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Background & aims: In older patients undergoing cardiac surgery, physical function is a critical deter-
minant of postoperative outcomes. Beta-hydroxy—beta-methylbutyrate (HMB) supplementation has
been shown to promote muscle protein anabolism and inhibit catabolism, thereby preventing muscle
weakness. However, its efficacy in older patients undergoing cardiac surgery remains unknown. This
study aimed to examine the effects of preoperative HMB supplementation on postoperative physical
function and complications in this population.

Keywords:
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Cardiac surgery Methods: In this single-center, open-label, randomized controlled trial, patients aged >65 years sched-
Prehabilitation uled for cardiac surgery were randomized to receive HMB supplementation or no nutritional interven-
Physical function tion. The HMB group received HMB 1200 mg, L-glutamine 7000 mg, and r-arginine 7000 mg, once or
Older adults twice daily, for at least 2 weeks before surgery. Evaluations were performed at baseline and before and

after surgery. The primary outcome was the 6-min walking distance (6MWD) before and after surgery.
Secondary outcomes included the incidence of complications, muscle mass and strength, physical per-
formance, and length of hospital stay.

Results: Forty-four patients with a mean age of 72.5 years (women, 38 %) were randomized to the HMB
(n = 22) or control (n = 22) group. Compared with the control group, the HMB group demonstrated a
statistically significant improvement in the 6MWD both at the pre-surgery (448.0 + 73.5 m vs.
375.5 + 58.8 m; P = 0.01) and post-surgery time points (428.9 + 76.4 m vs. 304.5 + 52.3 m; P = 0.001).
Muscle strength and physical performance also showed significant improvements in the HMB group.
However, no significant difference in muscle mass was observed between the groups at any time point.
The HMB group had a shorter hospital length of stay compared with that of the control group (16.1 + 3.8
days vs. 20.4 + 7.6 days, P = 0.03), and no adverse events were observed with the intervention.
Conclusions: Preoperative HMB supplementation in older adults undergoing cardiac surgery resulted in
significant improvements in postoperative exercise capacity and physical function, along with a reduc-
tion in the length of hospital stay, without affecting muscle mass.

Abbreviations: BIA, bioelectrical impedance analysis; eGFR, estimated glomerular filtration rate; GH, growth hormone; HMB, Beta-hydroxy—beta-methylbutyrate; IGF-1,
insulin-like growth factor-1; PhA, phase angle; SPPB, Short Physical Performance Battery.
* Corresponding author. Division of Cardiovascular Medicine, Department of Internal Medicine, Kobe University Graduate School of Medicine, 7-5-2, Kusunoki-cho, Kobe,
Hyogo 650-0017, Japan.
E-mail address: seimik@med.kobe-u.ac.jp (S. Satomi-Kobayashi).

https://doi.org/10.1016/j.cInu.2024.12.030
0261-5614/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:seimik@med.kobe-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clnu.2024.12.030&domain=pdf
www.sciencedirect.com/science/journal/02615614
http://www.elsevier.com/locate/clnu
https://doi.org/10.1016/j.clnu.2024.12.030
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.clnu.2024.12.030
https://doi.org/10.1016/j.clnu.2024.12.030

M. Ogawa, S. Satomi-Kobayashi, N. Yoshida et al.

Clinical Nutrition 45 (2025) 91-100

Registration number of Clinical Trial: UMIN000030490 (UMINhttps://upload.umin.ac.jp/cgi-open-bin/ctr_
e/ctr_view.cgi?recptno=R000034773).
© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Prehabilitation, a strategy aimed at enhancing patients’ func-
tional capacity prior to surgery to improve postoperative outcomes,
has garnered significant attention due to the increasing age and
prevalence of frailty and comorbidities among patients awaiting
cardiac surgery [1]. Frailty is associated with an increased risk for
major complications after cardiac surgery in older patients and is a
strong predictor of postoperative morbidity and mortality [2,3].
Prehabilitation includes multiple-domain interventions, including
exercise prescription, nutritional support, respiratory muscle
training, lifestyle modification, and psychological support [4,5].
However, preoperative unsupervised exercise training often pre-
sents challenges, including concerns regarding the safety of such
exercises, potential worsening of heart failure, and patient fear and
anxiety [6].

Consequently, our emphasis shifted to nutritional support to
prevent postoperative loss of muscle mass and strength. Beta-
hydroxy—beta-methylbutyrate (HMB) is an active metabolite of
the essential amino acid leucine [7]. Approximately 5 % of all
leucine is converted into HMB, which is widely used as a nutri-
tional supplement to maintain skeletal muscle mass. HMB exerts
its effects on muscle protein metabolism through multiple
mechanisms. It promotes muscle protein synthesis by increasing
the activity of the growth hormone/insulin-like growth factor-1
(GH/IGF-1) axis and stimulating the mammalian target of rapa-
mycin signaling pathway [8]. Activation of the mTOR pathway
plays a crucial role in muscle protein synthesis, leading to
increased protein production and muscle growth. Furthermore,
HMB reduces protein breakdown by modulating catabolic
signaling pathways, including ubiquitin-proteasome and
autophagy-lysosome systems [9]. HMB helps to preserve muscle
mass and inhibits proapoptotic pathways in catabolic states that
often occur after surgery [10].

In addition to the effects of HMB, other amino acids such as
arginine and glutamine have also been recognized for their po-
tential roles in promoting muscle protein synthesis and supporting
recovery from surgery. Both arginine and glutamine are condi-
tionally essential amino acids that become crucial during periods of
high physiological stress, such as surgery [11]. Glutamine has been
shown to improve nitrogen balance, shorten hospital stays, and
reduce infection rates in surgical patients [12]. Arginine has
demonstrated benefits in promoting protein anabolism and wound
healing [13]. The combination of these three amino acids may offer
synergistic effects in supporting muscle protein synthesis and
overall recovery from surgery.

In older adults with sarcopenia, HMB supplementation signifi-
cantly improved muscle strength, physical performance, and
muscle quality and reduced inflammatory marker levels [14]. A
prior study in the field of orthopedics reported that preoperative
HMB supplementation prevented postoperative muscle weakness
[15]. However, studies examining the effects of preoperative
nutritional support in patients undergoing cardiac surgery are
scarce [16]; specifically, evidence on the efficacy of HMB supple-
mentation remains elusive.
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Therefore, this study aimed to investigate the effects of preop-
erative HMB supplementation on postoperative physical function
and complications in older patients undergoing cardiac surgery.

2. Material & methods
2.1. Study design

This prospective, randomized, open-label, controlled trial was
conducted at a 1000-bed teaching hospital in Kobe, Japan. The
study was registered at UMIN (https://upload.umin.ac.jp/cgi-open-
bin/ctr_e/ctr_view.cgi?recptno = R000034773; unique identifier:
UMINO000030490), and the study protocol was published [17]. The
study was conducted in accordance with the principles set forth in
the Declaration of Helsinki, approved by the Kobe University
Institutional Review Board (approval no. 300002) on May 24, 2018,
and reported according to the CONSORT statement. All patients
provided written informed consent before participating in the
study.

2.2. Recruitment and eligibility

The recruitment period was from December 2018 through
March 2023. At the baseline visit, demographic, socioeconomic
status, and medical history data were collected, and all patients
underwent physical examination and laboratory testing. Patient
eligibility was assessed after the completion of all baseline
measurements.

The inclusion criteria were age >65 years and feasibility of
nutritional supplementation for at least 2 weeks before surgery.
The exclusion criteria were as follows: 1) B-type natriuretic peptide
level >500 pg/mL; 2) estimated glomerular (filtration rate
(eGFR) < 30 mL/min/1.73 m?; 3) presence of a pacemaker or
implantable cardioverter-defibrillator; 4) severe liver function
impairment; 5) inability to complete the exercise test; and 6) use of
protein or amino supplements on a routine basis.

2.3. Randomization and allocation concealment

Eligible patients were randomized at a 1:1 ratio to receive HMB
supplementation or no nutritional intervention using a permuted
block randomization scheme, stratified by age (<75 vs. > 75) and
sex. Due to the nature of the intervention, blinding of patients and
clinicians was not feasible. However, data management and
outcome assessment were performed by blinded researchers,
separate from the staff who managed patients’ allocation.

2.4. Interventions

The intervention group received HMB supplementation
(Abound®; Abbott, State of Illinois, USA) for a minimum of 14 days
before surgery. One pack of Abound® (24 g) consists of 1500 mg of
HMB-Ca, 7000 mg of L-glutamine, 7000 mg of L-arginine, and 0 mg
of protein, providing 79 kcal of energy. Patients without chronic
kidney disease received one pack of Abound® twice per day, while
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those with chronic kidney disease (eGFR <60 mL/min/1.73 m?)
received one pack of Abound® per day. Compliance with HMB
supplementation was manually recorded daily on a prescribed form
during the intervention period. In addition, compliance was veri-
fied via telephone by a dietitian and by checking empty packages of
the nutritional supplement. Patients with a compliance rate of
<50 % were considered to be dropped out. The control group did
not participate in any nutritional support program and only
received routine clinical care during the hospital stay.

In both groups, patients received instructions from a physical
therapist regarding exercise during the waiting period before sur-
gery. Specifically, resistance training and aerobic exercise were
prescribed for each patient according to their abilities. Dietary
intake was evaluated by a dietitian using the Food Frequency
Questionnaire, which is a reliable method for measuring con-
sumption of specific foods or nutrients [18].

2.5. Study outcomes

All evaluations were conducted at baseline (T1), on the day
before surgery (T2), and 2 weeks after surgery (T3). HMB supple-
mentation was taken between T1 and T2.

2.5.1. Primary outcome

The primary outcome was the 6-min walking distance (6MWD)
measured on T2 and T3 by a physiotherapist blinded to the
allocation.

2.5.2. Secondary outcomes

Secondary outcomes included physical function, muscle mass
and strength, length of hospital stay, and incidence of complica-
tions. Physical function was assessed by grip strength, knee
extensor muscle strength, Short Physical Performance Battery
(SPPB) scores, and gait speed. Details of the measurement methods
were published previously [17]. Muscle mass was assessed by
bioelectrical impedance analysis (BIA) using the InBody S10 (Bio-
Space Japan, Tokyo, Japan) device. Muscle quality was assessed
based on the phase angle (PhA) determined by BIA, and as the ratio
of muscle strength to muscle mass separately in the upper and
lower extremities, as previously described [19—21]. The PhA is
associated with key cellular properties; a higher PhA correlates
with enhanced cellular function, indicating superior muscle quality
[22]. The ratio of muscle strength to muscle mass is an indicator of
muscle quality during exercise. Blood samples were collected after
an overnight fast and were used to determine the levels of blood
urea nitrogen, creatinine, cholesterol, and proteins, including al-
bumin, transferrin, transthyretin, and retinol-binding protein.

2.6. Sample size calculation

For analysis of the primary outcome with a power of 80 %, a total
of 182 patients (91 in each group) were needed to demonstrate a
minimal clinically important difference of 25 m in the 6MWD. The
minimal clinically important difference in the 6MWD was calcu-
lated based on prior studies, which reported a minimum difference
of 30 m [23,24]. Assuming a standard deviation in the 6MWD of
100 m, according to our previous study [25], and a dropout rate of
up to 10 %, a total of 200 patients were planned to be recruited.

2.7. Statistical analysis
Data analysis was performed based on the intention-to-treat

method; all patients who started the allocated intervention were
included in the analysis. The Shapiro—Wilk test was used to

93

Clinical Nutrition 45 (2025) 91-100

determine data normality. Continuous data were summarized as
mean values with standard deviations if normally distributed or
median values with interquartile ranges (25th—75th percentiles) if
skewed. Categorical data were summarized as numbers with
percentages.

Differences between the two groups at T2 and T3 were evalu-
ated using the chi-square or Fisher's exact test for categorical data
and Student's t-test or Mann—Whitney's U test for continuous data
depending on their distribution. Although baseline randomization
was ensured by the study design, we conducted additional sensi-
tivity analyses by employing analysis of covariance adjusted for
baseline values and by comparing differences from baseline using a
t-test for continuous variables.

All analyses were performed using R version 4.3.2 (The R
Foundation for Statistical Computing, Vienna, Austria). For all tests,
P-values less than 0.05 were considered to indicate statistical
significance.

3. Results
3.1. Patient characteristics

The study flow diagram is shown in Fig. 1. Of the 64 patients
assessed for eligibility, 20 were excluded, and 44 were randomized
to the HMB (n = 22) or control group (n = 22). After randomization,
one patient in the HMB group dropped out after the T2 evaluation
and was not evaluated at T3. Eventually, 44 patients were included
in the intention-to-treat analysis.

Table 1 shows the patients’ baseline demographic and clinical
characteristics. The mean age was 72.5 years, and 36 % were
women. Approximately half of the patients (45 %) had hyperten-
sion, 20 % had chronic obstructive pulmonary disease, and 16 % had
chronic kidney disease. Baseline energy and protein intake were
32.7 kcal/kg/day and 1.1 g/kg/day, respectively. Based on the
baseline renal function assessment, 8 (36.3 %) patients received one
pack and 14 (63.7 %) patients received two packs of nutritional
supplements per day. During the intervention period of 689 patient
days (median, 30.5 days; range, 18—39 days per patient), the
treatment adherence rate in the HMB group was 95.2 % (range,
77.3—100.0 %), and no patients dropped out of taking supplements.
No serious adverse events, such as serious renal or hepatic
dysfunction, were recorded in the HMB group.

Table 2 compares the intra- and postoperative characteristics
between the two groups. Valve surgery was performed in 95 % of
cases, with no significant differences in surgical variables, such as
operative time or cardiopulmonary bypass time, between the
groups.

3.2. Primary outcome

The baseline 6MWD was 405.6 + 61.1 m. Compared with the
control group, the HMB group demonstrated a statistically signifi-
cant improvement in the 6MWD relative to the baseline values both
at T2 (448.0 + 73.5 m vs. 375.5 + 58.8 m; group difference, 72.5
(30.3-114.7); P = 0.01) and T3 (428.9 + 76.4 m vs. 304.5 + 52.3 m;
group difference, 124.4 (82.1-166.8); P = 0.001; Table 3, Fig. 2a).
Statistical adjustment for baseline values did not alter the observed
advantage of the HMB group. The difference from baseline in the
HMB and control groups was 27.0 + 28.9 m and —12.6 + 15.7 m at
T2, and 12.1 + 449 m —83.6 + 42.3 m at T3, respectively (Sup-
porting Information Table S1, Fig. 2b), with the HMB group
demonstrating a significantly lower postoperative decline in the
6MWD.
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Patients assessed for eligibility (n = 64)

Enrollment

Excluded (n = 20)
—1+ Did not meet inclusion criteria (n = 13)
* Refused to participate (n = 7)

Randomized (n = 44)

Allocation

Control group (n = 22)
Completed assessment (n = 22)

Follow-up

Control group
Completed assessment (n = 22)

HMB group (n =22)
™ Completed assessment (n = 22)
T2 HMB group
Completed assessment (n = 22)
Drop out |
Postoperative mental disorders (n = 1)
HMB group

T3

Completed assessment (n = 21)

Control group
Completed assessment (n = 22)

Analysis

Analyzed (intension to treat: n = 22)

Analyzed (intension to treat: n = 22)

Fig. 1. Study flowchart. HMB, beta-hydroxy—beta-methylbutyrate.

3.3. Secondary outcomes

Physical function, including grip strength, knee extensor muscle
strength, SPPB scores, and gait speed, showed similar trends, with
significantly better values in the HMB group than in the control
group at both T2 and T3 (Table 3, Fig. 3). This trend was similar after
the analysis of covariance adjusted for baseline values. In contrast,
muscle mass assessed by BIA did not differ between groups, both at
T2 and T3 (HMB vs. control: group difference, 0.2 [-6.1 to 6.5],
P = 095 at T2, and -0.1 [-6.2 to 6.0], P = 0.98 at T3; Table 3).
Regarding muscle quality, compared with the control group, the
HMB group showed significant improvement from baseline at T2,
including PhA and upper and lower muscle quality; however, the
results were inconsistent at T3 (Fig. 4). Upper and lower extremity
MQ were significantly improved in the HMB group at T2 (P < 0.05 for
each). Importantly, the improvement in lower extremity MQ per-
sisted at T3 (P = 0.0014). The length of intensive care unit stay did
not differ between the groups, whereas the length of hospital stay
was significantly shorter in the HMB group than in the control group
(16.1 + 3.8 days vs. 20.4 + 7.6 days, P = 0.03; Table 2). Postoperative
rehabilitation progressed smoothly in the HMB group, with a
significantly lower number of days to postoperative walking inde-
pendence in the HMB group. In-hospital complications occurred in 3
(14 %) patients in the HMB group and 5 (23 %) patients in the control
group without a significant between-group difference (P = 0.29). The
majority of postoperative complications were infections, predomi-
nantly pneumonia and urinary tract infections.

4. Discussion

To the best of our knowledge, this is the first randomized
controlled trial evaluating the effects of preoperative HMB

94

supplementation on physical function. In this study, preoperative
HMB supplementation provided a significant benefit over usual care
and helped to prevent the decline of physical function in older adults
who underwent cardiac surgery. Furthermore, HVMB supplementa-
tion resulted in a shorter length of hospital stay compared with that
in the control group. No significant difference was found in muscle
mass at any time point, regardless of the intervention; however,
muscle quality did improve with the HMB intervention (Fig. 5).
The discrepancy observed between the positive changes in
muscle strength and exercise capacity with HMB supplementation
and the lack of change in muscle mass could be explained by the
multifactorial character of muscle function. Muscle strength is
determined not only by muscle mass but also by neurological fac-
tors, muscle quality, and metabolic efficiency [26]. In the present
study, while HMB supplementation did not alter muscle mass, it
improved muscle quality before surgery. In fundamental studies
involving rats, HMB supplementation increased muscle adenosine
triphosphate content and enhanced branched-chain amino acid
concentrations [27]. Furthermore, HMB has been shown to reduce
excessive inflammation or protein degradation [28,29], which
could contribute to enhanced muscle strength without a concom-
itant increase in muscle mass. This is supported by recent trials
which indicated that HMB significantly enhances muscle quality
and reduces inflammatory factors in patients with sarcopenia [14].
Similarly, in the current study, short-term HMB intake successfully
improved muscle quality, resulting in enhanced muscle strength
per unit area or PhA. Consequently, we concluded that muscle
strength and physical performance can be preserved despite the
unavoidable loss of muscle mass postoperatively. Morisawa et al.
[30] demonstrated that preoperative muscle quality, as assessed by
PhA, has a significant impact on postoperative activities of daily
living, which is consistent with our findings. Nonetheless, further
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Table 1
Patient baseline demographic and clinical characteristics.
Characteristic Overall, HMB group, Control group,
N = 44° N =22 N =22
Age, years 725 +4.9 71.8 +4.9 733 +£48
Sex, female 16 (36 %) 7 (32 %) 9 (41 %)
BMI, kg/m? 215+ 3.3 215 +32 215+35
NYHA, [/I/1II, n 3/23/18 2/13/7 1/10/11
Laboratory data
BNP, pg/mL 165.2 + 1345 127.6 + 109.0 199.4 + 148.3
Hemoglobin, g/dL 134+ 1.2 132+13 135+12
eGFR, mL/min/1.73m" 64.3 + 16.2 61.6 + 13.8 66.8 + 18.2
BUN, mg/dL 173 +44 174 + 43 17.2 +4.7
MNA-SF 115+ 26 119+ 19 11.1 £ 3.1
LVEF, % 63.1 +9.1 63.3 + 10.0 63.3 + 10.0
Comorbidities, n (%)
Hypertension 20 (45 %) 7 (32 %) 13 (59 %)
Diabetes mellitus 10 (23 %) 4 (18 %) 6 (27 %)
Chronic kidney disease 7 (16 %) 2(9%) 5(23 %)
Dyslipidemia 13 (30 %) 6 (27 %) 7(32%)
COPD 9(20 %) 4(18 %) 5(23%)
Physical function
Grip strength, kg 284 +89 30.2 £8.2 26.8 £+ 94
SPPB Score, points 11.5+0.9 11.7 £ 0.7 114+ 11
Gait speed, m/s 1.0 + 0.1 1.1+0.1 1.0 £ 0.1
Quadriceps isometric strength, N/kg 42+ 1.1 44 +1.0 39+1.1
6-min walking distance, m 405.6 + 61.1 421.0 + 62.3 391.6 + 57.8
Appendicular skeletal muscle mass, kg 17.4 + 49 175 + 46 173 £5.2
Muscle quality
Phase angle, degree 49 + 0.7 5.0+ 0.7 49 + 0.7
Upper extremity MQ 139+23 145+ 25 132+£19
Lower extremity MQ 36.1 +9.3 384 +78 34.0 + 10.1
Energy intake, kcal/kg 327+ 86 345 +9.2 31178
Carbohydrates, % 522 + 8.6 54.1 + 6.2 50.5 + 10.1
Protein, % 140+ 23 138+ 1.7 143 £ 2.7
Fat, % 240+ 76 234 + 8.1 245+ 7.1
Protein intake, g/kg 1.1+03 1.2+03 1.1+04
Japan score 30+25 33+32 27+18
Euroscore II 22+11 23+10 21+13

BMI, body mass index; BNP, brain natriuretic peptide; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate;
HMB, beta-hydroxy—beta-methylbutyrate; LVEF, left ventricular ejection fraction; MNA-SF, Mini Nutritional Assessment Short Form; MQ, muscle quality; NYHA, New York
Heart Association; SPPB, Short Physical Performance Battery.

¢ Mean =+ standard deviation; n (%).

b Welch's two-sample t-test; Pearson’s chi-square test; Fisher's exact test.

Table 2
Intra- and postoperative characteristics of the intervention and control groups.
Outcome Overall, HMB group, N = 22° Control group, P value
N = 44% N =22
Type of surgery, n (%) 0.17
Valve 42 (95 %) 22 (100 %) 20 (90 %)
Valve + CABG 2(5%) 0(0 %) 2 (10 %)
Duration of surgery, min 343.6 + 65.8 339.3 + 60.7 3476 +714 0.69
CPB time, min 205.7 + 52.1 210.7 + 51.3 201.1 +53.6 0.57
ACC time, min 152.5 + 48.6 161.5 + 50.1 144.3 + 46.9 0.27
In-hospital complications, % 8 (18 %) 3(14%) 5(23 %) 0.29
POAF, % 20 (45 %) 9 (41 %) 11 (50 %) 0.75
ICU mobility scale
Day 1 29+13 31+12 28+13 0.40
Day 2 57 +26 6.4 +2.7 50+25 0.11
Day 3 72 +26 80+23 6327 0.04
Time to independent walking, day 38+15 32+13 44+ 1.5 0.01
Length of ICU stay, day 27+10 26+09 29+11 0.33
Length of hospital stay, day 184 + 6.4 16.1 + 3.8 204 +76 0.03
Dietary intake
1-7- day energy intake, kcal/kg 14.8 + 4.9 14.8 + 4.2 149 + 5.5 0.94
1-7- day protein intake, g/kg 0.6 +0.2 0.6 + 0.2 0.6 + 0.2 0.72
8-14- day energy intake, kcal/kg 237 +64 246 +£53 228 +73 0.40
8—14- day protein intake, g/kg 1.0+03 1.0+0.2 0.9+ 03 0.36

ACC, aortic cross-clamping; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; HMB, beta-hydroxy—beta-methylbutyrate; ICU, intensive care unit; POAF,
postoperative atrial fibrillation.
2 Welch's two-sample t-test; Pearson's chi-square test; Fisher's exact test.

@ Mean =+ standard deviation; n (%).
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Table 3
Exercise capacity, muscle strength, muscle mass, and physical performance in the intervention and control groups.
Outcome Group Effect size” Group difference (95 % CI) P value® P value®
HMB group* Control group®
6-min walking distance, m
T2 448.0 + 73.5 375.5 + 58.8 1.09 72.5(30.3—-114.7) 0.01 0.0001
T3 4289 + 76.4 304.5 + 52.3 1.03 1244 (82.1-166.8) 0.001 0.0001
Grip strength, kg
T2 31.2+83 25.0 +9.64 0.70 6.3 (6.0—12.0) 0.03 0.0003
T3 28.9 +7.77 24.0 + 8.04 0.62 4.9 (-0.2 to 10.0) 0.06 0.02
Quadriceps isometric strength, N/kg
T2 47 +£1.0 35+1.1 1.14 1.2 (0.5-1.8) 0.0007 0.0001
T3 43 +0.9 31+1.0 131 1.2 (0.6—1.8) 0.0002 0.0001
SPPB score, point
T2 119+ 03 111 +13 0.84 0.8 (0.2—1.4) 0.01 0.005
T3 11.8 £ 0.5 9.7 +2.2 1.31 2.1(1.1-3.1) 0.0002 0.0002
Gait speed, m/s
T2 1.1+0.1 1.0+0.1 0.71 0.1 (0.0-0.2) 0.03 0.06
T3 1.0+0.2 0.8 +0.2 132 0.2 (0.1-0.3) 0.0002 0.0002
Appendicular skeletal muscle mass, kg
T2 18.1 + 4.8 20.1 £ 115 —0.231 —2.05 (—7.58 to 3.48) 0.50 0.97
T3 16.8 + 4.6 172 +5.8 —0.074 —0.387 (—3.75 to 2.98) 0.82 0.82
Phase angle, degree
T2 5.0+ 0.6 4.7 £ 0.7 0.470 0.30 (—0.10 to 0.69) 0.14 0.017
T3 44 +0.7 42 +09 0.189 0.16 (—0.37 to 0.68) 0.56 0.85
Upper extremity MQ
T2 15.0 + 2.6 123 +22 1.13 2.70 (1.18—-4.21) 0.001 0.002
T3 153 +29 13.2+29 0.73 2.12 (0.24-3.99) 0.028 0.364
Lower extremity MQ
T2 387+70 283 +12.2 1.04 10.41 (4.16—16.66) 0.002 0.017
T3 382 +82 26.8 + 8.5 1.36 11.42 (5.99-16.85) < 0.001 0.0014

Cl, confidence interval; HMB, beta-hydroxy—beta-methylbutyrate; MQ, muscle quality; SPPB, Short Physical Performance Battery.

mean + standard deviation.
Cohen's d: small >0.20, medium >0.50, large >0.80.
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Fig. 2. Change in the 6MWD evaluated at baseline (T1), a day before surgery (T2), and 2 weeks after surgery (T3) in the two groups. (a) Absolute values recorded at each time point;
(b) Changes in values from T1 to T2 and from T1 to T3. Values are presented as raw mean + standard deviation at each time point. *P < 0.05. HMB, beta-hydroxy—beta-meth-

ylbutyrate; 6MWD, 6-min walking distance.

studies are warranted to determine the extent to which preoper-
ative HMB supplementation suppresses postoperative catabolism,
as the patients did not continue HMB intake post-surgery.

These beneficial effects may also be attributed to the synergistic
effects of arginine and glutamine included in the supplement.
Although evidence directly linking arginine and glutamine to im-
provements in muscle mass and strength is limited, some studies
suggest potential benefits. Arginine may improve metabolic pa-
rameters such as insulin resistance [31], indirectly benefiting
muscle health and function, and enhance exercise tolerance
through improved vascularity [32,33]. Glutamine, crucial for
maintaining gut barrier function and supporting immune cells, may
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contribute to overall recovery by reducing inflammation and
enhancing immune responses, although glutamine alone has no
effect on aerobic performance and body composition [34]. Future
research is needed to further elucidate the specific roles of these
amino acids and their optimal combination in perioperative
nutritional support.

While studies specifically investigating the combination of
HMB, arginine, and glutamine are limited, research in older adults
has explored the effects of HMB combined with arginine and lysine.
Baier et al. [35] demonstrated that HMB + arginine + lysine sup-
plementation improved protein metabolism in elderly individuals.
Similarly, Flakoll [36] reported that this combination led to positive
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changes in measures of muscle strength, lean body mass, and
protein synthesis. These findings align with our observations,
suggesting that the combination of HMB and arginine, even with
variations in the third amino acid component, may exert synergistic
effects on muscle function and protein metabolism. This highlights
the potential of amino acid-related cocktail interventions to
enhance muscle health and physical performance in older adults.
On the other hand, some studies have reported that
HMB + arginine + glutamine is effective in wound healing and
pressure ulcer management [37]. However, these studies often
focused on bedridden older individuals with severely impaired
nutritional status. This may explain why we did not observe a sig-
nificant reduction in postoperative complications, which was one
of our secondary endpoints.

While some prior studies suggest that HMB may require
approximately 3 months to improve muscle mass, others have re-
ported no significant changes in muscle mass even after 3 months
of HMB supplementation; thus, the lack of observed muscle mass
improvement in this study is consistent with these findings
[14,38,39]. In our study, both groups were only provided exercise
instructions without a supervised exercise intervention. Conse-
quently, while additional synergistic effects might be anticipated
with exercise, the findings demonstrate that HMB supplementation
alone can enhance postoperative outcomes through improved
muscle quality rather than increased muscle mass. There is
currently no consensus regarding the optimal duration of HMB
supplementation. However, clinical studies involving community-
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dwelling older adults have noted improvements in muscle mass
and quality following 8—12 weeks of administration [36,40].
Although the optimal duration of preoperative intervention is
seldom reported, there are isolated instances of enhanced post-
operative outcomes following a preoperative period of 5 days in
orthopedic surgery [15] and 30 days in cardiac surgery [41]. In our
study, the preoperative period was approximately 1 month, which
may have been sufficient to contribute to improved postoperative
recovery by mitigating muscle damage associated with surgery and
subsequent rehabilitation exercises. It is important to note that
postoperative HMB intervention was not feasible in this instance
due to concerns regarding Acute kidney injury [42]. Further
research is needed to explore the potential effects of postoperative
HMB administration on muscle mass and overall recovery.

In recent years, due to the increasing number of patients of older
age with frailty and multiple comorbidities, prehabilitation, which
emphasizes exercise prescription and nutritional support, is
strongly recommended as a tool to improve postoperative out-
comes [1,4,43,44]. Regarding exercise training, according to current
guidelines, most exercise training methods are generally contra-
indicated in patients with severe valvular heart disease indicated
for surgery [45], leading clinicians to advise patients not to exercise
while they wait for surgery. In particular, unsupervised home-
based exercise presents considerable challenges due to the
absence of standardized exercise intensity and safety. In contrast,
nutritional support is a more feasible intervention in the real world,
encountering fewer obstacles and enjoying greater patient
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Fig. 5. Summary of the study.

acceptance [6]. In fact, adherence was extremely high in this study
at 95 %, even surpassing those observed in clinical trials with
community-dwelling older patients [46]. This heightened adher-
ence may be attributed to the imminent nature of the surgery, and
the ease with which family support and motivation are maintained.
Furthermore, although renal failure is a common comorbidity in
patients undergoing cardiac surgery, we found no increase in the
incidence of adverse reactions or complications due to worsening
renal function, suggesting the safety of the intervention for clinical
application. Additionally, recent focus has been placed on post-
operative decline in physical function, with the ability to perform
activities of daily living as a prognostic factor [47,48]. In the present
study, the HMB group exhibited a lower decline in the 6MWD by
95 m compared with the control group, surpassing the clinically
significant threshold of 30—48 m which is commonly observed in
patients with heart failure [23,24]. It is also greater than the esti-
mated mean difference of 60.4 m in response to changes in clinical
status after cardiac rehabilitation [49]. These findings propose that
preoperative HMB supplementation could become standard care in
the perioperative period.

This study has some limitations. First, because of the open-label
design, it was more prone to detection bias and placebo effect than
closed-label placebo treatments [50]. Despite the recognized
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advantages of a placebo-controlled design, various logistical and
practical challenges precluded its implementation in this study.
However, to minimize bias and maintain objectivity, outcome as-
sessments and treatment assignments were performed by inde-
pendent researchers. Moreover, established objective methods for
assessing physical function were used. While these results are
promising, it's important to consider the potential impact of bias
and placebo effects. Additionally, although the intervention pri-
marily focused on HMB, arginine, and glutamine, the potential in-
fluence of other components in the supplement on the observed
outcomes cannot be completely ruled out. Second, the number of
patients in this study was small and did not reach the calculated
sample size. The trial was stopped earlier than expected due to a
greater than expected difference between the HMB group and the
control group in the primary outcome (6MWD). While significant
improvements in 6MWD, along with consistent improvements in
other measures of physical function, support the clinical validity of
our findings, smaller sample sizes may have reduced the precision
of subgroup analyses, making it more difficult to assess the effects
of interventions in specific populations and reducing the general-
izability of the results. This was due to differences in the primary
outcome that were greater than expected, which is why the study
ended earlier than expected. Third, this study did not include a
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postoperative HMB intervention due to concerns regarding po-
tential complications, such as acute kidney injury, and the lack of
research on the safety of high-volume protein interventions in the
very early postoperative period after elective surgery. Therefore,
the results observed in this study, particularly those at T3, may have
been different if postoperative HMB supplementation had been
provided. Finally, the study was conducted in Japanese patients,
with an average body mass index of 21.5, which is lower than that
reported in Europe and the United States. Hence, the worldwide
applicability of our findings should be considered carefully.

5. Conclusions

In this single-center randomized trial, HMB supplementation
proved effective in improving postoperative muscle strength and
exercise capacity in older patients undergoing cardiac surgery,
although without a protective effect on muscle mass. Furthermore,
HMB supplementation facilitated early postoperative discharge.
Therefore, preoperative HMB supplementation could be a valuable
prehabilitation strategy, particularly for patients with diminished
physical function.
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