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A B S T R A C T

Objectives: Severe forms of the novel coronavirus-19 (COVID-19) are associated with systemic inflammation
and hypercatabolism. The aims of this study were to compare the time course of the size and quality of both
rectus femoris and diaphragm muscles between critically ill, COVID-19 survivors and non-survivors and to
explore the correlation between the change in muscles size and quality with the amount of nutritional sup-
port delivered and the cumulative fluid balance.
Methods: This was a prospective observational study in the general intensive care unit (ICU) of a tertiary care
hospital for COVID-19. The right rectus femoris cross-sectional area and the right diaphragm thickness, as
well as their echo densities were assessed within 24 h from ICU admission and on day 7. We recorded
anthropometric and biochemical data, respiratory mechanics and gas exchange, daily fluid balance, and the
number of calories and proteins administered.
Results: Twenty-eight patients were analyzed (65 § 10 y of age; 80% men, body mass index 30 § 7.8 kg/m2).
Rectus femoris and diaphragm sizes were significantly reduced at day 7 (median = �26.1 [interquartile ratio
[IQR], = �37.8 to �15.2] and �29.2% [�37.8% to �19.6%], respectively) and this reduction was significantly
higher in non-survivors. Both rectus femoris and diaphragm echo density were significantly increased at day
7, with a significantly higher increase in non-survivors. The change in both rectus femoris and diaphragm
size at day 7 was related to the cumulative protein deficit (R = 0.664, P < 0.001 and R = 0.640, P < 0.001,
respectively), whereas the change in rectus femoris and diaphragm echo density was related to the cumula-
tive fluid balance (R = 0.734, P < 0.001 and R = 0.646, P < 0.001, respectively).
Conclusions: Early changes in muscle size and quality seem related to the outcome of critically ill COVID-19
patients, and to be influenced by nutritional and fluid management strategies.
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Introduction

Ever since the novel coronavirus disease (COVID-19) was
declared a global pandemic, >125 million confirmed cases and
>2.5 million confirmed deaths have been recorded globally [1].
Although most cases are characterized by minimal flulike constitu-
tional symptoms or may even be asymptomatic, some patients
develop a severe pneumonia that may lead to acute respiratory
distress syndrome, multiorgan failure, and death [2].

Systemic hyperinflammation and a procoagulant state play a
major pathophysiologic role in these severe forms [3]. The
increased glucocorticoid and catecholamine production are the
main factors driving hypercatabolism and anabolic resistance [4].
Catabolism from muscle proteins, muscle weakness, and/or atro-
phy, have all been linked to increased morbidity and mortality [5].
Moreover, patients with inadequate energy and protein intake are
at risk for complications and negative outcomes [6]. Adequate
reserves of body protein at admission to the intensive care unit
(ICU) may then be crucial to recovery and survival, as well as the
degree of muscle wasting during the acute phase of the disease.

Even more than other categories of critically ill patients, those
admitted to the ICU for severe cases of COVID-19 may accumulate
nutritional deficits during their first days of ICU stay, which may
then play an important role in ICU and hospital outcomes, includ-
ing mortality and acquired infections [7]. Recent studies showed
that feeding intolerance is common in these patients [8,9], a find-
ing that cannot be solely explained by the deranged gas exchange,
the effects of vasoconstriction from vasopressor, or the elevated
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doses of sedatives and opioids required to facilitate mechanical
ventilation [10].

From a nutritional perspective, it has been shown that reaching
both protein and energy targets in critically ill patients had a posi-
tive effect on survival [11]. The early caloric deficit has already
been showed as an independent predictor of ICU mortality
together with Sequential Organ Failure Assessment (SOFA) score,
male sex, obesity, and diabetes, suggesting that any effort should
be made to implement timely and adequate nutritional support
during an ICU stay [12].

Ultrasound is increasingly being used to assess both changes in
muscle size and quality over time [13]. Muscle ultrasound has
gained wide acceptance as a tool to assess and track changes in
muscle structure and composition, potentially improving classifi-
cation of patients who may be at risk for muscle wasting. Sonogra-
phy may in fact allow for the assessment of both muscle mass
(thickness or cross-sectional area) and quality (echo density) [14].
In particular, it is well known that both diaphragm and limb mus-
cle size, structure, and function deteriorate during the course of an
ICU stay; sonographic findings of reduced diaphragm thickness
and rectal femoris cross-sectional area (RF CSA) have been found
to be associated with poor clinical outcomes [5,15,16]. Similarly,
changes in muscle echo density, easily assessed using gray-scale
analysis of ultrasound images, have been associated with negative
outcomes [17,18].

Few studies have involved investigating, at the same time, the
change in respiratory and limb muscle size and quality in critically
ill patients [19�21], and none, to the best of our knowledge, did so
in relation to the outcome of patients diagnosed with COVID-
19�related acute respiratory failure. The main aim of this observa-
tional study was to compare the change over the first week in the
size and quality of both rectus femoris and diaphragm muscles
between critically ill COVID-19 patients who did and did not sur-
vive their ICU stay. Secondary outcomes were to explore possible
correlations between the change in both muscles size and quality
with the amount of nutritional support delivered and the cumula-
tive fluid balance.

Materials and methods

Ethics

Ethical approval for this study was provided by the Comitato Etico Interazien-
dale Milano Area 1. Written informed consent was obtained according to Italian
regulations.

Enrollment criteria

All consecutive patients admitted from November 15 to December 30, 2020, to
the general ICU of a tertiary care hospital were considered for enrollment. Inclu-
sion criteria were �18 y of age, admission for acute hypoxemic respiratory failure,
undergoing invasive mechanical ventilation for �48 h and with confirmed severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Exclusion crite-
ria were being <18 y; pregnancy; trauma to the right lower limb; history of neuro-
logic, neuromuscular, or muscular wasting disease; and prolonged immobility
before admission to the ICU.

Study protocol

Within 24 h after ICU admission, patients underwent diaphragm and rectus
femoris ultrasound. The same measurements were repeated at day 7 if the patient
was still in the ICU. Anthropometric data, biochemical parameters of inflammation
and organ function, respiratory mechanics, and gas exchange data were collected.
Fluid balance and the number of calories and proteins administered were recorded
on a daily basis.

Management of critically ill patients

All patients were deeply sedated and mechanically ventilated at ICU admis-
sion. The clinical management of patients was standardized according to local and
regional recommendations [22]. In particular, all patients received muscle relax-
ants during the first week of ICU stay, as well as a 10-d course of intravenous (IV)
dexamethasone 6 mg/d [23]. No other immunomodulatory agents were adminis-
tered, nor were antiviral drugs.

As far as the nutritional support is concerned, guidelines for management of
COVID-19 patients from the European Society for Clinical Nutrition and Metabo-
lism were followed, and hypocaloric nutrition (~70% of estimated energy expendi-
ture) was provided in the early phase of acute illness, with increments up to 80%
to 100% between days 3 and 7. As indirect calorimetry was not available, daily
energy and protein targets (25 kcal/kg and 1.3 g/kg, respectively) were calculated
according to actual body weight (ABW) or adjusted body weight (AjBW), as
needed [24]. When no absolute contraindications were present, high-protein
enteral feeding (Nutrison Protein Plus, Nutricia International B.V., Hoofddorp,
Nederland) was started within 48 h of ICU admission, initially at a rate of 20 mL/h
and increased until the desired goal was reached. Enteral feeding was adminis-
tered via nasogastric tube; a postpyloric access was positioned in case of gastric
intolerance despite prokinetic therapy. Calories contained in propofol or glucose
solutions, and the use of supplements were accounted for when total calorie and
protein delivery were calculated. Adequacy of calories and protein received was
expressed as a percentage of the prescribed nutrition.

Data collection

Data on the onset of symptoms, medical history and current medications at
time of symptom onset, clinical and laboratory data at admission, treatment data,
and outcome were collected. Severity scores (simplified acute severity score [SAPS
II] and SOFA) were calculated at admission. The clinical frailty scale was used to
summarize the overall level of fitness [25]. Anthropometric measurements of
body length and weight were recorded at ICU admission. ABW was obtained by
weighing beds when available, or it was defined as the weight reported by the
patient immediately before ICU admission, or from information obtained by the
families. Ideal body weight (IBW) was defined as the weight based on the patient’s
height calculated to a body mass index (BMI) of 25 kg/m2. AjBW, which was used
as the reference weight for nutritional targets in obese patients, was calculated as
follows:

(ABW � IBW) £ 0.33 + IBW [26].

Fluid balance was evaluated daily during ICU stay. Fluid intake included IV flu-
ids, total parenteral and enteral nutrition, blood products, and IV medications.
Fluid output included urine, feces, blood loss, output from drains and other body
cavities, gastric aspirate, and respiratory evaporation [27]. All variables were
derived directly from the computerized clinical records (Digistat Intensive Care
Unit, Ascom, Baar, Switzerland). The cumulative fluid balance was the sum of the
daily balances.

As an index of adequacy of the nutritional support, the cumulative energy and
protein deficit were calculated, as the difference between the calorie or protein
target and the amount actually delivered to the patient [28].

Ultrasound examination

The right rectus femoris muscle and the right diaphragm were assessed for
muscle size and echo density within 24 h after ICU admission and then on day 7.
Ultrasound device settings, depth, and gain were kept constant using the same
image presets between patients, as previously described [29].

Ultrasound was performed by a single, operator with>10 y of muscle ultrasound
experience. B-mode images were obtained utilizing a 6 to 14 MHz linear array on a
Esaote MyLab X8 device (Esaote SpA, Genova, Italy) with the patient at 30 degrees for
diaphragm measurements [30] and in the supine position for rectus femoris ultra-
sound [31]. End-expiratory diaphragm thickness was assessed in the zone of apposi-
tion of the diaphragm to the rib cage. The linear probe was placed above the right
10th rib in the midaxillary line, as previously described [32] (Fig. 1B). RF CSA was
measured with the rested leg supported in passive extension. B-mode ultrasonogra-
phy using the same linear transducer array was applied, similar to the method previ-
ously described [13]. Briefly, the probe was placed three-fifths of the distance from
the anterior superior iliac spine to the superior patellar border, transversely to the
(Fig. 1A). Because muscle and subcutaneous fat can easily be compressed, a minimal
amount of pressure was applied on the tissue under an ultrasound probe sufficiently
covered with gel, to optimize imaging conditions. To improve ultrasound reproduc-
ibility, we temporarily marked and regularly reinforced the skin landmarks. The
cross-sectional area was outlined by a movable cursor on a frozen image and calcu-
lated. The methods for image acquisition and analysis of both muscles have previ-
ously shown good to excellent reliability [33]. All the measurements are reported as
the average of three consecutivemeasurements within 10%.

Images were saved in JPEG format and echo density was quantified using a
gray-scale histogram analysis of the images, with values ranging between 0 (black)
and 255 (white). The analysis was performed with ImageJ software (NIH, Bethesda,
MD, USA). The hand-free tool was used to define the largest free-form area devoid
of artifacts; a gray-scale frequency histogram was then generated for the selected



Fig. 1. Muscle ultrasound images at ICU admission (A) and on day 7 (B) from a representative patient. A and B show the rectus femoris and diaphragm, respectively, at ICU
admission in a representative patient. C and D show the same muscles in the same patient on day 7 after ICU admission. The area enclosed in the white dashed line is the rec-
tus femoris cross-sectional area; the arrowhead line indicates the diaphragm thickness. The histogram of muscle echo density is shown on the top right corner of each panel.
d, diaphragm; f, femur; l, liver; rf, rectus femoris; vi, vastus intermedius.
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region, and the median value was recorded [34]. The assumption is that the higher
the average density of a muscle region of interest, the lower is its quality (i.e.,
more intramuscular fat, edema, or connective tissue). Images were reviewed by a
second investigator who was not directly involved in image acquisition. Figure 1
shows the muscle ultrasound images at ICU admission and on day 7 from a repre-
sentative patient.

Reproducibility was assessed by building a Bland�Altman plot and calculating
the intraclass correlation coefficient (ICC) [35]: Admission images were assessed a
second time by the same investigator for intraobserver reproducibility, whereas
day 7 images were analyzed by a second, independent investigator for interob-
server reproducibility.

Statistical analysis

Given the lack of similar investigations in COVID-19 patients, a priori sample
size calculation was not performed; the sample size was pragmatically based on a
2-mo time frame as well as recently published literature on similar topics [17,18].
Patients with only one ultrasound measurement (i.e., those discharged alive or
who died before day 7) were excluded from the analysis.

We compared the variables in patients who did and did not survive the ICU
stay. Comparisons between normally distributed variables were performed by Stu-
dent’s t test, whereas non-normally distributed variables were compared by Wil-
coxon signed-rank test. Normality was tested by the Shapiro�Wilk test. Normally
distributed data are indicated as mean § SD, while median and interquartile range
(IQR) were used to report non-normally distributed variables. Association between
two variables was assessed by linear regression. The comparison between survi-
vors and non-survivors was performed by analysis of variance for repeated meas-
urements, with time as a within-subject factor and the outcome as a fixed,
between-subject factor. The model included the interaction effect of time on the
outcome. The statistical significance of the within-subject factor was corrected
with the Greenhouse-Geisser method. Pairwise, post hoc multiple comparisons
were carried out according to Tukey method.

The statistical analysis was carried out with STATA version 14 (StataCorp, College
Station, TX, USA); two-tailed P< 0.05 were considered for statistical significance.
Results

Thirty-six consecutive patients were enrolled in the study.
Eight patients died before day 7; ultrasound images at admission
and after 7 d were available for the remaining 28 patients. Supple-
mentary Figure 1 shows the diagram of patient flow during the
study period.

Table 1 shows the demographic data, severity scores at admis-
sion, comorbidities, main treatments received during ICU stay that
could have affected muscle mass, and outcomes of patients who
did and did not survive. Mean age was 65 § 10 y, about 80% were
men, and the main comorbidities were hypertension and obesity.
The onset of symptoms before hospital admission was on average
5 d (IQR= 3; 7), whereas intubation was performed 9 d (IQR = 7;
15) after symptom onset. Overall ICU mortality was 58.3%.

Supplementary Table 1 shows the biochemistry, mechanical
ventilation, and gas exchange at ICU admission and at day 7 in ICU
survivors and non-survivors. Inflammatory markers and parame-
ters of organ function did not differ between the groups at ICU
admission. Similarly, there were no statistically significant differ-
ences in the setting of positive end-expiratory pressure and frac-
tion of inspired oxygen (FiO2), or gas exchange and respiratory
mechanics between patients who did and did not survive. Similar
findings were observed at day 7, with the exception of a signifi-
cantly lower oxygenation (partial pressure of oxygen/FiO2 85 [IQR
= 61�103] versus 98 [IQR = 84�131], P = 0.0407) and arterial pH
(7.37 [IQR = 7.35�7.41] versus 7.42 [IQR = 7.41�7.46], P = 0.0211)
in patients who went on to die.



Table 1
Demographic data, severity scores at admission, comorbidities, and outcomes of
survivors and non-survivors

Variable Survivors
(n = 14)

Non-survivors
(n = 14)

P-value

Anthropometric measures
Male sex, n (%) 11 (78.6) 11 (78.6) >0.999
Age (y), mean § SD 62 § 10 67 § 10 0.1537
Height (cm), mean § SD 169 § 5 171 § 9 0.6424
Actual body weight (kg) 90 [75�95] 80 [71�91] 0.3685
BMI (kg/m2), mean § SD 30.2 § 6.2 29.9 § 8.9 0.8774
Ideal body weight (kg), mean § SD 64 § 4 65 § 5 0.5429
Severity scores
SAPS II score 31 [25�37] 37 [30�41] 0.0579
SOFA score 3 [3�4] 4 [3�6] 0.5391
Clinical Frailty scale 2 [1�3] 2 [2�3] 0.1439
Charleson comorbidity index 3 [3�5] 5 [3�6] 0.0711
Comorbidities, n (%)
Hypertension 6 (42.8) 8 (57.1) 0.450
Obesity 7 (50) 5 (35.7) 0.445
Diabetes 4 (28.6) 5 (35.7) 0.686
COPD 0 1 (7.1) 0.309
Treatment before ICU admission
Duration of symptoms before
hospitalization (d)

5 [3�7] 5 [2�9] 0.7411

CPAP before ICU admission, n (%) 14 (100) 13 (92.9) 0.973
Duration of symptoms before
CPAP (d)

6 [3�7] 5 [2�8] 0.9745

Duration of symptoms before
intubation (d)

9 [7�14] 9 [5�16] 0.9170

Treatment during ICU stay
Average plasma glucose
(mg/dL), mean § SD

148 § 17 149 § 14 0.9344

Use of aminoglycosides 0 0 >0.999
Use of norepinephrine, n (%) 6 (42.8) 4 (28.6) 0.430
Norepinephrine average dose
(mcg¢kg¢min�1), mean § SD

0.11 § 0.05 0.12 § 0.06 0.8631

Use of muscle relaxants, n (%) 14 (100) 13 (92.9) 0.309
Atracurium average dose
(mg¢kg¢h�1), mean § SD

0.7 § 0.1 0.7 § 0.1 0.8404

Use of systemic corticosteroids, n (%) 11 (78.6) 12 (85.7) 0.622
Outcomes
Duration of mechanical
ventilation (d)

14 [9�21] 16 [7�24] 0.8871

ICU LOS (d) 19 [14�26] 16 [7�24] 0.2415
Ventilator-free days (d) 2 [1�4] 0 [0�0] <0.0001
Hospital LOS (days) 47 [30�57] 21 [15�28] 0.0052
ICU, n (%) 0 [0] 14 [100] �
Patients who developed VAP, n (%) 10 (71.4) 14 [100] 0.0311
Patients who developed bacteremia,
n (%)

9 (24.3) 12 (85.7) 0.1900

BMI, body mass index; COPD, chronic obstructive pulmonary disease; CPAP, contin-
uous positive airway pressure; ICU, intensive care unit; LOS, length of stay; SAPS II,
Simplified Acute Physiology Score, second version; SOFA, Sequential Organ Failure
Assessment score; VAP, ventilator-associated pneumonia.
All values median [IQR] unless otherwise noted.
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Figure 2 shows the time course of energy and protein intake
during the first 7 d of ICU stay in survivors and non-survivors.
Energy intake significantly increased from admission to day 7 (P <

0.0001), with no statistically significant differences between the
groups (P = 0.1482). On the other end, protein intake, which also
significantly increased over time, was higher in survivors (P <

0.0001 for both factors). Calorie intake from propofol ranged from
25.6% to 33.3% of total daily calories in survivors and from 24.6% to
40% in non-survivors (P = 0.4550).

Muscle ultrasound was performed in all patients. Figure 3 shows
the evolution of muscle mass (RF CSA and diaphragm thickness) and
echo density over time. The ICC for intrarater reproducibility were RF
CSA 0.997 (IQR = 0.994�0.998), diaphragm thickness 0.992 (IQR =
0.984�0.996], rectus femoris echogenicity 0.997 (IQR = 0.995�0.998),
and diaphragm echogenicity 0.998 (IQR = 0.996�0.999); the values
for interrater reproducibility were RF CSA 0.994 (IQR = 0.987�0.997),
diaphragm thickness 0.982 (IQR = 0.962�0.992), rectus femoris echo-
genicity 0.998 (IQR = 0.997�0.999) and diaphragm echogenicity
0.998 (IQR = 0.997�0.999). Supplementary Figures 2 through 5 show
the agreement between the raters for the different measurements.

Table 2 shows the size and echo density of rectus femoris and
diaphragm muscles at ICU admission and on day 7 in survivors and
non-survivors. A significant reduction in the RF CSA was recorded
after the first 7 d of ICU stay. Moreover, the cross-sectional area
was lower in non-survivors. Similar findings were seen for the
end-expiratory diaphragm thickness. Both rectus femoris and dia-
phragm echo density significantly increased during the first 7 d of
ICU stay, and in both cases non-survivors had a significantly higher
echo density.

Table 3 shows the nutritional parameters on day 7 as well as the
changes in muscle ultrasound size and echo density from admission
to day 7 in survivors and non-survivors. No differences were found
in urine nitrogen output or serum prealbumin levels. Moreover, the
cumulative energy deficit over the first week of ICU stay did not dif-
fer between the groups. On the other hand, the cumulative protein
deficit was significantly higher in ICU non-survivors, as was the
cumulative fluid balance. The reduction in both rectus femoris and
diaphragm size from baseline to day 7 was significantly greater in
non-survivors, as was the increase in echo density.

The change in both RF CSA and diaphragm end-expiratory
thickness form baseline to day 7 was inversely related to the
cumulative protein deficit (R2 = 0.441, P < 0.001 and R2 = 0.409, P
< 0.001, respectively), and was not related to the cumulative fluid
balance (R2 = 0.146, P = 0.054 and R2 = 0.020, P = 0.409, respec-
tively). The change in rectus femoris and diaphragm echo density
was positively related to the cumulative fluid balance (R2 = 0.539, P
< 0.001 and R2 = 0.417, P < 0.001, respectively), and it was not
related to the cumulative protein deficit (R2 = 0.126, P = 0.064 and
R2 = 0.083, P = 0.137, respectively; Fig. 4).

Discussion

To the best of our knowledge, this was the first study to investi-
gate the time course of both respiratory and limb muscle mass and
quality in critically ill patients with COVID-19, and to relate the
findings with the nutritional strategy and the outcomes. The main
findings of this prospective, observational study were as follows:

� Both RF CSA area and diaphragm thickness were significantly
reduced after 1 wk of ICU stay and this phenomenon was signif-
icantly higher in ICU non-survivors;

� Both rectus femoris and diaphragm echo density were signifi-
cantly increased after the first week of ICU stay with a signifi-
cantly higher increase in ICU non-survivors;

� The decrease in both diaphragm and rectus femoris size was sig-
nificantly related to the protein deficit over the first week; and

� The increase in both diaphragm and rectus femoris echo density
was significantly related to the cumulative fluid balance over
the first week of ICU stay.

One of the aims of nutritional support is to potentially mitigate
the loss of lean tissue during a state of hypermetabolism and catab-
olism and consequently improve patient outcomes. Significant
muscle wasting occurs early in critically ill patients [36]. The
underlying mechanisms, despite still being under investigation,
are likely multifactorial and include altered substrate metabolism,
anabolic resistance, hypoxia, inflammation, immobilization, and
nutritional inadequacy [37]. Notably, all of the former have been
described in severe cases of COVID-19. A recent study with



Fig. 2. Time course of energy and protein intake during the first 7 d of stay in ICU survivors and non-survivors. White circles represent energy intake in ICU survivors, black
circles represent energy intake in non-survivors; white squares represent protein intake in ICU survivors, and black squares represent protein intake in ICU non-survivors.
The analysis was performed with factorial analysis of variance, see the methods section for further details. ICU, intensive care unit.
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critically ill patients with COVID-19�related acute respiratory fail-
ure showed that even achieving the supposed nutrition targets,
the nitrogen balance remained negative by, on average, �9 g/d
Fig. 3. Evolution of muscle mass (RF CSA and diaphragm thickness) and echo density ov
Data were analyzed with two-way analysis of variance, see the methods section for furth
over the first week of stay [4]. Moreover, a recent prospective
investigation showed that only about 70% of critically ill COVID-19
patients reached their caloric target on day 4, whereas <25%
er time. The figure shows the median (box), first and third quartile of each variable.
er details. AU, arbitrary unit; RF CSA, rectus femoris cross-sectional area.



Table 2
Size and echo density of rectus femoris and diaphragm muscles in ICU survivors and non-survivors at admission and on day 7

Survivors
(n = 14)

Non-survivors
(n = 14)

Poutcome Ptime Ptime£outcome

RF CSA (cm2) <0.0001 <0.0001 0.2911
Admission 2.98 [2.17�3.97] 2.49 [2.04�3.34]
Day 7 2.48 [1.85�3.23] 1.73 [1.38�2.09]
Rectus femoris echodensity (AU) 0.0004 <0.0001 0.0054
Admission 84.9 [75.9�94.9] 90.6 [82.9�102.2]
Day 7 85.5 [77.4�91.4] 109.6 [93.6�121.1]
Diaphragm thickness (mm) <0.0001 0.0021 0.0011
Admission 2.21 [1.87�2.58] 2.14 [1.95�3.00]
Day 7 1.91 [1.80�2.35] 1.78 [1.11�1.98]
Diaphragm echo density (AU) 0.0062 <0.0001 0.0016
Admission 75.1 [66.8�84.4] 93.7 [82.2�97.9]
Day 7 74.7 [58.4�83.7] 102.3 [93.1�108.9]

AU, arbitrary unit; ICU, intensive care unit; RF CSA, rectus femoris cross-sectional area.
All data median [IQR].
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reached their protein target by the same day [38]. A recent longitu-
dinal investigation showed that severe and critical COVID-19
patients showed a 30% reduction in RF CSA with an average 16.8%
increase in echo-density from days 1 to 10 [39]. We confirmed an
early and rapid wasting of both respiratory and limb muscles in
patients with COVID-19�related acute respiratory failure, which
was even more pronounced in those who eventually died. More-
over, despite a protocolized nutritional strategy, calorie intake did
not differ among groups (likely because of the significant
amount of energy provided as propofol infusion), whereas the
nutritional intake of proteins was lower in non-survivors.
Nitrogen output on day 7 suggested a similar catabolism in the
two groups, which may reflect the contribution of an unin-
tended lower protein intake in non-survivors. Indeed, the
observational nature of the present study precluded any infer-
ence about the causal nature of this association.

In humans, COVID-19 causes anorexia, myalgias, and muscle
loss. SARS-CoV-2 spike protein uses the angiotensin-converting
enzyme 2 (ACE2) receptor to bind to and subsequently enter the
cells. Skeletal muscle cells express an ACE2 receptor, which might
in part explain the muscle symptoms. This, combined with immo-
bility and invasive mechanical ventilation, can lead to a severe
form of sarcopenia during the acute phase of COVID-19 [40,41].
Indeed, diaphragm and limb muscles are known to be different in
their composition, as different as their susceptibility to a given
injury [42]. We chose to focus on the rectus femoris because it was
shown that lower (but not upper) limb muscle thickness and archi-
tecture undergo early rapid changes after ICU admission, poten-
tially reducing force generation and contributing to ICU-acquired
Table 3
Nutritional parameters and change in muscle ultrasound size and echo density on day 7 in

Survivors
(n = 14)

Urine nitrogen output (g/d) 38.2 [27.3
Cumulative fluid balance (mL) 2090 [�376 to
Cumulative protein deficit (g) 249 [199
Cumulative energy deficit (kcal) 4145 [2800�
Prealbumin (g/100 mL) 18.5 [1
Triacylglycerols (mg/100 mL) 276 [203
Change in rectus femoris cross-sectional area (%) �17.9 [�22.9 to
Change in rectus femoris echo density (%) 7.2 [�8.3 t
Change in diaphragm thickness (%) �19.9 [�25.7 to
Change in diaphragm echo density (%) 0.1 [�12.6 t

All values median [IQR].
weakness [43]. Skeletal muscle injury was also reported to be
directly associated with SARS-COV-2 infection [44].

As far as the diaphragm is concerned, a wide array of factors,
including mechanical ventilation and suppression of spontaneous
inspiratory effort [15,45,46], were shown to lead to an early and
acute diaphragm injury in critically ill patients. Indeed, in patients
with severe forms of COVID-19 undergoing invasive mechanical
ventilation, a large and prolonged use of muscle relaxants has been
described [47]. We speculated that patients with COVID-
19�related acute respiratory failure might be at significant risk for
diaphragm and limb muscle wasting, and we sought to assess the
association of such wasting with the nutritional strategy and the
outcome. To do so, we used quantitative muscle ultrasound, which
is a non-invasive, reproducible, and relatively inexpensive imaging
modality that facilitates the assessment of muscle mass and quality
based on tissue composition [13,14]. We found that a significant
reduction in muscle mass and change in muscle structure occurred
in all patients; such changes were more pronounced in non-survi-
vors and were significantly related to the cumulative protein defi-
cit and the fluid balance.

Despite the sample being composed of relatively young men
with few comorbidities and in an overall “fit” state as assessed by
the low comorbidity index and clinical frailty scale, the results of
the present study confirmed the rapid and significant deterioration
in skeletal muscle size and quality compared with previous studies
in unselected ICU patient groups [5,17,36,48]. We observed an
average decrease in RF CSA and diaphragm thickness of 27% and
29%, respectively, with even higher decreases in non-survivors.
Quite interestingly, we were unable to find any difference between
ICU survivors and non-survivors

Non-survivors
(n = 14)

P-value

�52.4] 34.4 [24.2�42.8] 0.3853
4365] 3821 [3175�6070] 0.0356
�361] 382 [307�476] 0.0052
4900] 4475 [4150�5926] 0.1145
6�24] 13.5 [9�17] 0.1372
�352] 227 [172�276] 0.2170
�12.0] �36.3 [�42.4 to �28.7] 0.0021
o 18.9] 16.7 [9.3�29.9] 0.0387
�2.7] �37.8; [�43.1 to �29.4] 0.0003

o 17.5] 14.6 [9.5�24.3] 0.0169



Fig. 4. Correlation between the change in muscle size over the first week and the cumulative protein deficit (A and B), and the change in muscle echo density over the first
week and the cumulative fluid balance. RF CSA, rectus femoris cross-sectional area.
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the groups in the other factors that are known to effect muscle
mass during ICU stay, such as glycemic control, vasoactive drugs,
and aminoglycoside antibiotics. In other studies, even smaller
changes were associated with physical function at ICU discharge
[49], in-hospital mortality, length of mechanical ventilation, and
development of ICU-acquired weakness [50]. Several previous
studies have shown decreases of diaphragm thickness during the
early course of mechanical ventilation, associated with an
impairment in diaphragm function and a poor clinical outcome
[51]. At least some mechanically ventilated patients experience
early rapid increases in diaphragm thickness, which predicted pro-
longed ventilation, raising the possibility of a clinically significant
diaphragm injury caused by insufficient respiratory muscle
unloading during ventilation [15]. In the present investigation, we
were unable to find any patient with increased baseline diaphragm
thickness, likely because all of the patients were undergoing con-
trolled mechanical ventilation and receiving muscle-relaxant
agents, then excluding the chance of overuse myotrauma.

Consistent with previous reports, non-survivors had at admis-
sion a lower size and a higher density in both the diaphragm and
the rectus femoris. Previous investigations showed that both a low
skeletal muscle area or density, as assessed by computed tomogra-
phy (CT) scan, upon ICU admission are associated with an
increased mortality, independent of the severity of disease [52,53].
In the present study, muscle mass and quality was assessed using
ultrasound; indeed, rectus femoris echo density, as a marker of
muscle quality, increased over the first week by on average 12%,
which is similar to previously published data [16,17,31,48,49].
More recently, changes in diaphragm echo density during the early
course of mechanical ventilation were described and associated
with a negative outcome [18]. In both cases, the change increments
in muscle echo density are presumed to be the consequence of
either inflammation or infection, or edema due to fluid shifts in the
context of volume resuscitation with a positive fluid balance [54].
Interestingly, we found that diaphragm echo density did not
change from baseline in patients who eventually went on to sur-
vive, which could, in theory, suggest a recovery of an initial early
muscle injury. As a matter of fact, due to the stress imposed on the
health care system by the wave of the big surge in the number of
COVID-19 patients, several patients underwent prolonged non-
invasive ventilator assistance while waiting for an available ICU
bed, and we cannot exclude the development of under assistance
myotrauma from insufficient ventilator support before intubation
[55].

Several studies found associations between protein intake and
improved outcomes, at least in specific subgroups of patients such
as those at high nutritional risk or with normal kidney function
[56�58]. We found an association between a negative protein defi-
cit and a larger reduction in muscle mass, which may potentially
be the link between protein administration and improved out-
comes. Indeed, an early higher protein intake was associated with
lower mortality in patients with low skeletal muscle area and den-
sity but not in patients with normal skeletal muscle area [59]. A
low muscle area (i.e., a low muscle mass) is considered a proxy for
low protein reserves, whereas low muscle density is associated
with qualitative changes such as muscle inflammation and fatty
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infiltration, which may in turn create an environment of low-grade
inflammation and insulin resistance, thereby contributing to ana-
bolic resistance. Identifying these patients might improve risk
stratification and help guide treatments; however, CT scan assess-
ment of muscle mass and quality is limited by its logistic and
health-related risks. We have shown that the ultrasound evalua-
tion of muscle mass and quality might provide clinically meaning-
ful information, with the certain advantages of a bedside-available,
repeatable, safe, low-cost procedure.

Notably, and similar to previous investigations [53,60,61], ICU
non-survivors had a significantly higher positive cumulative fluid
balance compared with survivors, as well as a cumulative negative
protein deficit. In an effort to investigate the causes of such differ-
ence, we measured the nitrogen output on day 7, which did not
statistically differ between the groups. From this, we inferred that
the reason for a protein deficit was not the increased loss but a
reduced intake. In fact, the amount of protein administered with
the nutritional support was significantly lower in non-survivors
(Fig. 2). One possible explanation for a reduced protein administra-
tion might be a higher incidence of intolerance to enteral feeding
in non-survivors, which is known to be a marker of a more severe
disease state and associated with a worse outcome, especially in
the COVID-19 population [62]. No differences were found in the
cumulative energy (calorie) deficit, likely because a significant part
of the calorie provision came from IV lipids from propofol infusion.
Similar findings were recently reported in a population of surgical
critically ill patients [28]. The rationale behind the negative effects
of a cumulative protein deficit may depend on a decreased immu-
nocompetence, an increased skeletal muscle catabolism, and
impaired wound healing. As a matter of fact, several recent investi-
gations support the increasingly appreciated importance of protein
in improving survival [53,56]. The exact amount of protein require-
ment in critical illness remains controversial, especially because
this is generally scaled on body weight instead of a more individu-
alized approach [53]. Further studies will elucidate whether the
use of muscle ultrasound might play a role in the optimization and
individualization of nutrient delivery and potentially providing a
tool to evaluate the effect of different nutrition regimens.

As for the association between a positive cumulative fluid bal-
ance and a worse outcome, this has been known for quite a long
time in the general ICU population and in septic patients [63,64].
Unfortunately, we did not collect enough data to explain the possi-
ble reasons for a positive cumulative fluid balance in non-survi-
vors, although this might depend on the higher severity of non-
survivors (higher SAPS II score at admission, higher ferritin and
interleukin-6), which might have caused a greater hemodynamic
affect and prompted a more aggressive fluid resuscitation.

As we did not measure diaphragm or limb muscle function, the
precise pathophysiologic meaning of the changes in size and echo
density and the potential mechanistic basis for their association
with a negative outcome are unraveled and deserve further inves-
tigation. A strong correlation between increased echo density and
inflammation was confirmed in muscle biopsy studies [16,65]. On
the other hand, it is possible that changes in echo density may
depend on the accumulation fluid resuscitation-related tissue
edema [16]. At variance with previous studies [18], we found that
changes in echo density of both muscles were significantly related
to a positive fluid balance. This may reflect the different patient
population and the peculiar characteristics of COVID-19 patients,
in whom endothelial activation and dysfunction play a key role in
the pathogenesis of the disease, by altering the integrity of vessel
barrier and potentially favoring fluid extravasation.
Limitations

As a major limitation to this study, we first recognize the use of
predictive equation in the estimation of energy needs, and the lack
of daily nitrogen balance calculations, hence protein deficit was
used instead of the actual balance. Indeed, this approach has
already been used and resulted in clinically meaningful association
with patient outcomes [28]. Second, given the short-term of the
inclusion period (first week of ICU stay), no volitional or long-term
measures were assessed. Moreover, we did not record structural
aspects of the muscle such as the pennation angle or fascicle
length, which may be associated with the force-generating capac-
ity of the muscle [43]. Third, measurements of diaphragm thick-
ness can be difficult in some individuals as a poor acoustic window
occurs in <5% of ICU patients [66], and even less when the right
hemidiaphragm is imaged. Moreover, it is known that adiposity
might have a negative effect on the quality of ultrasound imaging
[67], and the average BMI of the population we enrolled indicated
that about half of the patients could be defined as obese. However,
in the present investigation, the right hemidiaphragm could be
assessed by ultrasound and images were recorded and analyzed in
all the patients. Fourth, given the limited dimension of the dia-
phragm (generally around 2 mm), results of the investigation of
the diaphragm might be underpowered as compared with those
for the rectus femoris. Finally, the observational nature and limited
sample size of the present study do not allow for any inference
about causality to be made: The results are hypothesis-generating
only, and the association a higher protein deficit, a reduced muscle
mass, and a higher mortality might be confounded by less severely
ill patients reaching higher protein intakes.
Conclusions

The present data suggest that early changes in muscle size and
quality may potentially be related to the outcome and be influ-
enced by nutritional and fluid management strategies. As we await
further, larger investigations to confirm our findings, we hypothe-
size that using muscle ultrasound for early identification of
patients with or at risk for muscle wasting may help to promote
individualized nutritional interventions or earlier allocation/
enhanced intensity of physical rehabilitation, with the aim of pre-
serving respiratory and limb muscle size and architecture.
References

[1] Stawicki SP, Jeanmonod R, Miller AC, Paladino L, Gaieski DF, Yaffee AQ, et al.
The 2019�2020 Novel Coronavirus (Severe acute respiratory syndrome coro-
navirus 2) pandemic: a Joint American College of Academic International Med-
icine-World Academic Council of Emergency Medicine Multidisciplinary
COVID-19 Working Group Consensus Paper. J Glob Infect Dis 2020;12:47–93.

[2] Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al. Base-
line characteristics and outcomes of 1591 patients infected with SARS-CoV-2
admitted to ICUs of the Lombardy Region, Italy. JAMA 2020;323:1574–81.

[3] Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of immune
response in patients with coronavirus 2019 (COVID-19) in Wuhan, China. Clin
Infect Dis 2020;71:762–8.

[4] Formenti P, Bichi F, Castagna V, Pozzi T, Chiumello D. Nutrition support in
patients with acute respiratory distress syndrome COVID-19. Nutr Clin Pract
2021. https://doi.org/10.1002/ncp.10645.

[5] Gruther W, Benesch T, Zorn C, Paternostro-Sluga T, Quittan M, Fialka-Moser V,
et al. Muscle wasting in intensive care patients: ultrasound observation of the
M. quadriceps femoris muscle layer. J Rehabil Med 2008;40:185–9.

[6] Villet S, Chiolero RL, Bollmann MD, Revelly J-P, Cayeux R NM-C, Delarue J, et al.
Negative impact of hypocaloric feeding and energy balance on clinical out-
come in ICU patients. Clin Nutr 2005;24:502–9.

http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0001
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0002
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0002
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0002
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0003
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0003
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0003
https://doi.org/10.1002/ncp.10645
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0005
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0005
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0005
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0006
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0006
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0006


M. Umbrello et al. / Nutrition 91�92 (2021) 111449 9
[7] Singer P, Blaser AR, Berger MM, Alhazzani W, Calder PC, Casaer MP, et al.
ESPEN guideline on clinical nutrition in the intensive care unit. Clin Nutr
2019;38:48–79.

[8] Minnelli N, Gibbs L, Larrivee J, Sahu KK. Challenges of maintaining optimal
nutrition status in COVID-19 patients in intensive care settings. JPEN J Parenter
Enteral Nutr 2020;44:1439–46.

[9] Arkin N, Krishnan K, Chang MG, Bittner EA. Nutrition in critically ill patients with
COVID-19: challenges and special considerations. Clin Nutr 2020;39:2327–8.

[10] Kaafarani HMA, Han K, El Moheb M, Kongkaewpaisan N, Jia Z, El Hechi MW,
et al. Opioids after surgery in the United States versus the rest of the world:
the International Patterns of Opioid Prescribing (iPOP) multicenter study. Ann
Surg 2020;272:879–86.

[11] van Zanten ARH, DeWaele E, Wischmeyer PE. Nutrition therapy and critical ill-
ness: practical guidance for the ICU, post-ICU, and long-term convalescence
phases. Crit Care 2019;23:368.

[12] Cereda E, Caraccia M, Klersy C, Cappello S, Turri A, Borioli V, et al. Validation of
a new prognostic body composition parameter in cancer patients. Clin Nutr
2021;40:615–23.

[13] Formenti P, Umbrello M, Coppola S, Froio S, Chiumello D. Clinical review:
peripheral muscular ultrasound in the ICU. Ann Intensive Care 2019;9:57.

[14] Tuinman PR, Jonkman AH, Dres M, Shi Z-H, Goligher EC, Goffi A, et al. Respira-
tory muscle ultrasonography: methodology, basic and advanced principles
and clinical applications in ICU and ED patients—a narrative review. Intensive
Care Med 2020;46:594–605.

[15] Goligher EC, Dres M, Fan E, Rubenfeld GD, Scales DC, Herridge MS, et al.
Mechanical ventilation-induced diaphragm atrophy strongly impacts clinical
outcomes. Am J Respir Crit Care Med 2018;197:204–13.

[16] Puthucheary ZA, Phadke R, Rawal J, McPhail MJW, Sidhu PS, Rowlerson A, et al.
Qualitative ultrasound in acute critical illness muscle wasting. Crit Care Med
2015;43:1603–11.

[17] Mayer KP, Thompson Bastin ML, Montgomery-Yates AA, Pastva AM, Dupont-
Versteegden EE, Parry SM, et al. Acute skeletal muscle wasting and dysfunction
predict physical disability at hospital discharge in patients with critical illness.
Crit Care 2020;24:637.

[18] Coiffard B, Riegler S, Sklar MC, Dres M, Vorona S, Reid WD, et al. Diaphragm
echodensity in mechanically ventilated patients: a description of technique
and outcomes. Critical Care 2021;25:64.

[19] Dres M, Dub�e B-P, Mayaux J, Delemazure J, Reuter D, Brochard L, et al. Coexis-
tence and impact of limbmuscle and diaphragmweakness at time of liberation
from mechanical ventilation in medical intensive care unit patients. Am J
Respir Crit Care Med 2017;195:57–66.

[20] De Jonghe B, Bastuji-Garin S, Durand M-C, Malissin I, Rodrigues P, Cerf C, et al.
Respiratory weakness is associated with limb weakness and delayed weaning
in critical illness. Crit Care Med 2007;35:2007–15.

[21] Jung B, Moury PH, Mahul M, de Jong A, Galia F, Prades A, et al. Diaphragmatic
dysfunction in patients with ICU-acquired weakness and its impact on extuba-
tion failure. Intensive Care Med 2016;42:853–61.

[22] Foti G, Giannini A, Bottino N, Castelli GP, Cecconi M, Grasselli G, et al. Manage-
ment of critically ill patients with COVID-19: suggestions and instructions
from the coordination of intensive care units of Lombardy. Minerva Anestesiol
2020;86:1234–45.

[23] Collaborative Group RECOVERY, Horby P, Lim WS, Emberson JR, Mafham M,
Bell JL, et al. Dexamethasone in hospitalized patients with Covid-19. N Engl J
Med 2021;384:693–704.

[24] Barazzoni R, Bischoff SC, Breda J, Wickramasinghe K, Krznaric Z, Nitzan D, et al.
ESPEN expert statements and practical guidance for nutritional management
of individuals with SARS-CoV-2 infection. Clin Nutr 2020;39:1631–8.

[25] Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I, et al. A
global clinical measure of fitness and frailty in elderly people. CMAJ
2005;173:489–95.

[26] Krenitsky J. Adjusted body weight, pro: evidence to support the use of
adjusted body weight in calculating calorie requirements. Nutr Clin Pract
2005;20:468–73.

[27] Roumelioti M-E, Glew RH, Khitan ZJ, Rondon-Berrios H, Argyropoulos CP, Mal-
hotra D, et al. Fluid balance concepts in medicine: principles and practice.
World J Nephrol 2018;7:1–28.

[28] Yeh DD, Peev MP, Quraishi SA, Osler P, Chang Y, Rando EG, et al. Clinical out-
comes of inadequate calorie delivery and protein deficit in surgical intensive
care patients. Am J Crit Care 2016;25:318–26.

[29] Wallbridge P, Parry SM, Das S, Law C, Hammerschlag G, Irving L, et al. Paraster-
nal intercostal muscle ultrasound in chronic obstructive pulmonary disease
correlates with spirometric severity. Sci Rep 2018;8.

[30] Umbrello M, Formenti P, Longhi D, Galimberti A, Piva I, Pezzi A, et al. Dia-
phragm ultrasound as indicator of respiratory effort in critically ill patients
undergoing assisted mechanical ventilation: a pilot clinical study. Crit Care
2015;19:161.

[31] Grimm A, Teschner U, Porzelius C, Ludewig K, Zielske J, Witte OW, et al. Muscle
ultrasound for early assessment of critical illness neuromyopathy in severe
sepsis. Crit Care 2013;17:R227.

[32] Umbrello M, Formenti P. Ultrasonographic assessment of diaphragm function
in critically ill subjects. Respir Care 2016;61:542–55.
[33] Sarwal A, Parry SM, Berry MJ, Hsu F-C, Lewis MT, Justus NW, et al. Interob-
server reliability of quantitative muscle sonographic analysis in the critically
ill population. J Ultrasound Med 2015;34:1191–200.

[34] MO Harris-Love, Seamon BA, Teixeira C, Ismail C. Ultrasound estimates of mus-
cle quality in older adults: reliability and comparison of Photoshop and ImageJ
for the grayscale analysis of muscle echogenicity. PeerJ 2016;4:e1721.

[35] Bland JM, Altman DG. Measurement error. BMJ 1996;313:744.
[36] Puthucheary ZA, Rawal J, McPhail M, Connolly B, Ratnayake G, Chan P, et al.

Acute skeletal muscle wasting in critical illness. JAMA 2013;310:1591–600.
[37] van Gassel RJJ, Baggerman MR, van de Poll MCG. Metabolic aspects of muscle

wasting during critical illness. Curr Opin Clin Nutr Metab Care 2020;23:96–101.
[38] Cereda E, Guzzardella A, Klersy C, Belliato M, Pellegrini A, Sciutti F, et al. Early

caloric deficit is associated with a higher risk of death in invasive ventilated
COVID-19 patients [Epub ahead of print]. Clin Nutr 2020.

[39] MC de Andrade-Junior, Salles ICD de, de Brito CMM, Pastore-Junior L, Righetti
RF, Yamaguti WP. Skeletal muscle wasting and function impairment in inten-
sive care patients with severe COVID-19. Front Physiol 2021;12:640973.

[40] Morley JE, Kalantar-Zadeh K, Anker SD. COVID-19: a major cause of cachexia
and sarcopenia? J Cachexia Sarcopenia Muscle 2020;11:863–5.

[41] Van Aerde N, Van den Berghe G, Wilmer A, Gosselink R, Hermans G. Intensive
care unit acquired muscle weakness in COVID-19 patients. Intensive Care Med
2020:1–3.

[42] Dres M, Demoule A. Beyond ventilator-induced diaphragm dysfunction: new
evidence for critical illness-associated diaphragm weakness. Anesthesiology
2019;131:462–3.

[43] Turton P, Hay R, Taylor J, McPhee J, Welters I. Human limb skeletal muscle
wasting and architectural remodeling during five to ten days intubation and
ventilation in critical care � an observational study using ultrasound. BMC
Anesthesiol 2016;16:119.

[44] Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic manifestations of
hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA
Neurol 2020;77:683–90.

[45] Levine S, Nguyen T, Friscia M, Zhu J, Szeto W, Kucharczuk JC, et al. Parasternal
intercostal muscle remodeling in severe chronic obstructive pulmonary dis-
ease. J Appl Physiol 2006;101:1297–302.

[46] Jaber S, Petrof BJ, Jung B, Chanques G, Berthet J-P, Rabuel C, et al. Rapidly pro-
gressive diaphragmatic weakness and injury during mechanical ventilation in
humans. Am J Respir Crit Care Med 2011;183:364–71.

[47] Courcelle R, Gaudry S, Serck N, Blonz G, Lascarrou J-B, Grimaldi D, et al. Neuro-
muscular blocking agents (NMBA) for COVID-19 acute respiratory distress syn-
drome: a multicenter observational study. Crit Care 2020;24:446.

[48] Cartwright MS, Demar S, Griffin LP, Balakrishnan N, Harris JM, Walker FO.
Validity and reliability of nerve and muscle ultrasound. Muscle Nerve
2013;47:515–21.

[49] Parry SM, El-Ansary D, Cartwright MS, Sarwal A, Berney S, Koopman R, et al.
Ultrasonography in the intensive care setting can be used to detect changes in
the quality and quantity of muscle and is related to muscle strength and func-
tion. J Crit Care 2015;30. 1151.e9�14.

[50] Hadda V, Kumar R, Khilnani GC, Kalaivani M, Madan K, Tiwari P, et al. Trends of
loss of peripheral muscle thickness on ultrasonography and its relationship
with outcomes among patients with sepsis. J Intensive Care 2018;6:81.

[51] Sklar MC, Dres M, Fan E, Rubenfeld GD, Scales DC, Herridge MS, et al. Associa-
tion of low baseline diaphragm muscle mass with prolonged mechanical ven-
tilation and mortality among critically ill adults. JAMA Netw Open 2020;3:
e1921520.

[52] Moisey LL, Mourtzakis M, Cotton BA, Premji T, Heyland DK, Wade CE, et al.
Skeletal muscle predicts ventilator-free days, ICU-free days, and mortality in
elderly ICU patients. Crit Care 2013;17:R206.

[53] Weijs PJ, Cynober L, DeLegge M, Kreymann G, Wernerman J, Wolfe RR. Proteins
and amino acids are fundamental to optimal nutrition support in critically ill
patients. Crit Care 2014;18.

[54] Reimers K, Reimers CD, Wagner S, Paetzke I, Pongratz DE. Skeletal muscle
sonography: a correlative study of echogenicity and morphology. J Ultrasound
Med 1993;12:73–7.

[55] Goligher EC, Brochard LJ, Reid WD, Fan E, Saarela O, Slutsky AS, et al. Diaphrag-
matic myotrauma: a mediator of prolonged ventilation and poor patient out-
comes in acute respiratory failure. Lancet Respir Med 2019;7:90–8.

[56] Zusman O, Theilla M, Cohen J, Kagan I, Bendavid I, Singer P. Resting energy
expenditure, calorie and protein consumption in critically ill patients: a retro-
spective cohort study. Crit Care 2016;20:367.

[57] Compher C, Chittams J, Sammarco T, Nicolo M, Heyland DK. Greater protein
and energy intake may be associated with improved mortality in higher risk
critically ill patients: a multicenter, multinational observational study. Crit
Care Med 2017;45:156–63.

[58] Zhu R, Allingstrup MJ, Perner A, Doig GS. Nephro-Protective Trial Investigators
Group. The effect of IV amino acid supplementation on mortality in ICU
patients may be dependent on kidney function: post hoc subgroup analyses of
a multicenter randomized trial. Crit Care Med 2018;46:1293–301.

[59] Looijaard WGPM, Dekker IM, Beishuizen A, Girbes ARJ, Oudemans-van Straaten
HM,Weijs PJM. Early high protein intake andmortality in critically ill ICU patients
with low skeletal muscle area and -density. Clin Nutr 2020;39:2192–201.

http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0007
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0007
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0007
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0008
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0008
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0008
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0009
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0009
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0010
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0010
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0010
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0010
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0011
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0011
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0011
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0012
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0012
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0012
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0013
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0013
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0014
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0014
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0014
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0014
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0015
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0015
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0015
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0016
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0016
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0016
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0017
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0017
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0017
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0017
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0018
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0018
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0018
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0019
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0019
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0019
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0019
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0019
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0020
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0020
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0020
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0021
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0021
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0021
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0022
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0022
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0022
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0022
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0023
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0023
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0023
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0024
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0024
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0024
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0025
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0025
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0025
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0026
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0026
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0026
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0027
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0027
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0027
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0028
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0028
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0028
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0029
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0029
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0029
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0030
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0030
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0030
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0030
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0031
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0031
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0031
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0032
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0032
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0033
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0033
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0033
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0034
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0034
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0034
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0035
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0036
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0036
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0037
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0037
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0038
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0038
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0038
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0039
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0039
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0039
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0040
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0040
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0041
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0041
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0041
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0042
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0042
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0042
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0043
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0043
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0043
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0043
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0043
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0044
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0044
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0044
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0045
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0045
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0045
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0046
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0046
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0046
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0047
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0047
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0047
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0048
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0048
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0048
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0049
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0049
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0049
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0049
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0049
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0050
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0050
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0050
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0051
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0051
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0051
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0051
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0052
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0052
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0052
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0053
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0053
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0053
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0054
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0054
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0054
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0055
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0055
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0055
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0056
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0056
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0056
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0057
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0057
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0057
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0057
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0058
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0058
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0058
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0058
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0059
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0059
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0059


10 M. Umbrello et al. / Nutrition 91�92 (2021) 111449
[60] Lee JW. Fluid and electrolyte disturbances in critically ill patients. Electrolyte
Blood Press 2010;8:72–81.

[61] Neyra JA, Li X, Canepa-Escaro F, Adams-Huet B, Toto RD, Yee J, et al.
Cumulative fluid balance and mortality in septic patients with or without
acute kidney injury and chronic kidney disease. Crit Care Med
2016;44:1891–900.

[62] Liu R, Paz M, Siraj L, Boyd T, Salamone S, Lite T-LV, et al. Feeding intolerance in
critically ill patients with COVID-19. Clin Nutr 2021. S0261�5614(21)
00180�1.

[63] Acheampong A, Vincent J-L. A positive fluid balance is an independent prog-
nostic factor in patients with sepsis. Crit Care 2015;19:251.
[64] Sakr Y, Rubatto Birri PN, Kotfis K, Nanchal R, Shah B, Kluge S, et al. Higher fluid
balance increases the risk of death from sepsis: results from a large interna-
tional audit. Crit Care Med 2017;45:386–94.

[65] Jim�enez-Díaz F, Jimena I, Luque E, Mendiz�abal S, Bouffard A, Jim�enez-Reina L,
et al. Experimental muscle injury: correlation between ultrasound and histo-
logical findings. Muscle Nerve 2012;45:705–12.

[66] Goligher EC, Laghi F, Detsky ME, Farias P, Murray A, Brace D, et al. Measuring
diaphragm thickness with ultrasound in mechanically ventilated patients: fea-
sibility, reproducibility and validity. Intensive Care Med 2015;41:642–9.

[67] Ueki J, De Bruin PF, Pride NB. In vivo assessment of diaphragm contraction by
ultrasound in normal subjects. Thorax 1995;50:1157–61.

http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0060
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0060
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0061
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0061
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0061
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0061
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0062
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0062
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0062
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0062
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0062
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0063
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0063
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0064
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0064
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0064
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0065
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0066
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0066
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0066
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0067
http://refhub.elsevier.com/S0899-9007(21)00311-7/sbref0067

