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INTRODUCTION

Mortality in pediatric intensive care (PICU) is very low in developed
countries.> Most children now survive critical iliness but often suffer
from ongoing physical, cognitive, and psychosocial morbidities, now
known as PICS-p,2 which can afflict up to 50% of children.® After
discharge from PICU, studies have reported that children have diffi-
culties in their physical function ranging from mild to severe
disabilities.**

Point of care ultrasound (POCUS) is a tool increasingly used
in critical care for a variety of applications, including assessing
soft tissue.® Valla et al validated a technique of quadriceps
ultrasound measurement to assess muscle mass in children,
showing POCUS could reliably detect the extent of muscle mass
loss in children.” It is important to identify children at risk of
muscle mass loss to be able to intervene earlier, with the aim of
minimizing the long-term consequences. Minimizing muscle
atrophy is important as muscle wasting (using POCUS) has been
increasingly reported in this population,” ** albeit with differing
results. Therefore, we aimed to systematically review literature
examining muscle mass changes, assessed by ultrasound of the
quadriceps femoris muscle, in critically ill children. Our secondary
objectives were to determine if muscle mass is associated with
protein intake and/or energy intake, or other factors such as
severity of illness, length of hospital stay, length of mechanical
ventilation, and use of medications (including steroids and neu-

romuscular blockade).

MATERIALS AND METHODS
Protocol and registration

We undertook a systematic review following the Joanna Briggs
Institute framework.?® The review protocol was registered in Open
Science Framework'® and reported according to PRISMA 28 and
PRISMA 529 reporting guidelines.2”:18

Definitions

For this study we defined muscular atrophy as a >10% decrease in

muscle mass measurement during the child's PICU stay.

Outcomes and eligibility criteria

The primary outcome was muscle mass changes in the quadriceps
femoris muscle in children who are critically ill. The secondary
outcomes were protein intake, energy intake, and other risk factors,
such as severity of illness, length of hospital stay, length of
mechanical ventilation, and use of medications (such as steroids and

neuromuscular blockade).

Search strategy

A comprehensive search strategy was designed (in conjunction with
an information specialist) and adapted to answer the question: what
are the muscle mass changes in the quadriceps femoris muscle in
children who are critically ill?

A secondary question was: what is the association of this muscle
mass loss with protein and/or energy intake, or other risk factors, such as
severity of iliness, length of hospital stay, length of mechanical ventilation,
and use of medications (such as steroids and neuromuscular blockade).

The following databases: MEDLINE, CINAHL Complete, Embase,
Cochrane Library Central Register of Controlled Trials and trial reg-
isters, such as Clinicaltrials.gov and the World Health Organization's
International Clinical Trials Registry. The full search strategy is shown
in Table S1. The search included information sources/databases
published from January 1, 2010, to July 31, 2024. This date range
was chosen as the first international guidelines for POCUS in critical
care were published in December 2020, so we selected a decade

before this date and could find no papers published before this time.

Study selection

This review included experimental or observational studies that
included term neonates (born at 237 weeks' gestation) up to 18 years
old who were admitted to PICU for a minimum of 48 h and had
quadriceps muscle mass assessed by ultrasound. Any studies
involving preterm neonates and/or adults were excluded.

All identified citations were collated and uploaded onto Rayyan
software TM (Qatar Computing Research Institute) for screening, and
any duplicated sources were removed. The titles and abstracts were
initially screened by two independent reviewers (L. S., L. T.) for
assessment against the inclusion criteria. Any potentially relevant
studies were retrieved in full text for checking. Full-text papers were
then assessed against the inclusion criteria by two independent re-
viewers (L. S, L. T.), and any disagreements at any stage were resolved
by a third reviewer (F. V.).

Data extraction

Data was extracted into a modified version of the Joanna Briggs
Institute (JBI) tool. When key data was missing, authors were con-
tacted. Included studies were critically appraised using the JBI critical
appraisal tool for analytical studies.?® Each study was evaluated
across eight domains to assess the risk of bias. A figure illustrating the

reviewers' judgments was generated using the robvis tool.?*

Data analysis

The characteristics of the included studies were summarized in a

summary table. The data was extracted into a Microsoft Excel file for
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a meta-analysis. We utilized the metafor package in R language
(version 4.2) to assess the percent loss in muscle mass during days
5-7 from baseline.?? This analysis was conducted by random effect
model, with the level of study heterogeneity represented by
I?. Because the correlation coefficient between baseline and days
5-7 was not reported, we assumed it was zero. One study reported
the study outcomes for two subgroups, which were aggregated for
meta-analysis. Three studies reported median and interquartile range
(IQR) of the study outcome, we transferred them to a mean and SD,
following Cochrane guidance.?®

For outcomes where a meta-analysis was not possible, studies
were presented narratively. The data were presented by calculating
an overall median muscle mass change for all the studies and pre-
sented in relation to protein intake and/or energy intake and other
risk factors, such as length of stay, use of medication (such as steroids
and neuromuscular blockers), and severity of illness scores. Muscular
atrophy, defined as a decrease in muscle mass percentage >10%, was

also summarized and presented.

RESULTS
Study selection

One hundred and thirty-five publications were identified; 61 of these
were duplicates and removed. Finally, eight studies were included
in this review’ '* (Table 1), as illustrated in the PRISMA diagram
(Figure 1). Included studies were published between 2017 and 2024,
and all were prospective observational cohort studies.

Study characteristics

Overall, there were 411 children included in these studies, 164 (39.9%)
female and 247 (60.1%) male. The median age was reported in seven of
the eight studies and was 37.2 months (range, 6-110.4 months), and
median weight, reported in six studies was 14.8 kg (range, 4.42-21.4 kg).
Studies took place in the following countries: United Kingdom (2), United
States (2), Brazil (1), Singapore (1), India (1), and Spain (1).

Pooled analyses
Primary outcome

As shown in Table 1, the median percentage changes in muscle mass
from baseline to PICU days 5-7 was measured in four of the eight
studies. When we calculated the median percentage change of muscle
mass for these studies, it was -9.8% (range, 3%-13%).”%% In addition,
the percentage change was measured in seven of the eight studies (using
mean or median).”®°-1% When we pooled the results, the meta-analysis
showed a mean muscle mass loss of 8.9% (95% confidence interval [Cl]:
6.4-11.4%). This was also reported as a forest plot (Figure 2). The I? for

this random effect model was 72.3%, confirming the high level of het-
erogeneity. Excluding the three studies that reported median and IQR,
the pooled results show a 9.1% (95% Cl, 6.1-12%) muscle loss and 74.5%
heterogeneity. Figure 3 reports the forest plot.}°-2 Five studies re-
ported muscular atrophy, consistently defined as a decrease in muscle
mass >10% of baseline. Using this definition, around half of children
(n=92; 49.2%) developed muscular atrophy during their PICU stay.

Secondary outcomes

Impact of protein intake

As shown inTable S2, four studies provided protein intake from days 1-7
of PICU stay.”®1%13 All studies showed lower protein intakes compared
with the minimum recommended intake of 1.5 g/kg/day for this popu-
lation?* and a decrease in muscle mass between baseline and days 5-7
after PICU admission. However, all studies provided different variables
around protein intake, which complicates the comparison. Two studies
provided a percentage intake of 1.5 g/kg/day.®!? In the first study,® the
median protein intake reached 55% (IQR, 20.2-68.2%) and had a muscle
mass loss of 3% (95% Cl, -18.7%) on day 7. In the second study,11
the mean protein intake reached 72% (95% Cl, 67-83%), and the mean
muscle mass loss was -13.33% +13.56%. In the study of Valla et al,” the
median percentage cumulative protein intake deficit at day 5 was
-58.9% (IQR, -74.4 to -28.0%), and the median muscle mass change
was -9.8% (IQR, -13 to -3%). The last study™® provided the cumulative
protein intake deficit at day 5 in g/kg/day, at day 7, the authors found a
mean deficit of -0.34 g/kg/day (95% Cl, -1 to 0 g/kg/day) and a median
change in muscle mass of -13% (IQR, -24 to -0.5%).2

Impact of energy intake

Similarly, there was no consistency among studies in the definition of
energy intake. Only three studies reported energy intake from days 1
to 7 of PICU admission %1 at baseline, and at days 5-7 after PICU
admission, as shown in Table S3. One study defined energy intake as
the percentage deficit compared with the Schofield equation, finding
a median deficit of -55.3% (IQR, -64 to -16.5%) and a median
change in muscle mass of -9.8% (IQR, -13.7 to -0.5%) by day 5.”
Tume et al.® defined energy intake as a percentage of goal intake
based on the Schofield equation, in this study they found a median
energy intake of 49% (IQR, 23.3%-65.7%) and had a median change
in muscle mass of -3% (95% Cl, -18.7) by day 7. Finally, a third study
defined energy intake as the percentage intake of recommended
dietary allowances; they found a mean energy intake of 73% (95% Cl,
62%-84%) and a mean muscle mass loss of -13.33 +13.56%."*

Risk factors for worse muscle mass loss

The main risk factors that were identified in the studies were: length
of PICU stay, length of mechanical ventilation, length of hospital stay,
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Identification of studies via databases and registers

" = 61)

> Reports not retrieved

Records identified from*:
Databases (n = 135):
s Medline (n = 43)
® CINAHL (n = 22)
£ EMBASE (n = 59)
t CENTRAL (n=11)
§ Registers (n = 0):
WHO ITCRP (n =0)
Clinicaltrials.aov (n = 0)
Records screened
(n=174)
\ 4
Reports sought for retrieval
o (n=13)
£
c
@
: '
7]
(7))
Reports assessed for eligibility
(n=13)
S L
'g Studies included in review
3| | n=9)
° Reports of included studies
£l | n=9
—/

Records removed before
screening:
Duplicate records removed (n

Records marked as ineligible
by automation tools (n = 0)
Records removed for other
reasons (n = 0)

Records excluded**
(n=61)

(n=0)

Reports excluded:
Wrong Study Design (n = 5)

FIGURE 1 PRISMA 2020 flow diagram for the search following the search criteria.

corticosteroid use, neuromuscular blockade use, and maximal C-
reactive protein (CRP) value. Length of PICU stay was reported in

713 with a median value of 10 days (range,

seven out of eight studies,
3.9-14). The study involving patients with the longest PICU stay
(median of 14 days [IQR, 11-25]) found a muscle mass change of
-13% (IQR, -24 to -0.5%). However, the study with a median stay of
3.9 days (IQR, 2.0-12.3 days) had a mean muscle mass of -6.2% (95%
Cl, -21.9 to 9.4%).

All studies reported length of mechanical ventilation, with an overall
median value of 7.2 days (range, 1.4-12).”"** The study involving chil-
dren with the longest length of ventilation (median of 12 days IQR,

7-23), had a mean muscle mass loss of -8.2 + 8.0%. The study with the

median mechanical ventilation length of 1.4 days (IQR, 0.1-8.0) found a
mean muscle decrease of -6.2% (95% Cl, -21.8 to 9.8%).

Length of hospital stay was reported in four studies with a
median value of 25.6 days (range, 15.7-30).81%1314 The muscle mass
change in the study that had a median length of 30 days (IQR, 18-50)
was a median of -13% (IQR, -24 to -0.5%), whereas the study with a
length of stay of 15.7 (IQR, 8.87-25.75) days had a median muscle
mass change of -3% (IQR, -18.7%).

Three out of eight studies reported neuromuscular blockade
(NMB) use, in which 47 (44.6%) of children received neuromuscular
blockade.®1%*2 Three studies with 17 + 13 participants who received
NMB, reported the mean muscle mass change was -8.62 (95% Cl,
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RE Model
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Mean Change

FIGURE 2 Forest plot showing the percentage mean muscle mass change for seven studies from baseline to days 5-7 after pediatric

intensive care unit (PICU) admission.

Johnson et al —— 8.62[6.20, 11.04]
de Figueiredo et al — . 13.24 [10.37, 16.11]
Ong et al 6.20[2.62, 9.78]
Hoffmann et al —— 8.20[5.59, 10.81]
RE Model —————————— 9.14[6.32, 11.95]

10 15 20

Mean Change

FIGURE 3 Forest plot showing the percentage mean muscle mass change for four studies from baseline to days 5-7 after pediatric intensive

care unit (PICU) admission.

-15.7 to -1.54%), or a median change of -3 (IQR, -18.7%) to -13%
(IQR -24 to -0.5%).”712

Maximal CRP was reported in three studies.”®'® The
overall median value of maximal CRP value was 86 mg/L (range,
41.8-139 mg/L), in three out of eight of the publications.#1%*® The study
with the median maximal CRP of 139 mg/L (IQR, 61-203 mg/L) had a
median change in muscle mass of -13% (IQR, -24 to -0.5%), whilst the
study with the lowest median CRP value of 41.8mg/L (IQR,
19.5-136.9 mg/L) found a lower median change in muscle mass of -3%
(IQR, -18.7%).

Quality assessment
All observational studies were considered to be of low-moderate risk

of bias based on the JBI tool.?° The results of the quality assessment
are presented in Figure 4.

DISCUSSION

This is the first systematic review to summarize muscle mass changes
in children who are critically ill. These results show that the median
muscle mass loss from admission to days 5-7 in children who are
critically ill was 9.8%. These results also show that almost half (49.2%)
of participants developed muscular atrophy (defined as >10%) during
their PICU stay. These results are consistent with those in adults who
are critically ill, in that they found adults lost on average approxi-
mately 2% of skeletal muscle per day during their first week of
intensive care stay.?”

Nutrition is thought to play a crucial role in maintaining muscle
mass2® because of its effect on muscle protein synthesis and muscle
protein turnover found in animal studies. A systematic review by Ong
et al.?® also found that, once nutrition rehabilitation was commenced,
the decreased muscle protein synthesis was reversed. In the current
review, all studies that reported protein intake observed lower
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Risk of bias

Di | D2 | D3 | D4 | D5 | D6 | D7 | D8 |overall

Valla et al

Johnson et al

de Figueiredo et al.

Ong et al

Study

Hoffman et al

Jain et al

GG
OGO S
CO0OO©0®
@eCeeeee
OPOOOOOO®S

Valverde Montoro et al

Tume et al

D1: Inclusion Criteria

D2: Population Description

D3: Exposure Measurement
D4: Condition Measurement Criteria -
D5: Confounding factors identification
D6: Confounding factors management

@eeveeve e
e cee®d
OO OOO®S
Ol JOIOH X JOIO

Judgement

® i

Moderat/Unclear

. Low

D7: Outcome Measurement

D8: Statistical Analysis

FIGURE 4 Risk of bias on individual studies assessed by Joanna Briggs Institute Critical Appraisal Checklist for Analytical cross-sectional

studies?®: author's judgments for each included study.

intakes in comparison with the recommended 1.5 g/kg/day and a
decrease in muscle mass.?”2 Similar results were observed for en-
ergy intake. These findings highlight the challenge of providing ade-
guate protein and energy intake in this population. Despite existing
nutrition guidelines,29 adequate intakes are still difficult to achieve
for several reasons, such as enteral intolerance, electrolyte abnor-
malities, fasting for procedures. Strategies such as the presence of a
nutrition team in PICU, education, or the use of nutrition protocol,
are necessary.

It should be noted that, although sufficient protein intake is
required for the maintenance of muscle mass, in the absence of
mechanical stimulation from activity, protein and energy intake
alone have not been shown to prevent atrophy in bedrest stud-
ies.3%:31 PICS-p can result in physical changes, including muscular
weakness, which can impair children's recovery and rehabilita-
tion.2® This study has described that muscular mass loss does
occur in a large proportion of the pediatric critical care population.
This is an issue increasingly being recognized in pediatric critical
care, and early mobilization or early rehabilitation interventions are
being instituted in many PICUs internationally. A systematic
review found that, despite the definition of early mobilization
varying, it is safe and feasible in this population.>? A more recent
study showed more promising results and suggested starting

mobilization within the first 72 h of PICU admission to have the
best outcome.*3

All studies in this review used a substitute of either quadriceps
femoris muscular thickness or the cross-sectional area of one of
these muscles to measure the muscle mass. Valla et al.” validated
this measurement technique of quadriceps femoris muscular
thickness in children. Only three of these eight studies used this
validated technique. Seven out of eight studies measured the
quadricep thickness, whereas one study measured the cross-
sectional area of the rectus femoris muscle. All studies excluded
participants who had neuromuscular disease at admission, improv-
ing the consistency of results.

All studies described the exact measurement location; how-
ever, this was inconsistent, which could introduce bias and produce
different muscle thickness values. However, because the location
was consistent within each study, the magnitude of change re-
ported in each study should not be notably affected. Furthermore,
on protein intake and energy intake, only four and three of the
studies, respectively, reported these values, and each of the studies
had a different definition for intake. Thus, there are likely to be
other variables that impact muscle mass/change that were not
evaluated. Nutrition was evaluated crudely in the studies and not in
the context of individual patient intakes compared with
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requirements based on their specific age and medical conditions.
No studies have determined protein requirements using the nitro-
gen balance method, which is considered the gold standard®*
Although protein intake is important, sufficient energy is also
required to utilize the protein for muscle synthesis, and this review
is limited by the inconsistent and crude reporting of nutrition intake
in the studies and the determinations of both protein and energy
requirements.

Overall, the review is limited by the quality of the evidence
available. All the studies are observational studies, and subjective to
confounding and bias. Another limitation of this review was the
inability to conduct a meta-analysis on the impact of each risk factor
on muscle mass because of the differing definitions used. A core
outcome set for PICU studies involving nutrition interventions is
urgently required to improve the reporting and consistency in future
studies. Finally, only two out of eight studies followed up with pa-
tients after PICU discharge. In the two studies that did follow-up, the
time varied from 3 to 6 months, and attrition was high, reducing
numbers even further.212 Therefore, the long-term impact of muscle
mass in critical care remains unknown. Further studies do need to
consistently follow-up children for at least 6 months after critical
iliness, using age-validated functional assessment scores as well as
muscle ultrasound. In summary, the methods of measurement of the
quadriceps muscle and the studies’ results reporting limited the data
we could analyze. Despite these limitations, this is the first systematic
review to collate and analyze the published studies, clearly identifying
the gaps and limitations in the current research and suggesting what

future research needs to address.

CONCLUSIONS

This is the first systematic review to examine muscle mass changes in
children who are critically ill and showed around a 10% decrease in
muscle mass, with half of children experiencing a decrease in muscle
mass loss of >10% during their PICU stay. However, these results are
based on cohort studies, which are subject to confounding. Evidence
from adults who are critically ill does not suggest a benefit of higher
calories and/or protein doses in improving outcomes. More ade-
quately powered randomized studies with longer-term follow-up
(using consistent definitions) are required to understand this issue
further in children.
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