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Abstract: Background: The prevalence of malnutrition is high in post-intensive care
unit (ICU) coronavirus disease 2019 (COVID-19) patients during hospitalization and after
hospital discharge. This paper presents prospective results from the NutriEcoMuscle study,
a multicenter observational study. The study aimed to evaluate changes in nutritional
and functional status in post-ICU COVID-19 patients following nutritional and physical
rehabilitation interventions. Secondary aims included assessing adherence to and tolerance
of the oral nutritional supplement (ONS) used in the nutritional intervention. Methods:
The study enrolled adults who had been admitted to the ICU due to severe COVID-19.
At hospital discharge, the patients underwent a nutritional intervention based on oral
nutritional supplements (ONSs) with 100% serum lactoprotein enriched with leucine
and vitamin D and a physical rehabilitation program. They were followed up during
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three months. Performed assessments included Subjective Global Assessment (SGA),
Global Leadership Initiative on Malnutrition (GLIM) criteria, Barthel index (BI), handgrip
strength and Timed Up and Go test, bioelectrical impedance analysis (BIA), nutritional
ultrasound (US), and tolerance and adherence to ONS. Sample size was calculated based on
handgrip strength, and parametric and non-parametric tests were used to assess differences
between the baseline and three-month outcomes. Results: The study included 96 patients
(71.9% male, mean age 58.8 years, mean body mass index (BMI) of 28.8 kg/m?, 36.5%
obese). A total of 85 patients (62 men and 23 women) completed the 90-day follow-up.
The mean weight gain after the intervention was 6.8 (SD 5.2) kg (similar in men and
women; p = 0.263). The proportion of patients with malnutrition according to the SGA
or GLIM criteria decreased from 100% to 11.8% and 36.4%, respectively (p < 0.00001 in
both cases). The proportion of patients with functional limitations by BI decreased from
66.7% to 27.0% (p < 0.0001). Handgrip strength increased more than 40% in both men and
women (p < 0.00001). The time to perform the Timed Up and Go (TUG) test decreased
more than 40% in both men and women (p < 0.00001). According to BIA, the mean fat
mass did not increase significantly in either men or women. The mean fat-free mass
index (FFMI) increased significantly in both men and women. There were also significant
increases in body cell mass, skeletal muscle mass index, and appendicular skeletal muscle
mass index. The phase angle (PhA) increased significantly in both men (26.5%) and
women (17.4%). In a multivariate analysis, age and baseline PhA were related to the
PhA increase (adjusted R? = 0.5573). The US study showed a significant increase in the
mean measurements of muscle area, muscle circumference, X-axis, and Y-axis in the rectus
femoris. Regarding abdominal fat, there were no significant increases in total, superficial,
or preperitoneal adipose tissue by US. Participants engaged in a median interquartile range
(IQR) of 70 (0-120) min/week of strength exercise and 60 (0-120) min/week of moderate
physical exercise. The supplement was well tolerated, and poor adherence (less than 50%)
was low (4% of the participants). Conclusions: A three-month intervention, including ONS
and physical rehabilitation, is associated with a significant improvement in nutritional and
functional status. Patients gained weight primarily by increasing their muscle mass. There
was no significant increase in fat mass, as measured by BIA or US. The intervention was
well tolerated and had good adherence.

Keywords: COVID-19; intensive care units; malnutrition; nutrition assessment; bioelectrical
impedance analysis; nutritional ultrasonography

1. Introduction

The onset of the coronavirus disease 2019 (COVID-19) pandemic resulted in high rates
of admissions to intensive care units (ICUs) (32%) and a high mortality rate of patients in
ICUs (up to 39%) [1]. Severely ill patients often require prolonged stays in the ICU, which
can last an average of 53 days, leading to nutritional and functional complications that
warrant special attention [2,3]. Data from these patients may serve as a severe disease
model and can be extrapolated to other pathologies that cause Acute Respiratory Distress
Syndrome (ARDS) [4]. Early nutritional interventions in patients after severe respiratory
COVID-19 can improve nutritional status, as measured by the Global Leadership Initiative
on Malnutrition (GLIM) criteria [5,6], but the prevalence of undernutrition remains high,
up to 66% three months after discharge [5]. Even one year after discharge, a significant
proportion of post-ICU COVID-19 patients continue to experience low fat-free mass (FFM)
and elevated fat mass despite overall improvements in weight and physical recovery [7].
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In addition, sarcopenia is a major COVID-19 coexisting complication and is characterized
by a decline in muscle strength and mass [8,9]. Sarcopenia and sarcopenic obesity are
common in COVID-19 post-critical patients [10,11] and may still be present many months
after hospital discharge despite standard nutritional support [12,13]. Moreover, the loss
of muscle mass in post-critical COVID-19 ambulatory patients is difficult to assess due to
technical limitations and the high prevalence of obesity [14,15].

The NutriEcoMuscle study was a multicenter study conducted in Spain that investi-
gated the changes in functional status, nutrition, and body composition of patients treated
for COVID-19 and discharged from the ICU [4]. Given the pandemic context and the
urgent need to develop management strategies for post-ICU COVID-19 patients, this study
was designed as an exploratory investigation. The study aimed to examine the impact of
an intervention designed to aid muscle recovery and included taking an oral nutritional
supplement (ONS) with 100% serum lactoprotein enriched with leucine and vitamin D, in
combination with physical rehabilitation. The study used Bioelectrical Impedance Analysis
(BIA) and nutritional ultrasound techniques to evaluate body composition. Nutritional
ultrasound is a new non-invasive and portable technique for the evaluation of body com-
position, and provides detailed information about muscle mass and body fat [14,16,17].
Recently, the NutriEcoMuscle study published baseline results revealing that, upon hospital
discharge, most COVID-19 patients who were critically ill experienced malnutrition and
reduced muscle mass, leading to a loss of independence [4].

The current work describes the prospective phase of the NutriEcoMuscle study. The
primary aim was to evaluate changes in nutritional and functional status, focusing on
handgrip strength as a key indicator of muscle function recovery. Secondary aims included
assessing adherence to and tolerance of the oral nutritional supplement (ONS) among post-
ICU COVID-19 patients discharged from the hospital, as well as performing multivariable
analyses to identify factors associated with changes in phase angle (PhA), a reliable marker
of nutritional status. Hospital discharge serves as the baseline moment for the analysis.
The patients underwent a 3-month recovery program, including an ONS designed to aid
muscle recovery and physical rehabilitation.

2. Materials and Methods

The NutriEcoMuscle study was conducted in ten hospitals across Spain from March
2021 to January 2022. It included patients who were discharged from the hospital after
being admitted to the ICU because of COVID-19. The patients underwent a nutritional and
physical rehabilitation program and were followed up for three months.

This project was authorized by the Ethics Committee of the Hospital Universitari
Germans Trias i Pujol (Badalona, Spain) under the code PI-20-321, approval date 13 Novem-
ber 2020. All procedures and materials used in this project followed the principles of the
Declaration of Helsinki and the data protection and research regulations in Spain (Ley
Orgénica 3/2018).

2.1. Participants

The study enrolled adults aged between 20 and 75 who were admitted to the ICU due
to severe COVID-19 and had a hospital stay of more than 72 h. A COVID-19 diagnosis was
confirmed using a positive SARS-CoV-2 real-time fluorescence polymerase chain reaction
(RT-PCR) test. The management of ICU patients followed local clinical protocols. The
exclusion criteria were as follows: pregnancy, patients with standing difficulties, patients
with amputations, patients who had a Barthel index (BI) score of less than 60 (indicating
severe dependency) before admission, patients with a previous body mass index (BMI)
greater than 50 kg/m?, and patients who did not provide consent.
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2.2. Intervention

At the baseline visit, all patients were provided with dietary recommendations and a
specific ONS prescription for muscle recovery. The ONS was Fortimel® Advanced (Nutricia,
Danone, Madrid, Spain [18]). It is an oral supplement containing 100% whey protein
(21 g), leucine (3 g), and vitamin D (10 pg), providing 302 kcal per serving (200 mL) [19].
The dosage of the product was two bottles per day. Table S1 (Supplementary Materials)
provides detailed information about Fortimel® Advanced [19]. The study funder (Nutricia)
provided the products free of charge. Participants were also provided with specific exercise
recommendations [20] and offered the possibility of carrying out a functional rehabilitation
program. Nutritional and exercise assessments were conducted by professionals from each
center’s nutrition and rehabilitation services, including dietitians and physical therapists.
These professionals were responsible for evaluating both nutritional intake and exercise
program adherence as part of the intervention described in the study. The exercise and
muscle recovery program can be consulted at this link [20].

2.3. Variables

The previous article describes the collected variables, the techniques used, and the
study’s baseline results [4]. In summary, the patients’ medical records provided demo-
graphic and clinical information, including age, Barthel index (BI) before hospitalization,
length of hospital and ICU stay, co-morbidities, Sequential Organ Failure Assessment Score
(SOFA), and whether or not they required orotracheal intubation. Informed consent was
obtained at the time of hospital discharge, marking this prospective study’s baseline (time
zero). At that moment, retrospective data from the hospital stay, including ICU admission,
were collected. From this point onward, data were collected prospectively during the
patient’s recovery period. All measurements followed a standardized protocol to ensure
consistency and minimize variability.

Nutritional status was assessed using the Subjective Global Assessment (SGA) ques-
tionnaire [21], and malnutrition was diagnosed according to the GLIM criteria [22]. Nu-
tritional intake was evaluated based on the proportion of their nutritional needs covered
by their regular diet on days 0 and 90 (25%, 50%, 75%, or 100%). Functional status was
evaluated using IB, handgrip strength, and the Timed Up and Go (TUG) test. Handgrip
strength was measured on three separate occasions with the Jamar® dynamometer (in the
second handle position). The average of the three measurements was used for the analyses
following the recommendations of the American Society of Hand Therapists [23]. The
handgrip strength reference values used to diagnose dynapenia were the cutoffs recom-
mended by the EWGSOP2 consensus (<16 kg for women and <27 kg for men) [24]. The
TUG result was considered pathological if the patient needed more than 20 s to complete
the test [25].

Different BIA devices were used depending on the hospital where the test was per-
formed: BIA 101 BIVA (Akern, Pontassieve, Italy; www.akern.com, accessed on 10 April
2025); NUTRILAB (Akern, Pontassieve, Italy; www.akern.com, accessed on 10 April 2025);
QUADSCAN 4000 (Bodystat, Douglas, Isle of Man, UK; www.bodystat.com, accessed on
10 April 2025); INBODY 770 (Inbody, Seoul, Republic of Korea, www.inbody.com, accessed
on 10 April 2025); INBODY 510 (Inbody, Seoul, Republic of Korea, www.inbody.com, ac-
cessed on 10 April 2025); SECA 525 (Seca, Catalonia, Spain, www.seca.com/es, accessed
on 10 April 2025); TANITA 780 (Tanita, Arlington Heights, IL, USA, www.tanita.com,
accessed on 10 April 2025). The test was performed following the manufacturer’s instruc-
tions for each type of equipment, and all patients” measurements were obtained using a
50 kHz phase-sensitive impedance analyzer. The assessed variables included the following:
weight (kg), fat mass (kg), fat-free mass (FFM) (kg), FFM index (FMMI) (kg/m?), body
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cell mass (kg), skeletal muscle mass index (SMMI) (kg/ m?), appendicular skeletal muscle
mass (ASMM) index (kg/m?), PhA (degrees), standardized PhA (SPA), raw resistance
(RZ) (ohmios), reactance (XC) (ohmios). The cutoff points for reduced muscle mass were
established according to the guidelines for undernutrition (GLIM): FFMI < 17 for men and
<15kg/ m? for women; ASMM index < 7 kg/ m? for men and <5.7 kg/ m? for women [22].
Participants were classified as having a low PhA (<3.95°) based on a previous study in-
volving COVID-19 patients [10]. This PhA cutoff point has been linked to higher mortality
in individuals with COVID-19 [10]. The standardized PhA value was determined from
the sex- and age-matched reference population value by subtracting the reference PhA
value from the observed patient PhA, and then dividing the result by the respective age-
and sex-reference standard deviation (SD); SPhA = [(measured PhA — mean population
reference PhA)/SD of the reference population PhA] [10].

To perform the nutritional ultrasound assessments, all participating centers used a
Mindray Z7 ultrasound machine manufactured by Shenzhen Mindray Bio-Medical Elec-
tronics Co., Ltd. in Shenzhen, China. The adipose tissue and musculoskeletal areas were
evaluated with a 10-12 MHz soft tissue transducer and a multi-frequency linear array
probe (probe width 40 mm). Rectus femoris muscle was evaluated with the patient in the
supine position and with the transducer placed transversely at the lower 1/3 of the distance
between the pelvis’s anterosuperior spine and the patella’s upper edge. Rectus femoris
cross-sectional area (RFCSA), circumference, and longitudinal (Y-axis) and transverse
(X-axis) distance measurements were obtained [16]. The X-axis represents the transverse
(width) diameter of the rectus femoris muscle, measured from side to side. The Y-axis
represents the anteroposterior (thickness) diameter, measured from front to back, both
obtained in the axial (cross-sectional) plane with the probe placed perpendicular to the
muscle. The measurement of adipose tissue thickness was established as the linear distance
between the epidermis and the aponeurosis of the quadriceps rectus femoris [16]. For the
evaluation of abdominal subcutaneous adipose tissue, the transducer was placed at the
midpoint between the xiphoid process and the umbilicus, and the total, superficial, and
preperitoneal adipose tissues were measured. The images were taken during unforced
expiration, in a transverse axis, and with an alignment perpendicular to the skin. The
visceral adipose tissue was determined by measuring the distance between the edge of the
parietal peritoneum and the inner face at the junction of the two rectus abdominal muscles.
To reduce interobserver variability, all investigators were trained to adhere to a specific
nutritional ultrasound protocol before commencing the study [16].

The patients were assessed at the time of their hospital discharge (which served as the
baseline) and after 90 days. Adherence and tolerability to the ONS were followed up by
phone after 45 days. Table S2 (Supplementary Materials) provides detailed information
about the workflow. Data on quality of life were collected as part of this study; however,
the analysis and reporting of these results will be presented in a separate publication.

2.4. Sample Size

To calculate the sample size, handgrip strength was used as the primary endpoint,
given its robustness as an indicator of muscle function recovery and its clinical relevance
in post-ICU patients. Additionally, phase angle (PhA) and muscle ultrasound parameters
were explored as complementary endpoints, as indicated in previous studies [26,27]. To
consider a difference of at least 1 kg in the change in handgrip strength in patients before
and after treatment as significant, assuming a standard deviation of 3.0, we estimated a
required sample of 120 patients, with a 5% significance level and 90% power, accounting
for a potential 20% loss to follow-up and/or dropout. Similarly, to consider a difference
of 0.5 cm? in the change in the rectus femoris muscle area as significant, assuming a
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standard deviation of 1.0, or a change of 0.2 cm in the X-axis with a standard deviation
of 0.5 after three months of treatment, we required a sample of 83 patients, with a 5%
significance level and 90% power, accounting for a potential 20% loss to follow-up and/or
dropout. To consider a difference of 0.5 points in the change in PhA as significant, assuming
a standard deviation of 1.5 after three months of treatment, we required a sample of
120 patients, with a 5% significance level and 90% power, accounting for a potential 20%
loss to follow-up and/or dropout. Therefore, a total sample of 120 patients was needed to
detect differences in muscle ultrasound, handgrip strength, and PhA before and after three
months of treatment.

2.5. Statistical Analysis

The quantitative variables were expressed as mean and standard deviation or median
and interquartile range. Frequencies and percentages were calculated for qualitative vari-
ables. Differences between qualitative variables were compared using the X2 or Fisher’s
exact test, depending on the circumstance. Comparison of quantitative variables was per-
formed by Student’s t-test (or Mann Whitney U-test, if conditions required). Correlations
between percentage change in handgrip strength and TGU test results and percentage
change in BIA and nutritional ultrasound measurements (and between these two tech-
niques) were performed and analyzed by Spearman’s correlation coefficient.

A multivariate analysis was performed with a multiple linear regression model, with
the percentage change in PhA as a dependent variable. The independent variables were
those baseline clinical or epidemiological variables related to the percentage change in PhA
with a statistical significance of p < 0.20 in the univariate study. Additionally, the model
included the following baseline relevant clinical variables that the research team deemed
necessary to include in the analysis despite their statistical significance: sex, vitamin D,
C reactive protein (CRP), and history of diabetes mellitus. The assumptions of linear
regression, including linearity, independence of errors, homoscedasticity, and absence
of autocorrelation, were checked using the Durbin-Watson test. A p-value < 0.05 was
considered statistically significant. All analyses were performed with Stata version 16.1
(StataCorp LLC, College Station, TX, USA).

3. Results

A total of 96 patients were included in the study. Table 1 displays the population’s
demographic, clinical, and functional characteristics stratified by sex. Patients were pre-
dominantly males; the mean age (SD) was 58.8 (8.5) years. Thirty percent were over 65 years
of age. The mean number of recorded co-morbidities was 1.1, and 50% of the population re-
ported 0 to 2 pathologies. Obesity (41.7%) and high blood pressure (HBP) (35.4%) were the
most prevalent co-morbidities. No significant differences were found between genders in
demographic or clinical characteristics, except for obesity, where females had a significantly
higher prevalence than males (p = 0.0386). At hospital discharge, most participants (66.7%)
had some functional limitations after BI assessment. The results of handgrip strength indi-
cated dynapenia in 62.5% of the cases (<16 kg for women and <27 kg for men). Regarding
the TUG test, 20.3% of men and 44.4% of women had pathological results (>20 s). These
differences were statistically significant (p = 0.0224).

A total of 85 patients (62 men and 23 women) completed the 90-day follow-up. The
reasons for non-completion of the study were loss to follow-up (4 patients), investigator’s
decision (2), patient’s decision (3), protocol violations (1), and death (1). The mean percent-
age of nutritional requirements that the patient met with the conventional diet was 75.5%
(17.1%) at baseline and 94.1% (13.7%) at the end of the 90-day follow-up.
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Table 1. Demographic, clinical, and functional baseline characteristics of the population.
Total Men Women p-Value
n (%) 96 (100.0) 69 (71.9) 27 (28.1) -
Age, mean (SD), years 58.8 (8.5) 58.5 (8.8) 59.7 (7.7) NS
Age > 65 years, n (%) 29 (30.2) 20 (29.0) 9(33.3) NS
Co-morbidities, n (%)
Obesity 40 (41.7) 24 (34.8) 16 (59.3) 0.0386 *
HBP 34 (35.4) 22 (31.9) 12 (44.4) NS
Diabetes mellitus 19 (19.8) 13 (18.8) 6(22.2) NS
COPD 6 (6.3) 5(7.2) 1(3.7) NS
CKD 2(2.1) 2 (2.9) 0 (0.0) NS
CHF 3.1 3(4.3) 0 (0.0) NS
Active oncologic pathology 2(21) 2(29) 0(0.0) NS
Length of hospital stay, mean (SD), days 48.2 (37.6) 49.7 (40.9) 44.6 (27.6) NS
Pre-ICU hospital stay, mean (SD), days 2.3(3.2) 2.0 (2.4) 3.1(4.7) NS
ICU stay, mean (SD), days 28.7 (7.5) 30.3 (29.7) 24.4 (20.4) NS
SOFA score, mean (SD) 4.1(24) 42 (2.7) 4.0 (2.3) NS
Mechanical ventilation, 1 (%) 58 (60.4) 40 (58.0) 18 (66.7) NS
NIMV 5(5.2) 4(5.8) 1(3.7) NS
HENC 33(344) 25 (36.2) 8(29.6) NS
CRP, median (IQR), mg/dL 2.9 (0.5-9.0) 2.9 (0.4-11.3) 2.9(0.7-8.4) NS
Vitamin D, median (IQR), mg/dL 13.1 (10-17) 15.5 (9.8-18) 11.7 (10-13.1) NS
Bl score at hospital discharge, median (IQR) 90 (65-100) 90 (65-100) 85 (70-95) NS
BI <100, n (%) 64 (66.7) 42 (60.9) 22 (81.5) NS
Handgrip strength
Mean (SD), kg 21.6 (11.0) 25.0 (10.9) 13.0 (4.9) <0.0001
<27 men and <16 women; 1 (%) 60 (62.5) 39 (56.5) 21 (77.8) NS
TUG test
Mean (SD), seconds 19.9 (17.2) 16.7 (14.2) 28.0 (21.5) 0.0004
>20 s, n (%) 26 (27.1) 14 (20.3) 12 (44.4) 0.0224

Abbreviations: BI, Barthel index; BMI, body mass index; CHEF, congestive heart failure; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; HBP, high blood pressure; HFNC,
high-flow nasal cannula; ICU, intensive care unit; IQR, interquartile range; NIMV, non-invasive motion ventilation;
NS, not statistically significant; SD, standard deviation; SOFA, Sequential Organ Failure Assessment; TUG, Timed
Up and Go test. * p-value: comparison between BMI < 30 kg/m? and >30 kg/m? (Fisher’s exact test).

3.1. Nutritional Evaluation

Table 2 shows nutritional status based on weight, BMI, waist circumference, SGA,
and GLIM criteria at baseline and after the intervention (stratification by sex can be found
in Table S3, Supplementary Materials). The mean weight gain after the intervention was
6.8 (5.2) kg, with no significant differences between men and women (p = 0.263). There was
a significant BMI increase in both men and women, which tended to be greater in men
(9.8% vs. 1.8% increase; p = 0.061). Regarding waist circumference, there was a statistically
significant increase of 5.5 (6) cm in men (p < 0.00001) and a non-significant increase of
0.18 (9.7) cm in women (p = 0.440).
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Table 2. Changes in clinical nutritional status after 90 days of intervention.
Change
Day 0 * Day 90 ** p-Value
A Y%
Weight, mean (SD), kg 81.0 (16.8) 87.8 (17.5) <0.00001 6.8 (5.2) 8.9% (6.6)
BMI, mean (SD), kg/rrl2 28.6 (6.0) 30.7 (6.7) <0.00001 1.8 (4.8) 7.6% (15.0)
Waist circumference, mean (SD), cm 103.7 (15.0) 107.5 (14.3) <0.00001 4.0 (7.5) 4.3% (6.9)
Malnutrition by SGA, n (%)
SGA A 0(0) 75 (88.2) 88.2%
SGA B 50 (52.1) 10 (11.8) <0.00001 —40.3%
SGAC 46 (47.9) 0 (0) —47.9%
Malnutrition by GLIM criteria, # (%)
No malnutrition 0(0) 54 (63.5) 63.5%
Moderate 44 (45.8) 24 (28.2) <0.00001 —17.6%
Severe 52 (54.2) 7(8.2) —46.0%
Abbreviations: BMI, body mass index, GLIM, Global Leadership Initiative on Malnutrition; SD, standard deviation;
SGA, Subjective Global Assessment. * The number of patients at day 0 was 96, with 69 males and 27 females.
** The number of patients at day 90 was 85, with 62 males and 23 females.

The proportion of patients with malnutrition according to the SGA or GLIM criteria
decreased from 100% to 11.8% and 36.4%, respectively (p < 0.00001 in both cases). The
proportion of severe malnutrition decreased from 47.9% to 0% (p < 0.00001) by SGA (SGA
C), and from 54.2% to 8.2% (p < 0.00001) by GLIM (Figure 1).

SGA GLIM Criteria
100% 88.2% 100%
80% 80%
63.5%
60% 47.9% 52.1% 60% 54.2%
40% 40% 28.2%
20% 11.8% 20%
0.0% 0.0%
0% 0%
SGAC SGAB SGA A Severe malnutrition Moderate malnutition ~ No malnutrition

mDay 0O mDay90

mDayO0 mDay90

Figure 1. Changes in the proportion of malnourished participants according to the SGA and

GLIM criteria.

3.2. Functional Assessment

Table 3 shows the baseline functional status and changes after the intervention (strati-

fication by sex can be found in Table 54, Supplementary Materials). At the end of the study,

the proportion of patients with some functional limitation according to the BI decreased

from 66.7% to 27.0% (p < 0.0001). This proportion was significantly lower in men compared
to women (16.1% vs. 56.5%; p < 0.0001). The handgrip strength increased more than 40%
in both men and women (p < 0.00001 in both cases). The proportion of patients with

dynapenia was reduced by approximately 50% in both men and women. The time needed
to perform the TUG test decreased by more than 40% in both men and women (p < 0.00001
in both cases). The proportion of patients with pathological TUG was reduced from 27.1%

to 4.7% (p < 0.0001), with significant reductions in both men and women.
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Table 3. Changes in functional status (Barthel index, handgrip strength, and TUG test) after 90 days
of intervention.

Change
Day 0 * Day 90 ** p-Value
A %
BI < 100, 1 (%) 64 (66.7) 23 (27.0) <0.0001 —39.7%
Handgrip strength
Mean (SD), kg 21.6 (11.0) 28.9 (11.7) <0.00001 7.3(6.7) 48.2% (55.6)
<27 men and <16 women; 1 (%) 60 (62.5) 26 (31.3) <0.0001 —31.2%
TUG test
Mean (SD), seconds 19.9 (17.2) 8.9 (4.2) <0.0001 —10.5(15.5) —41.4% (24.7)
>20s, n (%) 26 (27.1) 4(4.7) <0.0001 —22.4%
Abbreviations: BI, Barthel index; SD, standard deviation; TUG, Timed Up and Go test. * The number of patients at
day 0 was 96, with 69 males and 27 females. ** The number of patients at day 90 for IB and TUG was 85 (62 males
and 23 females), and for handgrip strength was 83 (61 males and 22 females).
3.3. Body Composition Assessment
Table 4 and Figure 2 provide information regarding BIA (stratification by sex can be
found in Table S5, Supplementary Materials). Mean weight increased by 6.6 (4.8) kilograms.
Mean fat mass did not increase significantly either in men or women. The mean FFMI
increased significantly for both men and women. The increase was greater for men (23.9%)
than women (7%). Low FFMI (<17 men and <15 kg/ m? women) was observed in 33.3% of
the population at baseline, without differences between men and women. This proportion
decreased significantly in men (35.8% to 14.2%; p = 0.0034) but not women (26.1% to 25%;
p =0.467).
Table 4. Changes in bioelectrical impedance analysis after 90 days of intervention.
Day 0 Day 90 Change
p-Value
n Result n Result A %
Weight, mean (SD), kg 92 80.8 (16.7) 83 87.4 (17.5) <0.00001 6.6 (4.8) 8.8% (6.4)
Fat mass, mean (SD), kg 92 28.9 (11.6) 83 29.7 (11.3) 0.281 0.4 (6.9) 5.5% (25.4)
Fat-free mass, mean (SD), kg 90 49.6 (13.3) 76 55.2 (14.5) <0.00001 6.4 (9.5) 19.7% (55.7)
FFMI, mean (SD), kg/m? 90 17.3 (3.9) 76 19.3 (4.2) <0.00001 2.2 (3.4) 19.6% (55.0)
FEMI <17 men and <15 kg/m? 90 30 (33.3) 76 13(17.1) 0.0087 ~16.2%
women; 1 (%)
Body cell mass, mean (SD), kg 78 28.2 (7.6) 63 34.4 (8.7) <0.00001 5.2 (4.4) 21.1% (20.75)
SMMI, mean (SD), kg/m? 67 8.5 (2.4) 59 9.6 (3.8) <0.00001 1.4 (3.5) 19.1% (48.5)
Total body water, mean (SD), L 86 39.3 (8.4) 79 43.4(9.0) <0.00001 43 (4.4) 11.5% (11.0)
ASMM index, mean (SD), kg/m? 49 7.2(2.1) 4 7.7 (1.8) 0.0002 0.6 (1.8) 11.4% (20.0)
ASMM index < 7 men and o
257 kg/m? women, 1 (%) 49 20 (40.8) 41 12 (29.2) 0.127 —~11.6%
PhA, mean (SD), degrees 87 45 (1.0) 81 5.4 (0.9) <0.00001 0.9 (0.7) 24.3% (22.2)
PhA < 3.95°, 1 (%) 87 26 (29.8) 81 3(3.7) <0.0001 —26.1%
Standardized -2.0 -12 0.5 34.8%
PhA, median (IQR) 31 (—2.7 to —1.0) 28 (—1.8t0 —0.7) 00071 02t017)  (~11t066)
RZ, mean (SD), ohmios 55 529.3 (108.0) 49 465.2 (90.3) <0.00001  —743(777)  —12.8% (13.7)
XC, mean (SD), ohmios 55 43.1 (11.3) 49 44.6 (9.2) 0.267 1.3 (8.0) 5.5% (19.5)

Abbreviations: ASMM, appendicular skeletal muscle mass; FFMI, fat-free mass index; IQR, interquartile range,
PhA, phase angle; RZ: raw resistance; SMMI, skeletal muscle mass index; XC: reactance.
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Figure 2. Main changes in body composition by BIA in the total population (A), males (B), and
females (C).

There were significant increases in body cell mass (22.3% in men and 17.3% in women).
There were also significant increases in SMMI in both men and women, but of greater
magnitude in women (36.5%) than in men (12.3%). There was a similar magnitude of
increase in the ASMM index in men (11.4%) and in women (10.0%), although withn =9
at the end of the study, the change was not statistically significant in women. The mean
PhA increased significantly in both men and women, and the proportion of patients with
PhA < 3.95° decreased in both groups (p = 0.061 for women).

Table 5 and Figure 3 provide information regarding nutritional US. There was a
significant increase in the mean measures of the RFCSA and Y-axis in rectus femoris
assessment for both men and women. Men also experienced a significant increase in the
X-axis and muscle circumference. There were no significant changes in rectus femoris
adipose subcutaneous tissue. Regarding the assessment of abdominal fat, there were no
significant increases in the mean measures of total adipose tissue, superficial adipose tissue,
or preperitoneal adipose tissue. A statistically significant decrease of 9.3 (21.1)% in mean
total adipose tissue was observed in women.

Table 6 presents the correlation between baseline variables and the percentage changes
in PhA through univariate analysis. The percentage increase in PhA was lower in older
patients, particularly in women, and in patients with diabetes, as well as in those with a
higher mean handgrip strength or higher PhA at baseline. On the other hand, the increase
was greater in those with a longer hospital stay, longer ICU stay, and worse results in the
TUG test. In a multivariate analysis, age (beta: —1.2; 95% CI: —2.3 to —0.69; p = 0.039) and
baseline PhA (beta: —15.9; 95% CI: —28.6 to —3.2; p = 0.017) were variables statistically and
inversely related to the increase in PhA (adjusted R2 = 0.5573).
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Table 5. Changes in nutritional ultrasound assessments after 90 days of intervention.

Day 0 Day 90 Change
n Result n Result p-Value A %

Rectus femoris

RFCSA, mean (SD), cm? 96 3.3(1.3) 85 4.6 (1.7) <0.00001 1.2(1.4) 47.5% (61.0)

Muscle circumference, mean (SD), cm 96 8.7 (1.3) 85 9.3 (1.5) <0.0001 0.57 (1.6) 8.2% (20.8)

X-axis, mean (SD), cm 9% 3.6 (0.6) 85 3.8 (0.6) 0.0260 0.15 (0.7) 7.8% (32.7)

Y-axis, mean (SD), cm 96 1.0 (0.3) 85 1.3 (0:4) <0.00001 0.35 (0.3) 41.4% (43.3)
Subcutaneous adipose tissue (SD), cm 96 0.9 (0.5) 85 0.9 (0.5) 0.570 —0.0004 (0.2) 7.1% (31)

Abdominal wall

Total adipose tissue, mean (SD), cm 95 2.1(1.0) 84 2.0(0.9) 0.207 —0.105 (0.6) —0.6% (27.3)

Superficial adipose tissue, mean (SD), cm 95 1.0 (0.6) 84 0.9 (0.5) 0.338 —0.05 (0.4) 5.1% (49.4)

Preperitoneal adipose tissue mean (SD),cm 95 0.8 (0.4) 84 0.8 (0.5) 0.799 —0.005 (0.5) 15.2% (101)

12
p<0.00001
10 9.3
8.7
8
6
4
2
0
Muscle
circunference
(cm)

Abbreviations: RFCSA, rectus femoris cross-sectional area; X-axis: longitudinal axis; Y-axis; transversal axis; SD:

standard deviation.
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Figure 3. Changes in nutritional ultrasound assessments in rectus femoris (A) and abdominal wall

(B). Abbreviations: RFCSA, rectus femoris cross-sectional area.

Table 6. Correlations between baseline variables and percentage changes in phase angle (univariate

analysis).

Baseline Characteristics Beta 95%CI P
Male/female —9.1026 —209to0 2.7 0.130
Age, years —0.640 —1.216 to —0.064 0.030
Diabetes, yes /no —16.942 —33.097 to —0.787 0.040
Length of hospital stay, days 0.237 0.117 to 0.357 <0.0001
ICU stay, days 0.398 0.239 to 0.556 <0.0001
SOFA score 2.461 —3.513 to 8.435 0.387
CRP, mg/dL —0.011 —0.068 to 0.045 0.690
Vitamin D, mg/dL —0.209 —1.403 to 0.983 0.720
Bl score —0.607 —1.539 to 0.325 0.199
Handgrip strength, kg —0.666 —1.115 to —0.218 0.004
TUG, seconds 0.682 0.366 to 0.998 <0.0001
SMM], kg/m? —1.444 —3.893 to 1.003 0.242
PhA, grades —13.495 —17.242 to —9.749 <0.0001

Abbreviations: BI, Barthel index; CI, confidence interval; CRP, C-reactive protein; ICU, intensive care unit; SMMI,
skeletal muscle mass index; SOFA, Sequential Organ Failure Assessment; PhA, phase angle; TUG, Timed Up and
Go test.
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3.4. Correlations Between Changes in BIA and Nutritional Ultrasound

Percentage changes in muscle-related variables, such as circumference and Y-axis,
as well as total and preperitoneal adipose tissue, significantly correlated with percentage
weight and fat mass gain by BIA. Percentage changes in body cell mass correlated directly
with percentage changes in RFCSA and X-axis and percentage changes in the ASMM index
with percentage changes in RFCSA and Y-axis (Table S6; Supplementary Materials).

3.5. Correlations Between Changes in BIA and Nutritional Ultrasound, and Changes in Handgrip
Strength and TUG

The percentage changes in handgrip strength correlated significantly with the per-
centage changes in PhA and three muscle parameters (RFCSA, X-axis, and Y-axis) but
not with total, superficial, or preperitoneal abdominal fat. Percentage changes in TUG
correlated inversely with SSMI and PhA by BIA and Y-axis on nutritional ultrasound
(Table S7, Supplementary Materials).

3.6. Supplement Adherence and Tolerance

After 90 days of follow-up, 68 out of the 85 patients who completed the study (80%)
maintained the prescribed initial dose of ONS. The median dose taken per day was 400 mL
(IQR 200-400), which was the same for men and women. A total of 11 out of 85 patients
(12.9%) temporarily discontinued the treatment during the study. In six cases, this was
because of adverse events (AEs). Mean adherence to treatment was 82.6 (31)% with regards
to the first dose and 77.0 (35.6)% regarding the second dose. Median adherence was 100%
(IQR 75-100) with regards to the first dose and 100% (IQR 50-100) regarding the second
dose, and it was similar in men and women. In total, 70.85% and 63.5% of the 85 patients
had 100% adherence to the first and second prescribed doses, respectively, and 4% had
poor adherence (<50%). No significant differences were observed in adherence rates (> or
<70%) based on sex, age (>65), or diabetes status.

Table S8 (Supplementary Materials) shows the adverse events experienced during
treatment. At days 45 and 90 of follow-up, 28.8% and 21.1% of patients reported experienc-
ing at least one AE. Mild bloating and flatulence were the most frequently mentioned AEs.
All gastrointestinal symptoms had a median score of 0, with the exception of feeling full
after taking the ONS, with a median score of 5 (IQR 2-8).

On a scale of 0 to 10 (0: very bad-10: very good), 78.8% at day 45 and 82.3% at day 90
of follow-up reported an overall situation score of seven or higher.

3.7. Exercise

The median IQR estimated exercise time of each patient who completed the study
was as follows: strength exercise: 70 (0-120) min/week; moderate physical exercise:
60 (0-120) min/week; walking: 210 (120-420) min/week; steps per day: 5300 (3500-8800).
In total, 59 out of 85 (69.4%) patients followed a functional rehabilitation program. There
were no differences in the performed exercises between men and women except for strength
exercises, with a median of 95 (30-150) min/week in men and 30 (0-100) min/week in
women (p = 0.0281).

4. Discussion

This multicenter, observational study conducted across ten hospitals in Spain aimed
to explore the potential impact of a three-month intervention involving ONS and physical
rehabilitation on post-ICU COVID-19 patients. The findings suggest notable improvements
in nutritional status, muscle strength, and functional capacity. After the functional and
nutritional intervention, patients’” weight gain occurred primarily through increases in
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muscle mass, without significant changes in fat mass, as indicated by BIA and nutritional ul-
trasound. Additionally, the intervention was generally well tolerated, with good adherence
rates, indicating that it may be feasible for this patient population.

During hospital discharge, screening, diagnosis, and treatment of malnutrition are
essential for all patients with COVID-19, especially for those with longer ICU stays [11].
Upon discharge, post-ICU COVID-19 patients experience varying degrees of malnutrition,
often accompanied by sudden and substantial weight loss during their hospital stay that
influences the quality of their lives [4,28-30]. Functional decline is also common [31-34].
In addition, sarcopenia is another major complication that can occur alongside COVID-19,
especially following an ICU stay, and is often neglected [11,14]. Sarcopenia is associated
with an increased risk of mortality during hospitalization, as well as disabilities, falls, and
functional limitations after discharge [9]. It may have long-term effects that can result
in persistent functional disability one year after discharge. It can also be associated with
a significantly higher risk of re-admission in old people [9,35,36]. Survivors of ARDS
experience significant physical impairments of muscle strength, walking capacity, and
physical activity levels (physical SF-36 score) between six months and two years after being
discharged from the ICU [37]. In addition, sarcopenia in post-critical COVID-19 ambulatory
patients is difficult to assess due to the limitations of techniques such as BIA or dual-energy
X-ray absorptiometry (DXA) and the high prevalence of obesity in this population [14]. In
this context, nutritional ultrasound is emerging as a useful technique for the evaluation of
malnutrition and sarcopenia in patients with a normal or elevated BMI [4,14].

In our study, all patients were malnourished at baseline (hospital discharge) according
to the SGA or GLIM criteria [4]. Other studies also reported a significant prevalence
of malnutrition [28-30]. Overweight and obesity were highly prevalent in our cohort,
which has been reported by other authors as well [38]. Over 60% of the patients showed
dynapenia, with a handgrip strength below the values recommended by the EWGSOP2
(<27 kg for men and <16 kg for women), and nearly 30% had TUG test scores above the
cutoff value of 20 s. The degree of physical dysfunction was consistent with findings from
other similar studies [28-30]. In addition, according to the GLIM criteria [22], over 30%
of men and women had reduced muscle mass as measured by FFMI (<17 for men and
<15kg/ m? for women), and over 40% had reduced muscle mass as measured by the ASMM
index (<7 for men and <5.7 kg/ m? for women).

The ESPEN guidelines recommend offering COVID-19 patients hypercaloric (400 kcal/day)
and hyperproteic (30 g/day) ONS after hospital discharge [11]. However, data about the
nutritional and functional benefits of this approach in post-ICU COVID-19 patients are
limited. A study of 38 critically ill COVID-19 patients showed that nutritional recovery
seems to be very slow. The prevalence of malnutrition remained high (up to 66%) three
months after discharge. Only a minority (10 patients) received nutritional support within
3 months of ICU discharge, suggesting that malnutrition was either underdiagnosed or
undertreated in this population [5]. An observational longitudinal study described the
evolution of nutritional parameters between admission and 30 days after hospital discharge
in 91 patients admitted for COVID-19 who received early nutritional management (33%
required admission to the ICU). During hospitalization, all patients received optimized
nutritional management according to international and French guidelines on nutritional
screening and support, but not physical rehabilitation. Thirty days after discharge, 28.6% of
patients hospitalized for COVID-19 were malnourished, compared to 42.3% at admission [6].
Body composition was not examined. Lakenman et al. focused on a cohort of post-ICU
COVID-19 patients, assessing their nutritional and physical recovery one year after ICU
discharge. The results indicated that while most patients regained their body weight,
19% continued to have low FFMI and 50% had high fat mass, highlighting a persistent
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imbalance in body composition [7]. The intervention included dietary recommendations.
In contrast, at hospital discharge and three months after, our patients were offered a serum
lactoprotein enriched with leucine and vitamin D, along with simple and non-strenuous
physical rehabilitation. Additionally, we thoroughly examined body composition.

Evidence shows a possible positive impact of physical activity in combination with
supplementation of amino acids or their metabolites on muscle mass and strength [39,40].
Physical exercise or sufficient amounts of essential amino acids such as leucine can be
anabolic triggers for protein synthesis [41]. Vitamin D plays a role in lowering the anabolic
threshold for the anabolic stimulation of muscle protein synthesis by leucine [42]. Vitamin
D deficiency negatively impacts muscle metabolism, which can be restored by vitamin
D supplementation [43]. In addition, the absorption rate of dietary amino acids by the
intestine influences the rate of postprandial protein synthesis, breakdown, and, ultimately,
protein deposition. Serum lactoprotein intake results in a rapid, high, and transient increase
in plasma amino acid levels [44], which has been associated with an increased rate of
protein synthesis [45,46].

The intervention results revealed a significant improvement in nutritional status
90 days after hospital discharge. By the end of this period, 88% of the patients had a normal
nutritional status by SGA and 63.5% by GLIM criteria. Regarding functionality, a significant
improvement was achieved in parameters associated with patients’ fragilities, such as
handgrip strength (significant improvement of approximately 50%) and the TUG test (42%
improvement). Nutritional and functional improvements were of a similar magnitude in
men and women and there were no significant problems of tolerance or adherence.

In terms of body composition by BIA, improvements were achieved in FFMI (with a
19.3% increase and improvements in 50% of patients with very low FFMI), SMMI (with a
19.1% increase), ASMM index (with an 11.4% increase), and PhA (with a 24.3% increase).
In the multivariate study, patients with worse nutritional status, as determined by a lower
baseline PhA, exhibited greater improvement in PhA after the intervention. Conversely,
older patients demonstrated lower PhA improvement rates. This suggests that older
individuals may require greater support and closer monitoring. However, the expected
improvement will be significant even in those with worse baseline conditions. Given the
association between low PhA and higher mortality in COVID-19 patients [10], improving
this parameter emphasizes the necessity of the intervention.

It is important to clarify that the weight gain observed in our study seems largely
attributable to muscle mass, as suggested by several objective measures. Notably, FFMI
increased by 19.3%, SMMI rose by 19.1%, and ASMMI showed an 11.4% increase (Table 4).
Additionally, FFM increased by 6.4 kg, accompanied by gains in body cell mass, which
may indicate that muscle mass contributed significantly to the overall weight gain. Further
supporting this, we observed improvements in functional capacity, with handgrip strength
increasing by 48.2% over 90 days (Table 3), which likely reflects gains in muscle strength.
Ultrasound measurements also demonstrated a 47.5% increase in RFCSA (Table 5) and
notable improvements in other muscle parameters, such as circumference, X-axis, and
Y-axis. RFCSA and Y-axis, in particular, showed the most significant gains in both men
and women (Table S6).

It should also be mentioned that although the patients gained an average of 6.8 kg
(an increase of 8.9%) after three months of intervention, there were no significant increases
in either fat mass by BIA or in total, abdominal, or preperitoneal adipose tissue, or in
rectus femoris subcutaneous adipose tissue by nutritional ultrasound. Although the obesity
rate was high in our study, the intervention is unlikely to be associated with increased
cardiovascular risk because the weight gain was primarily due to muscle mass rather than
fat mass.
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It should also be noted that improvements in parameters such as PhA, RFCSA, X-axis,
or Y-axis were associated with improvements in handgrip strength and, in some variables,
with improvements in the TUG test. Therefore, the improvements in parameters indicating
sarcopenia were statistically significant and might have evident clinical applications.

Physical rehabilitation plays a crucial role in improving physical function and recovery
for post-ICU patients, including those recovering from severe COVID-19. Studies have
demonstrated significant improvements in exercise capacity, muscle strength, and balance
following tailored rehabilitation programs, with outcomes measured by the 6 min walk
test, sit-to-stand test, and gait speed assessments [47,48]. These interventions not only
restore physical function but also address complications like muscle loss and respiratory
impairment, making rehabilitation a vital component of post-ICU care [47,48].

Our study had some limitations that ought to be taken into consideration. We ac-
knowledge that lacking a control group, this exploratory study has inherent limitations in
establishing causality between the intervention and the observed outcomes. Since this was
an uncontrolled study, we cannot exclude the possibility that part or all of the observed im-
provements in nutritional and functional status may be attributable to the natural recovery
process after critical illness, rather than to the intervention itself. However, our preliminary
findings are valuable in guiding future research and randomized controlled trials to confirm
the efficacy of this intervention in a broader population. Another limitation of this study
is the sample size and the number of participants lost during follow-up. Although the
sample size of 96 patients is significant, it might not fully represent all COVID-19 patients
who have undergone ICU stays. The final sample size was slightly smaller compared to
the initial planned number. Although a formal power analysis was conducted, and we
anticipated a 20% loss to follow-up, only 85 patients completed the study, slightly lower
than the projected 96 patients. This reduction in sample size may limit the generalizability
of our findings. Future studies with larger sample sizes are necessary to validate these
findings further and improve the ability to generalize the results to broader populations. In
addition, some measurements, such as waist circumference, can be operator-dependent
despite following a standardized protocol, which may introduce variability and affect the
reproducibility of the results. Moreover, while the dropout rate was relatively low, it is
important to acknowledge that the outcomes of these patients were not tracked. However,
in most cases, follow-up would not have been feasible due to the nature of the reasons for
dropout, which included loss to follow-up, death, or the patient’s decision to withdraw
from the study. Additionally, adherence to the intervention was likely compromised among
those who dropped out, which may have limited the utility of following up with them.
Future studies should minimize loss to follow-up and, where feasible, explore strategies to
assess the outcomes of patients who do not complete the study. The number of patients who
declined to participate was not systematically recorded, which may have also introduced a
selection bias.

In addition, this research was conducted during the fourth and sixth outbreaks of
COVID-19 in Spain [49]. The findings may not fully apply to other settings or to different
or future variants of SARS-CoV-2. Patients with obesity may have their muscle mass
overestimated, which could lead to an underdiagnosis of malnutrition when the GLIM
criteria are used. However, our study’s strength is that we ensured consistency in the
nutritional ultrasound results by providing specific training to the researchers involved.
Additionally, the same US models and protocols were utilized in all hospitals participating
in the study, and all investigators received training to adhere to a specific nutritional
ultrasound protocol before commencing the study to minimize any potential variability in
the results. Nevertheless, observer intra- and inter-observer variability remains an inherent
limitation of ultrasound-based body composition assessment [16] and should be considered
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when interpreting our results. Finally, the study lacks a cost-effectiveness analysis. While
the study primarily focused on clinical and nutritional outcomes, the potential resource
requirements of the intervention were not evaluated. Future research should include
an economic analysis to better understand the feasibility and financial implications of
implementing this intervention on a larger scale.

5. Conclusions

In conclusion, our study emphasizes the importance of conducting a comprehensive
nutritional assessment for post-ICU COVID-19 patients, focusing on nutrient balance,
body composition, functional status, and biochemical status. A three-month intervention
including oral nutritional supplements of 100% serum lactoprotein enriched with leucine
and vitamin D and physical rehabilitation was associated with significant nutritional
and functional status improvement. Patients gained weight primarily by increasing their
muscle mass. As measured by BIA, there was no significant increase in fat mass or in total,
superficial, or preperitoneal abdominal fat, as evaluated by nutritional ultrasound. The
intervention was well tolerated, and adherence was good. However, due to the study’s
observational nature and the absence of a control group, these results should be interpreted
with caution. While the findings are clinically meaningful, they are exploratory, and future
randomized controlled trials are needed to confirm the efficacy of this intervention in
broader populations. A long-term study will also be necessary to observe the evolution of
these results and further validate the positive impact of integrated nutritional and physical
rehabilitation strategies in the recovery of post-critical COVID-19 patients.
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of intervention stratified by sex. Table S5. Changes in bioelectrical impedance analysis after 90 days
of intervention stratified by sex. Table S6. Correlations between the percentage change after the inter-
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handgrip strength and TUG results. Table S8. Tolerance after 45 and 90 days of the intervention.

Author Contributions: C.J.: Conceptualization, methodology, validation, formal analysis, investiga-
tion, resources, data curation, writing—original draft, writing—review and editing, visualization,
supervision, project administration. I.B.: Conceptualization, methodology, validation, formal anal-
ysis, investigation, resources, data curation, writing—original draft, writing—review and editing,
visualization, supervision, project administration. M.J.O.-B.: Investigation. A.Z. (Alba Zabalegui):
Investigation. D.B.: Investigation. PM.M.: Investigation. M.A.M.-O.: Investigation. A.Z. (Ana
Zugasti): Investigation. M.R.: Investigation. F.B.: Conceptualization, formal analysis, data curation,
writing—original draft, writing—review and editing, supervision, project administration. ].M.G.-A.:
Conceptualization, methodology, formal analysis, investigation, resources, writing—original draft,
writing—review and editing, supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Danone-Nutricia S.R.L. Calle Torrelaguna, 77. 28043 Madrid.
CIF:B-78073913.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Hospital
Universitari Germans Trias i Pujol (Badalona, Spain) under the code PI-20-321, approval date 13
November 2020. All procedures and materials used in this project followed the principles and the
data protection and research regulations in Spain (Ley Organica 3/2018, 5 December 2018).


https://www.mdpi.com/article/10.3390/nu17101722/s1
https://www.mdpi.com/article/10.3390/nu17101722/s1

Nutrients 2025, 17,1722

17 of 20

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: Data supporting the findings of this study are available from the
corresponding author on reasonable request.

Acknowledgments: The authors thank Pablo Rivas for providing medical writing support.

Conflicts of Interest: The authors declare no conflict of interest. The authors declare that this study
received funding from Danone-Nutricia S.R.L. The funders had no role in the design of the study, the
collection, analysis, or interpretation of data, the writing of the manuscript, or the decision to publish
the results.

Abbreviations

The following abbreviations are used in this manuscript:

ARDS Acute Respiratory Distress Syndrome

ASMM Appendicular skeletal muscle mass
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BIVA Bioelectrical impedance vector analysis

BMI Body mass index

CHF Congestive heart failure

CI Confidence interval

CKD Chronic kidney disease

COPD Chronic obstructive pulmonary disease
COVID-19  Coronavirus disease 2019

CRP C-reactive protein

DM Diabetes mellitus

DXA Dual-energy X-ray absorptiometry

ESPEN European Society for Clinical Nutrition and Metabolism
EWGSOP2  European Working Group on Sarcopenia in Older People 2
FFM Fat-free mass

FFMI Fat-free mass index

GLIM Global Leadership Initiative on Malnutrition criteria
HBP High blood pressure

HFNC High flow nasal cannula

ICU Intensive care unit
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RT-PCR Reverse Transcription Polymerase Chain Reaction
SD Standard deviation

SGA Subjective Global Assessment

SMMI Skeletal muscle mass index

SOFA Sequential Organ Failure Assessment Score

SPA Standardized phase angle

TUG Timed Up and Go test



Nutrients 2025, 17,1722 18 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Abate, S.M.; Ahmed Ali, S.; Mantfardo, B.; Basu, B. Rate of Intensive Care Unit admission and outcomes among patients with
coronavirus: A systematic review and Meta-analysis. PLoS ONE 2020, 15, e0235653. [CrossRef] [PubMed]

Singer, P. Preserving the quality of life: Nutrition in the ICU. Crit. Care 2019, 23, 139. [CrossRef] [PubMed]

Rees, E.M.; Nightingale, E.S.; Jafari, Y.; Waterlow, N.R,; Clifford, S.; Pearson, C.A.B.; Group, C.W.; Jombart, T.; Procter, S.R.; Knight,
G.M. COVID-19 length of hospital stay: A systematic review and data synthesis. BMC Med. 2020, 18, 270. [CrossRef]

Joaquin, C.; Bret6n, I.; Océn Bretén, M.].; Burgos, R.; Bellido, D.; Matia-Martin, P.; Martinez Olmos, M.A,; Zugasti, A.; Riestra,
M.; Botella, E; et al. Nutritional and Morphofunctional Assessment of Post-ICU Patients with COVID-19 at Hospital Discharge:
NutriEcoMuscle Study. Nutrients 2024, 16, 886. [CrossRef] [PubMed]

Rives-Lange, C.; Zimmer, A.; Merazka, A.; Carette, C.; Martins-Bexinga, A.; Hauw-Berlemont, C.; Guerot, E.; Jannot, A.S.; Diehl,
J.L.; Czernichow, S.; et al. Evolution of the nutritional status of COVID-19 critically-ill patients: A prospective observational study
from ICU admission to three months after ICU discharge. Clin. Nutr. 2022, 41, 3026-3031. [CrossRef]

Bedock, D.; Coulffignal, J.; Bel Lassen, P; Soares, L.; Mathian, A.; Fadlallah, ].P.; Amoura, Z.; Oppert, ].-M.; Faucher, P. Evolution
of Nutritional Status after Early Nutritional Management in COVID-19 Hospitalized Patients. Nutrients 2021, 13, 2276. [CrossRef]
Lakenman, P.L.; Joosten, K.E; Bommel, ].V.; Bek, L.M.; Berg-Emons, R.J.V.D.; Olieman, J.F. Nutritional status of patients with
COVID-19 1-y post-ICU stay: A prospective observational study. Nutrition 2023, 111, 112025. [CrossRef]

Cruz-Jentoft, A.J.; Sayer, A.A. Sarcopenia. Lancet 2019, 393, 2636-2646. [CrossRef]

Shadmand Foumani Moghadam, M.R.; Vaezi, A.; Jandari, S.; Araste, A.; Rezvani, R. Navigating sarcopenia in COVID-19 patients
and survivors: Understanding the long-term consequences, transitioning from hospital to community with mechanisms and
interventions for future preparedness. Aging Med. 2024, 7, 103-114. [CrossRef]

Cornejo-Pareja, I.; Vegas-Aguilar, .M.; Garcia-Almeida, ] M.; Bellido-Guerrero, D.; Talluri, A.; Lukaski, H.; Tinahones, EJ. Phase
angle and standardized phase angle from bioelectrical impedance measurements as a prognostic factor for mortality at 90 days in
patients with COVID-19: A longitudinal cohort study. Clin. Nutr. 2022, 41, 3106-3114. [CrossRef]

Hinkelmann, J.V.; De Oliveira, N.A.; Marcato, D.F,; Costa, A.R.R.O.; Ferreira, A.M.; Tomaz, M.; Rodrigues, T.].; Mendes, A.P.
Nutritional support protocol for patients with COVID-19. Clin. Nutr. ESPEN 2022, 49, 544-550. [CrossRef] [PubMed]

Besutti, G.; Pellegrini, M.; Ottone, M.; Bonelli, E.; Monelli, E; Fari, R.; Milic, J.; Dolci, G.; Fasano, T.; Canovi, S.; et al. Modifications
of Chest CT Body Composition Parameters at Three and Six Months after Severe COVID-19 Pneumonia: A Retrospective Cohort
Study. Nutrients 2022, 14, 3764. [CrossRef] [PubMed]

Chan, K.S.; Mourtzakis, M.; Aronson Friedman, L.; Dinglas, V.D.; Hough, C.L.; Ely, EW.; Morris, P.E.; Hopkins, R.O.; Needham,
D.M. Evaluating Muscle Mass in Survivors of Acute Respiratory Distress Syndrome: A 1-Year Multicenter Longitudinal Study.
Crit. Care Med. 2018, 46, 1238-1246. [CrossRef] [PubMed]

Cornejo-Pareja, I.; Soler-Beunza, A.G.; Vegas-Aguilar, LM.; Ferndndez-Jiménez, R.; Tinahones, E]J.; Garcia-Almeida, ]. M. Predictors
of Sarcopenia in Outpatients with Post-Critical SARS-CoV2 Disease. Nutritional Ultrasound of Rectus Femoris Muscle, a Potential
Tool. Nutrients 2022, 14, 4988. [CrossRef]

Cruz-Jentoft, A.J.; Bahat, G.; Bauer, ].; Boirie, Y.; Bruyére, O.; Cederholm, T.; Cooper, C.; Landi, F,; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16-31. [CrossRef]

Garcia-Almeida, ].M.; Garcia-Garcia, C.; Vegas-Aguilar, I.M.; Ballesteros Pomar, M.D.; Cornejo-Pareja, L. M.; Ferndandez Medina, B.;
de Luis Roman, D.A.; Bellido Guerrero, D.; Breton Lesmes, I.; Tinahones Maduerio, FJ. Nutritional ultrasound®: Conceptualisation,
technical considerations and standardisation. Endocrinol. Diabetes Nutr. 2023, 70 (Suppl. S1), 74-84. [CrossRef]

De Luis Roman, D.; Garcia Almeida, J.M.; Bellido Guerrero, D.; Guzman Rolo, G.; Martin, A.; Primo Martin, D.; Garcifa-Delgado,
Y.; Guirado-Pelédez, P.; Palmas, F.; Tejera Pérez, C.; et al. Ultrasound Cut-Off Values for Rectus Femoris for Detecting Sarcopenia in
Patients with Nutritional Risk. Nutrients 2024, 16, 1552. [CrossRef]

Fortimel_Advanced—Nutricia. Available online: https://www.nutricia.es/productos/fortimel_advanced/ (accessed on
20 May 2024).

Fortimel Advanced with ActiSynTM. Available online: https://www.nutricia.com/products/frailty-and-drm/fortimel-
advanced.html (accessed on 20 May 2024).

Gonzélez, D.A.G.; Gémez Gonzélez, A.; Garcia Almeida, .M. Programa de Ejercicio Fisico y Rehabilitacién Muscular. Available
online: https://www.sspa.juntadeandalucia.es/servicioandaluzdesalud /hospital / virgen-victoria/sites / default/ files / 2024-1
1/%C2%B7Programa%20de%20ejercicio%20{%C3%ADsico%20y%20recuperaci%C3%B3n%20muscular%?20.pdf (accessed on 10
April 2025).

da Silva Fink, J.; Daniel de Mello, P.; Daniel de Mello, E. Subjective global assessment of nutritional status—A systematic review
of the literature. Clin. Nutr. 2015, 34, 785-792. [CrossRef]

Cederholm, T.; Jensen, G.L.; Correia, M.L.T.D.; Gonzalez, M.C.; Fukushima, R.; Higashiguchi, T.; Baptista, G.; Barazzoni, R.;
Blaauw, R; Coats, A.; et al. GLIM criteria for the diagnosis of malnutrition—A consensus report from the global clinical nutrition
community. Clin. Nutr. 2019, 38, 1-9. [CrossRef]


https://doi.org/10.1371/journal.pone.0235653
https://www.ncbi.nlm.nih.gov/pubmed/32649661
https://doi.org/10.1186/s13054-019-2415-8
https://www.ncbi.nlm.nih.gov/pubmed/31200741
https://doi.org/10.1186/s12916-020-01726-3
https://doi.org/10.3390/nu16060886
https://www.ncbi.nlm.nih.gov/pubmed/38542797
https://doi.org/10.1016/j.clnu.2021.05.007
https://doi.org/10.3390/nu13072276
https://doi.org/10.1016/j.nut.2023.112025
https://doi.org/10.1016/S0140-6736(19)31138-9
https://doi.org/10.1002/agm2.12287
https://doi.org/10.1016/j.clnu.2021.02.017
https://doi.org/10.1016/j.clnesp.2022.03.002
https://www.ncbi.nlm.nih.gov/pubmed/35623865
https://doi.org/10.3390/nu14183764
https://www.ncbi.nlm.nih.gov/pubmed/36145141
https://doi.org/10.1097/CCM.0000000000003183
https://www.ncbi.nlm.nih.gov/pubmed/29727365
https://doi.org/10.3390/nu14234988
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1016/j.endinu.2022.03.008
https://doi.org/10.3390/nu16111552
https://www.nutricia.es/productos/fortimel_advanced/
https://www.nutricia.com/products/frailty-and-drm/fortimel-advanced.html
https://www.nutricia.com/products/frailty-and-drm/fortimel-advanced.html
https://www.sspa.juntadeandalucia.es/servicioandaluzdesalud/hospital/virgen-victoria/sites/default/files/2024-11/%C2%B7Programa%20de%20ejercicio%20f%C3%ADsico%20y%20recuperaci%C3%B3n%20muscular%20.pdf
https://www.sspa.juntadeandalucia.es/servicioandaluzdesalud/hospital/virgen-victoria/sites/default/files/2024-11/%C2%B7Programa%20de%20ejercicio%20f%C3%ADsico%20y%20recuperaci%C3%B3n%20muscular%20.pdf
https://doi.org/10.1016/j.clnu.2014.12.014
https://doi.org/10.1016/j.clnu.2018.08.002

Nutrients 2025, 17,1722 19 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

American Society of Hand Therapists. Clinical Assessment Recommendations; American Society of Hand Therapists: Mount Laurel,
NJ, USA, 2015.

Bahat, G.; Kilic, C.; Altinkaynak, M.; Akif Karan, M. Comparison of standard versus population-specific handgrip strength cut-off
points in the detection of probable sarcopenia after launch of EWGSOP2. Aging Male 2020, 23, 1564-1569. [CrossRef]

Kear, B.M.; Guck, T.P; McGaha, A.L. Timed Up and Go (TUG) Test: Normative Reference Values for Ages 20 to 59 Years and
Relationships with Physical and Mental Health Risk Factors. J. Prim. Care Community Health 2017, 8, 9-13. [CrossRef] [PubMed]
Garcia Almeida, ].M.; Garcia Garcia, C.; Bellido Castafieda, V.; Bellido Guerrero, D. Nuevo enfoque de la nutricién. Valoracion del
estado nutricional del paciente: Funcién y composicién corporal. Nutr. Hosp. 2018, 35, 1-14. [CrossRef]

Barichella, M.; Cereda, E.; Pinelli, G.; Iorio, L.; Caroli, D.; Masiero, 1.; Ferri, V.; Cassani, E.; Bolliri, C.; Caronni, S.; et al. Muscle-
targeted nutritional support for rehabilitation in patients with parkinsonian syndrome. Neurology 2019, 93, e485-e496. [CrossRef]
[PubMed]

Nakamura, K.; Liu, K.; Katsukawa, H.; Nydahl, P.; Ely, EEW.; Kudchadkar, S.R.; Inoue, S.; Lefor, A.K.; Nishida, O. Nutrition
therapy in the intensive care unit during the COVID-19 pandemic: Findings from the ISIIC point prevalence study. Clin. Nutr.
2022, 41, 2947-2954. [CrossRef]

Eden, T.; McAuliffe, S.; Crocombe, D.; Neville, J.; Ray, S. Nutritional parameters and outcomes in patients admitted to intensive
care with COVID-19: A retrospective single-centre service evaluation. BMJ Nutr. Prev. Health 2021, 4, 416—424. [CrossRef]
Cuerda, C.; Sdnchez Lépez, 1.; Gil Martinez, C.; Merino Viveros, M.; Velasco, C.; Cevallos Pefiafiel, V.; Maiz Jiménez, M.; Gonzalo,
I.; Gonzélez-Sanchez, V.; Ramos Carrasco, A.; et al. Impact of COVID-19 in nutritional and functional status of survivors admitted
in intensive care units during the first outbreak. Preliminary results of the NUTRICOVID study. Clin. Nutr. 2022, 41, 2934-2939.
[CrossRef]

Costa, A.; Gongalves, A F.; Rodrigues, M.; Santos, R.; Almeida, M.P,; Lima, A. Post-intensive Care Unit COVID-19 Survivors:
Functional Status and Respiratory Function Three Months After an Inpatient Rehabilitation Program. Cureus 2022, 14, e3128]1.
[CrossRef]

Cavalleri, J.; Treguier, D.; Deliége, T.; Gurdebeke, C.; Ernst, M.; Lambermont, B.; Misset, B.; Rousseau, A.-F. One-Year Functional
Decline in COVID-19 and Non-COVID-19 Critically Ill Survivors: A Prospective Study Incorporating a Pre-ICU Status Assessment.
Healthcare 2022, 10, 2023. [CrossRef]

Leite, L.C.; Carvalho, L.; de Queiroz, D.M.; Farias, M.S.Q.; Cavalheri, V.; Edgar, D.W.; Nery, B.R.A.; Vasconcelos Barros, N.;
Maldaner, V.; Campos, N.G.; et al. Can the post-COVID-19 functional status scale discriminate between patients with different
levels of fatigue, quality of life and functional performance? Pulmonology 2022, 28, 220-223. [CrossRef] [PubMed]

Klok, EA.; Boon, G.J.A.M.; Barco, S.; Endres, M.; Geelhoed, ].].M.; Knauss, S.; Rezek, S.A.; Spruit, M.A.; Vehreschild, J.; Siegerink,
B. The Post-COVID-19 Functional Status scale: A tool to measure functional status over time after COVID-19. Eur. Respir. |. 2020,
56,2001494. [CrossRef]

Kizilarslanoglu, M.C.; Kuyumcu, M.E.; Yesil, Y.; Halil, M. Sarcopenia in critically ill patients. J. Anesth. 2016, 30, 884-890.
[CrossRef] [PubMed]

Zhao, Y.; Zhang, Y.; Hao, Q.; Ge, M; Dong, B. Sarcopenia and hospital-related outcomes in the old people: A systematic review
and meta-analysis. Aging Clin. Exp. Res. 2019, 31, 5-14. [CrossRef] [PubMed]

Bein, T.; Weber-Carstens, S.; Apfelbacher, C. Long-term outcome after the acute respiratory distress syndrome: Different from
general critical illness? Curr. Opin. Crit. Care 2018, 24, 35-40. [CrossRef]

Ramos, A.; Joaquin, C.; Ros, M.; Martin, M.; Cachero, M.; Sospedra, M.; Martinez, E.; Sinchez Migallén, ] M.; Sendrés, M.-].;
Soldevila, B.; et al. Impact of COVID-19 on nutritional status during the first wave of the pandemic. Clin. Nutr. 2022, 41,
3032-3037. [CrossRef]

Jones, C.; Eddleston, J.; McCairn, A.; Dowling, S.; McWilliams, D.; Coughlan, E.; Griffiths, R.D. Improving rehabilitation after
critical illness through outpatient physiotherapy classes and essential amino acid supplement: A randomized controlled trial. J.
Crit. Care 2015, 30, 901-907. [CrossRef]

Bear, D.E.; Langan, A.; Dimidi, E.; Wandrag, L.; Harridge, S.D.R.; Hart, N.; Connolly, B.; Whelan, K. 3-Hydroxy-f-methylbutyrate
and its impact on skeletal muscle mass and physical function in clinical practice: A systematic review and meta-analysis. Am. |.
Clin. Nutr. 2019, 109, 1119-1132. [CrossRef]

Li, E; Yin, Y,; Tan, B.; Kong, X.; Wu, G. Leucine nutrition in animals and humans: mTOR signaling and beyond. Amino Acids 2011,
41,1185-1193. [CrossRef]

Salles, J.; Chanet, A.; Giraudet, C.; Patrac, V.; Pierre, P.; Jourdan, M.; Luiking, Y.C.; Verlaan, S.; Migné, C.; Boirie, Y.; et al.
1,25(0OH);-vitamin D3 enhances the stimulating effect of leucine and insulin on protein synthesis rate through Akt/PKB and m
TOR mediated pathways in murine C2C12 skeletal myotubes. Mol. Nutr. Food Res. 2013, 57, 2137-2146. [CrossRef]

Chanet, A.; Verlaan, S.; Salles, ]J.; Giraudet, C.; Patrac, V.; Pidou, V.; Pouyet, C.; Hafnaoui, N.; Blot, A.; Cano, N.; et al.
Supplementing Breakfast with a Vitamin D and Leucine-Enriched Whey Protein Medical Nutrition Drink Enhances Postprandial
Muscle Protein Synthesis and Muscle Mass in Healthy Older Men. J. Nutr. 2017, 147, 2262-2271. [CrossRef]


https://doi.org/10.1080/13685538.2020.1870038
https://doi.org/10.1177/2150131916659282
https://www.ncbi.nlm.nih.gov/pubmed/27450179
https://doi.org/10.20960/nh.2027
https://doi.org/10.1212/WNL.0000000000007858
https://www.ncbi.nlm.nih.gov/pubmed/31278117
https://doi.org/10.1016/j.clnu.2021.09.033
https://doi.org/10.1136/bmjnph-2021-000270
https://doi.org/10.1016/j.clnu.2021.11.017
https://doi.org/10.7759/cureus.31281
https://doi.org/10.3390/healthcare10102023
https://doi.org/10.1016/j.pulmoe.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35120866
https://doi.org/10.1183/13993003.01494-2020
https://doi.org/10.1007/s00540-016-2211-4
https://www.ncbi.nlm.nih.gov/pubmed/27376823
https://doi.org/10.1007/s40520-018-0931-z
https://www.ncbi.nlm.nih.gov/pubmed/29549649
https://doi.org/10.1097/MCC.0000000000000476
https://doi.org/10.1016/j.clnu.2021.05.001
https://doi.org/10.1016/j.jcrc.2015.05.002
https://doi.org/10.1093/ajcn/nqy373
https://doi.org/10.1007/s00726-011-0983-2
https://doi.org/10.1002/mnfr.201300074
https://doi.org/10.3945/jn.117.252510

Nutrients 2025, 17,1722 20 of 20

44.

45.

46.

47.

48.

49.

Boirie, Y.; Dangin, M.; Gachon, P.; Vasson, M.P.; Maubois, J.L.; Beaufrére, B. Slow and fast dietary proteins differently modulate
postprandial protein accretion. Proc. Natl. Acad. Sci. USA 1997, 94, 14930-14935. [CrossRef]

Rennie, M.]J.; Bohé, J.; Smith, K.; Wackerhage, H.; Greenhaff, P. Branched-chain amino acids as fuels and anabolic signals in
human muscle. J. Nutr. 2006, 136, 2645-268S. [CrossRef] [PubMed]

Bohé, ].; Low, A.; Wolfe, R.R.; Rennie, M.]. Human muscle protein synthesis is modulated by extracellular, not intramuscular
amino acid availability: A dose-response study. . Physiol. 2003, 552, 315-324. [CrossRef] [PubMed]

Olezene, C.S.; Hansen, E.; Steere, H.K,; Giacino, ].T; Polich, G.R.; Borg-Stein, J.; Zafonte, R.D.; Schneider, J.C. Functional outcomes
in the inpatient rehabilitation setting following severe COVID-19 infection. PLoS ONE 2021, 16, e0248824. [CrossRef] [PubMed]
Halabchi, F.; Selk-Ghaffari, M.; Tazesh, B.; Mahdaviani, B. The effect of exercise rehabilitation on COVID-19 outcomes: A
systematic review of observational and intervention studies. Sport Sci. Health 2022, 18, 1201-1219. [CrossRef]

Alfaro-Martinez, ].J.; Solis Garcia Del Pozo, J.; Quilez Toboso, R.P.; Garcia Blasco, L.; Rosa Felipe, C. Study of incidence of
COVID-19 in Spain and its relationship to geographical province distribution. J. Healthc. Qual. Res. 2023, 38, 299-303. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.94.26.14930
https://doi.org/10.1093/jn/136.1.264S
https://www.ncbi.nlm.nih.gov/pubmed/16365095
https://doi.org/10.1113/jphysiol.2003.050674
https://www.ncbi.nlm.nih.gov/pubmed/12909668
https://doi.org/10.1371/journal.pone.0248824
https://www.ncbi.nlm.nih.gov/pubmed/33788876
https://doi.org/10.1007/s11332-022-00966-5
https://doi.org/10.1016/j.jhqr.2023.02.005

	Introduction 
	Materials and Methods 
	Participants 
	Intervention 
	Variables 
	Sample Size 
	Statistical Analysis 

	Results 
	Nutritional Evaluation 
	Functional Assessment 
	Body Composition Assessment 
	Correlations Between Changes in BIA and Nutritional Ultrasound 
	Correlations Between Changes in BIA and Nutritional Ultrasound, and Changes in Handgrip Strength and TUG 
	Supplement Adherence and Tolerance 
	Exercise 

	Discussion 
	Conclusions 
	References

