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Abstract
Background: Low skeletal muscle index (SMI) in metastatic colorectal cancer 
(mCRC) patients is associated with poor outcomes. The prognostic impact of SMI 
changes during consecutive palliative systemic treatments is unknown.
Methods: This is a retrospective analysis of the phase 3 CAIRO3 study. The CAIRO3 
study randomized 557 patients between maintenance capecitabine + bevacizumab 
(CAP-B) or observation, after six cycles capecitabine + oxaliplatin + bevacizumab 
(CAPOX-B). Upon first disease progression (PD1), CAPOX-B was reintroduced 
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1  |   INTRODUCTION

In metastatic colorectal cancer (mCRC) patients, the identifi-
cation of predictive and potentially modifiable characteristics 
that predispose to poor treatment outcomes is important to im-
prove outcomes, quality of care, and reduce health-care costs.1

An interesting novel prognosticator is the loss of skele-
tal muscle mass, as muscle mass loss in cancer (including 
mCRC) patients can be easily evaluated using computed to-
mography (CT) scans.2,3 During advanced cancer, muscle 
mass loss is the result of a multifactorial syndrome in which 
a reduced nutritional intake, metabolic changes (due to tumor 
and oncologic treatment), often combined with low physical 
activity levels, lead to alterations in body composition and 
eventually to cancer cachexia.4 Loss of muscle mass, alone or 
as a part of cancer cachexia, is easily overlooked in the pres-
ence of obesity, negatively impacts patients' prognosis and 
quality of life, and potentially amendable to treatment.4-8 In 
several studies including mCRC patients, low skeletal mus-
cle mass (sarcopenia) was associated with poor survival.6,9,10 
Furthermore, a decrease in muscle mass over time was as-
sociated with poor survival.7,11-13 Interestingly, these studies 
only investigated muscle mass changes between two time 
points and its association with disease outcome. No studies 
have investigated the evolution of muscle mass on multiple 

time points, during consecutive treatment regimens, and how, 
within each regimen, these changes relate to (progression 
free) survival. This is of particular relevance shortly after the 
mCRC diagnosis, when an anabolic response is more likely 
to occur and thus change in muscle mass is potentially mod-
ifiable by interventions that aim to improve muscle mass.7,14

Recently, we observed that patients significantly lost mus-
cle mass during six cycles of first-line capecitabine + oxal-
iplatin+bevacizumab (CAPOX-B), despite a good response 
to treatment.15 Interestingly, during subsequent less inten-
sive maintenance capecitabine + bevacizumab (CAP-B) or 
observation, muscle mass recovered to the levels at the start 
of initial CAPOX-B. Finally, after reintroduction of more 
intensive CAPOX-B or other treatment, patients again lost 
muscle mass. Here, we investigate how these longitudinal 
muscle changes during the consecutive treatments relate to 
outcome, in particular, to time to disease progression and 
overall survival. Furthermore, in advanced cancer patients, 
including CAIRO3 patients, body weight changes over time 
may not correlate with muscle mass changes.11,14 Also, 
muscle mass and fat mass have been found to respond dif-
ferently to tumor and treatment, and are thus differently as-
sociated with cancer patients' outcome.3,14,16 Therefore, as 
a secondary aim, we investigated longitudinal body mass 
index (BMI) changes, including BMI changes adjusted for 

until second progression (PD2). SMI was assessed by computed tomography (CT) 
(total 1355 scans). SMI and body mass index (BMI) changes were analyzed for three 
time-periods; p1: during initial CAPOX-B, p2: randomization to PD1, and p3: PD1 
to PD2. The association between absolute and change in SMI and BMI (both per 1 
standard deviation) during p1-p3, with PD1, PD2, and survival was studied by Cox 
regression models.
Results: This analysis included 450 of the 557 patients randomized in the CAIRO3 
study. Mean SMI decreased during p1: mean −0.6 SMI units [95% CI −1.07;-0.26] 
and p3: −2.2 units [−2.7;-1.8], whereas during p2, SMI increased + 1.2 units [0.8-
1.6]. BMI changes did not reflect changes in SMI. SMI loss during p2 and p3 was 
significantly associated with shorter survival (HR 1.19 [1.09-1.35]; 1.54 [1.31-1.79], 
respectively). Sarcopenia at PD1 was significantly associated with early PD2 (HR 
1.40 [1.10-1.70]). BMI loss independent of SMI loss was only associated with shorter 
overall survival during p3 (HR 1.35 [1.14-1.63]).
Conclusions: In mCRC patients, SMI loss during palliative systemic treatment was 
related with early disease progression and reduced survival. BMI did not reflect 
changes in SMI and could not identify patients at risk of poor outcome during early 
treatment lines.
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muscle mass changes (ie, as a surrogate for fat mass), to 
study their relation with survival outcomes.

2  |   METHODS

2.1  |  Patients

Patients participated in the randomized phase 3 CAIRO3 
study,17 conducted by the Dutch Colorectal Cancer Group 
(DCCG). CAIRO3 investigated the effect of maintenance 
CAP-B vs observation in mCRC patients with stable disease 
(or better) after first-line six cycles CAPOX-B (Figure 1). Main 
eligibility criteria were ≥18  years, histologically confirmed 
CRC, WHO performance status ≤1, and no previous mCRC 
treatment. After randomization, disease status was assessed 
every 9 weeks using CT scans and the Response Evaluation 
Criteria In Solid Tumors (RECIST) version 1.1,18 or when dis-
ease progression was suspected due to clinical symptoms. Upon 
first disease progression (PD1), patients received CAPOX-B 
or other reintroduction treatment until the second disease pro-
gression (PD2). The CAIRO3 protocol was approved by the 
Medical Ethics Committee of Nijmegen, The Netherlands and 
registered at ClinicalTrials.gov, number NCT00​442637.

2.2  |  Skeletal muscle measurements

CT scans were collected at four time points: before start 
of initial six cycles of CAPOX-B (t0), at randomization 
between CAP-B and observation (t1), at PD1, before start 
of CAPOX-B or other reintroduction treatment (t2), and 
at PD2, after progression on any systemic reintroduction 
treatment (t3) (Figure 1). Thereby three treatment periods 
were defined: initial six cycles of CAPOX-B (p1), mainte-
nance CAP-B or observation (p2), and CAPOX-B or other 
reintroduction treatment (p3).

Skeletal muscle mass measurements were performed by a 
trained analyst and the Slice-o-matic software (Tomovision). 
Detailed information on the muscle mass measurements is de-
scribed elsewhere.15 In short, the surface area of muscle com-
partments was quantified from single slices at the third vertebral 
level (L3) using thresholds in Hounsfield units (HU) (−29 to 
150 HU).3,19,20 The skeletal muscle index (SMI) was defined 
as the L3 muscle area (cm2) divided by patient height (m2).3,9,19

2.3  |  Other anthropometric measures

Height and body weight at time points t0-t4 were retrieved from 
medical records to calculate BMI.21 Sarcopenia status was de-
termined by published sex-specific cutoff points.9 Sarcopenic 
obesity22 was defined by being sarcopenic and a BMI ≥ 30.

2.4  |  Statistical analysis

Detailed changes in skeletal muscle mass and body weight 
during CAIRO3 treatments were previously reported.15 We 
additionally analyzed changes in SMI and BMI during these 
treatments by linear mixed effects models.23 The baseline 
value of the outcome (SMI/BMI) was included in the out-
come vector. Potential confounders were age, sex, lactate de-
hydrogenase (LDH) levels, best response to initial six cycles 
CAPOX-B, resection of the primary tumor, and the number 
of metastatic sites. The final model was selected based on the 
Akaike Information Criterion (AIC) and included: treatment 
arm, time, age, sex, resection primary tumor, and the inter-
action of treatment arm by time as fixed effects. Modeling 
time as a random effect did not increase the model fit as indi-
cated by the AIC. To investigate differences in SMI and BMI 
changes over time between the CAIRO3 treatment arms, we 
checked the significance of the two-way interaction includ-
ing treatment arm by time.

Next, we examined the association of SMI and BMI 
(absolute, categories, sarcopenia yes/no, or loss contin-
uously per 1 standard deviation (SD)) with time to pro-
gression and death, using multivariable Cox proportional 
hazard regression models. All models were adjusted for 
predefined prognostic factors: age (continuously), sex, 
WHO performance status (0/1), stage (1-4), primary tumor 
site (colon/sigmoid/rectum), resection primary tumor (yes/
no), response to initial treatment (stable disease/partial 
or complete response), LDH level at randomization (nor-
mal/elevated), synchronous vs metachronous mCRC, and 
dose reductions during initial treatment (yes/no). Changes 
in SMI and BMI were additionally adjusted for the time 
within which the changes occurred. In additional analyses, 
the models including BMI loss were adjusted for SMI loss, 
to investigate the relation of BMI loss independent of SMI 
loss, with outcomes. We used separate models for each 
treatment interval, setting the time at 0 at each interval 
start, and calculated hazard ratios with corresponding 95% 
confidence intervals for the associations of absolute SMI 
and BMI (at t0, t1, t2) or change in SMI and BMI (during 
p1, p2, and p3) with PD1, PD2, and death. Due to the low 
number of patients with underweight or sarcopenic obesity 
on the different time points, these patients were excluded 
from the corresponding analysis.15

To investigate whether the associations of BMI or SMI 
loss with survival were different between patients ran-
domized to the different CAIRO3 arms, we checked the 
significance of the two-way interactions including BMI, 
SMI loss, or sarcopenia by arm. Finally, to check whether 
results differed between patients with available BMI mea-
sures and with available SMI measures, we repeated the 
previous analyses, excluding patients with missing SMI or 
BMI measures. All p-values were two-sided, and the level 
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of significance was considered at P < .05. SPSS version 21 
was used.

3  |   RESULTS

3.1  |  Patients

Routine CT scans were available from 450 of 557 (81%) 
CAIRO3 patients. In total, 1355 CT scans were available 
for skeletal muscle analysis and 1434 body weight measures 
were available for BMI analysis (Figure 2).

Table 1 describes the baseline patient and treatment char-
acteristics. Patients were on average 64 ± 9 years of age and 
63% were male. The mean BMI was 26.0 ± 4.3 kg/m2 and 
51% were sarcopenic. Six percent had sarcopenic obesity. 
Sarcopenic compared to non-sarcopenic patients had a lower 
mean BMI (25.9 vs 27.2  kg/m2) and were less frequently 
obese (8% vs 20%). The percentage of underweight patients 
was comparable (4% vs 1%).

3.2  |  SMI and BMI changes 
during treatments

We observed significant SMI and BMI changes during p1, 
p2, and p3 (Figure 3).15 During p1 (initial six cycles of 
CAPOX-B), mean SMI decreased (−0.66 [−1.07;-0.26]), 
whereas BMI remained stable (−0.05 [−0.22; 0.11]). 
During p2 (CAP-B or observation), SMI and BMI increased 
(+1.21 [0.82;1.60] and  +  0.71 [0.52-0.90], respectively). 
During p3 (CAPOX-B/ other treatment), SMI and BMI de-
creased (−2.25 [−2.68; −1.81] and −0.48 [−0.69;-0.28], 
respectively). Mean BMI and SMI changes over time did 
not differ significantly between the randomized treatment 
arms (SMI pinteraction = 0.80; BMI pinteraction = 0.58).

3.3  |  Association with disease 
progression and overall survival

For all patients, median times from start of initial treatment 
(t0) to randomization (t1), PD1 (t2), PD2 (t3), and death 
were 4.3  months (Q1-Q3 4.0-4.5), 9.6  months (6.8-15.0), 
17.0  months (12.0-23.7), and 24.6  months (16.1-35.7), 
respectively.

During p1 (initial six cycles CAPOX-B), absolute SMI 
and BMI at start (t0), and SMI loss and BMI loss during 
treatment were not associated with progression or death 
(Table 2).

During p2 (maintenance CAP-B/observation), again ab-
solute SMI and BMI at the start (t1) of treatment were not 
associated with early progression and death. In contrast, 
SMI loss and BMI loss during treatment were associated 
with early progression and death. Significant associations 
were found between SMI loss per SD and shorter survival 
(HR 1.19 [1.09-1.35]) and between BMI loss per SD and 
early PD2 (HR 1.15 [1.01-1.33]). The association between 
BMI loss per SD and early PD2 disappeared after adjusting 
for SMI loss (HR 1.18 [0.97-1.41]).

During p3 (reintroduction treatment), absolute SMI, 
including sarcopenia, but not BMI, at start (t2) was sig-
nificantly associated with early PD2 (SMI HR 1.16 
[1.02-1.32] and sarcopenia HR 1.40 [1.10-1.70]) and non-
significantly associated with death (SMI HR 1.14 [0.99-
1.30] and sarcopenia HR 1.20 [0.96-1.54]). Change in 
SMI and BMI (±adjusted for SMI loss) was significantly 
associated with early death (HR per SD loss in SMI 1.54 
[1.31-1.79], BMI 1.25 [1.09-1.43], and BMI adjusted for 
SMI 1.35 [1.14-1.63]).

Results did not differ by CAIRO3 treatment arm (all pinterac-

tion > 0.05). Finally, the analyses including only those patients 
who had both SMI and BMI measures showed comparable re-
sults (data not shown).

F I G U R E  1   Design CAIRO3 study. 
CAIRO3 study design and time points in 
which CT scans were collected. At these 
time points also BMI measures were 
collected

CT scan 1

SD or better
after 6
cycles

CAPOX-B

R

Observation

CAP-B

Reintroduction
CAPOX-B

Any treatment

PD PD

PD1 PD2

CT scan 2 CT scan 3 CT scan 4

t0 t1 t2 t3

t0 - t1
Time period 1 (p1)

t1 - t2
Time period 2 (p2)

t2 - t3
Time period 3 (p3)
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F I G U R E  2   Flowchart. Evaluable CT scans per time point during CAIRO3, including reasons for nonevaluable CT scans

Scan 1: start initial treatment 
341/450 scans evaluable (76%)

Reasons*: A (n = 109)
429/450 BMI measures available (95%)

Initial 6 cycles CAPOX-B
450 patients

450 CAIRO3 patients 

Scan 2: randomization 
369/450 scans evaluable (82%)

Reasons*: A (n = 81)
442/450 BMI measures available (98%)

Maintenance CAP-B
223 patients

Observation 
227 patients

Scan 3: first disease progression (PD1)
184/223 scans evaluable (83%)

Reasons*: A (n = 30), B (n = 3), C (n = 6)
113/223 BMI measures available (51%)

Scan 3: first disease progression (PD1)
190/227 scans evaluable (84%)

Reasons*: A (n = 32), B (n = 1), C (n = 4) 
177/227 BMI measures available (78%)

Reintroduction treatment (CAPOX-B/other)
199 Patients

Discontinuation systemic treatment (n = 15)

Reintroduction treatment (CAPOX-B/other)
206 Patients

Discontinuation systemic treatment (n = 16)

Scan 4: second disease progression (PD2)
121/199 scans evaluable (63%)

Reasons*: A (n = 38), B (n = 39), C (n = 1)
107/199 BMI measures available (54%)

Scan 4: second disease progression (PD2)
150/206 scans evaluable (73%)

Reasons*: A (n = 25), B (n = 30), C (n = 1)
166/206 BMI measures available (81%)

557 CAIRO3 patients

No CT scans available from 9 participating 
hospitals (107 patients) due to logistic 
reasons.

* Reasons for non-evaluable CT scans
A: No CT abdomen available, skeletal muscle at L3 only partially depicted, stoma, unknown
B: Patient died before scan was made
C: Patient did not reach endpoint yet 
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T A B L E  1   Baseline patient and treatment characteristics

 

Total group By treatment arm By sarcopenia status

Total group 
(n = 450)

Maintenance 
CAP-B (n = 223)

Observation arm 
(n = 227)

Non-sarcopenic 
(n = 162)

Sarcopenic 
(n = 171)

Age, mean in years (±SD) 64 (±9) 63 (±9) 64 (±9) 62 (±9) 64 (±9)

≤70 332 (74%) 171 (77%) 161 (71%) 127 (78%) 119 (70%)

>70 118 (26%) 52 (23%) 66 (29%) 35 (22%) 52 (30%)

Sex

Female 165 (37%) 82 (37%) 83 (37%) 55 (34%) 70 (41%)

Male 285 (63%) 141 (63%) 144 (63%) 107 (66%) 101 (59%)

Primary site

Colon only 226 (50%) 109 (49%) 117 (52%) 78 (48%) 92 (54%)

Rectum only 131 (79%) 69 (31%) 62 (27%) 47 (29%) 45 (26%)

Rectosigmoid 93 (21%) 45 (20%) 48 (21%) 37 (23%) 34% (21%)

Resection primary tumor

Yes 270 (60%) 131 (59%) 139 (61%) 60 (37%) 78 (46%)

No 180 (40%) 92 (41%) 88 (39%) 102 (63%) 93 (54%)

WHO performance score

0 281 (62%) 139 (62%) 142 (63%) 101 (62%) 102 (60%)

1 169 (38%) 84 (38%) 85 (37%) 61 (38%) 69 (40%)

Number of metastatic sites

1 196 (45%) 102 (47%) 94 (44%) 77 (49%) 71 (44%)

>1 235 (55%) 113 (53%) 122 (56%) 79 (51%) 91 (56%)

Unknown 19 8 11 6 9

LDH (IU/L)

Elevated 252 (56%) 125 (56%) 127 (56%) 72 (44%) 81 (47%)

Normal 198 (44%) 98 (44%) 100 (44%) 90 (56%) 90 (53%)

BMI, kg/m2a

Underweight (<18.5) 10 (2%) 5 (2%) 5 (2%) 1 (1%) 6 (4%)

Normal (18.5-25) 185 (43%) 86 (40%) 99 (45%) 69 (43%) 74 (45%)

Overweight (25-30) 166 (38%) 79 (37%) 87 (40%) 58 (37%) 72 (43%)

Obese (30+) 68 (16%) 40 (19%) 28 (13%) 31 (20%) 14 (8%)

Unknown 21 13 8 3 5

Sarcopeniaa,b

Yes 171 (51%) 89 (53%) 82 (50%)    

No 162 (49%) 80 (46%) 82 (50%) NA NA

Unknown 117 54 63    

Sarcopenic obesitya,c

Yes 14 (4%) 9 (6%) 5 (3%)   14 (8%)

No 311 (96%) 156 (95%) 155 (97%) NA 152 (92%)

Unknown 125d 58d 67d   5d

Best response to initial CAPOX-B treatment

Complete response/ partial response 298 (66%) 150 (67%) 148 (65%) 102 (63%) 118 (69%)

Stable disease 152 (34%) 73 (33%) 79 (35%) 60 (37%) 53 (31%)

CAIRO3 arm

Observation 227 (50%) NA NA 82 (51%) 82 (48%)

(Continues)
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4  |   DISCUSSION

In this large longitudinal study in mCRC patients, we pro-
vide a unique insight into SMI and BMI changes during 
various palliative systemic treatments, starting from first-
line treatment, and show how these changes relate to time 
to progression and survival. Absolute SMI (including sar-
copenia), and SMI loss during subsequent treatments, in-
cluding observation, related to shorter time to progression 
and shorter overall survival. In contrast, absolute BMI or 
BMI loss independent of SMI loss was not associated with 
early progression or death, except for BMI loss independ-
ent of SMI loss during CAPOX-B reintroduction treatment 
and overall survival.

Several previous studies have described a relationship 
between muscle mass loss in mCRC patients and poor sur-
vival.7,11-13 Most studies included heterogeneous patient 
populations receiving different treatments and determined 
muscle mass at different time points during the disease. 
However, muscle mass loss depends on tumor type and on-
cologic treatment.8,15,24 Furthermore, muscle mass loss is 
mostly observed during periods of disease progression7,12,14 
and most studies consisted of a proportion of patients with 
(very) advanced metastatic cancer. Hence, the inclusion of 
patients with short life expectancy may be in part responsi-
ble for the observed association between muscle mass loss 
and survival in these studies. In contrast, we analyzed a 
large and homogeneous population of mCRC patients from 
a prospective randomized phase 3 study with standardized 
assessment of disease progression. Furthermore, patients 
received defined consecutive systemic treatments start-
ing from first-line treatment, which help to reduce poten-
tial confounding by treatment. For example when patients 
with poor prognosis (and possibly more SMI loss) receive 

different treatments compared to patients with a better prog-
nosis  (and possibly less muscle loss). We found that SMI 
loss during first-line (maintenance/observation) and reintro-
duction treatment (CAPOX-B or other) was associated with 
shorter overall survival. Moreover, absolute SMI at PD1 
was associated with early PD2. Hence, SMI loss carries 
important prognostic information during the initial phase 
of mCRC, and thus also applies to mCRC patients who re-
sponded to initial CAPOX-B and therefore have a relatively 
favorable prognosis. Even more, SMI loss varied over time 
and per regimen. This further supports the hypothesis that 
muscle mass during mCRC can be modified and, thereby, 
can potentially improve outcome.

During advanced cancer, involuntary weight loss is con-
sidered an important diagnostic feature of cancer cachexia, 
and thereby the most frequently (and sometimes only) 
used clinical parameter to identify patients at risk of poor 
outcome due to their nutritional status.4,5 However, when 
weight loss becomes prominent, the window of opportu-
nity for rehabilitation of patients may have been passed.4 
Our data show that throughout CAIRO3 follow-up, overall 
BMI changes did not reflect the ongoing SMI changes over 
time. This is in line with previous studies that found that 
during cancer progression, patients do not necessarily lose 
or gain fat and muscle mass in equal proportions when their 
BMI changes.3,14,16 Indeed, fat can be gained while muscle 
is being lost7 and body weight is, therefore, not very infor-
mative on muscle mass changes. Furthermore, in contrast 
to early SMI change, early BMI changes did not relate to 
poor outcome. Hence, SMI measures, which can be easily 
assessed using routine CT scans, provide important addi-
tional information beyond BMI, and have the potential of 
identifying patients at risk of poor disease outcome, already 
during early stage mCRC.2

 

Total group By treatment arm By sarcopenia status

Total group 
(n = 450)

Maintenance 
CAP-B (n = 223)

Observation arm 
(n = 227)

Non-sarcopenic 
(n = 162)

Sarcopenic 
(n = 171)

Cap-B 223 (50%)     80 (49%) 89 (52%)

Reintroduction treatment

CAPOX-B 255 (57%) 118 (46%) 137 (54%) 72 (44%) 79 (46%)

Other 195 (43%) 105 (54%) 90 (46%) 90 (56%) 92 (54%)

Note: All measurements were collected at time of randomization, unless otherwise specified.
Abbreviations: BMI, body mass index; CAP-B, capecitabine + bevacizumab; CAPOX-B, capecitabine + oxaliplatin+bevacizumab; WHO, World Health Organization, 
SD, standard deviation.
aDetermined at start of initial treatment with six cycles CAPOX-B 
bSarcopenia was defined as skeletal muscle index (SMI) of <43 cm2/m2 for males with body mass index (BMI) <25 cm2/m2, <53 cm2/m2 for males with body mass 
index (BMI) ≥25 cm2/m2, and < 41 cm2/m2 for females.9 
cSarcopenic obesity was defined as being sarcopenic and BMI > 30 cm2/m2. 
dHigher number of missings in sarcopenic obesity status compared to “normal” sarcopenia status, because of the higher number of missings of the BMI values in 
females. In female patients, BMI is necessary to determine sarcopenic obesity status, but not to determine sarcopenia status. 

T A B L E  1   (Continued)
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During CAIRO3, SMI loss was more likely to occur 
during high intensive treatments (CAPOX-B). During sub-
sequent low intensive CAP-B or observation, SMI loss was 
on average reversible. This implies that during early mCRC, 
specifically, therapeutic effects may be important contribu-
tors to SMI loss. Different causes of muscle loss may benefit 
from different treatments and may have different progno-
sis.4,14 However, separating muscle loss due to treatment ef-
fects from other causes is difficult. Even more, the stepwise 
decline in muscle mass loss that occurs when patients receive 
subsequent anticancer therapies may lead to sarcopenia and 
conversely poor outcomes. Therefore, treatment-associated 
muscle wasting should be considered important during nutri-
tional status assessment.25

In contrast to results of previous studies in mCRC pa-
tients,26,27 we did not observe an association between sar-
copenia and reduced survival, or SMI loss during initial six 

cycles CAPOX-B and reduced survival. A possible expla-
nation is that the CAIRO3 study consists of patients with a 
relatively good prognosis, since patients who showed disease 
progression or experienced inacceptable toxicity during ini-
tial CAPOX-B were excluded.

We observed no differences in the association of SMI loss 
and survival between patients randomized to maintenance 
treatment or observation. Maintenance treatment consisted 
of bevacizumab plus a continuous low dose of capecitabine, 
and seems to have no impact on SMI. During both CAP-B or 
observation, patients on average had the capability to recover 
in SMI to their baseline (t0) SMI levels. However, when 
SMI loss was observed in patients irrespective of treatment 
or observation, this was significantly associated with poor 
survival.

Exact mechanisms which link SMI loss to shorter sur-
vival are unknown. Two mechanisms, cancer cachexia and 

F I G U R E  3   SMI and BMI changes 
during palliative systemic treatment. A, 
This figure displays the modeled mean 
skeletal muscle index (SMI) changes 
with 95% confidence interval bars during 
palliative systemic, for the total group 
and per treatment arm. B, This figure 
displays the modeled mean body mass 
index (BMI) changes with 95% confidence 
interval bars during palliative systemic 
treatment, for the total group and per 
treatment arm. Abbreviations: CAPOX-B, 
capecitabine + oxaliplatin+bevacizumab; 
CAP-B, capecitabine + bevacizumab

A

B
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T A B L E  2   Associations of absolute and change in SMI and BMI with disease progression and death

 
Patients at 
risk (n)

HR first disease  
progression (95% CI)

HR second disease  
progression (95% CI) HR death (95% CI)

At start of six cycles initial CAPOX-B

SMI continuous per SD (8.5) lower 341 1.02 (0.88-1.14) 1.01 (0.86-1.13) 1.03 (0.90-1.18)

Sarcopeniaa 171 1.01 (0.86-1.37) 1.16 (0.92-1.45) 1.07 (0.84-1.35)

Non-sarcopeniaa 162 [reference] [reference] [reference]

BMI continuous per SD (4.3) lower 429 1.00 (0.89-1.11) 0.96 (0.89-1.12)

Normal weight 185 [reference] [reference] [reference]

Overweight 166 0.94 (0.75-1.18) 0.84 (0.68-1.07) 0.97 (0.77-1.21)

Obese 68 0.95 (0.69-1.29) 0.94 (0.69-1.28) 1.13 (0.83-1.53)

Change during initial CAPOX-B

SMI loss per SD (3.7) 300 1.01 (0.88-1.15) 0.94 (0.82-1.08) 0.91 (0.78-1.04)

BMI loss per SD (1.6) 421 1.02 (0.91-1.15) 1.01 (0.90-1.13)

BMI loss per SD adjusted for SMI loss  
per SD

282 1.09 (0.93-1.28) 1.13 (0.96-1.32) 0.97 (0.83-1.13)

Start maintenance CAP-B/observation

SMI continuous per SD (8.0) lower 369 1.02 (0.86-1.12) 1.03 (0.90-1.18) 1.02 (0.88-1.15)

Sarcopeniaa 203 1.02 (0.82-1.27) 1.06 (0.85-1.32) 1.01 (0.87-1.36)

Non-sarcopeniaa 164 [reference] [reference] [reference]

BMI continuous per SD (4.2) lower 442 NA 1.00 (0.90-1.12) 0.99 (0.88-1.11)

Normal weight 189 [reference] [reference] [reference]

Overweight 160 1.08 (0.86-1.36) 1.05 (0.84-1.32) 1.10 (0.88-1.38)

Obese 65 1.07 (0.79-1.45) 0.98 (0.72-1.33) 1.10 (0.81-1.49)

Change during maintenance CAP-B and observation

SMI loss per SD (3.2) 322 NA 1.09 (0.95-1.23) 1.19 (1.09-1.35)

BMI loss per SD (1.7) 283 NA 1.15 (1.01-1.33) 1.09 (0.94-1.25)

BMI loss per SD adjusted for SMI loss  
per SD

215 NA 1.18 (0.97-1.41) 0.99 (0.83-1.18)

Start reintroduction of CAPOX-B or other treatment

SMI continuous per SD (8.5) lower 374 NA 1.16 (1.02-1.32) 1.14 (0.99-1.30)

Sarcopeniaa 143 NA 1.40 (1.10-1.70) 1.20 (0.96-1.54)

Non-sarcopeniaa 184 [reference] [reference] [reference]

BMI continuous per SD (4.0) lower 290 NA 0.97 (0.85-1.10) 0.94 (0.83-1.08)

Normal weight 89 NA [reference] [reference]

Overweight 143 NA 0.90 (0.68-1.17) 0.98 (0.74-1.29)

Obese 44 NA 0.95 (0.66-1.36) 0.98 (0.67-1.44)

Change during CAPOX-B or other reintroduction treatment

SMI loss per SD (3.1) 246 NA NA 1.54 (1.31-1.79)

BMI loss per SD (1.5) 273 NA NA 1.25 (1.09-1.43)

BMI loss per SD adjusted for SMI loss  
per SD

191 NA NA 1.35 (1.14-1.63)

Note: HR adjusted for: time within which the muscle changes occurred, age, sex, WHO performance status, stage, primary tumor site, resection primary tumor, 
response to initial treatment, LDH at randomization, synchronous vs metachronous metastatic colorectal cancer, dose reduction during the initial six cycles CAPOX-B 
treatment. In bold, statistically significant HR.
Abbreviations: 95% CI, 95% confidence interval; HR, hazard ratio; IQR, interquartile range; NA, not applicable; SD, standard deviation; SMI, Skeletal muscle index.
aSarcopenia was defined as skeletal muscle index (SMI) of <43 cm2/m2 for males with body mass index (BMI) <25 cm2/m2, <53 cm2/m2 for males with body mass 
index (BMI) ≥25 cm2/m2, and <41 cm2/m2 for females.9 
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altered drug pharmacokinetics, may contribute to the re-
duced survival in cancer patients.5,14 Muscle mass loss is a 
hallmark of cancer cachexia affecting 50%-80% of mCRC 
patients.5,14 Cachexia is associated with negative clinical 
consequences including physical impairment, poor quality 
of life, reduced treatment tolerance, and eventually shorter 
survival.14 Furthermore, low muscle mass is hypothesized to 
alter pharmacokinetic parameters such as the volume of dis-
tribution and increased drug exposure.22 This could lead to 
increased treatment-related toxicities and thereby more dose 
adaptations.22,28-30 Eventually, this can result in a compro-
mised treatment efficacy and ultimately reduced survival.

To counteract muscle loss, several therapeutic approaches 
can be considered, including physical exercise, nutritional 
supplements (high-energy enriched with high-protein, n-3 
PUFA-enriched), and orexigenic agents.5,8 A matter of de-
bate is whether preventing muscle mass loss during can-
cer(treatment) also improves prognosis, since studies on this 
topic are limited. A few studies on nutritional support did re-
port improvement in some aspects of quality of life,8 and one 
study reported a benefit on disease-free survival in mCRC.31 
Furthermore, physical exercise interventions and orexigenic 
agents were described to increase muscle mass and muscle 
strength in various cancer types, but the effect on clinical 
outcome was not evaluated.32,33 Previous studies were not 
designed and thus powered for the evaluation of  the effect 
of these interventions on clinical outcomes such as disease 
progression and overall survival, and had large heterogene-
ity in the study population. Furthermore, most clinical trials 
(excluding exercise trials) have been conducted in patients 
with quite advanced disease who, therefore, may have been 
less responsive to interventions.5 Finally, due to the multi-
factorial origin of muscle loss in cancer patients, better (if 
not any) results are expected when combining different pro-
cedures in a multimodal approach.5,8,14

We are aware of several limitations of this study. Firstly, 
the observational nature of our study does not allow us to 
draw conclusions on causal relationships. Unmeasured con-
founding and/or reversed causality (when a more aggressive 
cancer leads to lower SMI) may have contributed to the ob-
served associations.34 Secondly, we did not perform fat tissue 
measurements, but used BMI measures adjusted for SMI as 
a surrogate for fat tissue instead. The reason for this is that 
during the CT scan analyses, we observed that organ position-
ing (eg, bowel extension) impacted on repeated single-slice 
fat measurements, and therefore deemed as not reliable. The 
disadvantage of using BMI and not fat tissue measurements is 
that we cannot control for other causes of weight gain, includ-
ing edema and ascites. Thirdly, we included a large number 
of 450 patients in our analysis and for most patients repeated 
BMI and SMI measures were available. We performed multi-
ple analyses on the relation of BMI and SMI (changes during 
treatment) and their relation with outcome, all showing the 

same direction of the associations. We expect that including 
more patients would probably lead to more precision and not 
to different results. Finally, we excluded patients for whom 
a CT scan was not available due to death or discontinuation 
of systemic treatment at PD1 and PD2, which may have led 
to an underestimation of our association (ie, when excluded 
patients without CT scan were also the patients with poor 
prognosis). However, baseline characteristics of patients with 
available CT scans were comparable to patients without avail-
able CT scans and we adjusted for potential confounders.

In conclusion, in mCRC patients with good response to 
initial six cycles of CAPOX-B treatment, SMI loss during pal-
liative systemic treatment varies per regimen. We show that 
a relative simple measure, such as single-slice body compo-
sition analysis using routine CT scans, can detect sometimes 
otherwise occult SMI loss. The reported SMI loss was re-
lated to shorter overall survival during first-line maintenance 
CAP-B or observation and during CAPOX-B or other reintro-
duction treatment, whereas sarcopenia at start of CAPOX-B 
or other reintroduction treatment was associated with early 
disease progression. BMI did not accurately reflect changes 
in SMI and did not identify patients at risk of poor outcome 
during the early mCRC treatment periods. The main next 
question is whether targeting muscle mass loss (eg, with ex-
ercise and nutritional interventions) in mCRC patients could 
be a valuable intervention to improve treatment outcomes. To 
this end, prospective well-powered intervention studies are 
needed to investigate the effect of SMI preservation on out-
come, including disease progression and overall survival.
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