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Abstract  

Objectives: Acute muscle wasting in the critically ill is common, and causes significant morbidity. In a 

novel human model of acute muscle wasting following cardiac surgery, known or potential 

circulating modulators of muscle mass: insulin-like growth factor-1 (IGF-1), myostatin and growth 

and differentiation factor-15 (GDF-15), were measured over a week. It was hypothesised that 

patients who developed acute muscle wasting would show distinct patterns of change in these 

mediators. 

Design: A prospective longitudinal observational study of high-risk elective cardiac surgical patients 

identifying, by ultrasound, those developing muscle wasting. 

Setting: Tertiary cardiothoracic referral centre: Royal Brompton Hospital, London, UK.  

Patients: 42 patients undergoing elective high-risk cardiothoracic surgery. 

Interventions: Circulating IGF-1, myostatin and GDF-15 were assayed pre-operatively and over the 

first week post-operatively. The ability of GDF-15 to cause muscle wasting in vitro was determined in 

C2C12 myotubes. 

Measurements and main results: 23 of 42 patients (55%) developed quadriceps atrophy. There was 

an acute decrease in IGF-1 and unexpectedly myostatin, known mediators of muscle hypertrophy 

and atrophy, respectively. By contrast, plasma GDF-15 concentrations increased in all patients. This 

increase in GDF-15 was sustained at day 7 in those who developed muscle wasting (day 7 compared 

with baseline, p<0.01), but recovered in the non-wasting group (p>0.05). IGF-1 did not recover in 

those who developed muscle wasting (day 7 compared with baseline, p<0.01) but did in the non-

wasting group (p>0.05). Finally, we demonstrated that GDF-15 caused atrophy of myotubes in vitro.  

Conclusion:  These data support the hypothesis that acute muscle loss occurs as a result of an 

imbalance between drivers of muscle atrophy and hypertrophy. GDF-15 is a potential novel factor 

associated with muscle atrophy, which may become a therapeutic target in patients with Intensive 

care unit acquired paresis and other forms of acute muscle wasting. 

Abstract word count: 292 
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Introduction 

Acute muscle loss in critically ill patients causes weakness ranging from mild loss of strength 

and muscle wasting to profound muscle weakness. Severe weakness in this context is  known as 

intensive care unit acquired paresis (ICUAP), which is associated with significant mortality and 

morbidity [1]. Although it is a common problem, affecting at least 25% of patients admitted to 

critical care [2, 3], our understanding of the underlying pathological mechanisms is limited. Sepsis, 

systemic inflammatory response syndrome, immobility and hyperglycaemia are all thought to be 

major aetiological risk factors for the development of ICUAP [1, 4-7]. However, elucidation of the 

molecular mechanisms involved in human cases is difficult and evidence has often been 

contradictory. In part we believe this is because data is often obtained on ICU from heterogenous 

cohorts with a range of reasons for ICU admission and varying lengths of stay.    

As in other disease processes muscle mass in critically ill patients is determined by the 

balance between dynamic processes mediating muscle breakdown (atrophy, apoptosis and 

autophagy) and synthesis (protein synthesis and satellite cell recruitment). Myostatin, a member of 

the TGF-β superfamily, is a well recognised negative regulator of muscle mass [8], which has been 

implicated in the development of ICUAP. Elevation of both myostatin mRNA and protein was 

observed in the muscle of critically ill patients [9] and increased circulating levels of myostatin were 

observed in patients with muscle wasting associated with chronic obstructive pulmonary disease 

(COPD) [10], cardiac [11] and liver failure [12]. Other members of the TGF-β family also regulate 

muscle phenotype. Growth and differentiation factor-15 (GDF-15) is a member of this family that 

under normal conditions is not expressed highly in most tissues [13]. However, expression is 

increased in response to oxidative stress, hypoxia, inflammation and tissue damage in liver, brain, 

lung and vascular tissue [13, 14]. These factors are all thought to be important in the development of 

ICUAP [7]. GDF-15 is increasingly implicated in several disease processes including cardiovascular 

disease [14], multiple cancers [15-17], pulmonary artery hypertension [18] and importantly cachexia 

[19]. Furthermore in a mouse model of cardiac hypertrophy GDF-15 transgenic mice were resistant 

to cardiac hypertrophy and exposure to circulating GDF-15 limited cardiac myocyte hypertrophy 

[20].   

Insulin like growth factor-1 (IGF-1) drives many hypertrophy pathways. Suppression of IGF-1 

was observed in various animal models of sepsis and immobility [7] and in patients with severe 

ICUAP [21]. Although both increased myostatin and decreased IGF-1 have been implicated in the 

development of ICUAP, the relative pattern of change in the circulating levels of these mediators 

during the acute development of muscle wasting has not been established. Therefore, to identify 

potential circulating factors driving acute muscle wasting, we studied a homogenous cohort of 
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patients undergoing high risk elective cardiothoracic surgery who were at risk of prolonged critical 

care admission and consequent muscle wasting. We hypothesised that the acute insult of surgery 

would result in an acute rise in the known circulating drivers of muscle breakdown (myostatin) and 

suppression of those promoting muscle hypertrophy (IGF-1) and that the dynamic pattern of these 

changes would differ between those patients who developed muscle wasting and those who did not. 

Furthermore, although a direct effect of GDF-15 on skeletal muscle has not been reported 

previously, the observations discussed above led us to hypothesise that circulating GDF-15 would 

rise following the acute stress of cardiothoracic surgery and be associated with muscle wasting. We 

went on to test our hypothesis further, by exposing cultured myotubes to GDF-15 in vitro.   

 

Methods  

 

Patient recruitment and study design 

Written consent was obtained from all those involved in this prospective observational study 

(local research ethics committee approval 10/H0504/9).  Adults undergoing elective cardiac surgery 

at the Royal Brompton Hospital were screened for inclusion in the study. The principle inclusion 

criteria was a high risk elective procedure requiring post operative admission to adult critical care, 

defined by the surgical team and by the patients’ EuroSCORE [22-24]. Exclusion criteria included pre-

existing muscle or neuromuscular disease, malignancy or contraindication to serial blood sampling. 

Patients were only included if they were stable preoperatively and not suffering from acute illness or 

requiring emergency surgery. Muscle mass was assessed by measuring the cross-sectional area of 

the right rectus femoris muscle by ultrasound (see below) preoperatively and at day 7 of admission 

or at discharge from hospital if earlier than day 7. We obtained blood for analysis pre-operatively 

(‘baseline’) and repeat samples were taken on the 1st and 2nd postoperative days and at day 7 or at 

discharge if earlier; these latter two time points were considered identical for the purposes of 

analysis: only 4 patients (3 in the non-wasting patient group and 1 in the wasting group) were in fact 

discharged earlier than day 7.  

 

Measurement of ultrasound cross-sectional area of the rectus femoris. 

Ultrasound cross-sectional area of the rectus femoris (US RFcsa) was measured using a 

previously described technique [25, 26]. B-mode US imaging with a 10MHz 12L-RS probe was used 
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(Logiq E, GE Healthcare, UK). The patient was positioned lying supine on the bed with their legs flat 

with leg muscles relaxed. The anterior superior iliac spine (ASIS) and the point 60% of the distance 

from the ASIS to the superior border of the patella were identified. The US probe was positioned 

perpendicular to the axis of the leg. Where the entire RFcsa could not be visualised in a single US 

image a point 66% or 80% of the distance between the ASIS and patella was used. The same point 

was used for follow-up measurements for each patient. Three separate consecutive images were 

taken and the RFcsa estimated using Image-J software (National Institutes of Health, USA). The 

average of these three measurements was used. Inadequate ultrasound images were defined as 

those where the edges of the RF muscle could not be defined well enough to calculate the RFcsa. This 

occurred where the patient was very oedematous and in these cases the patient data were excluded 

(n=3). 

 

Patient classification; definition of quadriceps wasting 

Patients were classified as those who developed muscle wasting and those who did not 

based on the coefficient of variation (CV) of repeated measurements. To determine CV, the first 10 

studies were repeated at 2 separate occasions on the same day. These measurements were then 

plotted on a Bland-Altman plot (Figure 1, supplemental digital content). This analysis determined 

that change in muscle loss of greater than 9.24% represented a significant change above the 

variation expected from repeated measures. Therefore those with greater than 9.24% muscle loss 

were categorised as having muscle wasting. 

 

Blood sample handling 

Plasma was separated from blood collected into EDTA sample tubes centrifuged at 1,500g 

(3500 rpm) for 10 minutes, within 2 hours of collection. Samples were stored at -80oC until they 

were processed.  

 

Sample analysis 

Plasma levels of myostatin (Immundiagnostik, Bensheim, Germany) and GDF-15 (R&D 

systems, Abingdon, UK) and IGF-1 (Mediagnost, Reutlingen, Germany), were all quantified using 

commercially available ELISA kits. Results were analysed as per the manufactures guidelines.  
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Determination of the effect of GDF-15 on myotube size  

C2C12 myoblasts (1x105 per well) were seeded in a 6 well plate in growth medium 

(Dulbecco’s modified eagle medium (DMEM) (Invitrogen, Paisley, UK) supplemented with 10% fetal 

calf serum (GE Heatlthcare, Little Chalfont, UK).  The following day the cells were transfected with 

lipofectamine (Invitrogen) as previously described [27] with pCAGGS-GFP (0.5ug).  The cells were 

allowed to differentiate, forming myotubes, in differentiation medium, (DMEM supplemented with 

2% horse serum (GE Healthcare), for 7 days.  On the 8th day of differentiation the cells were treated 

with fresh differentiation medium containing either the control vehicle (0.1% BSA with 20mM HCL) 

or 50ng/ml GDF-15  (R&D Systems) and cultured for a further 2 or 4 days.   

Fluorescence images were taken 48 and 96 hours after treatment.  Myotubes were 

identified in randomly selected fields. The width of each myotube was measured by determining the 

shortest distance across the cell at 5 randomly selected points along the length of the tube excluding 

branching regions of the cell, using Image J software. The experiment was repeated twice and each 

repeat showed a similar pattern: 43 control and 52 GDF-15 treated myotubes were measured in the 

first experiment and 25 control and 19 GDF-15 treated in the second at 48 hours. At 96 hours 47 

control and 46 GDF-15 treated myotubes were measured in the first experiment and 24 control and 

27 GDF-15 treated in the second. The data from the two experiments were combined for each time 

point.  

 

Data and Statistical analysis 

Data are quoted as mean +/- standard deviation (SD) unless otherwise stated. Raw 

Myostatin, GDF-15 and IGF-1 levels were non-parametrically distributed and so the median with 

interquartile ranges were used to describe the data. Repeated measures Friedman’s test with Dunn’s 

correction for comparison of all time points to the pre-operative baseline was used for within group 

analysis. GDF-15 levels were also analysed using regression with robust variances to determine the 

'treatment' effect this is reported as the ratio of the geometric mean between wasting and non-

wasting patients. Student’s t-tests (for normally distributed data) or Mann-Whitney tests were used 

where appropriate for between group analyses. Statistical analysis and figure construction was 

carried out using Graphpad PRISM 5 (GraphPad Software, California, USA).  
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Results 

Patients and data collection 

50 patients meeting the inclusion criteria were approached: 5 declined consent and in 3 

patients we were unable to achieve good quality US RFcsa images. Of the remaining 42, 23 developed 

muscle wasting following surgery (Figure 1). Baseline demographic data, patient co-morbidities and 

critical care data are shown in table 1. The different surgical procedures undergone are shown in 

table 1 of the supplemental digital content. The non-wasting and wasting patient groups were well 

matched for age, sex, BMI and EuroSCORE (table 1). Total Bypass time for both groups is also shown. 

Not all patients underwent bypass as one patient in the non-wasting group underwent an off-pump 

coronary artery bypass procedure and 3 underwent transcutaneous aortic valve insertion; in the 

wasting group 2 patients had off-pump procedures. Importantly these patients behaved in the same 

way as the rest of their group and the circulating plasma levels for the mediators measured are 

within the range of the rest of the group.  Length of stay in ICU was short with a median stay of only 

1 day for the non-wasting patients and 2 for those who developed muscle wasting (p=0.62 Mann-

Whitney). Length of stay in hospital was also similar in the two groups (median 8 for non-wasting 

and 9 for wasting patients, p=0.44 Mann-Whitney). Only one patient died, at 21 days post-

operatively, in the wasting group; no patients died in the non-wasting group.  

 

Change in US RFcsa 

The mean change in US RFcsa from baseline over the week for the wasting group (n=23) was a 

loss of 24.6 ± 13.7% (figure 1). The mean change in the non-wasting group (n=19) was not significant 

(1.3 ± 5.9%).  

 

Myostatin  

Baseline plasma myostatin did not differ significantly between the groups (p=0.1). 

Unexpectedly plasma myostatin concentration fell significantly in both groups following surgery. In 

both groups plasma myostatin concentration returned to baseline at day 7 (figure 2). 
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GDF-15 

Baseline plasma GDF-15 also did not differ significantly between the groups (p=0.52). In 

contrast to myostatin, GDF-15 levels increased dramatically after surgery (p<0.001 for both groups). 

In the non-wasting patients the increase in GDF-15 returned to baseline by day 7 (p>0.05), however 

in the wasting group the level remained significantly elevated (p<0.01: figure 3).  The ratio of the 

geometric mean of GDF-15 for non-wasting subjects to wasting subjects was 1.17 (0.97, 1.41) 

suggesting that the geometric mean for the non-wasting subjects was on the average higher than 

that for the wasting subjects over the period, although the ratio failed to achieve statistical 

significance p=0.10   This together suggests a higher relative exposure to circulating GDF-15 in the 

wasting patients in comparison those in whom muscle wasting did not develop.  

IGF-1 

Baseline plasma IGF-1 did not differ significantly between the groups (p=0.22). The pattern 

of change in IGF-1 levels after surgery was the same in both groups, the IGF-1 plasma concentration 

fell significantly at days 1 and 2 after surgery in both groups (p<0.001 for both). In the non-wasting 

group the IGF-1 concentration returned to baseline by day 7 (p>0.05). However, in wasting patients 

it remained significantly reduced at day 7 (p<0.01: figure 4).  

 

Effect of GDF-15 on myotube diameter 

In order to test the hypothesis that GDF-15 can induce skeletal muscle wasting, we exposed 

cultured C2C12 differentiated myotubes to GDF-15 (50ng/ml) for 48 and 96 hours. Treatment with 

GDF-15 induced significant wasting of these fibres when compared to control (figure 5). The median 

(interquartile ranges) control myotube diameter at 48 hrs was 26.4 (18.2, 32.3) µm versus 19.9 (17.0 

,27.5) µm, (p= 0.011 Mann-Whitney: figure 5) for the GDF-15 treated myotubes. This equates to a 

25% reduction of the median diameter following GDF-15 treatment. At 96 hours median control 

myotube diameter was 24.9 (20.1, 33.1) µm and 21.2 (17.1, 26.1) µm for GDF-15 treated myotubes 

(15% reduction of the median, p=0.003 Mann-Whitney). 
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Discussion 

Our data confirm that measurable muscle loss is common in patients undergoing planned 

high-risk cardiac surgery which was uncomplicated and followed by a short ICU stay.  Secondly, a 

potential novel mediator of muscle wasting, GDF-15 showed a more sustained rise in those patients 

who developed muscle wasting than in those who do not. Thirdly, in a separate experiment we 

confirmed in vitro that GDF-15 can induce myotube atrophy.  We observed, as expected, a reduction 

in circulating IGF-1 levels that recovered to baseline by day 7 in non-wasting patients, but not in 

those who developed muscle wasting (figure 4). However, circulating myostatin behaved in the 

opposite way to that expected and was suppressed in the acute phase.  Together these data imply 

that in patients who develop muscle wasting, there is a sustained imbalance in the factors that 

determine muscle homeostasis in a direction promoting muscle wasting. In all our patients this 

balance is upset by the insult of cardiac surgery. In those who do not develop muscle wasting the 

balance is restored as levels of IGF-1 and GDF-15 return to pre-surgery levels by day 7. Conversely in 

those who develop muscle wasting IGF-1 remains reduced and GDF-15 remains increased at day 7 

indicating that the balance of these two factors has not been restored. This lack of restoration of the 

normal regulation of these synthetic and atrophic factors may contribute to muscle wasting in this 

group.  We suspect that GDF-15 excess is a hitherto unknown mechanism, which contributes in 

some circumstances to skeletal muscle atrophy in humans. 

 

Myostatin is a well recognised negative modulator of muscle mass, [8] so we expected 

circulating levels to be elevated in patients who developed quadriceps atrophy.  However our data 

suggest that GDF-15 rather than myostatin is more likely to be a driver of acute muscle atrophy in 

this patient cohort. Circulating myostatin levels were, contrary to what was expected [7, 8], 

suppressed in the acute phase and recovered in both wasted and non-wasting patients (Figure 2). 

However circulating GDF-15 rose acutely and also remained elevated for longer in the wasting group 

with GDF-15 only returning to baseline by day 7 in those who did not develop muscle wasting (figure 

3).  

 

With respect to IGF-1, these clinical data are consistent with the current understanding of 

muscle wasting. IGF-1 in muscle was suppressed in human studies of sepsis [28, 29], immobility [30], 

following surgery [31] and in critical illness [32]. Reduced plasma IGF-1 levels have also been 

observed in acute critical illness [32], and have been associated with poor clinical outcome [33] and 

the development of severe ICUAP [21]. However, the data concerning myostatin are less conclusive. 
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Despite a variety of muscle wasting conditions being associated with elevated levels of both muscle 

and plasma myostatin [8, 10, 11, 34-36], evidence from the acute phase of critical illness has been 

contradictory. For example, an increase in myostatin mRNA and protein from skeletal muscle of 

patients in the acute phase of critical illness has been reported [9], although this observation was 

not repeated in a more diverse population [32]. A recently published large study of 208 muscle 

biopsies in ICU patients with prolonged stays on ICU showed decreased myostatin mRNA in the 

rectus abdominis (taken immediately after death), but no change in vastus lateralis levels when 

compared to controls [37]. Data from various animal models also suggest that acute muscle wasting 

secondary to sepsis or inflammatory insult may not be driven by myostatin [38]. In fact following 

cecal ligation and puncture a significant reduction in myostatin mRNA both in muscle and circulating 

plasma myostatin was seen in rats acutely [39], an observation consistent with our data. Gene 

microarray analysis in a rat model, which included immobility, ventilation and neuromuscular 

blockade but not sepsis, showed acute elevation of myostatin mRNA, followed by suppression over 

the next week [40].   

 

Our clinical data show the association of a more prolonged exposure to GDF-15 with the 

development of muscle wasting following cardiac surgery, therefore is it possible that this 

association may represent a novel mechanism for acute muscle wasting.  GDF-15 was first described 

as macrophage inhibitory cytokine -1 (MIC-1) and has hallmark characteristics of the TGF-β family of 

proteins [41]. It is secreted as a pro-peptide and cleaved to form a dimeric mature protein of 224 

amino acids [14]. GDF-15 expression increased in response to stress, hypoxia and inflammation in 

vitro [14, 17] and in a variety of animal and human chronic disease settings [13, 17, 18]. All the 

patients in this study underwent the significant acute inflammatory insult of cardiac surgery and as 

expected circulating GDF-15 rose acutely in all patients. 

 

To our knowledge, a direct effect of GDF-15 on skeletal muscle has not previously been 

demonstrated.  GDF-15 induced significant fibre atrophy of cultured C2C12 myotubes. This result is 

consistent with data from cardiac and cancer cell lines, and models in which GDF-15 limited 

hypertrophy and promoted apoptosis [16, 20]. In relation to cardiac hypertrophy, limitation is 

clinically beneficial. Mice deficient in GDF-15 show both increased hypertrophy and loss of cardiac 

function in response to pressure overload when compared to wild type mice. [20]. Beneficial effects 

of GDF-15 in cardiac tissue also include the protection of the myocardium from infiltration of 

polymorphonuclear leukocytes and protection against myocardial rupture following infarction [42].  
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However even within cardiac tissue GDF-15 is also linked to pathological effects and its role is likely 

to be bidirectional depending on the situation and environment [14]. A similar situation is seen in 

cancer cells with some evidence pointing towards a protective role for example by promoting 

apoptosis in prostate cancer cells [43, 44] and some suggesting that GDF-15 may play a role in 

carcinogenesis, for example by enhancing metastatic potential and angiogenesis [13]. It is possible 

that in muscle tissue a similar situation exists such that the role of GDF-15 may depend on the 

molecular environment. However our findings of an association between GDF-15 and acute muscle 

wasting following the physiological stress of cardiac surgery are consistent with the understanding 

that GDF-15 is released under situations of physiological stress [13, 14]. The ability of GDF-15 to 

cause muscle wasting in cultured myotubes is consistent with the antihypertrophy/ pro-apoptosis 

role described above at least under some conditions.  Also cancer related cachexia in mice resulting 

from excess GDF-15 expression from transplanted prostate cancer cells can be reversed with GDF-15 

antibodies [19]. It was postulated that this was due to a central anti-anorexic effect and reduced 

food intake was reversed. However our data suggest that it is possible that GDF-15 also has a direct 

effect on skeletal muscle resulting in reduced muscle bulk and lean body mass.  

 

Critique of method. 

A weakness of our data is that we are unable to demonstrate a difference between the two 

groups on the raw values of circulating factor’s concentrations alone. This may be due to the 

relatively small number of patients in each group and the wide range of baseline values. 

Alternatively, despite the high risk nature of the cardiothoracic surgery that our patients underwent, 

the overall clinical outcome was very good, in that ICU stay was short with a low mortality.  

Moreover, although measurable, these patients can be considered to only have mild muscle wasting 

with clinically insignificant weakness and therefore differences between the two groups will be 

harder to detect.  Nevertheless, the validity of our approach is supported by the observation that 

IGF-1 decreased acutely in all patients, and remained suppressed in those who developed muscle 

wasting, consistent with prior observations [21, 32]. A larger prospective study involving more 

patients and patients with clinically obvious ICUAP would be desirable as a next step to confirm our 

findings.  

It is well established that the use of bypass per se may influence circulating levels of 

inflammatory molecules [45].  However we do not believe this explains the current data because 

bypass time was not different in patients who developed wasting and those who did not (Table 1).  

In addition 4 patients in the non-wasting group and 2 in the wasting group did not undergo bypass 
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and these patients had circulating plasma levels for the mediators measured of the same order of 

magnitude as the rest of the group. 

 

A perfect human model of ICUAP does not exist. However, we believe our experimental 

paradigm is of interest owing to its prospective nature and the relative homogeneity of the patient 

cohort and the insult. By contrast, elucidating mechanisms of ICUAP by studying cases is also 

problematic because ICUAP is a heterogeneous disorder that occurs in a very mixed cohort of 

patients and the time course of the syndrome is difficult to define. Our model can be criticised for 

the fact that patients only develop subclinical muscle weakness and therefore it may be difficult to 

extrapolate findings to true ICUAP. It is also important to acknowledge that although these patients 

have all undergone significant physiological insult the cardiac surgical model may not be generally 

applicable to ICU patients – in whom for example sepsis and prolonged stays on critical care are 

common.   However the strengths of the model are that by studying our patients’ blood profile from 

baseline, we are able to demonstrate prospectively the dynamic pattern of change of circulating 

drivers of muscle metabolism. Furthermore by identifying prospectively a specific cohort of patients 

with similar clinical experiences we are able to control for many variables and potentially identify 

specific factors in the pathophysiology of acute muscle wasting in the critically ill.  

 

In conclusion, we have shown that even elective high risk cardiac surgery with a good clinical 

outcome is commonly associated with measurable loss of quadriceps muscle mass; and our data 

supports the hypothesis that this muscle loss occurs as a result of a dynamic imbalance between 

drivers of muscle atrophy and hypertrophy.  Furthermore we speculate that GDF-15 may be a 

clinically relevant cause of skeletal muscle wasting in humans; if so GDF-15 antagonism may prove a 

useful future therapeutic approach. 
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Figure 1: A: Change in rectus femoris US cross-sectional area (US RFcsa) from pre-operative baseline 
to day 7 in high risk elective cardiac surgery patients who did not develop muscle wasting (non-
wasting n=19 p=0.14 paired student’s t test) and those who did develop muscle wasting (>9.24% 
loss, wasting n=23 p=<0.0001 paired student’s t test).  

B: Change in US RFcsa expressed as percentage change from baseline. Non-wasting patients change in 
US RFcsa 1.3% ± 5.9 and in the wasting group 24.6% ± 13.7 (mean ± SD).  
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Figure 2: Plasma Myostatin concentration (ng/ml) in non-wasting (n=19) and wasting patients  (those 
with >9.24% muscle loss: n=23) pre-operatively (PO), on day 1 (D1), day 2 (D2) and on day 7 (D7).  
Data presented as box and whisker plots with median, interquartile ranges and 5-95% percentiles. * 
p<0.05, ** p<0.01, *** p<0.001, ns - not significant, repeated measures Freidman’s test with Dunn’s 
correction for comparison with pre-operative baseline. 
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Figure 3: Plasma GDF-15 concentration (pg/ml) in non-wasting (n=19) and wasting patients  (those 
with >9.24% muscle loss: n=23) pre-operatively (PO), on day 1 (D1), day 2 (D2) and on day 7 (D7). 
Data presented as box and whisker plots with median, interquartile ranges and 5-95% percentiles. * 
p<0.05, ** p<0.01, *** p<0.001, ns - not significant, repeated measures Friedman’s with Dunn’s 
correction for comparison with pre-operative baseline. 
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Figure 4: Plasma IGF-1 concentration (ng/ml) in non-wasting (n=19) and wasting patients (those with 
>9.24% muscle loss: n=23) pre-operatively (PO), on day 1 (D1), day 2 (D2) and on day 7 (D7). Data 
presented as box and whisker plots with median, interquartile ranges and 5-95% percentiles. 
*p<0.05, ** p<0.01, *** p<0.001, ns - not significant, repeated measures Freidman’s test with 
Dunn’s correction for comparison with pre-operative baseline. 
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Figure 5. GFP transfected myotubes following treatment with control (A) or GDF-15 50ng/ml (B) for 
48 hours on day 8 of differentiation (x10 magnification). (C): Box and Whisker plots show median, 
interquartile range and 5th and 95th centiles. Day 8 cultured myotubes were exposed to GDF-15 
(50ng/ml) or vehicle control (0.1% BSA with 20mM HCL) for 48 or 96 hours. Diameter of the 
myotubes was then calculated. Mean control myotube diameter was 26.3 ± 9.0 µm versus 22.3 ± 7.5 
µm for the GDF-15 treated myotubes at 48 hours. This equates to a 15% reduction in diameter 
following GDF-15 treatment; p=0.011 (Mann-Whitney). At 96 hours mean control myotube diameter 
was 26.6 ± 9 µm and 22.7 ± 8 µm for GDF-15 treated myotubes (14% reduction p=0.003 Mann-
Whitney) 
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 Non-wasting patients 
(n=19) 

Wasting patients 
(n=23) 

P value 
(T-test, 
#Mann-Whitney) 

Demographic data    

Age (years) 65.7 ± 17.2 62.0 ± 16.2 0.47 

Sex (m/f) 9/10 12/11  

BMI (kg/m2)* 26.6 ± 4.6 24.7 ± 4.1 0.18 

EuroSCORE 5.3 ± 1.8 5.5 ±2.6 0.76 

Pre-op LVEF %ƚ 60.8 ± 15.0 56.6 ± 16.4 0.41 

Pre-op Creatinine  (umol/L) 
* 

81.3 ± 23.6 77.3 ± 17.1 0.52 

Pre op Creatinine clearance 
(ml/min) * 

84.7 ± 36.1 86.8 ± 34.7 0.66 

Pre operative Co-morbidities 
(n) 

   

Ischemic heart disease 10 8  

Structural heart disease 9 11  

Dysrhythmia 2 3  

Systemic hypertension 7 5  

Pulmonary hypertension 1 2  

Hypercholesterolemia 7 10  

Congenital cardiac disease 3 6  

Diabetes 3 1  

Obstructive lung disease 3 2  

Statin therapy 8 10  

ACE inhibitor or receptor 
blocker therapy 

3 4  

Critical care data    

Total Bypass time (mins)ƚƚ 115 ± 39 117 ± 35 0.91 

Total Cross Clamp time ƚƚ 89 ± 43 86 ±28 0.87 

ICU length of stay, days 
(Median) 

2.5 (1) 2.5 (2) 0.62 # 

Hospital length of stay, days 
(Median)  

11.2 (8) 10.5 (9) 0.44 # 

Mean Blood glucose during 
critical care admission 
mmol/l 

7.48 7.35 0.56 

IV Insulin therapy whilst in 
critical care (n) 

10 10  

Mean insulin dose during 
critical care admission, if 
treated with IV insulin 
(Units/hr) 

2.16 1.91 0.46 

Exposure to NMBs (n) 0 0  

Exposure to corticosteroids 
(n) 

3 4  

Table 1: Demographic data, co-morbidities and critical care data for Non-wasting (n=19) and wasting 
patients. Data presented as mean ±SD unless otherwise stated. * Weight unavailable for 2 patients 

in the wasting group therefore n=21, ƚPre operative EF not available for 1 patient in each group. ƚƚ 4 
patients in the non wasting and 2 in the wasting group did not undergo bypass. Pre- op – 
preoperative, LVEF – Left ventricular ejection fraction, NMBs – neuromuscular blocking agents given 
other than at the time of surgery. 
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Supplemental Digital Content 

Surgical Procedure Non-wasting patients 
 (n=19) 

Wasting patients  
(n=23) 

CABG 6 3 

OPCAB 1 2 

Aortic Valve and Aortic Surgery   

AVR 1 4 

TAVI 3  

AVR and CABG  2 

AVR and ascending aorta 
replacement 

1  

Aortic root and valve repair  1 

AVR and septal myomectomy 1  

Aortic arch de-branch  1 

Valve sparing aortic root 
replacement 

1  

Mitral Valve Surgery   

MVR and CABG 1 1 

MV repair 1 1 

MVR  1 

MVR and ablation 1  

MVR and TV annuloplasty and 
CABG 

 1 

Congenital Cardiac Surgery   

Redo AVR (congenital)  1 

Redo PVR (congenital) 1 1 

Relief of RVOT obstruction and 
PVR 

1  

AVR and Ross procedure  1 

AVR, PVR and pulmonary trunk 
augmentation 

 1 

TVR and closure of ASD  1 

ASD closure  1 

 

Suppl Table 1: Number of patients undergoing different surgical procedures in the non-wasting and 
wasting patient groups. (CABG – Coronary artery bypass grafting, OPCAB- Off pump coronary artery 
bypass, AVR- Aortic Valve replacement, TAVI-transcutaneous aortic valve insertion, MVR – Mitral 
Valve replacement, PVR – pulmonary valve replacement, RVOT – right ventricular outflow tract, TVR 
– Tricuspid Valve replacement, ASD- Atrial septal defect.) 
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Suppl Fig 1: Bland- Altman Plot to show repeatability Rectus Femoris Ultrasound Cross sectional area 
(RFcsa) measurements. Dotted lines – limits of agreement (-12.1 to 14.5%). Significant change in 
RFcsa = 9.24% (1.65 x Coefficient Variation) .  

 


