively with both L3-VAT index (rp = 0.583,
P< 0.001) and SAT (rp = 0.681, P< 0.001).

Discussion

In this study, low skeletal muscle radiation attenuation was
observed to be associated with worse overall survival in pa-
tients with HOP cancer. Additionally, high L3-VAT index was
related to increased incidence of SSIs.

Okumura et al. previously observed decreased overall sur-
vival and shorter recurrence-free survival in patients with
pancreatic cancer and high intramuscular adipose tissue con-
tent (in this study, this was measured as muscle radiation at-
tenuation divided by SAT radiation attenuation) but did not
investigate post-operative complications.36 Although their re-
sults are in line with the present study, they used a different
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approach to define muscle quality. Firstly, we analysed all
muscles at the L3-level instead of only the psoas muscle, as
was performed by Okumura et al. We evaluated all muscles

at L3 because this better represents the total body skeletal
muscle mass6 and has the benefit of being less susceptible
to measurement errors (which will be averaged out).

Table 1 General characteristics of patients with cancer of the head of the pancreas according to low and high muscle radiation attenuation

Total
(n=186)

Low muscle
radiation attenuation (n=62)

Moderate–high muscle
radiation attenuation (n=124) P-value

Male (n, %) 102 (54.8%) 34 (54.8%) 68 (54.8%) 1.000
Age (years) 66.5 69.8± 8.7 64.8± 9.8 0.001
Body mass index (kg/m2) 25.2 26.8± 5.2 24.4± 3.9 <0.001
Weight loss (%)a 9.4 11.0± 8.4 8.7±7.0 0.124
Comorbidity (n, %)a

Diabetes mellitus 42 (22.6%) 16 (25.8%) 26 (21.0%) 0.492
Cardiac 78 (41.9%) 32 (51.6%) 46 (37.1%) 0.071
Pulmonary 19 (10.2%) 7 (11.3%) 12 (9.7%) 0.759
Renal 9 (4.8%) 4 (6.5%) 5 (4.0%) 0.488

Pathology (n, %)
Pancreatic 73 (39.2%) 21 (33.9%) 52 (41.9%) 0.288
Ampullary 28 (15.1%) 9 (14.5%) 19 (15.3%) 0.885
Cholangiocarcinoma 10 (5.4%) 1 (1.6%) 9 (7.3%) 0.169
Duodenal carcinoma 8 (4.3%) 3 (4.8%) 5 (4.0%) 1.000
Otherb 5 (2.7%) 1 (1.6%) 4 (3.2%) 0.666

None available/palliative surgeryc 62 (33.3%) 27 (42.5%) 35 (28.2%) 0.037
Composite endpoint (n, %)a 88 (47.3%) 34 (55.8%) 54 (43.5%) 0.130
Intra-abdominal abscess 35 (18.8%) 14 (22.6%) 21 (16.9%) 0.339
Sepsis 23 (12.4%) 6 (9.7%) 17 (13.7%) 0.453
Gastrojejunostomy leakage 7 (3.8%) 2 (3.2%) 5 (4.0%) 1.000
Post-pancreaticoduodenectomy
haemorrhage

22 (11.8%) 7 (11.3%) 15 (12.1%) 0.872

Bile leakage 16 (8.6%) 6 (9.7%) 10 (8.1%) 0.724
Pancreatic fistula 26 (14.0%) 10 (16.1%) 16 (12.9%) 0.550
Delayed gastric emptying 44 (23.7%) 17 (27.4%) 27 (21.8%) 0.356
Operative mortality 26 (14.0%) 9 (14.5%) 15 (12.1%) 0.643
Surgical site infections (n, %) 101 (54.3%) 34 (54.8%) 67 (54.0%) 0.917
Incisional 73 (39.2%) 26 (41.9%) 47 (37.9%) 0.595
Organ/space 49 (26.3%) 18 (29.0%) 31 (25.0%) 0.556
Laboratory results (pre-operative)
C-reactive protein (mg/L)a 37.0 37.9±50.6 36.5±60.2 0.913
Albumin (g/L)a 34.4 31.0± 6.2 35.8± 6.3 0.006

Muscle radiation attenuation was measured as the average Hounsfield units of the total skeletal muscle area on a single cross-sectional
computer tomography image at the level of the third lumbar vertebra. Sex-specific cut-offs for muscle radiation attenuation were deter-
ment at the lower tertile (male: 33.9 HU, female: 30.9 HU).
HU, Hounsfield units.
aMissing data were excluded: weight loss n=67, comorbidity n=2, composite endpoint n=2, C-reactive protein n=97, and albumin
n=122.
bRenal cell carcinoma (n=1), malignant gastrointestinal stromal tumour (n=1), gallbladder carcinoma (n=1), colon carcinoma (n=1),
and leiomyosarcoma (n=1).
cPathology was not available in cases where the surgeon decided to convert to palliative surgery because of an incurable disease (e.g. peri-
toneal metastases).

Table 2 Means and sex-specific cut-off values for all CT-scan measurements at the third lumbar vertebra of patients with cancer of the head of the
pancreas at diagnosis

Male (n=102) Female (n=84) Total (n=186)

Mean (SD) Cut-off Mean (SD) Cut-off Mean (SD)

Radiation attenuation (HU) 36.38 (7.73) 33.9 33.84 (9.85) 30.9 35.24 (8.82)
L3-muscle index (cm2/m2) 49.13 (7.27) 45.1 39.98 (6.38) 36.9 45.00 (8.25)
L3-visceral adipose tissue index (cm2/m2) 55.42 (31.28) 68.2 33.76 (23.51) 39.2 45.64 (29.98)
L3-subcutaneous adipose tissue index (cm2/m2) 44.86 (22.76) 49.8 63.41 (30.29) 72.6 52.85 (27.74)
L3-intermuscular adipose tissue (cm2) 15.54 (13.38) 16.6 14.81 (11.07) 15.4 15.21 (12.37)

Muscle radiation attenuation was measured as the average Hounsfield units (HU) of the total skeletal muscle area on a single cross-sec-
tional computer tomography (CT) image at the level of the third lumbar vertebra (L3). The L3-muscle index, L3-visceral adipose tissue in-
dex, and L3-subcutaneous adipose tissue index were measured as total area at L3 level, corrected for stature. L3-intermuscular adipose
tissue was measured as total area at L3 level. Sex-specific cut-offs were determent at the lower tertile for muscle radiation attenuation
and L3-muscle index, and at the higher tertile for L3-visceral adipose tissue index, L3-subcutaneous adipose tissue index, and L3-
intermuscular adipose tissue.
SD, standard deviation.
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Secondly, we separated IMAT from skeletal muscle tissue,
while Okumura et al. included IMAT in the calculation of
the average psoas muscle HUs. Including the IMAT (which
has a much lower HU value than muscle tissue) greatly influ-
ences the measured radiation attenuation. Because the

distribution of intermuscular tissue is not uniform within
muscles, the measured radiation attenuation might differ de-
pending on which muscle or CT slice is chosen for analysis.

Joglekar et al. observed more post-operative complications
in patients with pancreatic cancer and a low radiation

Figure 1 Survival is related to different risk categories in patients with cancer of the head of the pancreas. (A) Kaplan–Meier estimate (univariable
analysis): patients with low muscle radiation attenuation had a significantly lower survival than patients with moderate or high radiation attenuation
(log-rank test, P = 0.002). (B) Kaplan–Meier estimate (univariable analysis): patients with both high muscle radiation attenuation and low visceral ad-
ipose tissue index had significantly higher survival than other categories (log-rank test, P = 0.011). (C) Kaplan–Meier estimate (univariable analysis):
patients with both high muscle radiation attenuation and low age had a significantly higher survival than other categories, while patients with low
muscle radiation attenuation and high age had significantly lower survival (log-rank test, P = 0.001). RA, radiation attenuation; VAT, visceral adipose
tissue index.

Figure 2 Association between computed tomography scan measurements at the third lumbar vertebra and potential confounders of patients with
cancer of the head of the pancreas at diagnosis with survival using Cox-regression analysis. Values are displayed as hazard ratio and 95% confidence
interval. Sex, age, body mass index (BMI), and variables that generated a P-value of <0.1 in univariable analysis were entered in the multivariable anal-
ysis. C-statistic = 0.66 for multivariable analysis. SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. *P< 0.05.
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Figure 4 Association between computed tomography scan measurements and potential confounders with surgical site infections using logistic regres-
sion analysis. Values are displayed as odds ratio and 95% confidence interval. Sex, age, body mass index (BMI), and variables that generated a P-value
of<0.1 in univariable analysis were entered in the multivariable analysis. C-statistic = 0.62 for multivariable analysis. SAT, subcutaneous adipose tissue;
VAT, visceral adipose tissue. *P< 0.05.

Figure 3 Association between computed tomography scan measurements and potential confounders with post-operative complications using logistic
regression analysis. Values are displayed as odds ratio and 95% confidence interval. Sex, age, body mass index (BMI), and variables that generated a P-
value of <0.1 in a univariable analysis were entered in the multivariable analysis. C-statistic = 0.72 for multivariable analysis. SAT, subcutaneous adi-
pose tissue; VAT, visceral adipose tissue. *P< 0.05.
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attenuation or low psoas muscle area but did not observe a
significant association of these factors with overall survival.37

Unfortunately, patients with low radiation attenuation and
low psoas muscle area were pooled for analysis in that study,
making it difficult to compare the results with the present
study and potentially explaining the absence of an associa-
tion with survival.

To our knowledge, no studies have been reported that use
similar methodology to investigate muscle radiation attenua-
tion in patients with pancreatic cancer. When looking at stud-
ies in other malignancies with similar methodology as the
present study, low muscle radiation attenuation has consis-
tently been associated with poor survival in hepatocellular
carcinoma,30,38,39 respiratory and colorectal cancer,7 and fol-
licular lymphoma.40 Skeletal muscle area was not associated
with outcomes in the present study, which agrees with previ-
ous findings in pancreatic cancer patients.14,37,41 It should be
noted that the frequently reported L3-muscle index or any
other single time-point skeletal muscle area measurement
might not accurately indicate muscle wasting. Normal muscle
area can be highly variable among individuals and is depen-
dent on sex, race, age, physical fitness, and build. Moreover,
a large muscle area does not necessarily mean better muscle
function.42 Furthermore, given that weight loss is a much bet-
ter predictor of survival than baseline weight in cachectic pa-
tients,43 information on muscle loss is likely to be important
to assess the relation between sarcopenia and survival. A
study by Stene et al. using CT scans before and after chemo-
therapy showed that muscle loss but not low muscularity at
baseline was predictive for time to death in patients under-
going palliative treatment for non-small cell lung cancer.44

Because it is impossible to assess muscle loss from the single
CT scan usually available for a patient, other muscle-related
parameters should be explored as proxies for muscle loss
and muscle function. In the present study, we found that
muscle radiation attenuation was predictive of poor out-
come. The main issue to be resolved now is to identify what
(patho)physiological processes are reflected by a low radia-
tion attenuation, and if these are related to on muscle func-
tion. Many studies have suggested that low radiation
attenuation is a sign of triglyceride accumulation in muscle
cells.15,38,39,45 However, so far, only one study actually dem-
onstrated a weak negative correlation between low muscle
radiation attenuation and increased muscle fibre lipid con-
tent in patients with type 2 diabetes mellitus.16 The corre-
lation between muscle radiation attenuation and IMAT that
we observed supports an association between low radiation
attenuation and ectopic fat in the muscle tissue (radiation
attenuation is calculated from the total skeletal muscle tis-
sue area only and does not include the IMAT area). Impor-
tantly, IMAT is independently associated with insulin
resistance in healthy elderly men without diabetes.46

Hence, decreased radiation attenuation in cachectic pa-
tients might reflect insulin resistance, a frequently observed

condition in this patient population.47 Low radiation atten-
uation has also been shown to be associated with systemic
inflammation, a hallmark of cachexia.45 We also found that
patients with low muscle radiation attenuation had lower
albumin levels, which is associated with systemic inflamma-
tion. CRP levels were not significantly higher in patients
with low radiation attenuation. However, these finding
should be interpreted with caution because we had many
missing data on systemic inflammation in our cohort. All
in all, to identify the determinants of the reduced radiation
attenuation, studies combining detailed CT image analysis
with histological evaluation of the imaged muscle are
required.

The rate of SSIs strongly associated with high L3-VAT index
but was not related to muscle radiation attenuation or other
CT measurements in our cohort. This is in contrast to the
study of Lieffers et al., which found an increase in post-
operative infections in sarcopenic patients after colorectal
surgery.48 In addition, the observed relation between SSIs
and high L3-VAT index area was not observed by Lieffers
et al. These discrepancies may be attributable to the fact that
the type of surgery differs (pancreas vs. colorectal), and we
included infections up to 90 days after surgery (which is com-
mon in pancreatic surgery because of the late occurrence of
complications) instead of 30 days as performed by Lieffers
et al. Furthermore, we only recorded SSIs instead of all infec-
tions. We focussed on SSIs because these are among the
most relevant and most frequent infections in (pancreatic)
surgery. They are usually poorly recorded making retrospec-
tive and even prospective studies a difficult task. In the pres-
ent study, a trial nurse inspected the wound and medical file
daily for signs of SSI, which in our opinion is the optimal way
to prevent underdetection of SSIs. The increased risk of SSIs
in patients with high L3-VAT index could be related to im-
paired wound healing secondary to oxygenation problems,
which is a common finding in large depots of adipose tis-
sue.49 This is even more pronounced in obese individuals in
whom VAT arteriolar function and angiogenesis have been
shown to be impaired.50,51 In addition, high leptin levels (as
a reflection of increased adipose tissue) have been associated
with an increased risk of SSIs in colorectal cancer.52 These
mechanisms remain speculative and should be explored in fu-
ture studies.

Surprisingly, we found that patients with a low L3-muscle
index had a reduced risk of post-operative complications. Al-
though many studies did not show a benefit for high muscu-
larity with respect to complication risk,37,41,53,54 the apparent
benefit of low muscularity is unexpected and contrary to
what was found in the vast majority of studies published in
the field. The low risk of post-operative complications was
not reflected by a better survival of these patients. Therefore,
this finding should be interpreted with caution because it
may have been the result of uncontrolled bias or statistical
error.
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None of the assessed body composition measurements
stand on their own, and combinations of unfavourable
phenotypes can increase the impact on patient outcome.
This has been indicated previously for combinations of
myosteatosis with BMI,7 obesity,55 and sarcopenia.14 Al-
though our cohort is rather small for such subgroup anal-
yses, our survival analyses indicate that combinations of
muscle radiation attenuation with visceral adiposity or
age can have additional effects on survival. Exploration
of patient phenotypes defined by clusters of different
characteristics would provide very useful data for risk as-
sessment in the clinical setting.

In conclusion, we showed that muscle radiation attenua-
tion is a predictor of survival after pancreatic surgery,
whereas a high L3-VAT index is associated with the risk of
SSIs. Our data therefore indicate that simple and fast anal-
ysis of a single CT image can be valuable for pre-operative
risk assessment in patients with HOP cancer. Future inter-
vention studies are needed to investigate whether increas-
ing muscle radiation attenuation through diet and/or
exercise before surgery can improve prognosis of patients
with HOP cancer.
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