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Abstract

Background Chemotherapy-induced toxicities frequently occur in non-small cell lung cancer (NSCLC) patients treated
with platinum-based chemotherapy. Low skeletal muscle mass (SMM) has been associated with a higher incidence of
toxicities for several types of cancers and cytostatics. The aim of this study was to evaluate the association between
skeletal muscle measures and chemotherapy-induced toxicity in a large cohort of NSCLC patients.
Methods A multicentre prospective follow-up study (PGxLUNG, NTR number NL5373610015) in NSCLC patients was
conducted. Included were patients diagnosed with NSCLC (stage II–IV) treated with first-line platinum-based (cisplatin
or carboplatin) chemotherapy of whom pretreatment imaging was available. Skeletal muscle area (SMA) segmentation
was performed on abdominal imaging at the level of the third lumbar vertebra (L3). SMA at the level of L3 was
corrected for squared height (m2) to yield the lumbar skeletal muscle mass index (LSMI). Skeletal muscle density
(SMD) was calculated as the mean Hounsfield Unit (HU) of the segmented SMA. SMM and SMD were categorized
as low, intermediate, and high, based on LSMI and mean HU tertiles, respectively. Chemotherapy-induced toxicity
was scored using CTCAE v4.03 and categorized into haematological (anaemia, leukocytopenia, neutropenia, and
thrombocytopenia), non-haematological (nephrotoxicity, neurotoxicity, and esophagitis), and dose-limiting toxicity
(DLT) (treatment switch, delay, de-escalation, discontinuation, or hospitalization). The relationship between SMM,
SMD, and toxicities was assessed with logistic regression modelling taking into account potential confounders like
gender and body mass index (BMI).
Results In total, 297 patients (male n = 167, median age 64 years) were included. Haematological toxicity grade 3/4
was experienced in 36.6% (n = 108) of the patients, 24.6% (n = 73) experienced any non-haematological toxicity
grade ≥2, and 55.6% (n = 165) any DLT. Multivariate logistic regression analysis showed that low SMM (ORadj
2.41, 95% CI 1.31–4.45, P = 0.005) and age at diagnosis >65 years (ORadj 1.76, 95% CI 1.07–2.90, P = 0.025) were
statistically significantly associated with overall haematological toxicity grade 3/4. No statistically significant associa-
tions were found between low SMM or low SMD and non-haematological toxicities. Low SMM (ORadj 2.23, 95% CI
1.23–4.04, P = 0.008) and high SMD (ORadj 0.41, 95% CI 0.23–0.74, P = 0.003) were statistically significantly
associated with a higher respectively lower risk of DLT.
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Conclusions Non-small cell lung cancer patients with pretreatment low SMM are at significant higher risk for
haematological toxicities grade 3/4 and DLT. NSCLC patients with high SMD are at significant lower risk for DLT.
Further studies should be aimed to investigate whether platinum dosing based on skeletal muscle measurements
and/or improvement of pretreatment SMM/SMD could reduce the risk of toxicity without compromising efficacy.

Keywords Non-small cell lung cancer; Body composition; Skeletal muscle mass; Platinum-based chemotherapy; Chemotherapy-in-
duced toxicity
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Introduction

Lung cancer is worldwide the leading cause of cancer-related
deaths.1 Although immune therapy changed the therapeutic
landscape, platinum-based chemotherapy (including cisplatin
or carboplatin) is still considered as the standard first-line
therapy for the vast majority of patients. Nevertheless, the
degree and impact of the efficacy and toxicity of chemother-
apy differ remarkably among patients.2 Although
platinum-based therapy can be effective in treating lung can-
cer, chemotherapy-induced toxicity is common and can lead
to treatment discontinuation or hospitalization. In addition,
dose-limiting toxicity (DLT) may influence disease progression
because patients receive suboptimal treatment (i.e. in terms
of therapeutic regimen, timing, and dose), which may
negatively impact both prognosis and quality of life.

Over the past years, a relationship has been observed
between low skeletal muscle mass (SMM) and poor treat-
ment outcomes in lung cancer.3–7 Besides, several studies
in different types of cancers have shown that low SMM
leads to significant risk for chemotherapy-related toxicities
and DLTs.8–12 An explanation for the relationship between
low SMM and toxicity might be altered pharmacokinetics
because hydrophilic drugs, such as platinum agents, mainly
distribute in the lean body mass (LBM) of which SMM is
the largest contributor.13 Consequently, it can be hypothe-
sized that patients with low SMM will have higher blood
levels of chemotherapeutic agents, resulting in an increased
risk of chemotherapy-induced toxicity. In addition, pretreat-
ment low SMM was demonstrated to be independently
associated with frailty in multiple studies in patients with
head and neck cancer.14,15 Given the potential association
between SMM and the occurrence of chemotherapy-
induced toxicities,12 information about SMM values of
individual patients can possibly help physicians identify
patients at risk for poor treatment tolerability.16 For lung
cancer patients, recently, Halvorson et al. performed a study
in patients with limited small cell lung cancer (SCLC) and
found that patients who received a high dose of cisplatin
per kilogram LBM had more often haematological toxicity
and neutropenic infections.17 In a study performed by Srdic

et al. in non-small cell lung cancer (NSCLC) patients treated
with platinum-based chemotherapy, no association was
found between skeletal muscle measurements and
chemotherapy-induced toxicity.18 However, only 55 patients
met the inclusion criteria for muscle mass measurements.
This low number of included patients may have contributed
to the fact that in this study no association was found be-
tween skeletal muscle measurements and chemotherapy-
induced toxicity. Therefore, the present study aimed to
evaluate the association between SMM, SMD and
chemotherapy-induced toxicity in a multicentre prospective
follow-up study of a large cohort of NSCLC patients receiv-
ing first-line platinum-based chemotherapy.

Materials and methods

Setting, study design, and study population

This study was performed as part of the PGxLUNG study, in
which 350 patients were included. The study design of the
PGxLUNG study has been published previously.19 In brief, pa-
tients of the PGxLUNG study were recruited from an aca-
demic hospital (University Medical Center Utrecht), two
teaching hospitals (St. Antonius Hospital Nieuwegein/Utrecht
and Meander Medical Center Amersfoort), and three general
hospitals (Diakonessenhuis Utrecht/Zeist, Groene Hart
Ziekenhuis Gouda, and Ziekenhuis Rivierenland Tiel), all in
the Netherlands, between February 2016 and August 2019.
The inclusion criteria for this multicentre prospective
follow-up study were as follows: (i) ≥18 years of age, (ii) ra-
diologically confirmed stage II-IV NSCLC, (iii) planned or initi-
ated first-line treatment with platinum-based (cisplatin or
carboplatin) chemotherapy or chemoradiotherapy (according
to the contemporary ESMO Clinical Practice Guidelines),
and (iv) previously platinum-based chemotherapy-naïve. Pa-
tients of the PGxLUNG cohort of whom a pretreatment
abdominal imaging was available were included for the
present study.
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Ethical considerations

The study was approved by the accredited Medical Research
Ethics Committee in Nieuwegein (MEC-U, number R15.056),
and the study procedures were implemented in accordance
with the Declaration of Helsinki (64th WMA General
Assembly, Fortaleza, Brazil, October 2013). The PGxLUNG
study was registered on the Netherlands National Trial Regis-
ter (NTR) on 26 April 2016 (NTR number NL5373610015). All
patients provided written informed consent.

Image analysis and anthropometric measurements

The skeletal muscle area at the level of the third lumbar
vertebra (L3) has shown excellent correlation with whole
body skeletal muscle mass as measured with abdominal im-
aging (considered as the golden standard).20 Segmentation
of SMM was manually performed using Slice-o-matic version
5.0 (Tomovision, Canada), using a muscle-specific Hounsfield
Unit (HU) range between �29 and +150. SMM was measured
on pretreatment abdominal computed tomography (CT)
imaging [as part of whole body positron emission
tomography-CT imaging], which were routinely acquired for
diagnostic workup. At the level of L3 on a single axial-slice,
the area of the psoas, erector spinae, quadratus lumborum,
transversus abdominis, external and internal obliques, and
rectus abdominis muscles were segmented, and this yielded
the total skeletal muscle area (SMA) (Figure 1). SMA was di-
vided by squared height (m2) to obtain the lumbar skeletal

muscle mass index (LSMI). The mean HU of the segmented
SMA was retrieved and represents the skeletal muscle den-
sity (SMD) as surrogate measure of muscle quality.21 Because
contrast may influence the mean HU (higher HU), SMD was
not calculated for patients who received pretreatment
contrast enhanced CT. All scans were assessed by one trained
individual (N. C.).

Chemotherapy-induced toxicity

Registration of chemotherapy-induced toxicities [using the
Common Terminology Criteria for Adverse Events (CTCAE,
version 4.03) or predefined definitions] took place through-
out all cycles of platinum-based chemotherapy, and at 3, 6,
and 12 months after treatment initiation. Endpoints were
chemotherapy-induced toxicities, defined as haematological,
non-haematological, and/or dose-limiting toxicities. Haema-
tological toxicities, including anaemia (haemoglobin
<7.0 mmol), leukocytopenia (leukocytes <4.0·109/L), neutro-
penia (neutrophils <1.6·109/L), and thrombocytopenia
(thrombocytes <150·109/L), were assessed by recording the
nadir blood counts. Blood counts were performed at
prespecified timepoints; prior to each cycle and at 3, 6, and
12 months after treatment initiation. Additional counts be-
tween follow-up moments were performed at the discretion
of the treating physician. Blood counts were scored according
to the CTCAE version 4.03. Haematological toxicities
CTCAE grade 3/4 were considered as severe toxicities.
Non-haematological toxicities comprised nephrotoxicity,

Figure 1 Example of segmentation of skeletal muscle tissue at the level of the third lumbar vertebra (L3). (A) Unsegmented skeletal muscle tissue.
(B) Segmented skeletal muscle tissue (red).
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neurotoxicity, and esophagitis, assessed by lung oncologists
using CTCAE version 4.03. Non-haematological toxicities
CTCAE grade 2 or higher were considered as severe toxicities.
DLT was defined as ‘switching treatment’ (cisplatin to carbo-
platin), ‘treatment delay’ (≥7 days from initially planned),
‘treatment de-escalation’ (dose reduction ≥25% of platinum
agent), early treatment termination, and hospitalization
≥1 day, all due to chemotherapy-induced side effects.

Registration of chemotherapy-induced toxicities and blood
counts took place throughout all cycles of platinum-based che-
motherapy. The follow-up period of haematological toxicities
and DLT was 3 months after chemotherapy initiation, as these
toxicities are expected to occur soon after and are related
to chemotherapy administration. For non-haematological
toxicities and treatment-related hospitalization, the follow-
up period was 12 months after chemotherapy initiation, as
these toxicities may also occur after a longer period of time
after end of treatment.

Potential confounders and/or effect modifiers

The following parameters were considered to be potentially
confounding and/or effect modifying variables for chemo-
therapy-induced toxicities: gender, age (≤65 years vs.
>65 years), weight, body surface area (BSA) (Dubois
method),22 co-morbidities (Charlson co-morbidity index
score,23 2–3 vs. 4–5 vs. ≥6), Eastern Cooperative Oncology
Group (ECOG) performance status24 (ECOG PS 0–1 vs. ≥2), ab-
solute dose of platinum agent [carboplatin (mg), cisplatin
(mg/BSA)], renal function (eGFR using CKD-EPI formula,25

<60 mL/min/1.73 m2 vs. ≥60 mL/min/1.73 m2), serum albu-
min level (<37.5 g/L vs. ≥37.5 g/L),18 and body mass index
(BMI) (<18.5 kg/m2 vs. 18.5 to <25 kg/m2 vs. 25 to
<30 kg/m2 vs. ≥30 kg/m2).26

Data analysis

All data were extracted from the hospitals’ electronic infor-
mation system which contain patients’ medical records and
managed using REDCap electronic data capture tools.27

Standard summary statistics were used to describe the
sample data set by using SPSS version 26.0 (IBM SPPS
Statistics) and visualized using GraphPad Prism version 8.3.
The strength of the association between skeletal muscle mea-
sures (SMM and SMD) and chemotherapy-induced toxicity
was assessed in univariate and multivariate setting with logis-
tic regression modelling and expressed as odds ratios (OR)
with corresponding 95% confidence intervals (95% CI). Covar-
iates used in the multivariate analysis were those aforemen-
tioned potential confounders and/or effect modifiers with
statistical significance (P-value <0.10) in univariate logistic
regression analysis or with clinical significance based on

previous studies. In the multivariate analysis, a P-value
<0.05 (two-sided) was considered statistically significant. Be-
cause cut-off values for skeletal muscle measures are lacking,
patients were stratified into three equal groups by SMM and
SMD status. Patients were categorized into low SMM, inter-
mediate SMM, and high SMM for the first, second, and third
tertiles of LSMI, respectively. For SMD, patients were catego-
rized into low SMD, intermediate SMD, and high SMD for the
first, second, and third tertiles of the mean HU, respectively.
Sarcopenic obesity was defined as the presence of both low
SMM and obesity (≥30 kg/m2).

Results

Population characteristics

In total, 297 patients of the PGxLUNG cohort (n = 350) with
previously untreated NSCLC, receiving at least one cycle of
platinum-based chemotherapy between April 2011 and July
2019, were included. Data on SMM/SMD were not available
for 51 patients (pretreatment abdominal imaging not
available), and two patients died before the first clinical eval-
uation. In addition, 13 patients underwent contrast-enhanced
pretreatment imaging; consequently, HU values of these pa-
tients could not be used to quantify muscle quality (SMD).
The clinical characteristics of the patients are summarized
in Table 1. Median time between the pretreatment imaging
and start of the first cycle of platinum-based chemotherapy
was 41 days (IQR 27–69). The median number of cycles of
platinum-based chemotherapy was three (IQR 2–4). Median
sum (IQR) of cisplatin dose/BSA for low, intermediate, and
high SMM was 225 mg/m2 (80–276), 225 mg/m2 (152–279),
and 223 mg/m2 (154–279); median sum (IQR) of cisplatin
dose/BSA for low, intermediate, and high SMD was
208 mg/m2 (149–277), 219 mg/m2 (94–278), and
226 mg/m2 (171–292), respectively. Median sum (IQR) of
absolute carboplatin dose for low, intermediate, and high
SMM was 1650 mg (1082–2190), 1868 mg (1025–2410),
and 1850 mg (1460–2410), for low, intermediate, and high
SMD it was 1738 mg (1086–2250), 1750 mg (1120–2210),
and 2063 mg (1450–2600), respectively.

Image analysis and anthropometric measurements

Mean weight was 77 kg (IQR 65–88 kg). The majority of pa-
tients had normal weight (40.1%) or overweight (39.1%), as
indicated by a body mass index (BMI) of 18.5 to <25 kg/m2

and 25 to <30 kg/m2, respectively. A median BSA of
1.91 m2 (IQR 1.75–2.05 m2) was found. In total, nine patients
(3%) suffered from sarcopenic obesity. Female patients were
overrepresented in the low SMM group [73 women (73.7%)
vs. 26 men (26.3%), P < 0.001].
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Skeletal muscle mass/skeletal muscle density
status and chemotherapy-induced toxicity

In the Supporting Information, Table S1, chemotherapy-
induced toxicities stratified by the SMM status (Table S1A)
and SMD status (Table S1B) are shown. Haematological
toxicities during platinum-based chemotherapy were very

common, as 90.2% of the patients developed any kind of hae-
matological toxicity grade ≥1. As shown in Figure 2A, overall
haematological toxicity grade 3/4 occurred significantly more
often in patients with low SMM (48.5%) compared with
patients with intermediate (28.6%) or high SMM (32.7%).
Besides, patients with low SMM had a statistically significant
lower Hb nadir (5.7 mmol/L, IQR 5.2–6.5) compared with
patients with intermediate (6.0 mmol/L, IQR 5.4–6.8) or high
(6.5 mmol/L, IQR 5.8–7.3) SMM (Table S1A). In addition, low
SMD status was associated with statistically significant lower
Hb, leukocytes, and thrombocytes nadirs, as shown in Table
S1B. No significant associations were found between SMM
or SMD status and overall non-haematological toxicity (Figure
2B, E). The distribution by severity of chemotherapy-induced
(non-)haematological toxicities (as scored by the CTCAE),
stratified by SMM and SMD, is available in Figures S1 and S2.

In total, 55.6% of the patients developed any DLT, and for
32.7% of the patients, unplanned treatment-related hospital-
ization was necessary. Patients with low SMM tended to
develop DLT (64.6%) more frequently compared with
patients with intermediate (48.5%) or high (53.5%) SMM
(Figure 2C). SMD was found statistically significant associated
with treatment-related hospitalization (Table S2B, low SMD
44.2%, intermediate SMD 33.7% vs. high SMD 21.3%,
respectively) as well as with overall DLT (low SMD 64.2%,
intermediate SMD 62.1% vs. high SMD 39.4%, respectively,
Figure 2F). No statistically significant associations were found
between sarcopenic obesity status and chemotherapy-
induced toxicities.

Multivariate analysis

Table 2 shows the univariate and multivariate logistic re-
gression analysis for the association with overall haemato-
logical toxicity grade 3/4. In univariate analysis, low SMM
status (OR 2.35, 95% CI 1.31–4.24; P = 0.004) and age at di-
agnosis >65 years (OR 1.73, 95% CI 1.07–2.80; P = 0.026)
were statistically significantly associated with increased risk
of haematological toxicity grade 3/4. Although BMI was
not statistically associated with haematological toxicities in
univariate analysis, BMI was added in the multivariate
analysis based on the well-known correlation with SMM.
As shown in Table 2, low SMM status (ORadj 2.41, 95% CI
1.31–4.45; P = 0.005) and age at diagnosis >65 years (ORadj
1.76, 95% CI 1.07–2.90; P = 0.025) were confirmed in multi-
variate logistic regression analysis to be significantly associ-
ated with chemotherapy-induced overall haematological
toxicity grade 3/4, while BMI status was not significantly
associated. Low SMM (ORadj 2.23, 95% CI 1.23–4.04;
P = 0.008) and high SMD (ORadj 0.41, 95% CI 0.23–0.74;
P = 0.003) were significantly associated with overall DLT
(Table 3).

Table 1 Demographic and clinical characteristics (n = 297)

Characteristics N (%)

Male, n (%) 167 (56.2)
Age at diagnosis in years, mean ± SD 64.3 ± 9.5
>65 years, n (%) 155 (52.2)

Charlson co-morbidity index#, n (%)
2–3 100 (33.7)
4–5 98 (33.0)
≥ 6 99 (33.3)

Performance status, n (%)
ECOG 0 115 (38.7)
ECOG 1 133 (44.8)
ECOG ≥2 8 (2.7)
Unknown 41 (13.8)

Disease stage, n (%)
IIA 6 (2.0)
IIB 27 (9.1)
IIIA 58 (19.5)
IIIB 72 (24.2)
IV 134 (45.1)

Tumour histology, n (%)
Squamous 72 (24.2)
Non-squamous 186 (62.6)
Large cell 6 (2.0)
Combined or unspecified 33 (11.1)

Smoking status, n (%)
Never 14 (4.7)
Current/former 270 (90.9)
Unknown 13 (4.4)

Treatment intention, n (%)
Curative/adjuvant 152 (51.2)
Palliative 145 (48.8)

Radiotherapy (RT) regimen, n (%)
No thoracic RT 162 (54.5)
Concurrent thoracic RT 50 (16.8)
Sequential thoracic RT 85 (28.7)

Carboplatin-based chemotherapy, n (%) 205 (69.0)
Number of cycles, median (IQR) 3 (2–4)
Cumulative dose (mg), median (IQR) 1780 (1125–2280)

Cisplatin-based chemotherapy, n (%) 133 (44.8)
Number of cycles, median (IQR) 3 (2–4)
Cumulative dose (mg/m2), median (IQR) 225 (150–277)

Renal function, eGFR, CKD-EPI
Median mL/min/1.73 m2, (IQR) 89 (76–90)
<60 mL/min/1.73 m2, n (%) 24 (8.1)

Serum albumin (g/L), median (IQR) 40.1 (36.7–42.5)
<37.5 (g/L), n (%) 81 (27.3)
≥37.5 (g/L), n (%) 190 (64.0)
Unknown 26 (8.7)

#Charlson co-morbidity index score provides a simple means to
quantify the effect of co-morbid illnesses, including cardiovascular
diseases, chronic obstructive pulmonary disease, liver disease, and
diabetes mellitus, among others and accounts for the aggregate
effect if multiple concurrent diseases. A higher score indicates
more co-morbidities.
ECOG, Eastern Cooperative Oncology Group; eGFR, estimated glo-
merular filtration rate; IQR, interquartile range; RT, radiotherapy;
SD, standard deviation.
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Discussion

Main findings

Chemotherapy-induced toxicity frequently occurs in NSCLC
patients treated with platinum-based chemotherapy. Previ-
ous studies have shown that low SMM is associated with
chemotherapy-induced toxicity, across chemotherapeutic
regimens and cancer types.12 Although some studies16,28

have described the prognostic value of body composition in

patients with NSCLC treated with chemotherapy, data on
treatment tolerability [in terms of (non-)haematological and
dose-limiting toxicity] and the association with skeletal
muscle measures in large cohorts are lacking. To the best of
our knowledge, this is the largest clinical study that evaluates
the association between pretreatment skeletal muscle
measurements and chemotherapy-induced toxicity in NSCLC
patients treated with platinum-based chemotherapy. The
present prospective follow-up study demonstrated that low
SMM increased the risk of severe haematological toxicity

Figure 2 Chemotherapy-induced toxicity stratified by SMM and SMD status. Percentage of chemotherapy-induced toxicity stratified by low, interme-
diate, and high SMM and SMD status using the Pierson χ2 test or Fisher’s exact test (in case the cell count in any of the tables was <5). *P < 0.05.
Composite endpoints: Overall haematological toxicity grade 3/4 scored using CTCAE: Anaemia OR leukocytopenia OR neutropenia OR thrombocytope-
nia; overall non-haematological toxicity CTCAE grade ≥2 scored using CTCAE: Nephrotoxicity OR neurotoxicity OR esophagitis; overall dose-limiting tox-
icity: Switching treatment (cisplatin to carboplatin) OR treatment delay (≥7 days) OR treatment de-escalation (≥25%) OR treatment termination OR
treatment-related hospitalization. (A) Overall haematological toxicity stratified by SMM status. (B) Overall non-haematological toxicity stratified by
SMM status. (C) Overall DLT stratified by SMM status. (D) Overall haematological toxicity stratified by SMD status. (E) Overall non-haematological tox-
icity stratified by SMD status. (F) Overall DLT stratified by SMD status. CTCAE, common terminology criteria for adverse events; DLT, dose-limiting tox-
icity; ns, not statistically significant; SMD, skeletal muscle density; SMM, skeletal muscle mass.
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nearly 2.5-fold. In addition, low SMM and high SMD were sig-
nificantly associated with a 2-fold higher and 2.5-fold lower
risk of DLT, respectively.

The differences in incidence of chemotherapy-induced tox-
icity among patients with various skeletal muscle status may
be explained by the correlation between SMM and
anthropometric measurements (such as BMI, weight, and
BSA) which might predict the pharmacokinetics of platinum-
agents. However, in our cohort, no correlation between
chemotherapy-induced toxicity and BMI, weight, and/or
BSA was found, while SMM and SMD were associated with
severe haematological and dose-limiting toxicity. In addition,
patients with low SMM were generally more likely to receive
a lower cumulative cisplatin and carboplatin dose compared

with patients with intermediate or high SMM, which is a po-
tential validation of the need for dose reduction or different
treatment regimens in patients with low SMM compared
with patients with intermediate/high SMM. In a recent study
among 151 patients with solid tumours treated with capecit-
abine (a hydrophilic chemotherapeutic agent), no alterations
in pharmacokinetics of capecitabine and the active and toxic
metabolite 5-FU were observed in patients with low SMM.29

The previously identified increased toxicity and decreased
survival in patients with low SMM could therefore not be
explained by changes in pharmacokinetic characteristics of
capecitabine and its metabolites.29 In addition, according to
a pharmacokinetic study, in 184 oesophageal cancer patients
treated with paclitaxel, skeletal muscle measures were not

Table 2 Univariate and multivariate analysis of overall haematological toxicity grade 3/4

Univariate analysisa Multivariate analysisb Multivariate analysisb

SMM SMD
Characteristics N = 295 Crude OR (95% CI) Adjusted ORc (95% CI) Adjusted ORd (95% CI)

SMM status
Intermediate 99 Ref. Ref. Ref.
Low 98 2.35 (1.31–4.24) 2.41 (1.31–4.45)* 2.38 (1.25–4.50)*
High 98 1.21 (0.66–2.23) 1.18 (0.63–2.18) 1.19 (0.63–2.25)

SMD status
Intermediate 94 Ref. Ref.
Low 95 1.41 (0.78–2.54) 1.16 (0.61–2.18)
High 93 0.97 (0.53–1.78) 1.16 (0.61–2.20)

Gender
Male 165 Ref.
Female 130 1.46 (0.91–2.35)

Age at diagnosis in years
≤65 years 140 Ref. Ref. Ref.
>65 years 155 1.73 (1.07–2.80) 1.76 (1.07–2.90)* 1.73 (1.02–2.94)*

ECOG PS
0 115 Ref.
1 133 1.40 (0.82–2.40)
≥2 8 2.49 (0.59–10.53)

BMI (kg/m2)
18.5 to <25 118 Ref. Ref. Ref.
<18.5 11 0.57 (0.14–2.25) 0.38 (0.09–1.56) 0.54 (0.12–2.36)
25 to <30 116 0.80 (0.47–1.35) 0.86 (0.49–1.52) 0.81 (0.46–1.48)
≥30 50 0.85 (0.43–1.69) 0.96 (0.46–1.99) 0.97 (0.45–2.10)

Charlson co-morbidity index#

2–3 99 Ref.
4–5 97 0.99 (0.56–1.76)
>6 99 0.70 (0.39–1.26)

Renal function (mL/min/1.73 m2)
≥60 273 Ref.
<60 22 0.80 (0.31–2.02)

Serum albumin (g/L)
≥37.5 190 Ref.
<37.5 81 1.46 (0.85–2.49)

BSA (m2) 295 0.47 (0.16–1.41)
Weight (kg) 295 0.99 (0.98–1.01)
aUnivariate logistic regression analysis.
bMultivariate logistic regression analysis (backward: Wald).
cAdjusted odds ratio: adjusted for SMM status, age at diagnosis and BMI in multivariate logistic regression analysis.
dAdjusted odds ratio: adjusted for SMD status, SMM status, age at diagnosis and BMI in multivariate logistic regression analysis.
*P-value < 0.05.
#Charlson co-morbidity index score provides a simple means to quantify the effect of co-morbid illnesses, including cardiovascular dis-
eases, chronic obstructive pulmonary disease, liver disease, and diabetes mellitus, among others and accounts for the aggregate effect
if multiple concurrent diseases. A higher score indicates more co-morbidities.
BMI, body mass index; BSA, body surface area; ECOG PS, Eastern Cooperative Oncology Group Performance Status; OR, odds ratio; SD,
standard deviation; SMD, skeletal muscle density; SMM, skeletal muscle mass.
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superior to BSA in predicting pharmacokinetics of paclitaxel
and did not have any added value to BSA.30

An additional explanation for a higher incidence of
chemotherapy-induced toxicity in patients with low SMM is
the correlation between low SMM and frailty, which has been
observed in multiple studies performed in patients with head
and neck cancer.14,15 In addition, Portal et al. also described
low L3 skeletal muscle measures as surrogate marker for
frailty, which can support the prognostication process of
NSCLC patients.31 In clinical practice, a frailty assessment is
based on clinical characteristics like overall performance
status and co-morbidity indices. However, it has been shown
that clinicians tend to overestimate a patient’s physical
fitness.32,33 Moreover, the present study could not

establish an association between ECOG performance status
or the Charlson co-morbidity-index score and chemother-
apy-induced toxicity. So it seems plausible that objective
skeletal muscle measures may support predicting treatment
tolerability and clinical decision making. Besides the role of
SMM in chemotherapy-induced toxicity, a chemotherapeutic
agent itself, like cisplatin, can cause muscle wasting by
activating a wide range of mechanisms, like inducing nuclear
factor-kB signalling.34,35 Consequently, SMM and SMD may
further decrease during treatment, thereby negatively affect-
ing chemotherapy tolerability leading to suboptimal treat-
ment. The muscle wasting effect may be further increased
due to the combination of different chemotherapeutic
agents, which represent the standard treatment regimen

Table 3 Univariate and multivariate analysis of overall dose-limiting toxicity

Univariate analysisa Multivariate analysisb Multivariate analysisb

SMM SMD
Characteristics N = 297 Crude OR (95% CI) Adjusted ORc (95% CI) Adjusted ORd (95% CI)

SMM status
Intermediate 99 Ref. Ref. Ref.
Low 99 1.94 (1.10–3.44) 2.23 (1.23–4.04)* 2.11 (1.12–3.98)*
High 99 1.22 (0.70–2.14) 1.16 (0.66–2.03) 1.25 (0.69–2.25)

SMD status
Intermediate 95 Ref. Ref.
Low 95 1.10 (0.61–1.97) 0.94 (0.50–1.75)
High 94 0.40 (0.22–0.71) 0.41 (0.23–0.74)*

Gender
Male 167 Ref.
Female 130 1.17 (0.74–1.85)

Age at diagnosis in years
≤65 years 142 Ref.
>65 years 155 1.11 (0.70–1.75)

ECOG PS
0 115 Ref.
1 133 1.22 (0.74–2.01)
≥2 8 1.48 (0.34–6.47)

1.03 (0.50–2.10)
BMI (kg/m2)
18.5 to <25 119 Ref. Ref. Ref.
<18.5 11 0.74 (0.21–2.56) 0.56 (0.16–2.01) 0.56 (0.13–2.32)
25 to <30 116 1.17 (0.70–1.96) 1.36 (0.79–2.32) 1.25 (0.71–2.19)
≥30 51 1.38 (0.71–2.69) 1.66 (0.83–3.33) 1.44 (0.68–3.06)

Charlson co-morbidity index#

2–3 100 Ref.
4–5 98 1.23 (0.70–2.16)
>6 99 1.25 (0.72–2.19)

Renal function (mL/min/1.73 m2)
≥60 273 Ref.
<60 24 2.05 (0.82–5.12)

Serum albumin (g/L)
≥37.5 190 Ref.
<37.5 81 1.48 (0.87–2.52)

BSA (m2) 297 1.16 (0.41–3.30)
Weight (kg) 297 1.00 (0.99–1.02)
aUnivariate logistic regression analysis.
bMultivariate logistic regression analysis (Backward: Wald).
cAdjusted odds ratio: adjusted for SMM status and BMI in multivariate logistic regression analysis.
dAdjusted odds ratio: adjusted for SMD status, SMM status, and BMI in multivariate logistic regression analysis.
*P-value < 0.05.
#Charlson co-morbidity index score provides a simple means to quantify the effect of co-morbid illnesses, including cardiovascular dis-
eases, chronic obstructive pulmonary disease, liver disease, and diabetes mellitus, among others and accounts for the aggregate effect
if multiple concurrent diseases. A higher score indicates more co-morbidities.
BMI, body mass index; BSA, body surface area; ECOG PS, Eastern Cooperative Oncology Group Performance Status; OR, odds ratio; SD,
standard deviation; SMD, skeletal muscle density; SMM, skeletal muscle mass.
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for NSCLC patients. Hence, the effect of these different com-
binations on muscle wasting should be further elucidated.

Strengths and limitations

The present study has several strengths. First, to the best of
our knowledge, this is the largest prospective follow-up study
exploring the association between skeletal muscle measures
and chemotherapy-induced toxicity of NSCLC patients
receiving first-line platinum-based chemotherapy. Second,
the variables collected in our cohort were based on
real-world clinical data. Therefore, the results of this study
reflect the actual clinical setting, which strengthens the
possibility of extrapolating our findings.

The present analysis has some limitations. First, because
population specific cutoff values for skeletal muscle measures
in NSCLC patients are lacking, patients were stratified into
three equal groups by SMM and SMD status. Consequently,
comparing our results with studies using different cutoff
values is complicated. However, a strong association between
skeletal muscle measurements and chemotherapy-induced
toxicity was found in our cohort. Second, in the present
study, changes in body composition during chemotherapy
were not taken into account, because repeated measures
were lacking. Because early loss of SMM during first-line che-
motherapy may be a poor prognostic factor in stage IV NSCLC
patients,16 muscle wasting during chemotherapy may also act
as an effect modifier for chemotherapy-induced toxicity.
Third, no data were available regarding recent weight loss be-
fore start of chemotherapy, COPD, and cardiovascular disease
status, which may all act as confounders or effect modifiers
for SMM/SMD status. Nevertheless, surrogate markers for
nutritional status (serum albumin level) and co-morbidity
(Charlson co-morbidity index score) were used. In addition,
because the number of available blood counts in between
follow-up moments differs among patients, the nadir values
may be lower than reported for our study patients. This
might be an explanation for the fact that no association
was found between low skeletal muscle measures and
neutropenia.

Potential clinical relevance

In clinical practice, chemotherapy-induced toxicity will
frequently result into clinical interventions such as delaying
chemotherapy, dose adjustment, or treatment switch, all af-
fecting treatment effectiveness adversely. The present results
indicate an association between low SMM and the incidence
of chemotherapy-induced toxicity in NSCLC patients treated
with first-line platinum-based chemotherapy. Therefore, pre-
treatment skeletal muscle measurements may be useful to
select patients at higher risk for chemotherapy-induced toxic-

ity. In addition, dose-adjustments based on image analysis
could result in better treatment tolerance in patients with
low SMM, which is especially relevant in a palliative setting.
In contrast, patients with high SMM or high SMD may benefit
from a higher dose of chemotherapy, thereby improving
treatment effectiveness. Hence, pretreatment evaluation of
SMM and SMD, as well as repeated measures during treat-
ment, may provide opportunities for tailored therapy and
could have a significant impact on clinical care.

Future research

Based on our results, future studies should focus on finding
the optimal cutoff values to differentiate NSCLC patients with
and without low SMM and low SMD. SMD represents the
muscle lipid content and is a marker of muscle quality,
whereas SMM represents muscle quantity. In literature,
SMM is investigated more often in patients with cancer than
SMD due to current technological possibilities of muscle
segmentation. For SMM segmentation, there is not any
confounding effect of scanning with or without contrast en-
hancement. However, for SMD, it is still a debate whether
scanning with contrast enhancement may influence the mea-
surement of muscle lipid content. Because SMD is measured
based on the mean HU, the HU makes up the grayscale in
medical CT imaging, which may be influenced by contrast
application.36 Nevertheless, it is likely that SMD has the
potential to be a better marker of muscle fitness than SMM
because it describes the muscle quality rather than the quan-
tity, and quality may be better related to functional status
than quantity. Indeed, Williams et al. found that SMD was
better related to frailty than SMM in older patients with
cancer.37 Further research is needed to investigate a robust
measurement of SMD in patients with cancer. Consequently,
it will be possible to select patients who are at a higher risk
for chemotherapy-induced toxicity. Therefore, a clinical study
that investigates chemotherapy doses based on skeletal
muscle measurements would be an important next step. To
determine accurately whether patients with low SMM and
low SMD will benefit more from dose reduction, ideally a
randomized controlled trial should be performed. In such a
phase 3 trial, dose adjustments based on skeletal muscle
measures (e.g. a starting dose of cisplatin in a range of
60–90 mg/m2) should be compared with a fixed cisplatin
starting dose of 75 mg/m2. To ensure that in patients with
dose adjustments based on low SMM status treatment effec-
tiveness is not reduced, endpoints should be focused on both
toxicity and treatment response (in terms of radiological re-
sponse, progression free survival, and/or overall survival).

In addition, future research should be focused on the
quantification of pretreatment L3 skeletal muscle mass in pa-
tients diagnosed with NSCLC and its association with frailty.
Subsequently, impact analysis of the implementation of
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routine skeletal muscle measurements on clinical
decision-making should be of special interest. Currently, man-
ual segmentation of skeletal muscle mass requires multiple
steps and is time-consuming, which may limit its use in rou-
tine clinical practice. However, an automated method for ac-
curate and reproducible segmentation of skeletal muscle area
at L3, as recently described by Amarasinghe et al., radically
increases the prospect of implementation routine determina-
tion of skeletal muscle measures in clinical practice.38

Besides, research should indicate whether patients will
profit from improved physical fitness and higher SMM status
(prehabilitation) before chemotherapy, in line with preopera-
tive physical exercise interventions.39

Conclusions

In conclusion, this prospective follow-up study suggests that
NSCLC patients with pretreatment low SMM are at a signifi-
cantly higher risk to develop chemotherapy-induced severe
haematological toxicity and DLT. NSCLC patients with high
SMD are at significant lower risk for DLT. Future studies have
to reveal whether skeletal muscle measurements have a
higher correlation with the pharmacokinetics of chemothera-
peutics than the current dosing strategies based on weight or
BSA and to reveal the association with frailty. Such results
may provide an explanation for increased toxicity in patients
with low SMM. Moreover, research should be focused on
whether chemotherapy dosing based on SMM could reduce
the risk of chemotherapy-induced toxicity without
compromising effectiveness. Future studies should also inves-
tigate whether improvement of pretreatment SMM/SMD
could reduce the risk of chemotherapy induced toxicity.
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