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Abstract

Background

Muscle wasting in the critically ill is up to 2% per day and delays patient recovery and reha-

bilitation. It is linked to inflammation, organ failure and severity of illness. The aims of this

study were to understand the relationship between muscle depth loss, and nutritional and

inflammatory markers during prolonged critical illness. Secondly, to identify when during crit-

ical illness catabolism might decrease, such that targeted nutritional strategies may logically

be initiated.

Methods

This study was conducted in adult intensive care units in two large teaching hospitals.

Patients anticipated to be ventilated for >48 hours were included. Serum C-reactive protein

(mg/L), urinary urea (mmol/24h), 3-methylhistidine (μmol/24h) and nitrogen balance (g/24h)

were measured on days 1, 3, 7 and 14 of the study. Muscle depth (cm) on ultrasound were

measured on the same days over the bicep (bicep and brachialis muscle), forearm (flexor

compartment of muscle) and thigh (rectus femoris and vastus intermedius).

Results

Seventy-eight critically ill patients were included with mean age of 59 years (SD: 16) and

median Intensive care unit (ICU) length of stay of 10 days (IQR: 6–16). Starting muscle

depth, 8.5cm (SD: 3.2) to end muscle depth, 6.8cm (SD: 2.2) were on average significantly

different over 14 days, with mean difference -1.67cm (95%CI: -2.3 to -1cm), p<0.0001. Pro-

tein breakdown and inflammation continued over 14 days of the study.
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Conclusion

Our patients demonstrated a continuous muscle depth loss and negative nitrogen balance

over the 14 days of the study. Catabolism remained dominant throughout the study period.

No obvious ‘nutritional tipping point” to identify anabolism or recovery could be identified in

our cohort. Our ICU patient cohort is one with a moderately prolonged stay. This group

showed little consistency in data, reflecting the individuality of both disease and response.

The data are consistent with a conclusion that a time based assumption of a tipping point

does not exist.

Trial registration

International Standard Randomised Controlled Trial Number: ISRCTN79066838. Registra-

tion 25 July 2012.

Introduction

A problem common to virtually all intensive care unit (ICU) patients is the deterioration in

nutritional and functional status during and after their ICU stay, which has been identified as

a research priority [1, 2]. In survivors of the acute respiratory distress syndrome (ARDS) mus-

cle weakness and fatigue determined long-term outcome, it was shown that recovery time

should be measured in months to years rather than days to weeks [3]. Muscle wasting and

weakness were still evident one year after ICU discharge in this cohort [3], whilst physical dis-

ability had been identified up to five years later, with exercise capacity only reaching 76% of

the predicted value [4]. In a similar cohort of ARDS survivors weight and fat mass increased 1

year after ICU admission, whilst lean mass losses had not yet recovered [5].

Muscle wasting during critical illness is a multi-factorial process thought to be a conse-

quence of sepsis and inflammation, disuse atrophy, severity of illness [6,7] and hypoxia per se
[8]. Muscle wasting may also be associated with increased cytokine levels [9, 10] and glucocor-

ticoid administration [11]. Muscle protein breakdown rates remained high over the first week

of critical illness, whilst muscle protein synthesis appeared to return to the level of a healthy

fasted controls after seven days [7, 12].

Muscle mass declines early and rapidly, up to 2% per day during ICU stay [5, 7,13] with sig-

nificantly higher rates of wasting seen in patients with multi-organ failure than those present-

ing in single organ failure [7]. For the elderly, who are increasingly represented in the

intensive care population, these losses may be in addition to age-related losses and will seri-

ously compromise recovery to independence. Low skeletal muscle mass and poor muscle qual-

ity on admission to the ICU has been shown to be a risk factor for mortality [14, 15]. Simply

delivering more nutrients to critically ill patients does not appear to ameliorate muscle wasting

[7, 11].

A recent research agenda review paper highlighted the need to distinguish between the dif-

ferent phases of critical illness (catabolic vs. anabolic phase) to help identify patients’ “readi-

ness for enhanced feeding” [16]. Targeting nutritional strategies in the very acute catabolic

phase may be counter-productive as over-feeding may be harmful [17]. Targeting interven-

tions once peak catabolism has started to wane could therefore potentially support patients

into a recovery phase without doing any harm. The aims of this exploratory research were

two-fold:

Muscle loss and metabolic state during prolonged critical illness
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1. To explore the relationship between muscle depth loss (measured via ultrasound) and

nutritional and inflammatory markers during prolonged critical illness using standard bed-

side equipment.

2. To identify when during prolonged critical illness catabolism might decrease such that tar-

geted nutritional or pharmacological strategies could be initiated.

Materials and methods

The study received a favourable ethical review from Camden & Islington Research Ethics

Committee (10/H0722/40), which included approval of the consent procedure for patients

lacking capacity. This study was conducted in four adult intensive care units (mixed medical,

surgical and trauma patients) in two large London teaching hospitals from September 2010 to

February 2013. All patients anticipated to be ventilated for >48 hours were considered for

inclusion into this study. Participants were excluded if they were permanently wheelchair

bound; were not able to provide retrospective consent due to learning difficulties, psychiatric

reasons or dementia; were receiving long term steroid treatment, had severe Parkinson’s dis-

ease, had bilateral amputations or if they were pregnant.

Descriptive measures

Serum C-reactive protein (CRP), urinary urea and 3-methylhistidine (3-MH), nitrogen bal-

ance and total muscle depth were measured serially in patients.

Muscle depth change (cm) was measured using a Sonosite M Turbo™ ultrasound machine

with a 5 MHz linear array transducer (Sonosite Ltd, Hitchin, Hertfordshire, UK). Muscle

depth change was assessed over the bicep, forearm and thigh following the protocol described

by Reid et al [13]. Reid provided training to the investigator using the following protocol:

Participants were supine with measurements made on the right side of the body, on the

bicep, forearm and thigh to mark a halfway point on the limb from which the ultrasound mea-

surement would be made. Markings were made in indelible ink to ensure that the same site

would be measured throughout the patient’s ICU stay. Three ultrasound measurements were

made per site using the built-in electronic calliper on a frozen real-time cross-sectional image.

The average of three measurements for each site was used, up to a 0.2cm difference was

accepted. The mean value from the bicep, forearm and thigh was combined to provide a daily

total muscle depth (cm). A substantial amount of ultrasound gel was applied to ensure that the

probe could rest gently on the skin without compressing muscle or distorting underlying soft

tissue.

Bicep. The elbow was flexed to 90degress and a point on the skin was marked between the

tip of the olecranon and the acromion with indelible ink. With the elbow extended and the

patient in a supine position, the forearm was supinated. The ultrasound probe was applied at

the pen mark on the upper arm to obtain a cross-sectional (axial) view which included the

humerus, biceps and brachialis muscle, subcutaneous tissue and skin.

Forearm. The patient’s arm was extended and forearm kept in supinated position. A

point between the antecubital skin crease and the ulnar styloid was marked with indelible pen.

The ultrasound probe was applied at the pen mark on the radial (lateral) side of the forearm to

obtain a cross-sectional (axial) view which included the radius. The thickness of the flexor

compartment was measured anteriorly between the superficial fat-muscle interface and the

interosseous membrane; radial or lateral side of the forearm.

Thigh. The patient was supine with knee extended. A halfway point on the thigh was iden-

tified and marked. The thickness of the quadriceps muscle group anteriorly between the
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superficial fat-muscle interface and the femur was measured (Vastus intermedius and Rectus

Femoris). The ultrasound probe was applied at the pen mark on the anterior surface of the

thigh to obtain a cross-sectional (axial) view which included the femur, quadriceps muscles,

subcutaneous tissue and skin.

Reliability tests were performed between investigators prior to conducting this study, intra-

class correlation coefficients were 0.984, 95%CI (0.958–0.993) and 0.965, 95%CI (0.882–0.990)

respectively for intra- and inter-rater assessments, indicating good reliability. Bland Altman

data for intra-rater assessment: mean difference -0.05cm, 95% upper limit: 0.73cm, 95% lower

limit: -0.83cm. Bland Altman data for inter-rater assessment: mean difference 0.02cm, 95%

upper limit: 1.04cm, 95% lower limit -1.00cm.

C-reactive protein (mg/L) was measured from plasma samples collected on days 1, 3, 7 and

14 of the study. Urinary studies from study days 1, 3, 7 and 14 were analysed in accredited clin-

ical laboratories and included analysis of 3-methylhistidine (μmol/24h), as a surrogate marker

for skeletal muscle breakdown, and urinary urea (mmol/24h). Urinary 3-methylhistidine was

selected as it appears almost solely in skeletal muscle protein and is not re-used.

Urinary 3-methylhistidine were analysed using an amino acid analyser with cation

exchange chromatography (JEOL UK Ltd., Hertfordshire, UK). Samples were analysed using

ninhydrin detection and one inferred standard to quantify amino acid content. External qual-

ity assurance was provided by ERNDIM Quantitative Amino Acid Scheme. Urine urea was

measured by a kinetic urease using an Abbott Architect assay with Abbott reagents (Abbott

Diagnostics, Berkshire, UK). External quality assurance was provided by UKNEQAS Urine

Chemistries Scheme. No reference ranges are provided for urinary urea or 3-MH excretion

per 24h.

Nitrogen balance (g/day) was calculated using both the British Dietetic Association’s Paren-

teral and Enteral Nutrition Group [18] recommended equation and the Deacon equation [19]

for estimating nitrogen excretion, assuming nitrogen balance equals nitrogen intake minus

nitrogen excretion.

Nitrogen balance equations. The British Dietetic Association’s Parenteral and Enteral

Nutrition Group (PENG) nitrogen balance equation [18]:

urinary urea (mmol/24h) x 0.033 + obligatory losses (2-4g nitrogen/24h for hair, skin and

faecal losses). Add 0.6g nitrogen per 1 degree above 37.5˚C.

The Deacon equation for nitrogen balance:

urea excretion (mmol/24h) x 0.028. Add 20% for other urinary losses and a further 2g/day

for losses by other routes [19].

Weight (kg), height (m) and body mass index (kg/m2) data were recorded in addition to

daily energy (kcal) and protein (grams) intakes. Recent weights and heights were obtained

from medical notes. If this was not available family members were asked or weight was esti-

mated by an experienced dietitian. If height data was not available heights were estimated

from obtaining ulnar length (measured from the acromion to the ulnar styloid). Enteral feed

tolerance was monitored by assessing gastric residual volumes (ml) and incidence of vomiting.

Patients were fed within 48h of ICU admission according to the local ICU feeding protocol;

energy requirements were calculated with predictive equations [20, 21] and Propofol derived

energy was included. No indirect calorimetry was available. Protein requirements were esti-

mated at 1.2–1.5g/kg/day [21, 22].

Statistical analysis

Continuous data were tested for normality and presented as mean (SD), mean (95% confi-

dence intervals) or median (IQR). Categorical data are presented as frequencies. Correlations
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were performed using the Spearman’s rank correlation test for non-parametric data. The dif-

ference between starting muscle depth to end muscle depth was calculated by paired t-test.

Descriptive statistical analyses were performed using GraphPad Prism 6.02 for Windows

(GraphPad Software, La Jolla, CA). For missing data a ‘last observation carried forward’

approach was followed. A comparison of data over the first vs. the second week of study was

also performed using the Wilcoxon matched-pairs signed rank test, GraphPad Prism 6.02 for

Windows (GraphPad Software, La Jolla, CA). Significance was set at 0.05.

Results

Eighty patients were recruited to the study, two died prior to testing, 78 were included in the

final analysis, Fig 1. ‘Other’ exclusions (Fig 1) refer to patients unable to provide retrospective

consent due to learning difficulties or dementia, patients enrolled into other studies, patients

receiving long-term steroids and previously wheelchair bound patients.

The 78 patients were representative of longer- staying patients in mixed medical and surgi-

cal intensive care units (Table 1) with mean (SD) age of 59 (16) years, predominantly male

(69%), with a mean (SD) APACHE II score of 21.6 (7.7) and median (IQR) ICU length of stay

of 10 (6–16) days. Patients were recruited within 72h of their ICU admission; ‘Day 1’ refers to

day 1 of study, which occurred between days 1–3 of the patient’s ICU admission. APACHE II

score was determined according to day of admission to the ICU, not day 1 of study.

The flow of patients through the study is summarised in Fig 2, illustrating numbers

achieved for each test day. Twenty-three patients (29%) died in ICU. Four patients (5%) died

in hospital after ICU discharge.

There was a significant reduction in muscle depth as measured by ultrasound, over 7 and

14 days (using all available data) presented in Table 2. This data includes the total of three

sites, the bicep (bicep and brachialis muscle), forearm (flexor compartment of muscle) and

thigh (rectus femoris and vastus intermedius). Table 3 shows the clinical characteristics of

long stay patients (N = 17) studied over 14 days on ICU.

A strong association was observed between blood concentration of CRP and % muscle

depth loss at day 14 (r = -0.66, p = 0.017). No correlation was observed between % muscle

depth loss and age: r = -0.04, p = 0.8; APACHE II score: r = -0.124, p = 0.44; SOFA score: r =

-0.14, p = 0.40 and nitrogen loss: r = -0.02, p = 0.92.

The biochemical data suggest that a catabolic state persists up to the end of the 14 days data

collection with raised inflammatory markers, progressive protein breakdown and continuing

loss of muscle depth (Figs 4–7). Fig 7A shows the negative nitrogen balance in the study

cohort (N = 55) and Fig 7B demonstrates this negative balance in the long stay patients only

(N = 14). Protein losses were included in calculations in Fig 7A and 7B. Visual representation

of median values for urinary urea, percentage muscle depth loss, 3-MH and CRP (Figs 3–6) in

long stay patients all suggest a persisting catabolic state up to day 14, as does the continuing

negative nitrogen balance (Fig 7A and 7B), however of interest is the small change in trajec-

tory of inflammatory and catabolic markers in the second week of the study data. Markers

appear to improve from day 7 to 14. Median change (IQR) over 14 days is presented in a Sup-

porting information, S1–S3 Tables.

In four of our patients that remained in ICU over 14 days the reduction in Day 14 CRP did

not correspond with a change in surrogates for catabolism (urinary urea and 3-MH) with day

14 results still raised, Table 4.

Energy balance (difference between estimated energy targets via predictive equations and

energy intake) and protein balance (difference between estimated protein targets and protein

Muscle loss and metabolic state during prolonged critical illness
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intake) in patients remaining on the unit for�7 days (N = 43) is shown in Fig 8. Energy (and

protein) targets were estimated as no indirect calorimetry was available in this study.

Data were also compared between the first week and the second week of study, and

although they were not found to be significantly different between the two weeks, graphical

representation appears to suggest a modest difference, Fig 9.

Discussion

Our observational study focused on patients with a prolonged stay in ICU; the median length

of stay in our study is longer than national or international figures, because we recruited only

patients expected to be ventilated for>48 hours. These are patients with greater original

insults or more complications that result in longer lengths of stay. This is illustrated by the day

14 data when 17 study patients still remained on ICU; 11 of these remained ventilated, two

were on non-invasive ventilation, and four were self-ventilating. Although long stay patients

may only represent a small group, they are an important cohort as they are resource intensive

and may have outcomes that are worse than patients with an ICU stay of less than 10 days

[23].

This is the first study, to our knowledge, that used clinical markers for inflammation, nutri-

tion and catabolism in conjunction with muscle depth change measured by ultrasound to

Fig 1. Patient recruitment on ICU.

https://doi.org/10.1371/journal.pone.0224565.g001

Table 1. Patient demographics (N = 78).

Demographic factors ICU patients N = 78

Age (years)

Mean (SD)

Range

59 (16)

24–89

Sex Male n (%) 54 (69%)

BMI (kg/m2)

Median (IQR) 26 (22–31)

APACHE II score

Mean (SD) 22 (7.7)

ICU Length of stay (days)

Median (IQR) 10 (6–16)

Diagnostic categories—ICU admission:

Pneumonia 19 (24%)

Cardiology/Cardiac surgery 14 (18%)

Neurology/neurosurgery 9 (11%)

Sepsis/Septic Shock 8 (10%)

Vascular surgery 6 (7.6%)

Major Trauma 6 (7.6%)

Traumatic Brain Injury 6 (7.6%)

Gastroenterology 3 (3.8%)

Gastrointestinal Surgery 3 (3.8%)

HIV 2 (2.5%)

Multi-organ failure 1 (1.3%)

Renal Failure 1 (1.3%)

ICU: Intensive Care Unit; SD: standard deviation; IQR: interquartile range; BMI: Body Mass Index; APACHE II:

Acute physiological and chronic health evaluation II; HIV: Human immunodeficiency virus.

https://doi.org/10.1371/journal.pone.0224565.t001
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explore metabolic state during a period of critical illness. Results demonstrate progressive

muscle depth loss (Table 2), negative nitrogen balance (Fig 7), continued catabolism and mar-

ginal improvement of inflammation, in patients who survive beyond 7 days (Figs 3–6). These

results demonstrate an intense catabolic state in line with others’ work [24,25].

Our data are however highly heterogeneous with substantial individual variation. Inspec-

tion of our data does not appear to show an obvious "nutrition tipping point" within the stud-

ied cohort where anabolism or recovery could be identified, granted within a modest sample

size. Additionally, the suggestion that CRP could potentially be used as a surrogate to define

recovery or anabolism as inflammation subsides, has not been shown in our data. There

appears to be a lack of relationship between CRP, which was used as a surrogate for inflamma-

tory state, and markers of catabolism and muscle breakdown (24hr urinary urea and 3-MH).

For some of the patients day 14 CRP results had effectively normalised yet day 14 urinary urea

and 3MH were still significantly raised, indicating ongoing catabolism. This points to the need

for individual monitoring using a number of markers to understand catabolism.

Fig 2. CONSORT diagram for patient discharges, deaths and patients not measured. USS: ultrasound scanning;

CRRT: Continuous Renal Replacement Therapy. Blood tests: C—reactive protein and serum albumin. Urine testing

not performed: day 1 (6 misplaced samples, 14 patients anuric/CRRT), day 3: (7 misplaced samples, 23 patients anuric/

CRRT), day 7: (4 misplaced samples, 14 patients anuric/CRRT); day 14: (3 patients anuric/CRRT).

https://doi.org/10.1371/journal.pone.0224565.g002

Table 2. Muscle depth change (total of three sites bicep, forearm, thigh).

N = 43 over 7 days N = 17 over 14 days

Starting muscle depth (cm) Mean (SD) 7.6 (3.7) 8.5 (3.2)

End muscle depth (cm) Mean (SD) 6.5 (3.1) � 6.8 (2.2) �

Mean difference (cm)

P value

(95%CI) -1.1 (-1.5 to -0.7) <0.0001 -1.67 (-2.3 to -1) <0.0001

� paired t-test

https://doi.org/10.1371/journal.pone.0224565.t002
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Although we initially aimed to identify a ‘nutritional tipping point’, which could be used to

predict whether patients remained catabolic or not using logistic regression, it was difficult to

define ‘catabolism’ accurately from the markers measured in this study. If nitrogen balance,

urinary urea and urinary 3-methylhistidine are used as surrogates for catabolism, there is

potential for missing data for patients on renal replacement therapy.

Enteral feeding should commence early in the critically ill, within 24-48h of ICU admission

[21, 22], what is less clear is how much we should feed patients during the first weeks of illness.

Tailoring energy targets to the metabolic phase of critical illness is widely discussed [16, 26],

however determining how to identify the phases remains challenging. It has been recognised

that a ‘dynamic marker’ is required to help identify which patients might be ready for

increased feeding. This type of marker would ideally be able to track changes in endocrine and

metabolic markers [16]. Yet there is no agreed definition on the exact description of the

phases, when they might occur or how one would identify the transition point between them.

ESPEN guidelines [21] recently expanded the definition beyond the ‘ebb’ and ‘flow phase’,

with an early acute phase (where patients have metabolic instability and with increasing catab-

olism) and a late acute phase (where metabolic disturbances have started to settle down whilst

significant muscle wasting is observed). Beyond 7 days has been defined as the ‘post-acute

Table 3. Clinical characteristics of long stay patients studied for 14 days (N = 17).

Age Sex Diagnosis PMH APACHE II

score

MV

(days)

ICU

LOS

(days)

1 72 F Emergency AAA repair, MOF DM II; High cholesterol, HTN 24 7 40

2 73 F Laparotomy: ischemic small bowel,

cardiac arrest. MOF

MI, PVD, IHD, Parkinson’s, COPD 17 31 51

3 59 F Poor grade SAH for coiling, chest sepsis,

MOF

Nil, previously fit and well 26 18 26

4 52 M Pancreatitis, chest sepsis, MOF Pancreatitis, ETOH, GORD, cholesterol, Cholecystectomy’09,

smoker 10/d

17 38 57

5 80 M VF arrest post CABG, cardiogenic shock,

MOF

CHD, MI, TURP, T2DM, ESRF on HD, AF, AAA repair’97,

Cholesterol

38 19 32

6 53 M Reduced GCS, seizures, MOF Decompensated ALD, encephalitis, Pulmonary TB, ex-smoker,

previous drug taking history?

23 17 22

7 57 F Lithium toxicity Psychotic depression, Bell’s palsy 21 14 19

8 28 M Myocarditis due to pneumonia Nil 14 26 27

9 44 M PEA arrest, chronic pancreatitis, MOF Chronic pancreatitis, 28yr ETOH history 29 37 37

10 55 F MSSA septicaemia Large intra-abdominal cystic mass 9 9 17

11 85 F Sepsis secondary to myeloma,

Encephalitis

HTN, multiple myeloma—chemo 13 8 17

12 85 M Emergency AAA repair HTN, cholesterol, angina 16 25 25

13 24 F Traumatic brain injury, MOF Nil 24 17 21

14 40 M Alcoholic Liver Disease, MOF ALD 26 40 40

15 73 F Chest infection DM, HTN 14 22 24

16 77 M Emergency AAA repair + open

abdomen, MOF

HTN 27 104 108

17 32 M Major Trauma Nil 18 14 16

AAA: abdominal aortic aneurysm; AF: atrial fibrillation; ALD: alcoholic liver disease; CABG: coronary artery bypass graft; COPD: chronic obstructive pulmonary

disease; DM: Diabetes Mellitus; ESRF: end stage renal failure; ETOH: ethanol misuse; HD: haemodialysis; HTN: hypertension; IHD: ischaemic heart disease; LOS:

length of stay; MI: myocardial infarction; MOF: multi-organ failure; MSSA: Methicillin-sensitive Staphylococcus aureus; MV: mechanical ventilation; PVD: peripheral

vascular disease; SAH: subarachnoid haemorrhage; TURP: transurethral resection of the prostate; VF: ventricular fibrillation

https://doi.org/10.1371/journal.pone.0224565.t003
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Fig 3. Serial CRP (N = 17) measurements in long stay patients: (i) Plots to explore individual variability (ii)

Box plots reported with median and IQR. � CRP: C-reactive protein. Medians and IQR are reported in the

S1 Table (a), not on this figure due to wide variance.

https://doi.org/10.1371/journal.pone.0224565.g003
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Fig 4. Serial urinary urea (N = 14) measurements in long stay patients: (i) Plots to explore individual variability

(ii) Box plots reported with median and IQR.

https://doi.org/10.1371/journal.pone.0224565.g004
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phase’ in which patients either progress onto rehabilitation, or remain in a ‘persistent inflam-

matory or catabolic state’, which will require a prolonged period of hospitalisation [21].

Regardless of the definition used our impression is that identification of these phases and the

transition points between them will be very challenging to determine, particularly at a popula-

tion level. We believe that there is need to move towards a more individualistic system, but

how this can be achieved remains uncertain. Whether metabolomic profiling could be used as

future way to distinguish metabolic phases [26] remains to be seen.

It is also not yet known whether catabolism could be reduced early, or at all during ICU

stay. Future strategies to reduce early catabolism might require as yet unidentified pharmaco-

logical interventions or, more speculatively, nutritional interventions coupled with physical

activity or a combination thereof. Timing, dose and duration of nutritional intervention are all

important factors to consider in future studies. Nutritional interventions combined with phys-

ical activity would likely provide the best opportunity for recovery, since muscle anabolism is

enhanced by the synergistic action of amino acids and resistance exercise [27–29]. How nutri-

tional interventions and physical activity relate to longer term physical and functional recovery

of ICU patients also needs to be explored.

Our patients lost on average 1.2% of muscle depth per day over 14 days, which confirms

previous studies that report muscle depth losses between 1–2% per day [7,13]. Reid et al [13]

reported a median 1.6% muscle depth loss per day in 48 ICU patients over 7 days, and

Puthucheary et al [7] showed muscle losses, in patients with similar demographics to the cur-

rent study, of 1.7% per day over 10 days. This group also showed that muscle breakdown

remained elevated during the first week on ICU, whilst synthesis returned to normal by the

end of the first week [7]. Patients in this cohort were in negative energy and protein balance

(Fig 8), a common finding in many recent clinical trials in ICU [30–32]. Negative energy and

protein balances will contribute to muscle depth loss and catabolism, however they are

unlikely to be the sole cause of ICU-related muscle wasting [13,33].

Muscle ultrasound offers a practical and feasible method to serially quantify muscle mass or

volume change in the ICU environment, in even the sickest patients. Ultrasound can have

large inter-observer variability [22], however reliable measures are possible and have previ-

ously been reported [34]. When using this technique it is vital to ensure assessors are fully

trained and intra and inter-rater reliability is tested. We carried out extensive training and

found good intra- and inter-rater reliability was achieved by our assessors. A recent systematic

review highlights the increased potential value and excellent reported reliability of muscle

ultrasound [34].

As with all clinical studies undertaken in the intensive care environment there are a number

of limitations. As previously mentioned this study cohort consisted of a group of patients with

a moderately prolonged stay on ICU, which limits the wider applicability of the findings. The

attrition of patients from the study cohort due to discharge from ICU to wards has meant a

large amount of missing data at later time points, complicating the interpretation of the data.

We were unable to follow patients up on the wards due to limited resources. We would recom-

mend that follow up after discharge from ICU should be included in future research. Similarly

mortality in the study cohort made data interpretation more difficult as some of the data pre-

sented is from patients who ultimately died. Additionally, patients on continuous renal

replacement therapy were excluded from urine collection studies. Protein losses in the

Fig 5. Serial 3MH (N = 14) measurements in long stay patients: (i) Plots to explore individual variability (ii)

Box plots reported with median and IQR. 3-MH: 3-methylhistidine. Medians and IQR are reported in the

S1 Table (a), not on this figure due to wide variance.

https://doi.org/10.1371/journal.pone.0224565.g005
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critically ill could be underestimated from urinary urea [35], and muscle breakdown may not

be the sole contributor to 3-MH excretion as actin is present in other cells [36]. Additionally,

as 3-MH is derived from actin and myosin, breakdown reflects that of all muscle which may

Fig 6. Serial % muscle depth change (N = 17) measurements in long stay patients: (i) Plots to explore individual

variability (ii) Box plots reported with median and IQR.

https://doi.org/10.1371/journal.pone.0224565.g006

Fig 7. Nitrogen balance in (a) whole study cohort (N = 55) and (b) long stay patients (N = 14) over 14 days.

https://doi.org/10.1371/journal.pone.0224565.g007
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include skeletal, smooth and cardiac muscle. Using 3-MH as a surrogate measure for muscle

breakdown in conjunction with other outcome measures to detect muscle or protein break-

down may reduce this limitation. Energy expenditure was estimated using predictive equations

rather than measured by indirect calorimetry as calorimetry was not available. Energy and pro-

tein balances may appear artificially low in our study as balances were calculated over a 24h

period rather than accounting for part days on the ICU. Finally, day 1 of study may not neces-

sarily be the first day of the patient’s ICU admission (median ICU stay at day 7 of study was 8

days).

Conclusion

Strategies to limit muscle loss are much needed in this population to aid recovery, and the tim-

ing of such strategies may be crucial to their success. Our patients demonstrated a continuous

muscle depth loss and negative nitrogen balance over the 14 days of the study. Catabolism

remained dominant throughout the study period whilst there appeared to be a marginal

improvement in inflammation. No obvious ‘nutritional tipping point” to identify anabolism

or recovery could be identified in our cohort. Our ICU patient cohort is one with a moderately

prolonged stay; a very important group due to their high resource requirement. This group

showed little consistency in data, reflecting the individuality of both disease and response.

Thus the data are consistent with a conclusion that a time based assumption of a tipping point

does not exist. This supports an argument for individually characterising patient state and

Fig 8. Predicted energy and protein balance of patients on the unit for�7 days (N = 43) over 14 days.

https://doi.org/10.1371/journal.pone.0224565.g008

Table 4. Cases where CRP reduced at Day 14 whilst surrogate markers for catabolism (urinary urea and 3-MH) remained high.

Patient CRP1 CRP7 CRP14 UUrea1 UUrea7 UUrea14 3MH1 3MH7 3MH14

1 68.1 71.3 3 46 183 266 471 380 224

2 110 211.9 48.2 221.2 436.59 277.76 244 342 233

3 64.6 32.4 27 153 528.2 182 183 333 102

4 279.1 210.9 13.8 473.3 723 802.8 305 299 556

https://doi.org/10.1371/journal.pone.0224565.t004
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Fig 9. Data comparing the first versus the second week of study: Urinary urea (N = 14), 3-MH (N = 14), CRP

(N = 17) and muscle loss (N = 17).

https://doi.org/10.1371/journal.pone.0224565.g009
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personalising the approach; be that with a yet to be identified metabolic marker, a novel

method or a device.

Key messages

• In this ICU patient cohort with moderately prolonged stay, catabolism remained elevated

throughout 14 days follow up even though inflammation improved marginally.

• CRP does not appear to be a good surrogate marker to assess anabolism and recovery.

• Our data did not demonstrate an obvious time point where anabolism starts to exceed catab-

olism or ‘nutritional tipping point’.

• There is a need to individually characterise patient state and personalise the approach.
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