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Abstract   389 

Purpose: Critically low skeletal muscle mass and strength, observed in 20% of people with 390 

chronic heart failure (CHF), reduces functional capacity, quality of life (QoL) and survival. 391 

Protein and essential amino acid (EAA) supplementation could be a viable treatment strategy 392 

to prevent declines in muscle mass and strength, and subsequently improve QoL and survival. 393 

This systematic review (PROSPERO: CRD42018103649) aimed to assess the effect of 394 

dietary protein and/or EAA supplementation on muscle strength and performance in people 395 

with CHF. 396 

Methods: Searches of PubMed, MEDLINE and Embase identified studies that reported 397 

changes in strength or muscle performance following protein and/or EAA supplementation in 398 

patients with CHF. Following PRISMA guidelines and using predefined inclusion/exclusion 399 

criteria relating to participants, intervention, control, outcome and study design, two 400 

reviewers independently screened titles, abstracts and full manuscripts for eligibility. Risk of 401 

bias was assessed using Cochrane Risk of Bias Tool (RCTs) or Mixed Methods Appraisal 402 

Tool (cohort studies). Data were extracted for analysis using predefined criteria. 403 

Results: Five randomised controlled trials (RCT) and one cohort study met our inclusion 404 

criteria. All RCTs were at high risk of bias. The methodological quality of the cohort study 405 

was moderate. Heterogeneity of extracted data prevented meta-analyses, qualitative synthesis 406 

was therefore performed. Data from 167 patients with CHF suggests that protein and/or EAA 407 

supplementation does not improve strength, but may increase six-minute walk test distance, 408 

muscle mass, and QoL. 409 

Conclusions: The limited quality of the studies makes firm conclusions difficult, however 410 

protein and/or EAA supplementation may improve important outcome measures related to 411 

sarcopenia. High quality randomised controlled studies are needed.  412 

 413 

Key words: Heart Failure, Sarcopenia, Cachexia, Frailty, Muscles, Amino Acids, Diet 414 

Abstract word count - 260 415 
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Introduction 416 

Chronic heart failure (CHF) affects 11.8% of people over the age of 60 years [1] and is a 417 

leading cause of death and disability [2]. Structural and functional cardiac abnormalities, 418 

leading to imbalances between metabolic supply and demand, are defining physiological 419 

characteristics of CHF [3]. A key phenotype of CHF is reduced cardiac output (Q̇) and 420 

arterial compliance, which collectively inhibit haemodynamic perfusion of skeletal muscle 421 

during physical activity [3]. Such impaired cardiovascular function may contribute to 422 

exercise intolerance, however CHF also causes profound adverse changes to skeletal muscle 423 

physiology which plays a significant role in mediating physical disability [3]. 424 

Changes in skeletal muscle physiology occur in CHF patients who have either reduced 425 

(HFrEF), or preserved (HFpEF) left ventricular ejection fraction (LVEF) [4-8]. These 426 

changes have been described in detail elsewhere [4,9] and include a decrease in the number 427 

of type I muscle fibres, a decrease in the oxidative capacity and cross-sectional area of type II 428 

muscle fibres, a reduction in mitochondrial volume within muscle fibres, a reduction in 429 

enzymes required for aerobic metabolism, and an increase in glycolytic enzymes. Reduced 430 

skeletal muscle aerobic enzyme activity, mitochondrial density and perfusion matching with 431 

oxidative muscle fibres contribute to poor aerobic fitness, faster depletion of phosphocreatine 432 

and an earlier reliance on glycolytic pathways during exercise [4]. Patients with CHF are also 433 

more likely to suffer from muscle atrophy and reduced strength, a condition termed 434 

sarcopenia [10-12]. In CHF, sarcopenia is associated with an increased risk of  premature 435 

mortality [13], a reduction in six-minute walk test (6MWT) distance and physical function, 436 

low aerobic fitness, and poor health-related quality of life (HRQoL) [11,14]. Treatments that 437 

are capable of reversing or preventing the development of sarcopenia in patients who have 438 

CHF are therefore needed.  439 
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Insufficient dietary protein intake is a strong predictor of developing sarcopenia in patients 440 

with heart disease [15]. Regular dietary supplementation with protein or essential amino acids 441 

(EAA) has been shown to augment skeletal muscle strength and mass in healthy adults [16],  442 

and patients with a long-term condition; defined by the authors as, “including coronary artery 443 

disease, chronic heart failure, type 2 diabetes mellitus, chronic obstructive pulmonary 444 

disease, osteoporosis, the metabolic syndrome and dementia” [17]. This is most likely due to 445 

the capacity of dietary protein and/or EAA supplementation to stimulate the mammalian 446 

target of rapamycin (mTOR) pathway, and muscle anabolism [18-20]. Protein and/or EAA 447 

supplementation may therefore help to improve strength and muscle performance in patients 448 

with CHF, however this has not been widely investigated. 449 

The primary aim of this systematic review was to assess the effect of dietary protein and/or 450 

EAA supplementation on skeletal muscle strength and performance in people with CHF. The 451 

secondary aims were to explore the effect of this intervention on body composition, health-452 

related quality of life (HRQoL), aerobic fitness and safety. Intervention adherence and 453 

adverse events were also descriptively reported. 454 

Methods 455 

This review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-456 

Analyses (PRISMA) guidelines. A PRISMA checklist is available from Online Resource 1  457 

[21]. A priori aims, eligibility criteria and methods were registered with PROSPERO 458 

(CRD42018103649). 459 

Study selection criteria 460 

The Participant, Intervention Control, Outcome and Study Type (PICOS) criteria are outlined 461 

in Table 1. Randomised controlled trials (RCT) and cohort studies were included if the 462 
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intervention involved protein or EAA supplementation for at least four weeks. Protein 463 

supplementation was defined as; a request for the participant to consume protein and/or EAA 464 

in addition to their habitual dietary intake. We conservatively chose to include studies that 465 

had a supplementation period of at least four weeks because a recent systematic review that 466 

investigated protein supplementation in patients with a long-term condition, suggested that 467 

interventions as short as six weeks may improve muscle strength and mass [17]. Further 468 

inclusion criteria were; studies that recruited 1) male or female patients, 2) patients who were 469 

>18 years, and 3) patients with a diagnosis of HFrEF or HFpEF. Studies were also required to 470 

have a primary outcome of skeletal muscle strength or performance. Examples of 471 

performance outcome measures included walking tests, the short physical performance 472 

battery (SPPB), or gait speed, because these have been recommended in international 473 

sarcopenia guidelines [10]. Acceptable comparator groups included patients that were 474 

assigned to standard care (no change to diet), or the modification of a patient’s diet that 475 

resulted in a lower protein intake in comparison with the intervention group. 476 

Studies were excluded if; 1) research was conducted in animal models, 2) participants were 477 

<18 years of age, 3) there was no dietary protein or EAA supplementation, 4) the 478 

supplementation period was less than 4 weeks or 5) data were from case reports. Systematic 479 

reviews were also excluded. Language of publication was not an exclusion criterion. 480 

Search strategy  481 

A search of PubMed, MEDLINE, and Embase, was conducted from the dates of inception 482 

(1879, 1879 and 1947, respectively), to August 2018. Search terms, including medical subject 483 

headings (MeSH) were developed by SN and AOD. These were refined by an independent 484 

research librarian who performed the literature search. The search strategy combined 485 

keywords describing the primary condition (heart failure [MeSH] OR cardiac failure OR left 486 
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ventricular failure) AND secondary condition (sarcopenia [MeSH] OR cachexia [MeSH] OR 487 

lean muscle OR muscle mass). The strategy also included terms describing the ‘intervention’ 488 

(protein and amino acids [MeSH]). There are numerous methods of assessing strength and 489 

muscle performance.  To reduce the risk of excluding relevant articles, we did not restrict the 490 

outcome measures by using specific search terms. A full search strategy is provided in Online 491 

Resource 2. The reference lists of manuscripts that met our inclusion criteria were also 492 

screened for articles that met our inclusion criteria (see below). 493 

Study selection 494 

After the search was completed, duplicate articles were removed. SN and AOD 495 

independently screened titles and abstracts in accordance with inclusion and exclusion 496 

criteria. Full-text manuscripts of the abstracts that met our inclusion criteria were assessed 497 

against inclusion and exclusion criteria. Differences between the author’s lists of included 498 

studies were resolved through discussion between SN, AOD and ANA, at both stages of the 499 

review process. Data extraction was performed by SN using a pre-established pro-forma. 500 

AOD reviewed the extracted data against the original manuscripts.  501 

Data Extraction and Analysis 502 

The following data were extracted: muscle strength, muscle performance, body composition, 503 

aerobic fitness, HRQoL, age, sex and number of participants, LVEF, primary diagnosis 504 

(HFrEF or HFpEF), and description of the supplementation regime (type of supplement, 505 

dose, frequency and duration), safety (adverse events, renal function), attrition and 506 

adherence. Transparent reporting of adverse events provides important context about the 507 

benefit and risk profile of an intervention, and should be an outcome reported in clinical trials 508 

[22]. Serious adverse events were defined as any event or reaction that resulted in death, life-509 

threatening illness, hospital admission or prolongation of existing hospitalisation, persistent 510 
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or significant disability or incapacity [23]. Adverse events were defined as an untoward 511 

medical event that occurred during activities required for the study [23], irrespective of 512 

whether they were thought to be related to the intervention. Changes in renal function were 513 

also reported to explore the safety of protein and/or EAA supplementation in patients with 514 

CHF. Diets that are high in protein may be associated with a decline in renal function in 515 

patients with heart disease [24]. Where outcome measures were assessed at multiple time 516 

points, testing conducted closest to cessation of supplementation were included for analysis. 517 

Attempts were made to contact corresponding authors when missing data were identified. 518 

We planned to conduct meta-analysis on quantitative data extracted from included studies. 519 

Outcome of interest were extracted as inter-group mean difference, with standard deviation 520 

(±), or median with inter-quartile range (IQR), according to how they were reported in the 521 

original manuscript. Intra-group differences were reported where inter-group differences 522 

were unavailable. Data dispersion reported as standard error of the mean (SEM) were 523 

converted to standard deviations using the following equation: 524 

SD = SEM × √n 525 

Where SD is the standard deviation, SEM is the standard error of the mean and n is the 526 

number of participants in the group of interest. Improvements in an outcome variable were 527 

considered statistically significant if it achieved a significance threshold outlined in an a 528 

priori sample size calculation. Where sample size calculations were not provided, findings 529 

were considered significant if a P-value <0.05 was reported.  530 

Risk of Bias and Quality Appraisal  531 

Randomised controlled trials (RCTs) meeting our study inclusion criteria were independently 532 

evaluated by SN and AOD for risk of bias using the Cochrane Risk of Bias tool [25]. Bias 533 

attributable to patient selection, randomisation, blinding, attrition and data reporting were 534 

assessed. Studies with a high risk of bias in one or more domains were classed as high risk. 535 
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Studies that had an unclear risk of bias in one or more domains, but were not considered to 536 

have any domains at high risk of bias, were classified as moderate risk. Any study meeting 537 

low-risk criteria for all domains was considered to be at low risk of bias. A methodological 538 

appraisal of cohort studies was undertaken by SN and ANA using the Mixed Methods 539 

Appraisal Tool (MMAT) [26]. Objective quality scoring is not recommended because it 540 

assigns unjustified weighting to different elements of trial design and reporting [25]. A 541 

subjective assessment was therefore undertaken (Online Resource 3).  542 

Results 543 

A PRISMA flow diagram is shown in Figure 1. Searches identified n=833, n=469, and 544 

n=732 articles from Embase, MEDLINE, and Pubmed, respectively (total n=2034). After the 545 

removal of duplicate articles (n=1110), database searches identified 924 records. A further 546 

five articles were identified through hand searches (total n=929). Fourteen full-text articles 547 

were retrieved after screening of titles and abstracts. Eight articles, including the five studies 548 

identified in the hand search, were excluded (Online Resource 4) and six articles were 549 

retained for review [27-32]. Data reported within these manuscripts was heterogeneous, and 550 

there was insufficient data to perform meta-analysis or quantitative synthesis due to the risk 551 

of generating misleading findings [33]. Data were therefore qualitatively synthesised. No 552 

authors responded to our request for further information. 553 

Study Characteristics 554 

Study characteristics are reported in Table 2. One cohort study [32] and five RCTs [27-31] 555 

were identified. One-hundred and three (n=103) patients were recruited to intervention 556 

groups, and 64 patients were recruited to control groups, providing a total population of 167 557 

patients from six studies. One RCT did not report primary outcome data for their control 558 

group [28].  559 
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Patient inclusion criteria were different between studies. Reduced LVEF or New York Heart 560 

Failure (NYHA) classification II-IV were most frequently reported as criteria to define heart 561 

failure [28,30,32]. Two studies specifically recruited patients with clinical signs of muscle 562 

depletion [27,28]. Muscle depletion was defined as; >7.5% oedema free weight loss in ≥6 563 

months, excluding patients with signs of acute inflammatory processes, cancer, or severe 564 

chronic renal failure (serum creatinine >250 μmol/L) [25], or age and sex adjusted arm 565 

circumferences in the lowest 10th percentile in accordance with data from Frischano and 566 

colleagues [34].  567 

Risk of Bias 568 

All five RCTs had a high risk of bias (Table 3) [27-31]. Randomised controlled trials had 569 

between two and six domains that were considered to be at a high risk of bias. The 570 

methodological quality of the cohort study was considered moderate due to the length of the 571 

recruitment not being reported (Online Resource 3) [32]. Selective data reporting was 572 

common across all studies and numerical P-values were often unreported. Only one study 573 

reported a sample size calculation [30]. 574 

Duration of protein and essential amino acid supplementation 575 

Intervention characteristics (Table 2) were heterogeneous. The duration of dietary 576 

supplementation of protein/amino acids ranged from six weeks [30] to six months [31]. Three 577 

studies supplemented protein/amino acids for three months [28,29,32]  and one study 578 

supplemented protein/amino acids for two months [27].  579 

Daily protein and essential amino acid dose 580 

Five of six studies increased daily dietary protein and/or EAA intake with supplementation. 581 

Of these five studies, two administered dietary protein; one used 1.5 g/kg per day of whey 582 

protein powder [31] and one used a 300 kcal twice daily multi-macronutrient supplement 583 



13 

 

containing 20 g of protein [28]. Three of the five studies administered an EAA supplement 584 

without further alteration to the patient’s habitual macro, or micro nutrient intake. Two of 585 

these provided 4 g doses, twice daily [27,32] and one administered an 8 g dose, once daily 586 

[30].  587 

Instead of increasing daily dietary protein and/or EAA intake by the same (relative or 588 

absolute) amount, one of the six studies adjusted daily dietary protein intake to meet 20% of a 589 

patient’s daily estimated energy intake in both the intervention and the control groups [29]. 590 

Ten grams of protein was then removed from the daily diets of patients in the intervention 591 

group and replaced with 2 x 5g of a combined EAA and non-EAA supplement [29]. 592 

Supplement doses are shown in Table 2. 593 

Combined interventional studies  594 

One study combined protein supplementation with a home-based aerobic and resistance 595 

exercise training intervention [31]. Exercise was delivered via a DVD or pamphlet, and 596 

aimed to improve ambulation, balance, lifting and functional independence. Each 20-minute 597 

exercise session was prescribed six times per week (three aerobic and three resistance 598 

exercise sessions on alternating days). This exercise training intervention was only prescribed 599 

to the supplemented group. 600 

A second study combined EAA supplementation with a twice weekly (1 hour per session) 601 

resistance exercise training programme [29]. Resistance exercise training consisted of a 602 

warm-up that included mobility exercises (four sets of six different exercises) and skeletal 603 

muscle stretching (four sets of six different exercises). The conditioning phase also involved 604 

six different exercises. Each type of resistance exercise was conducted in four sets of 15 to 20 605 

repetitions. Barbell and exercise bands providing a resistance between 500 and 1500 g were 606 
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used. Both the control and the supplement intervention groups undertook this exercise 607 

protocol. 608 

One study combined an EAA (8 g/day) with 6.5 g/day of polyunsaturated fatty acid (fish oil) 609 

[30]. 610 

Control group characteristics 611 

Control group designs were also varied. Two control groups were provided with standard 612 

medical care (no placebo) [27,31]. One received safflower oil and milk powder of equivalent 613 

caloric intake [30]. Another received the same resistance exercise training programme 614 

provided to the intervention group, whilst having their dietary protein intake adjusted to 20% 615 

of their estimated daily energy intake [29]. Only one control group was provided with a 616 

placebo drink (12kcal) of ‘similar taste and consistency’ [28]. 617 

Strength measurements  618 

Three studies with a combined total of n=46 intervention patients and n=41 control patients 619 

investigated changes in skeletal muscle strength [30] (Table 4). One of these studies included 620 

exercise prescription in the intervention group only [31] and one study included exercise 621 

prescription in the intervention and control groups [29]. One study reported percentage 622 

changes in handgrip strength only [29], one reported changes in handgrip strength (numerical 623 

data unavailable) and isokinetic leg dynamometry [30] and one reported both handgrip (kg) 624 

and quadriceps (kg) strength, but did not provide information of how measurements were 625 

recorded [31]. No studies reported any statistically significant improvements in strength in 626 

patients assigned to the intervention, compared to patients in control groups.  627 

 628 

 629 
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Muscle performance measurements 630 

Five studies assessed changes in muscle performance (6MWT or get up and go test), Table 5 631 

[27,28,30-32], however, one of these studies did not quantitatively report intervention or 632 

control data [30]. Data on changes in muscle performance were reported in four studies that 633 

included n=74 intervention and n=38 control patients. All four studies measured changes in 634 

6MWT distance [27,28,31,32], one of which also reported changes in timed get up and go 635 

[31]. One study did not report control data for the 6MWT (n=6) [28], and one was a cohort 636 

study (n=13) [32].  637 

One study, where only the intervention group was prescribed exercise, did not find an 638 

increase in 6MWT distance, or timed get up and go among intervention patients (n=3), when 639 

compared to control patients (n=3) [31]. Three studies [27,28,32] including one cohort study 640 

[32], reported a significant improvement in 6MWT distance after the nutritional intervention 641 

(n=57). Only one study conducted inter-group statistical comparisons of changes in 6MWT 642 

distance. 6MWT distance increased significantly in intervention (331 ± 124 m to 405 ± 130 643 

m), but not control patients (298 ± 142 m to 310 ± 155 m; P=0.02) [27]. The RCT that did 644 

not report control data found an increase in 6MWT distance, from 366 ± 110 m to 410 ± 107 645 

m (P=0.020) [28]. In the cohort study, 6MWT distances increased from 439 ± 64 m to 474 ± 646 

89 m (P=0.006) [32]. The RCT that did not quantitatively report outcome data, did not report 647 

significant between group differences in 6MWT distance (P>0.05) [30]. 648 

Body mass measurements 649 

The results for all of the body composition measurements are presented in Table 6. Three 650 

studies involving n=73 intervention and n=49 control patients reported changes in body mass 651 

[27-29]. One study, which prescribed exercise in the intervention and control groups, did not 652 

find a significant increase in body mass among intervention patients, when compared to 653 



16 

 

control patients (P>0.05) [29]. One study reported an intra-group body mass increase from 654 

55.9 ± 17.0 kg to 58.2 ± 7.2 kg (P<0.010) [27], however changes in body mass were not 655 

significantly greater than those found in the control group (P>0.05). A third study found an 656 

increase in intra-group body mass, from 63.9 ± 9.4 kg to 65.5 ± 10.3 kg (P<0.001) following 657 

the study intervention. However, no control data were reported and inter-group comparisons 658 

were not conducted [28].  659 

Body mass index measurements 660 

Four studies [27,29,30] including one cohort study [32] reported data for body mass index 661 

[BMI] (n=77 intervention and n=55 control patients). Only one study reported a significant 662 

increase in BMI following supplementation (22.5 ± 2.1 kg/m2 to 23.4 ± 1.9 kg/m2; P<0.010) 663 

[27]. However, this change was not significantly different to changes reported in the control 664 

group.  665 

Fat mass measurements 666 

Two studies including n=37 intervention and n=18 control patients reported Dual X-ray 667 

Absorptiometry (DXA) derived changes in fat mass. One study reported no change in fat 668 

mass among intervention group patients, when compared to control group patients (P>0.05) 669 

[30]. The second study reported an increase in fat mass, from 15.6 ± 0.7 to 16.6 ± 0.9 670 

(P=0.003) in the intervention group. No control data were reported and inter-group 671 

comparisons were not conducted [28]. 672 

Lean mass measurements 673 

Two studies including n=37 intervention and n=18 control reported DXA derived changes in 674 

lean body mass [30]. Wu and Colleagues [30] reported that lean body mass significantly 675 

increased when compared to controls (P=0.04). Rozentry and colleagues [28] reported that 676 
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lean body mass increased among intervention patients (P=0.019), but did not report control 677 

data.  678 

One study (intervention arm n=21; control arm n=17) estimated lean body mass using tricep 679 

skinfold thickness measurements, and arm muscle area (cm2) [27]. Tricep skinfold thickness 680 

measurements did not change in either study groups (P-value not reported). Arm muscle area 681 

increased in the intervention and control groups (P=0.020). One study (intervention arm 682 

n=29; control arm n=26, exercise was prescribed to both groups) reported arm circumference 683 

as an estimate of lean body mass [29]. There was no improvement in arm circumference 684 

among intervention group patients, when compared to control group patients (P>0.05). 685 

Aerobic fitnesss measurements 686 

Five studies including n=100 intervention and n=61 control patients assessed changes in 687 

aerobic fitness (Table 7) [27-30,32]. One study did not report control data [28], one was a 688 

cohort study [32], and one prescribed exercise to the intervention and control groups [29]. 689 

Three studies did not find any changes in either estimated (P>0.05) [29], or directly 690 

determined peak oxygen uptake (V̇O2peak) following protein and/or EAA supplementation 691 

(P=0.320 [28] and P=0.260 [30]). One study reported a significant increase in V̇O2peak 692 

(P<0.050) and peak power (P<0.010) output among intervention patients, when compared to 693 

control patients [27]. The cohort study reported significant improvements in V̇O2peak 694 

(P=0.008) and the ventilatory anaerobic threshold (P=0.002), but not peak power output 695 

(P=0.380) or ventilatory efficiency (V̇E/V̇CO2 slope; P=0.754) [32]. . 696 

Health related quality of life measurements 697 

Four studies reported changes in patient HRQoL [28,30-32]. Three, including one cohort 698 

study [32] assessed HRQoL using the Minnesota living with heart failure questionnaire 699 

(MLHFQ) [30,32,36]. Control data were not reported for either RCT. Two (of three) studies 700 



18 

 

[28,32] reported an improvement in MLHFQ scores. Rozentryt and colleagues [28] reported 701 

a change from 47 ± 23 to 37 ± 27 (P<0.001; control data not reported), whilst Wu and 702 

colleagues [30] reported an improvement from 36 ± 82 to 24 ± 57 in  the intervention, but not 703 

control group (P=0.020; control data not reported). The same study also assessed changes in 704 

HRQoL using the Kansas City Cardiomyopathy Questionnaire (KCCQ) [37]. They identified 705 

an overall improvement (73 ± 71 to 83 ± 45; P=0.040), improvements in social limitation (72 706 

± 90 to 86 ± 56; P=0.006), and HRQoL (62 ± 101 to 75 ± 60; P=0.004). Lombardi and 707 

colleagues [32] did not find an improvement in MLHFQ score (21 ± 14 to 25 ± 13; P=0.321).  708 

One study [31], which combined exercise with supplementation in the intervention group 709 

only, reported changes in HRQoL using the Short Form Health Survey (SF-36) questionnaire 710 

[38]. Only scores for individual questionnaire items were reported. There were no significant 711 

changes in SF-36 scores for patients in the intervention (n=3) or control groups (n=3). 712 

Cumulative SF-36 scores and SEM values were not reported. 713 

Safety  714 

Four studies reported serious adverse event, and adverse event data (Table 2) [27-30]. There 715 

were 21 serious adverse events. Eight of the serious adverse events were deaths [27-29] 716 

(4.8% of study population) [27,28]. Four of the deaths were among intervention patients, and 717 

four among controls. One study involving exercise training for intervention and control 718 

patients reported two deaths in each study arm, however the cause of death was not reported 719 

(total deaths n=4) [29].The absolute number of serious adverse events (n=13) was higher 720 

among intervention patients compared to controls (n=8). However, due to a higher sample in 721 

the intervention compared to control group, the serious adverse event rate was proportionally 722 

similar among intervention and control patients, with one serious adverse event for every 723 

eight patients recruited. There were a total of 28 adverse events. Adverse events affected one 724 
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in five patients assigned to intervention groups (total; n=19), and one in seven patients 725 

assigned to control groups (total; n=9) . One study comprehensively reported adverse, and 726 

serious adverse events [28]. The serious adverse events occurring in this study accounted for 727 

52% of all serious adverse events (n=14), and 72% of adverse events (n=21) reported in our 728 

systematic review. Renal function was reported using estimated glomerular filtration rate 729 

(two studies) [29,32], serum creatinine levels (four studies) [28-30,32], and serum albumin 730 

levels (three studies) [28-30]. No changes in renal function were reported. 731 

Study attrition 732 

All six studies reported study attrition (Online Resource 5) [27-32]. Study attrition was 733 

similar among intervention and control arms. Attrition in the intervention arms ranged from 734 

0% to 50%, and attrition in the control arms ranged from 0% to 40%. 735 

Study adherence 736 

Only one study reported supplementation adherence (Online Resource 5) [27]. Adherence 737 

was defined as the number of empty supplement packets that were returned. Adherence was 738 

further evidenced by blood sample analyses showing that leucine (EAA) concentrations 739 

within the intervention group were 279% higher than reported at baseline (P<0.001). Based 740 

on this, the authors concluded that all participant’s adherence to their intervention. 741 

Discussion  742 

Overview 743 

The primary aim of this systematic review was to assess the effect of dietary protein and/or 744 

EAA supplementation on skeletal muscle strength, mass, and performance in patients with 745 

CHF. The number of studies (n=6) and total patient population (n=167) were small, and the 746 

risk of bias was high in all RCTs. Methods of assessing our outcomes of interest were also 747 

heterogeneous, and data were often incompletely reported. For example, in most cases, only 748 
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two studies reported the same outcome measure, and pooled sample sizes were small. In 749 

cases where three or more studies appeared to report the same outcome measure, complete 750 

intervention and control outcome data were only reported by two studies. Furthermore, data 751 

from the cohort study could not be pooled with data from the RCTs. The heterogeneous 752 

nature of these studies meant that meta-analysis was inappropriate [33]. Qualitative data 753 

synthesis suggested that dietary supplementation with protein and/or EAA may not improve 754 

strength in patients with CHF, [29-31] but may increase muscle performance (6MWT 755 

distance) [27,28,32]. The secondary findings showed that protein/EAA supplementation may 756 

improve lean body mass [28,30], health related quality of life, and appears to be safe. There 757 

is limited evidence for the intervention improving aerobic fitness. 758 

Strength measurements 759 

Recent changes to sarcopenia guidelines advocate primarily identifying low muscle strength 760 

[10] instead of lean or fat-free body mass [39] for diagnosis. Developing an intervention that 761 

can increase strength and avoid or defer the development of sarcopenia in patients with CHF 762 

is required. We identified three studies that measured changes in muscle strength, none of 763 

which reported a significant improvement following protein and/or EAA supplementation, 764 

despite two of the studies employing a combined resistance exercise and protein/EAA 765 

intervention. Similar findings have previously been reported in non-frail elderly individuals 766 

[40], however evidence appears to support the beneficial role of protein and/or EAA 767 

supplementation in increasing strength in healthy adults [16], and undernourished people 768 

with a long-term condition [17].  769 

A review of 49 studies by Morton and colleagues [16] reported a mean 1 repetition max 770 

(1RM) strength increase of 27.0 kg (95% CI 22.0 to 32.0 kg), following resistance exercise 771 

training and protein supplementation in healthy adults. Dietary protein supplementation 772 
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resulted in a further modest 1RM increase of 2.5 kg (95% CI 0.6 to 4.3 kg), indicating that 773 

protein supplementation plays a smaller role in improving strength, in comparison to 774 

resistance exercise training. Similarly, a systematic review by Cheng and colleagues [17] 775 

found that dietary protein and/or amino acid supplementation elicited modest improvements 776 

in strength in people with a long-term condition (standardised mean difference [SMD]: 0.27 777 

kg; 95 % CI 0.1 to 0.4 kg; P< 0.01) [17]. These findings appeared more pronounced in 778 

individuals who were undernourished. Interestingly, only one study identified by Cheng and 779 

colleagues [27] specifically recruited patients with CHF. Our findings confirm that there is a 780 

paucity of data in this population that has a high incidence of sarcopenia. 781 

Similar to our review, the review by Cheng and colleagues [17] extracted data from a study 782 

by Aquilani and colleagues [27]. Details of this intervention are reported in Table 2. Aquilani 783 

and colleagues measured aerobic fitness on a cycle ergometer. However, this was interpreted 784 

to be a measure of strength by Cheng and colleagues. Peak aerobic fitness is determined by 785 

oxygen transport to the muscle, and muscle oxygen extraction [41],  and may not reflect 786 

changes in muscular strength. Despite this important discrepancy, the findings of systematic 787 

reviews on protein and/or EAA supplementation in older adults with [17] or without [40] 788 

long-term conditions, lend support to our observation that protein and/or EAA 789 

supplementation either does not improve, or has a small effect on improving muscular 790 

strength [17,40]. This may be because muscular strength is dependent on neurological 791 

activation of the muscle, as well as increases lean muscle mass [42]. Protein and/or EAA 792 

supplementation alone may not stimulate improvements in motor unit recruitment required 793 

for strength development. Mechanical stimuli such as that provided by resistance exercise 794 

training may be required to optimise the potential benefits that supplementation may provide. 795 
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We identified two studies that measured changes in strength following protein and/or EAA 796 

supplementation and exercise training. However, the study design limited the ability to 797 

adequately evaluate whether this combined approach is effective in improving strength. 798 

George et al [31] assessed the feasibility of protein supplementation and exercise training in 799 

patients with CHF [31]. No significant improvements in strength were reported, however the 800 

study was not powered to detect statistically significant changes in physiological outcomes 801 

(n=3 per study group) [31]. Pineda-Juarez and colleagues [29] also reported no improvement 802 

in strength among patients who were randomised to EAA supplementation, or control 803 

patients. However, this study was limited by patients only having an average energy intake of 804 

~1423 kcal per day; a substantially lower dietary energy intake than is currently 805 

recommended for adult males and females (~2000 to ~2500) [43]. Low dietary energy intake 806 

combined with increased energy expenditure with resistance exercise training may have 807 

exacerbated the catabolic nature of CHF [44]. Furthermore, Pineda-Juarez et al [29]  removed 808 

10 g of protein from intervention patients’ diets, before providing the twice daily 5 g non-809 

EAA and EAA mixture. Each 5 g supplement however, only contained 3.75 g of non-EAA 810 

and EAA’s. Compared to baseline, patients in the intervention group therefore consumed 2.5 811 

fewer grams of protein per day than the control group, for the duration of the study [29]. 812 

Collectively, these factors may limit any expected improvements in strength among patients 813 

assigned to the intervention group. Protein/EAA supplementation does not appear to improve 814 

strength of patients with CHF. 815 

Body mass measurements 816 

Three out of five studies that measured body mass, reported an increase in at least one 817 

surrogate marker of lean muscle mass (arm muscle area, arm circumference and, BMI) 818 

[27,28,30]. Two studies also reported an increase in DXA-derived measurements of lean 819 

body mass [28,30], the reference standard for measuring body mass in sarcopenia [45]. 820 
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Similar to data reported in healthy older people [16] and people living with a long-term 821 

condition [17], protein and/or EAA supplementation in patients with CHF led to an increase 822 

in lean body mass (DXA: 0.5 kg to 1.7 kg) [28,30]. Protein/EAA supplementation appears to 823 

be beneficial in improving lean mass. 824 

Despite increases in lean mass, Wu and colleagues [30] did not report any changes in fat 825 

mass, BMI or lipid profiles, suggesting that cardiometabolic health was maintained 826 

throughout the supplementation period. This study increased dietary intake by 90 kcal per 827 

day. However, Rozentryt and colleagues [28] reported that a 300 kcal twice daily multi-828 

macronutrient supplementation (20 g of protein, 72g carbohydrate and 26g of fat) led to an 829 

increase in total body mass and fat mass [28]. Given that 600 kcal/day constitutes 830 

approximately 35-45% of the daily energy expenditure of CHF patients [46], it is 831 

unsurprising that such an increase in dietary intake for 3 months led to increases in lean mass 832 

and fat mass.  833 

Previous evidence suggests that mortality risk [47] and cardiac stress markers (NT-proBNP) 834 

[48] are lower in CHF patients who are overweight (BMI of up to 29 kg/m2). Therefore, one 835 

might assume that the increases in body mass reported by Rozentryt and colleagues [25] are 836 

beneficial. However, high fat mass could be detrimental in CHF due to the observed higher 837 

level of inflammation (high-sensitivity C-reactive protein), and lower 6MWT distances [48]. 838 

High levels of inflammation may increase the risk of developing sarcopenia, and is associated 839 

with the progression of CHF [10,49,50]. Furthermore, greater six-minute walk test distances 840 

confer superior survival outcomes [51] and better HRQoL in patients with CHF [52]. 841 

Increasing body mass, without increasing fat mass may help to preserve 6MWT distance and 842 

consequently, HRQoL in people with CHF. Improved lean and total body mass without 843 
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increased fat mass may be achieved with small increases in caloric intake (90 kcal) by 844 

predominantly supplementing with pro-anabolic EAA and non-EAAs [30]. 845 

Muscle Performance 846 

Three of the four studies that measured 6MWT distance reported a significant improvement 847 

among intervention patients but not controls. The only study that did not report a significant 848 

improvement was a feasibility study with low statistical power (n=3 per group) [31]. Change 849 

in 6MWT distance exceeded the widely accepted minimally important improvement for 850 

people with CHF (43m) [53] in two studies [27,28]. These improvements are consistent with 851 

the effects of protein and/or EAA supplementation in people with a long-term condition [17], 852 

and similar to improvements reported after exercise-based cardiac rehabilitation in patients 853 

with CHF (46 m; P<0.001) [54].  854 

It is noteworthy that the gold standard measurement of aerobic fitness, V̇O2peak, increased in 855 

only two out five studies [27,32]. This may suggest that protein and/or EAA supplementation 856 

is more likely to improve sub-maximal muscle performance rather than maximal aerobic 857 

fitness. Protein and EAA supplementation appears to improve muscle performance assessed 858 

by walking distance. 859 

Health related quality of life measurements 860 

Changes in HRQoL were typically reported using the MLHFQ [28,30] and the KCCQ [30]. 861 

The MLHFQ and KCCQ require patients to provide responses to questions relating to the 862 

impact that CHF has on their physical, emotional and socioeconomic function. They are 863 

widely adopted in clinical trials involving patients with CHF and are likely to be sensitive to 864 

changes in frailty. However, to our knowledge, their ability to respond to changes in strength, 865 

muscle mass or performance has not been investigated. Therefore, it is possible that changes 866 

in HRQoL may not have been adequately captured. It is noteworthy that none of the studies 867 
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in our systematic review used qualitative methods to explore changes in HRQoL. Qualitative 868 

research methods can provide important context to HRQoL data obtained from 869 

questionnaires, and can help researchers to interpret quantitative findings [55]. Qualitative 870 

research methods, such as patient interviews, could help to further our understanding of the 871 

impact the protein and/or EAA supplementation has on HRQoL. Based on the available 872 

evidence, protein and/or EAA supplementation may lead to an improvement in HRQoL. 873 

Attrition  874 

In a RCT, high levels of patient attrition can increase the likelihood of a biased outcome and 875 

misleading findings [56]. Five out of six studies in our systematic review had an attrition rate 876 

of <20% [27-30,32]. Attrition rates of between 5% and 20% are likely to lead to a modest 877 

risk of outcome bias in RCTs [57]. The observed low to modest risk of bias suggests that 878 

adequately powered RCTs, investigating protein and/or EAA supplementation, may be 879 

feasible.   880 

Adherence  881 

Recording adherence to nutritional supplementation in home based interventions can be 882 

difficult.  Only one study reported intervention adherence in our systematic review [27]. 883 

Adherence was estimated by counting the number of empty supplement packets that were 884 

returned to the research team, and the presence of the supplement in the participant's blood 885 

samples. It is promising that Aquilani and colleagues [27] found that 100% of patients 886 

adhered to their intervention. However, detailed information on adherence to protein and/or 887 

EAA supplementation in patients with CHF are required to determine whether patients are 888 

likely to adhere to protein and/or EAA supplementation in clinical practice. 889 

Safety  890 
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Diets that are high in protein have been associated with a decline in renal function over a 41 891 

month period in patients with heart disease [24]. Therefore, the benefits of treating sarcopenia 892 

in patients with CHF using protein and/or EAA supplementation need to be evaluated against 893 

the risk of a decline in renal function. The data available in our systematic review suggests 894 

that interventions using protein and/or EAA supplementation that last up to three months 895 

[28,30,32] may not have a negative effect on renal function. However, this finding should be 896 

interpreted with caution because adverse event reporting was often incomplete. Available 897 

adverse event data indicates that a proportionately similar number of adverse events were 898 

experienced by patients in intervention and control arms, and no specific significant safety 899 

concerns have been identified in our systematic review. However, it is essential that future 900 

clinical trials in this field of research report adverse events in a transparent way [22]. 901 

Limitations  902 

The paucity of studies that supplemented CHF patients with protein and/or EAA with the aim 903 

of improving strength, muscle mass or performance limited the strength of our findings. 904 

Furthermore, the risk of bias was high, outcome measures were heterogeneous, and the 905 

quality of data reporting was varied, and often incomplete. This precluded meta-analysis, and 906 

therefore estimation of the intervention effect size. The conclusions that can be drawn from 907 

our findings are therefore limited. Qualitative interpretation of the studies included in our 908 

review also indicated that a number of studies had design limitations. These may have 909 

influenced the outcomes of the studies and consequently our systematic review. One 910 

important design limitation was that only two studies prescribed and recorded exercise 911 

participation during the study. We have already identified that exercise is a potent stimulator 912 

of muscle anabolism and strength. Patients with CHF are advised to participate in structured 913 

exercise training, however, participation is highly variable. Not recording or controlling for 914 
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patient participation in structured exercise training may attenuate the overall effect signal for 915 

the protein/EAA intervention.  916 

Future studies 917 

It is clear from the small number of studies included in this review, and their recent 918 

publication dates, that this field of research is in its infancy. Future research should take in to 919 

consideration the high risk of bias and low quality of the study methods observed in the 920 

studies included in this review. To improve the quality of future research, transparent 921 

reporting of adverse events, reporting changes in renal function and adherence to 922 

supplementation regimens, and qualitatively exploring patient experiences of participating in 923 

a protein and/or EAA supplementation regimen should be considered as priorities for future 924 

studies. Further qualitative research is needed to increase our understanding of how protein 925 

and/or EAA supplementation may improve HRQoL in patients with CHF. This may be 926 

achieved in part by validation of the MLHFQ and KCCQ questionnaires against 927 

measurements of sarcopenia. Alternatively, validating sarcopenia specific questionnaires 928 

such as the recently developed SarQoL [58] in patients with CHF may provide additional 929 

information on changes in HRQoL following protein and/or EAA supplementation. Research 930 

should also consider whether using protein and/or EAA supplementation results in a 931 

significant increase in daily calorie intake, and what effect this may have on markers of 932 

cardiometabolic health, inflammation, and muscle performance. Finally, further research is 933 

needed to explore whether exercise training may augment any benefits associated with 934 

protein and/or EAA supplementation for the treatment of sarcopenia in patients with CHF. 935 

Conclusions 936 

Protein and/or EAA supplementation appears to be safe, may increase lean body mass and 937 

6MWT distance, but not strength in patients with CHF. Trials reporting changes in strength 938 
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however [31], had substantial limitations, and these findings should be interpreted with 939 

caution. Interestingly, previous evidence in healthy adults [16] has shown the resistance 940 

exercise training leads to substantial improvements in strength and lean body mass. Protein 941 

supplementation augmented these responses. Research investigating the benefits of protein 942 

and/or EAA supplementation and resistance exercise training in patients with CHF are 943 

needed. 944 
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PICOS Criteria 

 
Participants 

Heart failure patients with preserved ejection fraction 

 Heart failure patients with reduced ejection fraction 

 
Intervention 

Dietary protein supplementation for at least four weeks 

 Dietary essential amino acid supplementation for at least 
four weeks 

 
Control 

Standard medical care (no change in diet)  
 

 Modification of a control patient’s diet resulting in a lower 
protein intake, compared to intervention patients 

 
Outcomes 

Muscle strength  

 Muscle performance 

 
Study design 

Randomised controlled trial  

 Cohort Study 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 

 1196 

 1197 

 1198 

 1199 

 1200 

 1201 

 1202 

 1203 

 1204 

 1205 

 1206 

 1207 

 1208 

 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

 1215 

Table 1 – PICOS criteria for included studies  

PICOS = Participant, Intervention, Control, Outcomes, Study Design  
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Table 2 - Characteristics of included studies (values reported as mean ± standard deviation unless otherwise specified) 

Study Year 
Country of 
Publication 

Journal Design Criteria for CHF 
Sample 
Size (n=) 

Mean Age 
(years) 

SD of Age 
(years) 

Number of 
males (%) 

Intervention (I) and Control (C) 
Supplement 
Duration 

Primary 
Outcome(s) 

Adverse Events 

Aquilani 
et al. [27] 

2008 Italy 
European 
Journal of 
Heart Failure 

RCT 

'Muscle depleted' 
patients with 
clinically stable 
CHF 

I: 21  
 
C:17 

I: 73  
 
C: 75 

I: 5  
 
C: 3 

I: 13 ( 62)  
 
C: 14 (82) 

I: 2 x 4g essential amino acid 
drink.   
 
C: Standard medical care. 

2 Months 
Increase in body 
mass >1kg over 2 
months  

 
I: 0 SAE;  1 AE 
 
C: 3 SAE;  0 AE  

Rozentryt 
et al. [28] 

2010 Poland 

Journal of 
Cachexia 
Sarcopenia and 
Muscle 

RCT 

Cachectic, NYHA 
II-IV, LVEF ≤30%, 
oedema free 
weight loss >7.5% 
over >6 months 

I: 23  
 
C:6 

I: 52  
 
C: 49  

I: 10  
 
C: 12 

I: 17 (74)  
 
C: 5 (83) 

I: 600 Kcal (20g protein, 72g cho, 
26g fat) divided in to two equal 
doses.  
 
C: 12 Kcal placebo control meal 
of similar taste consistency 

3 Months 
Oedema free 
body mass and 
HRQoL 

 
 
I: 11 SAE; 16 AE 
 
C: 3 SAE;  7 AE  

Pineda-
Juarez et 
al. [29] 

2015 Mexico 
Clinical 
Nutrition 

RCT 
Stable CHF 
according to ESC 
guidelines (28) 

I: 29  
 
C:26 

I: 75 
(median) 
 
C: 71  
(median) 

I: 64 to 84 
(range)  
     
C: 58 to 79 
(range)  

I: 19 (56)  
 
C: 14 (44) 

I: 2 x 5g BCAA servings per day.  
Dietary protein consumption 
standardised to 20% of total 
daily EPI. Resistance exercise 
training 2 x 1/h per week.      
 
C: Dietary protein consumption 
standardised to 20% of total 
daily EPI. Resistance exercise 
training 2 x 1/h per week.  

12 Weeks Not specified  

 
 
 
I: 2 SAE; No reported 
AEs 
 
 
 
C: 2 SAE; No 
reported AEs 

Wu et al. 
[30] 

2015 USA 
Circulation: 
Heart Failure 

RCT LVEF ≤35% 
I: 14  
 
C: 12 

I: 59  
 
C: 56  

I: 3  
 
C: 2 

I: 12 (86)  
 
C: 9 (82) 

I: 8g/day L-alanyle-L-glutamine 
and 6.5g/day fish oil      
                                                                                        
C: Safflower oil and milk powder 
of equivalent caloric intake 

6 Weeks 

Change in CPET, 
6MWT and 
isokinetic and 
isometric muscle 
function 

 
I: SAEs; 2 AEs 
 
C: SAE; 2 AEs 
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I = Intervention group; C = Control group; CHF = Chronic heart failure; SD = Standard deviation; RCT = Randomised controlled trial; NYHA = New York heart failure classification; HFpEF 

= Heart failure with preserved ejection fraction; HFrEF = Heart failure with reduced ejection fraction; LVEF = Left ventricular ejection fraction; CPET = Cardiopulmonary exercise test; 

6MWT = Six-minute walk test; CHO = Carbohydrate; HRQoz = Health-related quality of life; SAE = Serious Adverse Event; AE = Adverse Event. 

George 
et al. [31] 

2017 USA 

Journal of 
Physiotherapy 
and Physical 
Rehabilitation 

RCT 
NYHA II - III, 
HFpEF and/or 
HFrEF 

I: 3  
 
C: 3 

I: 84  
 
C:75  

I: 1  
 
C: 7 

Not reported 

I: Whey isolate powder 
supplement to increase protein 
intake to 1.5g/kg body mass per 
day and, exercise DVD including 
aerobic and resistance exercise 6 
days per week.   
 
C: Standard medical care 

6 months Not specified  

 
 
Not Reported 

Lombardi 
et al. [32] 

2014 Italy 

Clinical 
Medicine 
Insights: 
Cardiology 

Cohort 
NYHA II-III, 
EF<45% 

I:13 I: 59 I:14 I: 11 (84.6) 
I: 2 x 4g sachets contain 11 
essential and semi-essential 
amino acid per day. 

3 months 
Cardiopulmonary 
stress test and 
6MWT distance 

 
 
Not Reported 

1216 
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Aquilani et al. (2008) [27]  
       

Rozentryt et al. (2010) [28]  
       

Pineda-Juarez et al. (2015)  
[29]        

Wu et al. (2015) [30]  
       

George et al. (2017) [31]  
       

Lomabardi et al. (2014) [32]  N/A N/A N/A N/A N/A N/A N/A 

Table 3 - Risk of bias table for included studies 
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I = Intervention group; C = Control group; BW = Body weight;  

 

† = Interquartile range 

 

Mean change refers to changes in a measurement that occurred between the baseline assessment, and the assessment that immediately followed supplement cessation. 

Table 4 - Changes in strength measurements (mean ± SD)  1248 
Study Sample Size (n=) Measurement of Strength Mean Change in Strength (SD) Significant Improvement 

Pineda-Juares et al. (2015) [29] 
I: 29  
 
C:26 

Handgrip (dominant arm; kg) 
I: +8.0 (-6.8 to 15.3)† 
 
C: +11.4 (3.6 to 21.4)† 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: Not reported 

Wu  et al. (2015) [30] 
I: 14  
 
C: 12 

Isometric leg extension - Peak torque/BW (%) 
I: 196.0 ± 37.4 to 206.0 ± 41.2 
 
C: 177.0 ± 62.4 to 200.0 ± 69.3 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Isometric leg flexion - Peak torque/BW (%) 
I: 90.0 ± 18.7 to 90.0 ± 18.7 
 
C: 76.0 ± 20.8 to 90.0 ± 27.7 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Isokinetic leg extension - Peak torque/BW (%) 
I: 153.0 ± 29.9 to 160.0 ± 33.7 
 
C: 147.0 ± 58.9 to 173.0 ± 69.3 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Isokinetic leg flexion - Peak torque/BW (%) 
I: 70.0 ± 18.7 to 77.0 ± 15.0 
 
C: 61.0 ± 20.8 to 76.0 ± 31.2 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

George  et al. (2017) [31] 
I: 3  
 
C: 3 

Handgrip (right arm; kg) 
I: +1.8 ± 1.6 
 
C :+2.4 ± 2.1 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 

Quadriceps Strength (kg) 
I: +5.7 ± 1.0 
 
C: +10.2 ± 8.7 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

1249 
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I = Intervention group; C = Control group; 6MWT = Six-minute walk test;  

 

Mean change refers to changes in a measurement that occurred between the baseline assessment, and the assessment that immediately followed supplement 

cessation. 

 

 

 

 

 

 

Study Sample Size (n=) Measurement of Muscle Function Change in Muscle Function (SD) Significant Improvement 

Aquilani et al. (2008) [27] 
I: 21  
 
C:17 

6MWT (m) 
I: 331.0 ± 124.0 to 405.0 ± 130.0 
 
C: 298.0 ± 142.0 to 310.0 ± 155.0 

I: Yes - P<0.001 
 
C:  No - P>0.05 
 
Inter-group: Yes - P=0.02 

Rozentryt et al. (2010) [28] 

I: 23  
 
C:6 

6MWT (m) 
I: 366.0 ± 110.0 to 410.0 ± 107.0 
 
C: Not Reported 

I: Yes - P=0.020 
 
C: No - P>0.05 
 
Inter-group: Not reported 

Wu et al.(2015)[30] 
I: 14  
 
C: 12 

6MWT (m) 
I: Numerical values not reported 
 
C: Numerical values not reported 

 
I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

George et al. (2017) [31] 
I: 3  
 
C: 3 

6MWT (m) 
I: -49.0 ± 42.0 
 
C: -43.0 ± 37.0 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Get Up and Go (seconds) 

 
 
I: +1.8 ± 2.8 
 
C: +2.8 ± 4.3 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Lombardi et al. (2014) [32] 
I: 13 
 
C: N/A 

6MWT (m) 
I: 439.1 ± 64.3 to 474.2 ± 89.0 
 
C: N/A 

I: Yes - P=0.006 
 
C: N/A 
 
Inter-group: N/A 

Table 5 - Changes in muscle performance measurements (mean ± SD) 
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 Study 
Sample Size 
(n=) 

Measurement of Body Composition Change in Body Composition (SD) Significant Improvement 

Aquilani et al. (2008) [27] 
I: 21  
 
C:17 

 
Arm muscle area (Skin fold measurement-derived; cm2) 

I: 31.2 ± 9.9 to 34.9 ± 10.0 
 
C: 34.2 ± 5.0 to 37.1 ± 4.0 

I: Yes - P<0.020 
 
C: Yes - P<0.020 
 
Inter-group: - P>0.05 

Tricep skinfold thickness (mm) 
I: 10.4 ± 4.4 to 10.3 ± 3.9 
 
C: 11.9 ± 3.7 to 11.4 ± 3.7 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Body mass (kg) 
I: 55.9 ± 17.0 to 58.2 ± 7.2 
 
C: 60.8 ± 7.0 to 61.2 ± 6.3 

I: Yes - P<0.010 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

 
BMI (kg/m2) 

 
I: 22.5 ± 2.1 to 23.4 ± 1.9 
 
 
C: 23.2 ± 1.4 to 23.6 ± 1.5 

I: Yes - P<0.010 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Table 6 - Changes in measurements of body composition (mean ± SD) 
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Rozentryt et al. (2010) [28] 
I: 23  
C:6 

Lean body mass (DXA; kg) 
I: 45.0 ± 12.5 to 45.5 ± 11.2 
 
C: Not reported 

I: Yes - P=0.019 
 
C: No - P>0.05 
  
Inter-group: Not reported 

Fat mass (DXA; kg) 
I: 15.6 ± 8.9 to 16.6 ± 8.9 
 
C: Not reported 

I: Yes - P=0.003 
 
C: No - P>0.05 
 
Inter-group: - Not reported 

Body mass (DXA; kg) 
I: 63.9 ± 9.4 to 65.5 ± 10.3 
 
C: Not reported 

I: Yes - P=0.003 
 
C: No - P>0.05 
 
Inter-group: - Not reported 

 
 
 
 
 
 
 
 

I: 29  
C:26 

Body mass (kg) 
I: -0.6 (-4.4 to 2.1)† 
 
C: -0.5 (-2.4 to 2.7)† 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 
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Pineda-Juares et al. (2015) 

[29] 

BMI (kg/m2) 
I: -0.4 (-2.7 to 2.2)† 
 
C: -0.7 (-2.1 to 2.3)† 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 

Arm circumference  (% change) 
I: -2.0 (-7.4 to 3.3)† 
 
C: -4.0 (-7.6 to 0.2)† 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 

Hip circumference  (% change) 
 

I: -3.1 (-6.6 to -1.1) 
 
C: -1.5 (-3.7 to -1.8) 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 

Waist circumference (% change) 
I: -0.7 (-3.2 to -3.3) 
 
C: -1.7 (-3.7 to -1.8) 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 



43 

 

I = Intervention group; C = Control group; BMI = Body mass index 

† = Interquartile range 

 

Mean change refers to changes in a measurement that occurred between the baseline assessment, and the assessment that immediately followed supplement cessation. 

 

 

 

I: 14  
C: 12 

Lean body mass (DXA; kg) 
I: 54.4 ± 2.8 to 56.1 ± 2.5 
 
C: 52.4 ± 11.1 to 53.8 ± 12.8 

I: Yes - <0.05 
 
C: No - P>0.05 
 
Inter-group: Yes - P=0.040 

Wu et al. (2015) [30] Fat mass (DXA; kg) 

 
I: 27.0 ± 7.5 to 26.0 ± 7.5 
 
C: 25.0 ± 6.9 to 26.0 ± 6.9 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

 
BMI (DXA; kg/m2) 

I: 30.0 ± 1.0 to 30.0 ± 1.0 
 
C: 28.0 ± 2.0 to 29.0 ± 2.0 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P>0.05 

Lombardi et al. (2014) [32] 
I: 13 
 
C: N/A 

 
BMI (kg/m2) 

I: 25.7 ± 3.2 to 25.4 ± 2.8 
 
C: N/A 

I: No 
 
C: N/A 
 
Inter-group: N/A 
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Table 7 - Changes in measurements of aerobic fitness (mean ± SD) 

 

  

Study Sample Size (n=) Measurement of Aerobic Fitness Change in Aerobic Fitness (SD) Significant Improvement 

Aquilani et al.(2008) [27] 
I: 21  
 
C:17 

V̇O2peak (ml/kg/min) 
I: 13.5 ±  1.7 to 14.9 ± 1.9 
 
C: 12.9 ±  2.7 to 13.0 ± 3.5 

I: Yes - P<0.050 
 
C: No - P>0.05 
 
Inter-group: Yes - P<0.050 

Peak power output (w) 
I: 80.0 ±  28.0 to 95.0 ± 25.0 
 
C: 85.0 ±  24.0 to 88.0 ± 22.0 

I: Yes - P<0.020 
 
C: No - P>0.05 
 
Inter-group: Yes - P<0.010 

Rozentryt et al. (2010) [28] 
I: 23  
 
C:6 

V̇O2peak (ml/kg/min) 
I: 14.5 ±  2.9 to 14.9 ± 3.1 
 
C: Not reported 

I: No - P=0.320 
 
C: No - P>0.05 
 
Inter-group: Not reported 

Pineda-Juares et al. (2015) [29] 
I: 29  
 
C:26 

Estimated V̇O2peak (% change) 
I: +16.6 (0.2 to 38.5)† 
 
C: 50.1 (-11.2 to 94.0)† 

I: No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No – P>0.05 

Wu et al. (2015) [30] 
I: 14  
 
C: 12 

V̇O2peak (ml/kg/min) 
I: +7.9 ±  17.6 
 
C: +0.1 ± 2.6% 

I: No - No - P>0.05 
 
C: No - P>0.05 
 
Inter-group: No - P=0.260 
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I = Intervention group; C = Control Group; V̇O2peak = Peak oxygen uptake; VAT = Ventilatory anaerobic threshold; V̇E/VCO2 = Ventilatory efficiency relative to CO2 

elimination 

 

Mean change refers to changes in a measurement that occurred between the baseline assessment, and the assessment that immediately followed supplement cessation. 

 

 

Lombardi et al. (2014) [32] 
I: 13 
 
C: N/A 

V̇O2peak (ml/kg/min) 
I:14.8 ±  3.9 to 16.8 ± 5.1 
 
C: N/A 

I: Yes - P=0.008 
 
C: N/A 
 
Inter-group: N/A 

VAT (ml/kg/min) 

 
I: 9.0 ± 3.8 to 12.4 ± 3.9 
 
C:N/A 

I: Yes - P=0.002 
 
C: N/A 
 
Inter-group: N/A 

V̇E/VCO2 slope 
I: 37.1 ±  6.9 to 37.4 ± 7.7 
 
C: N/A 

I: No - P=0.754 
 
C: N/A 
 
Inter-group: N/A 

Peak power output (w) I: 100.9 ± 32.4 to 104.8 ± 28.4 

I: No - P=0.380 
 
C: N/A 
 
Inter-group: N/A 
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Fig 1 - PRISMA flow chart 
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