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INTRODUCTION 

Cardiovascular disease (CVD) is an umbrella term for a group of related disorders that affect 
the heart and blood vessels. It is a major public health concern, claiming approximately 17.9 million 
lives worldwide annually. Furthermore, the prevalence of CVD is projected to increase globally due to 
the aging of the population and advances in disease management (Roth et al., 2020).  

Coronary artery disease (CAD) is the most prevalent disorder among CVD (Malakar et al., 
2019). A hallmark feature of CAD is the presence of cholesterol plaques within the inner lining of 
coronary blood vessels. The build-up of plaques results in the narrowing of coronary arteries, 
eventually reducing blood supply to the cardiac muscle. Inadequate tissue perfusion weakens the 
heart, compromising its pumping capacity and leading to a chronic debilitating condition of heart 
failure. CAD remains the leading cause of chronic heart failure (CHF), beyond hypertension, valvular 
disease, and congenital disorders (Mosterd & Hoes, 2007). 

Estimates suggest that 64.3 million people globally are affected by CHF (James et al., 2018). 
CHF remains predominantly the disease of the elderly, with the prevalence of CHF less than 1% in 
those aged < 55 years, increasing exponentially from there on until surpassing 10% in the eighth 
decade of life (Bosch et al., 2019). The prognosis of CHF has improved significantly in the past 
decades, but hospitalization rates remain high, and the quality of life of these patients is greatly 
reduced (Del Buono et al., 2019). Moreover, according to some estimates, hospital admissions 
attributed to CHF may increase by as much as 50% by the year 2030, possibly due to the associated 
comorbidities (Udelson & Stevenson, 2016). Left ventricular ejection fraction (LVEF) has been 
traditionally used as a criterion in diagnosing and treating CHF. The classification of patients with CHF 
according to ejection fraction allows discerning between patients with reduced (HFrEF; LVEF below 
40%) and preserved LVEF (HFpEF; LVEF above 50%). Recently, the term mildly reduced LVEF has been 
introduced to refer to those patients with LVEF 40-49% (McDonagh et al., 2021). However, since the 
studies in the present review were published before the new classification emerged, only the terms 
HFrEF and HFpEF were used. 

The inability of the heart to pump sufficient blood to the periphery means that the metabolic 
needs of the body cannot be met. Cardinal symptoms of the disease include marked exercise 
intolerance, shortness of breath, and fatigue (Clark et al., 1996; Sullivan & Hawthorne, 1995), which 
are often present at rest and during submaximal efforts (e.g., activities of daily living) but become 
even more apparent on the assessment of exercise capacity during symptom-limited 
cardiopulmonary exercise testing (CPET). Exercise capacity refers to the magnitude of physical 
exertion an individual can sustain and is often expressed in units of the metabolic equivalent of task 
or peak oxygen uptake (VO2 peak). By itself, VO2 peak represents the highest rate of oxygen 
consumption during physical exercise and reflects the integrative response of multiple systems in the 
body, including cardiovascular, respiratory, and skeletal muscle. Thus, a failure of any single one of 
these systems would attenuate oxygen uptake response (Del Buono et al., 2019; Sullivan & 
Hawthorne, 1995). Unsurprisingly, patients with CHF have lower VO2 peak than age-matched healthy 
controls (Myers et al., 2002). The attainment of VO2 peak during CPET is an independent predictor of 
morbidity and mortality in individuals with CHF (Del Buono et al., 2019). Moreover, patients with VO2 
peak below 14 ml · kg−1 · min−1 are considered for cardiac transplantation (Mancini et al., 1991). 

For decades, the overarching theory to explain poor exercise capacity in patients with CHF 
highlighted the role of cardiovascular limitations, whereby reduced cardiac output would lead to 
skeletal muscle hypoperfusion and oxygen deprivation (Piepoli & Coats, 2013). Nonetheless, this 
model failed to account for the lack of improvement in exercise capacity and VO2 peak following 
administration of positive inotropic agents, nor did it offer any explanation of heterogeneity in 
exercise response among patients with similar reductions in left ventricular function (Clark et al., 
1996; Coats et al., 1994). In fact, a lack of correlation between exercise capacity and left ventricular 
impairment has been reported (Franciosa et al., 1981). Moreover, numerous observations from heart 



transplant recipients demonstrated that albeit meaningful increases in VO2 peak six months after the 
surgery, these patients still failed to reach age-predicted values (Notarius et al., 1998). Consequently, 
the “muscle hypothesis” of chronic CHF emerged (Coats et al., 1994). The theory was further 
supported by the observations of muscle atrophy, metabolic abnormalities, and an unfavorable shift 
toward highly fatigable muscle fiber phenotype in the biopsy samples of CHF patients (Middlekauff, 
2010; Nicoletti et al., 2003).   

In humans, the contractile and metabolic properties of the skeletal muscle fiber depend upon 
the relative expression of three myosin heavy chain (MyHC) proteins: MyHC I, MyHC IIA, and MyHC 
IIX. Pure muscle fiber types express a single MyHC isoform and are classified into slow-twitch
oxidative type I fibers, fast-twitch oxidative type IIA and fast-twitch glycolytic type IIX fibers. The
presence of hybrid fibers that coexpress multiple MyHC isoforms (MyHC I, IIA/IIX, and I/II/IIX) leads
to a total of six different MyHC isoforms. The skeletal muscle fiber population thus exhibits a
spectrum of pure and hybrid fiber types, whereby the percent contribution of either type is
malleable by changes in activity patterns (Bottinelli & Reggiani, 2000).

Biopsy samples from vastus lateralis and lateral gastrocnemius muscles of healthy individuals 
reveal a similar distribution of the type I and IIA isoforms (Murach et al., 2019). Type I muscle fibers 
possess a greater capillary-to-fiber ratio, higher mitochondrial density, and higher availability of 
oxidative enzymes compared to fast-twitch fiber types. These intrinsic characteristics confer type I 
muscle fibers fatigue resistance, making them suitable for prolonged low-intensity activities. Type IIA 
fibers, often referred to as intermediate, share features of type I and type IIX fibers but manifest 
either oxidative or glycolytic phenotypic traits in response to functional demands (Gollnick et al., 
1972). In patients with CHF, the distribution of MyHC isoforms was skewed toward the fast-twitch 
glycolytic phenotype (Drexler et al., 1992; Mancini et al., 1989; Sullivan et al., 1990) and correlated 
with impaired exercise capacity (Middlekauff, 2010). A faster contraction rate and fewer capillaries to 
deliver oxygen in these fibers call for immediately available anaerobic fuel sources such as 
intramuscular phosphocreatine and glycogen stores. Limited availability of both substrates means 
that longer efforts cannot be sustained, and the accumulation of metabolites, such as inorganic 
phosphate and hydrogen ions, impedes further muscle contraction. Consistent with the reliance on 
anaerobic metabolism are further observations of faster phosphocreatine depletion and greater 
muscle acidification in subjects with CHF compared to healthy controls, correlated with impaired 
exercise capacity in the former group (Drexler et al., 1992; Mancini et al., 1989; Sullivan et al., 1990). 
Also of note is that these changes persist despite adequate limb perfusion and muscle oxygenation 
(Sullivan & Hawthorne, 1995). 

Abnormal substrate utilization observed in patients with CHF during CPET can also be 
attributed to reduced mitochondrial content and decreased activity of critical enzymes involved in 
oxidative phosphorylation (Drexler et al., 1992). Given the complexity of direct measurements of 
mitochondrial content, laboratories often use biochemical surrogates, such as enzymes involved in 
oxidative phosphorylation (Bishop et al., 2019; Duscha et al., 2008). In particular, the majority of 
studies utilized the activity of citrate synthase (CS) as a marker. Comparisons of CS activity in patients 
with CHF and healthy individuals have consistently revealed significantly lower values in the former 
group (Brassard et al., 2006; Sullivan et al., 1991). The associations between CS activity and VO2 peak 
provide additional evidence to support the notion that mitochondrial enzymes play a critical role in 
determining exercise capacity. A reduction in succinate dehydrogenase (SDH) activity in the skeletal 
muscle mitochondria in patients with CHF was also reported and correlated with the VO2 peak 
(Sullivan et al., 1990). The diminished activity of enzymes involved in the transport of fatty acids and 
the β-oxidation contribute to further reductions in oxidative metabolism and exercise capacity in 
these patients (Bekfani et al., 2020; Sullivan et al., 1990).   

Altogether, the existing body of evidence indicates that intrinsic skeletal muscle abnormalities 
are implicated in decreased exercise capacity of CHF patients. Pharmacologic interventions 
demonstrated limited efficacy in ameliorating exercise capacity (von Haehling et al., 2021); 



meanwhile, exercise has emerged as a promising alternative (Del Buono et al., 2019; von Haehling et 
al., 2021). The clinical benefits of exercise may be partially attributed to its effects on skeletal muscle 
function. Skeletal muscle possesses remarkable plasticity, and persistent changes in neuromuscular 
demands, mechanical stress, or both, elicit cellular and metabolic adaptations (Roy et al., 1991). One 
such stimulus is exercise. The degree of molecular remodeling following exercise depends on the 
type, intensity, and duration of a given exercise modality (Nader & Esser, 2001; Sakamoto & 
Goodyear, 2002), and findings from healthy populations have largely substantiated the exercise-
induced adaptations. Aerobic exercise-based interventions, in particular, those with moderate-
intensity exercise (MIE), reported increases in the percentage of type I fibers (Harber et al., 2012), 
with concomitant rises in mitochondrial content and enzymes of oxidative metabolism in both type I 
and type IIA fibers (Henriksson & Reitman, 1976; Howald et al., 1985; Russell et al., 2003). 
Additionally, a high-intensity interval exercise (HIIE) activated transcription factors involved in 
mitochondrial biogenesis and upregulated enzymes of oxidative metabolism in healthy young (Gibala 
et al., 2009; Jacobs et al., 2013; Little et al., 2010) and older individuals (Robinson et al., 2017). Albeit 
through the distinct molecular pathways, similar improvements in mitochondrial function were also 
observed following high-volume, low-intensity aerobic (Wahl et al., 2022) and resistance exercise 
(RE) (Groennebaek & Vissing, 2017). On the other hand, several publications suggested that engaging 
in resistance and high-intensity sprint exercise could potentially result in a decrease in the proportion 
of fast-twitch glycolytic type IIX fibers while simultaneously increasing the percentage of type IIA 
fibers (Esbjörnsson et al., 1993; Jansson et al., 1990). These findings were later extended to older 
adults (Hikida et al., 2000) and female subjects (Staron et al., 1990). Unlike type IIX, type IIA fibers 
also possess a substantial oxidative capacity and a contractile velocity greater than type I (Bottinelli & 
Reggiani, 2000). Therefore, an increase in the proportion of type IIA fibers, without accompanying 
changes in type I fibers, may still be considered a favorable adaptation to exercise. However, it is 
important to note that other experimental research challenged the above findings and failed to 
verify an increase in type IIA fibers following RE (Green et al., 1999). Moreover, the validity of these 
adaptations in the presence of CHF pathology remains to be investigated. 

To date, the research on the impact of exercise on skeletal muscle impairment in patients with 
CHF is limited and inconsistent, characterized by heterogeneous protocols, a lack of agreement on 
the most suitable variables to measure exercise-induced adaptations in this population, and small 
sample sizes (Duscha et al., 2008; Lee et al., 2017). Duscha et al. (2008) previously reported that 
exercise interventions, irrespective of exercise characteristics, increased oxidative enzyme activity in 
patients with CHF. However, observations on muscle fiber type distribution yielded inconclusive 
results, with findings showing a lack of changes in the proportion of oxidative fibers or relative 
increases that were of questionable clinical significance. The degree of variation between studies 
could be the result of distinct techniques used to determine MyHC isoforms from the biopsied 
muscle (Murach et al., 2019) rather than the exercise effects per se. However, previous review 
articles failed to recognize the method of analysis as a potential confounder.   

Prior reviews focused on a broader spectrum of relevant outcomes, including anabolic and 
catabolic markers and inflammatory pathways that lead to skeletal muscle atrophy (Adams et al., 
2017; Duscha et al., 2008; Lee et al., 2017; Zizola & Schulze, 2013). However, the wide range of 
protocols employed in these studies makes it difficult to draw conclusions for clinical practice. It is 
also important to note that since the publication of previous reviews, additional relevant studies 
have been conducted, thus warranting a systematic review of both prior and recent evidence. 
Therefore, the present review aimed to: 1) gain a comprehensive understanding of the 
methodologies and characteristics of previous studies; 2) determine the impact of exercise on the 
relative distribution of MyHC isoforms and oxidative enzyme activity; and 3) examine potential 
moderator variables (i.e., exercise modality, aerobic exercise method, frequency, and intervention 
duration) in the effectiveness of exercise effects on the outcomes of interest. 



METHODS 

The current systematic review followed the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis (PRISMA) (Page et al., 2021). The protocol was prospectively registered on the 
PROSPERO database (CRD42023422154). 

Search strategy and eligibility criteria 

Electronic databases of PubMed, Embase, and Web of Science (i.e., Core Collection, Science 
Citation Index Expanded, and Conference Proceeding Citation Index – Science) were searched for 
relevant publications up to December 2022. The search strategy was based on free-text terms and 
thesaurus (e.g., MeSH and Emtree) following the PICOS approach (population, intervention, 
comparison, outcomes, and study design). Title, abstract, and keywords (where available) were 
screened for the relevant free-text terms. The screening of conference proceedings and abstracts 
was carried out on the Web of Science Core Collection. Moreover, systematic reviews, meta-analyses, 
and reference lists of the included studies in this review were manually checked to find additional 
studies. Studies published in English, Spanish, and Russian were considered eligible.  

In agreement with the PICOS approach, relevant publications were to meet the following 
criteria: (1) participants: adult patients, regardless of sex, diagnosed with CHF; (2) interventions: a 
residential or outpatient exercise program, regardless of the setting (i.e., supervised or 
unsupervised), based on any exercise modality (i.e., aerobic exercise, resistance exercise, or 
combined aerobic and resistance exercise [i.e., combined exercise]), either alone or in addition to 
psychosocial and/or educational interventions; additionally, only studies that performed an 
intervention period longer than or equal to two weeks were included; (3) comparison: comparison 
group was not an obligatory condition, if present, the comparison group could be based on non-
exercise interventions (i.e., usual care) or an exercise modality different from that of the primary 
intervention, either alone or in addition to psychosocial and/or educational interventions; (4) 
outcomes: (a) relative distribution of MyHC isoforms obtained from the biopsy sample and assessed 
by histochemical staining, immunohistochemistry, or gel electrophoresis; and (b) oxidative enzyme 
activity: CS; SDH; α-ketoglutarate dehydrogenase (KGDH); mitochondrial complex-I; cytochrome c 
oxidase (COX); carnitine palmitoyltransferase (CPT) complex; 3-hydroxyacyl-CoA dehydrogenase 
(HAD); and (5) study design: randomized and non-randomized multi-intervention/controlled studies, 
as well as pre- and post-intervention studies. 

A literature search was organized into two phases. In the first phase, titles and abstracts were 
screened to identify relevant publications. In the following phase, full texts of the selected 
publications were inspected to confirm the eligibility. 

Data extraction and coded information   

The following information was extracted from the included studies: (a) study characteristics 
(journal, publication, country, year, study design [i.e., randomized or non-randomized]); (b) patient 
characteristics (CHF diagnosis, sex [i.e., males, females, or mixed sample], number and percentage of 
male participants, age, LVEF, New York Heart Association [NYHA] functional class, etiology, 
implantable cardioverter device [i.e., yes or no] and cardiorespiratory fitness [e.g., VO2 peak]); (c) 
intervention characteristics (setting [i.e., supervised, unsupervised, or mixed], inpatient program 
[i.e., yes or no], exercise modality [i.e., aerobic, resistance, or combined], aerobic exercise method 
where applicable [i.e., HIIE, MIE, and low-intensity exercise], intervention length [weeks], training 
frequency, exercise mode [e.g., cycle ergometer], and other exercise characteristics [e.g., number of 
sets, repetitions, and intensity]); (d) no-exercise comparison group characteristics; (e) outcomes 
reported (relative distribution of MyHC isoforms [i.e., MyHC I, MyHC IIA, or MyHC IIX], oxidative 
enzyme activity [i.e., CS, SDH, KGDH, mitochondrial complex-I, COX, CPT, HAD]); (f) assessment of 
MyHC isoforms (biopsy site [i.e., vastus lateralis, gastrocnemius, soleus, triceps brachii], sample 
analysis [i.e., histochemical staining, immunohistochemistry, or gel electrophoresis], and percentage 



of MyHC isoforms [i.e., MyHC I, MyHC IIA, or MyHC IIX]); and (g) assessment of oxidative enzyme 
activity (enzymes measured [CS, SDH, KGDH, mitochondrial complex-I, COX, CPT, HAD], the 
measurement unit, and measured activity). 

Methodological quality assessment 

The tool for the assessment of study quality and reporting in exercise (TESTEX) scale, a tool 
specifically designed for assessing exercise training studies, was used to assess the methodological 
quality of the included studies (Smart et al., 2015). This tool is a 15-point scale that assesses study 
quality (eligibility criteria specified; randomization specified; allocation concealment; groups similar 
at baseline; and assessor blinding) and reporting (outcome measures assessed in 85% of patients; 
intention-to-treat analysis; between-group statistical comparisons reported; point measures and 
measures of variability for all reported outcomes; activity monitoring in control groups; relative 
exercise intensity remained constant; and exercise volume and energy expenditure). Based on the 
summary scores, methodological quality was judged as “excellent” (12-15 points), “good” (9-11 
points), “fair” (6-8 points), or “poor” (<6 points).  

RESULTS 

Study selection 

Figure 1 shows the flowchart based on the PRISMA statement (Page et al., 2021) that visually 
summarizes the selection process of the articles included in this review. In brief, the initial electronic 
database search produced 5281 publications, and after removing duplicates, 2472 studies were 
retained for final screening. After reviewing titles and abstracts, 40 publications met the eligibility 
criteria, and their full texts (where applicable) were subjected to further analysis. Eleven publications 
were excluded as the full texts could not be retrieved (Belardinelli et al., 1996; Belardinelli et al., 
1993; Erbs et al., 2005; Erbs, Hoellriegel, et al., 2007; Erbs, Hollriegel, et al., 2007; Forman et al., 
2000; Gielen et al., 2010; Hambrecht, Fiehn, et al., 1995; Hoellriegel et al., 2005; Hoellriegel et al., 
2006; Vanderent et al., 1994). Seven publications were excluded as they did not assess either of the 
two outcomes of interest (Adamopoulos et al., 1993; Antunes-Correa et al., 2020; Gielen et al., 2012; 
Hollriegel et al., 2013; Lenk et al., 2012; Linke et al., 2005; Wang et al., 2022). Two papers were 
excluded based on the sample characteristics (Ades et al., 1996; Braith et al., 2005). Additionally, one 
paper was excluded as it contained previously published data related to a different intervention 
(Gordon et al., 1999). Finally, 19 studies were included. In parallel, the reference lists of the previous 
reviews and included studies were screened, and two more publications were identified for inclusion 
(Larsen et al., 2002; Pu et al., 2001), resulting in a total of 21 papers being included in this review 
article. 

Study characteristics 

Sample characteristics and exercise protocols description are summarized in Table 1. 

A total of 21 publications were included in this review. Studies were published between 1995 
and 2022. Nine studies (42.85%) were non-randomized (Belardinelli et al., 1995; Gordon et al., 2000; 
Gordon et al., 1997; Keteyian et al., 2003; Larsen et al., 2002; Munkvik et al., 2010; Tyni-Lenné et al., 
1998; Tyni-Lenné et al., 1997; Tyni-Lenné, Jansson, et al., 1999) and 12 (57.14%) randomized (Gielen 
et al., 2005; Gordon et al., 1996; Groennebaek et al., 2019; Hambrecht et al., 1997; Hambrecht, 
Niebauer, et al., 1995; Harjola et al., 2006; Kiilavuori et al., 2000; Magnusson et al., 1996; Pu et al., 
2001; Tyni-Lenné, Gordon, et al., 1999; Williams et al., 2007; Winzer et al., 2022). Nine studies 
(42.85%) included one intervention group (IG) and one control group (CG) (Belardinelli et al., 1995; 
Gielen et al., 2005; Gordon et al., 1997; Hambrecht et al., 1997; Hambrecht, Niebauer, et al., 1995; 
Harjola et al., 2006; Kiilavuori et al., 2000; Pu et al., 2001; Williams et al., 2007), two studies (9.52%) 
two IGs (Gordon et al., 1996; Magnusson et al., 1996), three studies (14.28%) two IGs and one CG 
(Groennebaek et al., 2019; Tyni-Lenné, Gordon, et al., 1999; Winzer et al., 2022), and seven studies 
(33.33%) solely included one IG (Gordon et al., 2000; Keteyian et al., 2003; Larsen et al., 2002; 



Munkvik et al., 2010; Tyni-Lenné et al., 1998; Tyni-Lenné et al., 1997; Tyni-Lenné, Jansson, et al., 
1999).   

Notably, only one study included patients with HFpEF (Winzer et al., 2022). The mean LVEF in 
the remainder of the studies, with patients with HFrEF, was 28.8 ± 4% and 31.6 ± 10.9% in IGs and 
CGs, respectively. For the entirety of 21 selected publications, sample sizes in IGs ranged from 5 to 16 
subjects, and their mean age was 60.4 ± 7.1. Sample sizes in CGs ranged from 6 to 15 subjects, and 
their mean age was 60 ± 8.4. Three studies (14.28%) recruited female participants (Pu et al., 2001; 
Tyni-Lenné et al., 1997; Tyni-Lenné, Jansson, et al., 1999), seven studies (33.33%) male participants 
(Gielen et al., 2005; Gordon et al., 1997; Gordon et al., 1996; Hambrecht et al., 1997; Hambrecht, 
Niebauer, et al., 1995; Larsen et al., 2002; Munkvik et al., 2010), and the remaining studies (52.38%) 
had a mixed sample, except for one study (Harjola et al., 2006), where this information was not 
provided. 

 

Figure 1. Flowchart of the studies selection process guided by the PRISMA statement.   
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Aerobic exercise, of low- to moderate-intensity, as the primary intervention, was employed in 
14 studies (66.66%) (Belardinelli et al., 1995; Gielen et al., 2005; Gordon et al., 2000; Gordon et al., 
1997; Gordon et al., 1996; Hambrecht et al., 1997; Hambrecht, Niebauer, et al., 1995; Harjola et al., 
2006; Keteyian et al., 2003; Kiilavuori et al., 2000; Larsen et al., 2002; Tyni-Lenné et al., 1998; Tyni-
Lenné et al., 1997; Tyni-Lenné, Jansson, et al., 1999). Three studies (13.0%) (Groennebaek et al., 
2019; Pu et al., 2001; Williams et al., 2007) employed RE; also, in the study by Groennebaek et al. 
(2019), a blood-flow restriction was applied during exercise. Out of those studies where distinct 
intervention protocols were compared, Winzer et al. (2022) assessed the changes following HIIE and 
MIE. Magnusson et al. (1996) compared between three distinct protocols (aerobic, resistance, and 
combined) on a modified ergometer. Tyni-Lenné, Gordon, et al. (1999) compared moderate-intensity 
cycling to single-leg knee-extensor aerobic exercise on a modified ergometer. On average, 
interventions lasted for 14.6 weeks, whereby protocols from six to 26 weeks were employed. The 
duration of eight weeks was applied in nine studies (42.85%) (Belardinelli et al., 1995; Gordon et al., 
2000; Gordon et al., 1997; Gordon et al., 1996; Magnusson et al., 1996; Tyni-Lenné et al., 1998; Tyni-
Lenné et al., 1997; Tyni-Lenné, Gordon, et al., 1999; Tyni-Lenné, Jansson, et al., 1999), with the 
frequency of three exercise sessions a week. The latter frequency was also applied in all but three 
studies (14.28%) (Gielen et al., 2005; Hambrecht et al., 1997; Hambrecht, Niebauer, et al., 1995) 
where patients exercised daily at home and in one study (Munkvik et al., 2010) where four exercise 
sessions were spread throughout the week.  

In terms of outcomes, 11 studies (52.38%) (Belardinelli et al., 1995; Gordon et al., 2000; 
Hambrecht et al., 1997; Harjola et al., 2006; Keteyian et al., 2003; Kiilavuori et al., 2000; Larsen et al., 
2002; Munkvik et al., 2010; Pu et al., 2001; Tyni-Lenné, Gordon, et al., 1999; Tyni-Lenné, Jansson, et 
al., 1999) assessed the relative distribution of MyHC isoforms. Out of all of these studies, three of 
them (14.28%) (Belardinelli et al., 1995; Hambrecht et al., 1997; Pu et al., 2001) did not differentiate 
between type IIA and type IIX fibers and classified both as type II. 16 studies (76.19%) examined the 
activity of oxidative enzymes, with CS being assessed in 12 of these studies (57.14%) (Gordon et al., 
2000; Gordon et al., 1997; Gordon et al., 1996; Groennebaek et al., 2019; Magnusson et al., 1996; 
Munkvik et al., 2010; Pu et al., 2001; Tyni-Lenné et al., 1998; Tyni-Lenné et al., 1997; Tyni-Lenné, 
Gordon, et al., 1999; Williams et al., 2007; Winzer et al., 2022). Very few studies chose distinct 
markers of oxidative metabolism. Two of them (9.52%) (Gielen et al., 2005; Hambrecht, Niebauer, et 
al., 1995) assessed COX activity. The activity of NADH was assessed in the study by Winzer et al. 
(2022), and KGDH was assessed in the study by Kiilavuori et al. (2000). Three studies (14.28%) 
included enzymes of beta-oxidation among outcomes of interest, with HAD being assessed in two 
(9.52%) of them (Magnusson et al., 1996; Williams et al., 2007), and only one study (4.76%) 
evaluating the activity of CPT (Kiilavuori et al., 2000).  

Methodological quality assessment 

An overview of the methodological quality evaluation of the selected studies utilizing the 
TESTEX scale can be found in Supplementary material: Table S1. The average rating obtained by the 
included studies was 6.7 ± 2.3. Eight studies (38.09%) were evaluated as having poor methodological 
quality (Gielen et al., 2005; Gordon et al., 2000; Gordon et al., 1997; Hambrecht et al., 1997; 
Keteyian et al., 2003; Larsen et al., 2002; Munkvik et al., 2010; Tyni-Lenné, Jansson, et al., 1999), 
eight studies (38.09%) as having fair quality (Belardinelli et al., 1995; Gordon et al., 1996; Hambrecht, 
Niebauer, et al., 1995; Harjola et al., 2006; Kiilavuori et al., 2000; Magnusson et al., 1996; Tyni-Lenné 
et al., 1998; Tyni-Lenné et al., 1997), and five studies (21.7%) as having good quality (Groennebaek et 
al., 2019; Pu et al., 2001; Tyni-Lenné, Gordon, et al., 1999; Williams et al., 2007; Winzer et al., 2022). 
Surprisingly, among the 12 (57.14%) randomized trials (Gielen et al., 2005; Gordon et al., 1996; 
Groennebaek et al., 2019; Hambrecht et al., 1997; Hambrecht, Niebauer, et al., 1995; Harjola et al., 
2006; Kiilavuori et al., 2000; Magnusson et al., 1996; Pu et al., 2001; Tyni-Lenné, Gordon, et al., 1999; 
Williams et al., 2007; Winzer et al., 2022), only four studies (19.04%) provided a comprehensive 
account of their randomization procedure (Groennebaek et al., 2019; Tyni-Lenné, Gordon, et al., 



1999; Williams et al., 2007; Winzer et al., 2022). Assessor blinding to patients´ allocation (of MyHC 
isoforms analysis and/or enzyme assay) was only implemented in three studies (14.28%) 
(Groennebaek et al., 2019; Pu et al., 2001; Winzer et al., 2022).  Two studies (9.52%) (Larsen et al., 
2002; Munkvik et al., 2010) failed to confirm the number of patients who successfully completed the 
protocol and whether adverse events took place throughout the intervention. Intention-to-treat 
analysis was absent in all 21 studies, and activity monitoring in the control group was performed only 
in five studies (21.7%) (Belardinelli et al., 1995; Gordon et al., 1996; Hambrecht, Niebauer, et al., 
1995; Magnusson et al., 1996; Pu et al., 2001). Eight studies (38.09%) (Belardinelli et al., 1995; 
Gordon et al., 2000; Harjola et al., 2006; Kiilavuori et al., 2000; Pu et al., 2001; Tyni-Lenné, Gordon, et 
al., 1999; Williams et al., 2007; Winzer et al., 2022) re-evaluated the participants at some point 
during the intervention to adjust the load to maintain the relative intensity of the exercise.  

Outcome measures 

Relevant findings of the studies are summarized in Table 1.  

One of the key observations from the present review is the lack of statistically significant 
changes in fiber type composition in all but three studies (14.28%) (Hambrecht et al., 1997; Keteyian 
et al., 2003; Tyni-Lenné, Jansson, et al., 1999). Hambrecht et al. (1997) observed significant changes 
after 26 weeks of MIE, whereby the percentage of type I fibers increased and that of type II fibers 
decreased. Keteyian et al. (2003) employed a similar aerobic exercise protocol lasting between 14 to 
24 weeks and also observed an increase in the relative proportion of type I fibers. However, Tyni-
Lenné, Jansson, et al. (1999) previously reported a statistically significant reduction of type I fibers 
and non-significant increases in both type IIA and IIX fibers following an eight-week intervention 
period of aerobic exercise. Larsen et al. (2002) corroborated the latter findings and identified a 
positive trend for type IIX fibers and an opposing trend for type I fibers following 24 weeks of 
combined exercise, albeit neither of the changes reached statistical significance.  

On another note, the positive effects of exercise on oxidative enzyme activity were confirmed 
in 13 studies (61.9%) (Gielen et al., 2005; Gordon et al., 2000; Gordon et al., 1997; Gordon et al., 
1996; Hambrecht, Niebauer, et al., 1995; Magnusson et al., 1996; Munkvik et al., 2010; Pu et al., 
2001; Tyni-Lenné et al., 1998; Tyni-Lenné et al., 1997; Tyni-Lenné, Gordon, et al., 1999; Williams et 
al., 2007; Winzer et al., 2022), with only two exceptions (9.52%) (Groennebaek et al., 2019; Pu et al., 
2001), although a trend toward an increase was observed by Pu et al. (2001).  

Two studies (9.52%) (Gielen et al., 2005; Hambrecht, Niebauer, et al., 1995) revealed 
statistically significant increases in COX activity after 26 weeks of MIE. HAD activity increased 
significantly in aerobic and combined exercise groups in the study by Magnusson et al. (1996). 
Conversely, Williams et al. (2007) could not confirm statistically significant changes in the measures 
of HAD activity following RE. Winzer et al. (2022) reported statistically significant increases in NADH 
activity in a sample of patients randomized to HIIE. Activities of KGDH and CPT complexes were not 
altered by exercise, according to Kiilavuori et al. (2000). 

Analysis of moderator variables 

No particular feature of intervention protocols influenced the effects of exercise on muscle 
fiber type composition, and seemingly similar protocols of aerobic exercise led to significant changes 
in some (Hambrecht et al., 1997; Keteyian et al., 2003) but not in other studies (Harjola et al., 2006; 
Kiilavuori et al., 2000). All four studies employed MIE, lasting between 30 (Harjola et al., 2006) and 
40 minutes (Hambrecht et al., 1997; Keteyian et al., 2003; Kiilavuori et al., 2000). The duration of 
interventions showed only slight variations: Keteyian et al. (2003) reported a range of approximately 
14 to 24 weeks, Kiilavuori et al. (2000) 24 weeks, and both Hambrecht et al. (1997) and Harjola et al. 
(2006) 26 weeks.  

The magnitude of exercise-induced changes in CS activity varied among the studies, but no 
single exercise prescription-specific parameter could decisively explain the observed variation. 



Magnusson et al. (1996) reported the highest relative increase in CS, up to 71%, in a group of 
patients randomized to 15 min of continuous single-leg knee-extensor exercise at 75% of the peak 
work rate for eight weeks, with three exercise sessions per week. On the other hand, the study by 
Gordon et al. (2000) showed that a similar protocol, at 70% of the peak work rate, led to only a 43% 
increase in CS activity.  

The findings of Munkvik et al. (2010) also suggested that as little as six weeks of exercise could 
produce significant changes in CS activity. They documented a relative increase of 27 ± 9% following 
a protocol of MIE on a modified ergometer, with four weekly exercise sessions. 

Significant increases were also reported after eight weeks of MIE (Gordon et al., 2000; Gordon 
et al., 1997; Gordon et al., 1996; Magnusson et al., 1996; Tyni-Lenné et al., 1998; Tyni-Lenné et al., 
1997; Tyni-Lenné, Gordon, et al., 1999). Winzer et al. (2022) compared the changes in CS activity 
following two distinct aerobic exercise protocols and found statistically significant increases 
compared to a control group in a sample of patients randomized to HIIE but not to MIE. Additionally, 
a 24-week RE intervention led to statistically significant increases in CS activity in the study by 
Williams et al. (2007).  



 
 

Table 1. Study characteristics. 

STUDY SUBJECTS INTERVENTION EXERCISE PROTOCOL FOR IG OUTCOMES 

Belardinelli et 
al. (1995) 

27 HFrEF patients classified into 
IG (n = 18, M = 16, age = 56 ± 7) 
or CG (n = 9, M = 7, age = 57 ± 6) 

8 weeks x 3 sessions / 
week 

Low-intensity exercise @ 40% VO2 peak for 30 min 
on a cycle ergometer; adjustments made 
throughout the intervention to fit individual 
progress. 

% type I / II fibers = N.S.  

Gielen et al. 
(2005) 

20 male HFrEF patients 
randomized to IG (n = 10; age = 
55 ± 2) or CG (n = 10, age = 53 ± 
3) 

2 weeks supervised, 
followed by 24 weeks of 
daily exercise @ home 

2 weeks: 10 min x 4-6 times daily @ 70% CPET-
derived VO2 max; afterwards, 20 min / day on a 
cycle ergometer.  

COX ↑ 27% increase; from 21.8 ± 10.12 to 27.7 ± 
11.07 nmol O2/mg ·min (p = 0.02 vs baseline, p < 
0.01 vs control).  

Gordon et al. 
(1996) 

14 male HFrEF patients 
randomized to SL (n = 7, age = 60 
± 7.94) or bilateral (n = 7, age = 
57 ± 7.94) knee-extensor exercise 

8 weeks x 3 sessions / 
week 

SL group: 15 min @ 35% WR.  
Bilateral group: 15 min at 65-75% WR.  
A modified ergometer was used for the exercise, 
and a bilateral knee-extensor exercise test was 
used to establish the workload. 

In SL group, CS ↑ 23 ± 15.87% (p < 0.05 vs 
baseline), from 19.4 ± 3.7 to 23 ± 3.44 μmol·g dw-

1·min-1. In bilateral group, CS ↑ 35 ± 21.17% (p < 
0.01 vs baseline), from 17 ± 4.76 to 23 ± 2 μmol·g 
dw-1·min-1. 

Gordon et al. 
(1997) 

20 male HFrEF patients 
randomized to IG (n = 13, age = 
56 ± 10.82 ) or CG  
(n = 7, age = 62 ± 7.94) 

8 weeks x 3 sessions / 
week 

Bilateral knee-extensor exercise on a modified 
ergometer for 15 min @ 65 -75 % WR / sessions in 
each session.  

CS ↑ 28 ± 18.03% (p < 0.01), from 18.9 ± 3.97 to 
24.2 ± 3.61 μmol·g dw-1·min-1 (p < 0.01). 

Gordon et al. 
(2000) 

8 HFrEF patients  
(M = 4, age = 66 ± 12) 
 

8 weeks x 3 sessions / 
week 

SL knee-extensor exercise for 16-18 min / session 
@ 50 - 70% WR derived from an incremental SL 
knee-extensor test.  

1. % type I/ IIA/ IIX fibers = N.S.   
2. CS ↑ 46%, from 0.31 ± 0.06 to 0.45 ± 0.06 

μkat·g-1 dm (p < 0.01). 

Groennebaek et 
al. (2019) 

36 HFrEF patients randomized to 
either BFRRE (n = 12, age = 66 ± 
7), control (n = 12, age = 63 ± 10) 
or RIC (n = 12, age = 62 ± 9 )  

6 weeks x 3 sessions / 
week 

BFFRE: 4 sets of bilateral knee extensions to 
fatigue, @ 30% 1 RM, w/ 50% arterial occlusion 
pressure. Rest in-between sets: 30 s between the 
sets. 

CS = N.S. 

Hambrecht, 
Niebauer, et al. 
(1995) 

22 male HFrEF patients 
randomized to IG  
(n = 12; age = 50 ± 12) or CG (n = 
10, age = 52 ± 8) 

26 weeks of daily 
exercise; first 3 weeks 
were supervised  

MIE @ 70% CPET-derived VO2 max for at least 40 
min/ day. 

COX ↑ 41% (p < 0.05 vs control).  

Hambrecht et 
al. (1997) 

18 male HFrEF patients 
randomized to IG (n = 9, age = 50 
± 12) or CG (n = 9, age = 52 ± 8) 

26 weeks of daily 
exercise; first 3 weeks 
were supervised 

MIE @ 70% CPET-derived VO2 max for at least 40 
min/ day. 

IG: % type I fibers ↑ from 48 ± 7% to 52 ± 7%;  
% type II fibers ↓ from 52 ± 7% to 48 ± 6% (p < 
0.05).  CG: % type I fibers ↓ from 49 ± 5% to 46 ± 
7% (p < 0.05).  

 

 

 



Table 1. Continued.  

STUDY SUBJECTS INTERVENTION EXERCISE PROTOCOL OUTCOMES 

Harjola et al. 
(2006) 

27 HFrEF patients randomized to 
IG (n = 12, age = 50.2 ± 8) or CG 
(n = 15, age = 50.3 ± 11.4) 

24 weeks x 3 supervised 
sessions/ week 

MIE @ 60% of VO2 max for 30 min on a cycle 
ergometer.  

% type I/ IIA/ IIX  = N.S.  

Keteyian et al. 
(2003) 

15 HFrEF patients  
(M = 10, age = 59.5 ± 4.81)  

14- to 24-weeks x 3 
sessions/ week 

MIE @ 50-60% of HRR for 40 min; intensity ↑ to 
80% of HRR after 2 weeks.  

% type I fibers ↑ 8 ± 16.27% (p < 0.08 vs baseline 
in male patients).  

Kiilavuori et al. 
(2000) 

27 HFrEF patients randomized to 
IG (n = 12, age = 52 ± 7 ) or CG (n 
= 15, age = 52 ± 9)  

24 weeks x 3 supervised 
sessions/ week 

MIE @ HR at 50-60% of VO2 peak for 30 min. The 
load was adjusted accordingly. 

1. % type I/ IIA/ IIX fibers = N.S.  
2. KGDH = N.S. 

CPT = N.S. 

Larsen et al. 
(2002) 

15 male HFrEF (age = 68.5 ± 7.5) 
patients compared to 15 healthy 
controls 

24 weeks x 3 sessions/ 
week 

Combined exercise @ 80% CPET-derived VO2 max. % type I/ II fibers = N.S., but a trend towards  ↓ in  
% type I fibers (from 32.1 ± 9.2% to 26.0 ± 8.9%, p 
= 0.062) and an opposite trend in % type IIX fibers 
(from 5.1 ± 3.4% to 7.3 ± 2.9%, p = 0.08). 

Magnusson et 
al. (1996) 

11 HFrEF patients randomized to 
RE (n = 5) or MIE (n = 6),  
age = 56 ± 9 

8 weeks x 3 sessions / 
week 

RE: SL knee extensions @ 80 % of 1 RM; 4 sets x 6-
10 reps, 2 min rest in-between. Contralateral leg 
left untrained. MIE: 15 min continuous SL knee-
extensor exercise @ 65-75% WR on a modified 
ergometer. Contralateral leg performed both RE 
and MIE protocols (combined). 

1. CS ↑ 77% in MIE; ↑ 49% in Combined (p < 
0.01). 

2. HAD ↑ 53% in MIE; ↑ 50% in Combined (p < 
0.05). 

3. RE = N.S.  

Munkvik et al. 
(2010) 

11 male HFrEF (age = 68.4 ± 1.5) 
patients compared to 13 age-
matched healthy controls  

6 weeks x 4 sessions / 
week 

Randomization to exercise either the dominant or 
nondominant leg on a modified cycle ergometer; 
the nonexercised leg was used as a control. 4 
sessions/ week: 1 x high-intensity (HI), at the load, 
which exhausted the subject after 20 min, 2 x low-
intensity @ 70% of HI load, 1 x MIE @ 80% of HI.  

1. % type I/ IIA/ IIX fibers = N.S. 
2. CS ↑ 27 ± 9% (p < 0.05 vs baseline).  

Pu et al. (2001) 16 female HFrEF patients 
randomized to RT (n = 9, age = 
76.6 ± 6) or CG  
(n = 7, age = 76.6 ± 6.35) 

10 weeks x 3 sessions / 
week 

3 sets per exercise x 8 reps @ 80% 1 RM. Rest in-
between sets 60-90 s. Exercises included: seated 
leg press, leg curl, chest press, knee extension, and 
triceps extension.  

1. CS = N.S.  
2. % type I/ II = N.S.  

Tyni-Lenné et 
al. (1997) 

16 female HFrEF patients (age = 
62.5 ± 10)  

8 weeks x 3 supervised 
sessions / week 

15 min of continuous bilateral knee-extensor work 
@ 65 - 75% WR on a modified ergometer. 

CS ↑ from 0.25 ± 0.07 to 0.36 ± 0.07 μkat·g-1 dm 
(p = 0.0001). 

Tyni-Lenné et 
al. (1998) 

24 HFrEF patients  
(M = 12, age = 60.5 ± 9.84)  

8 weeks x 3 supervised 
sessions / week 

15 min of continuous bilateral knee-extensor work 
@ 65 - 75% WR on a modified ergometer. 

CS ↑ 35% and 37% in men and women, 
respectively (p < 0.0001). 

Tyni-Lenné, 
Gordon, et al. 
(1999) 

24 HFrEF patients randomized to 
cycling (n = 8), SL knee-extensor  
(n = 8, age = 62 ± 11) IG or CG  
(n = 8, age = 64 ± 12) 

8 weeks x 3 supervised 
sessions / week 

Cycling IG: MIE @ 50-70% WR for 20 min. Knee-
extensor IG: 15 min of SL work @ 50-70% WR 
derived from a modified cycle ergometer SL test. 
IGs were matched for total oxygen consumption. 

1. % type I/ IIA/ IIX fibers = N.S. 
2. Cycling IG: CS ↑ 23%; knee-extensor IG: CS ↑ 

45%.  

 



Table 1. Continued. 

STUDY SUBJECTS INTERVENTION EXERCISE PROTOCOL OUTCOMES 

Tyni-Lenné, 
Jansson, et al. 
(1999) 

16 female HFrEF patients (age = 
62 ± 10) 

8 weeks x 3 sessions / 
week 

Bilateral knee-extensor exercise on a modified 
ergometer 15 min per session @ 65-75% WR. 

N.S.↑ in % type IIA (+18%) and type IIX (+5%)
fibers. % type I fibers ↓ 12% (p = 0.03 vs
baseline).

Williams et al. 
(2007) 

13 HFrEF patients were 
randomized to RE (n = 7, age = 67 
± 9) or CG (n = 6, age = 74 ± 4) 

24 weeks x 3 supervised 
sessions / week   

Circuit: leg cycling (30 s - 2 min), elbow 
extension/flexion (30 s), stair climbing (30 s - 2 
min), arm cycling (30 s - 2 min), knee extension/ 
flexion (30 s), and shoulder press/pull (30 s).  

CS ↑ from 13.06 ± 2.73 to 18.24 ± 4.31 μmol·min-

1·kg-1 ww (p < 0.01 vs baseline). A trend towards 
↑ in HAD (from 12.10 ± 2.65 to 17.16 ± 6.91 
μmol·min-1·kg-1 ww) without reaching statistical 
significance. 

Winzer et al. 
(2022) 

41 HFpEF patients randomized to 
MIE (n = 15), HIIE (n = 14) or CG 
(n = 12); ages between 69 and 77 

24 weeks x 3 supervised 
/ week 

HIIE: 4 x 4-min intervals @ 80-90% of HRR, 
interspersed by 3-min active rest @ 20-50% of 
HRR. MIE:  40 min @ 35-50% HRR + 2 home 
sessions / wk.  

1. HIIT: CS ↑ (p = 0.004 vs control) and 
mitochondrial complex – I (p = 0.001 vs
control).

2. MIE: N.S.

BFRRE = Blood flow-restricted resistance exercise; CG = Control group; COX = Cytochrome C Oxidase activity; CPT = Carnitine palmitoyltransferase complex; CPET = Cardiopulmonary exercise 

testing; CS = Citrate synthase activity; dw = dry muscle weight; HAD = Hydroxyacyl-CoA dehydrogenase; HIIE = High-intensity interval exercise; HFrEF = Heart failure with reduced ejection 

fraction; HFpEF = Heart failure with preserved ejection fraction; HR = Heart rate; HRR = Heart rate reserve; IG = Intervention group; KGDH = α-Ketoglutarate dehydrogenase complex; LVEF = 

Left ventricular ejection fraction; MIE = Moderate-intensity continuous exercise; MyHC = Myosin heavy chain; N.S. = Non-significant; RIC = Remote ischemic conditioning; reps = repetitions; 

RM = Repetition maximum; RE = Resistance exercise; SL = Single-leg; vs = versus; ww = wet muscle weight; WR = peak work rate. Values are reported as mean ± standard deviation unless 

otherwise is stated. 



DISCUSSION

Histological and metabolic changes in skeletal muscle observed in patients with CHF,  including 
alterations in fiber type composition and decreased activity of oxidative enzymes, are believed to 
contribute to reduced exercise tolerance in patients with CHF. While exercise is effective in 
counteracting these alterations in healthy individuals, it remains unclear whether the same benefits 
can be extrapolated to CHF pathology. Therefore, the primary aim of this systematic review was to 
examine the impact of exercise on muscle fiber type distribution and oxidative enzyme capacity in 
CHF.  

A comprehensive synthesis of previous research did not firmly establish that exercise 
interventions modify muscle fiber type composition in patients with CHF, and only three studies 
reported statistically significant changes. Methodological limitations in these studies and the lack of 
corroboration from robust research preclude us from drawing definitive conclusions based on their 
findings. However, exercise did appear to alter oxidative enzyme activity in patients with CHF, 
increasing the activity of mitochondrial enzymes. These two observations align with previous reviews 
that reported inconsistent findings on the exercise effect on muscle fiber type composition and 
confirmed the positive effect on oxidative enzyme activity. Additionally, our examination of potential 
moderator variables did not identify any characteristics of exercise protocols that could influence the 
observed outcomes.  

Outcome measures 

The research into the plasticity of human skeletal muscle has been ongoing for some 50 years, 
ever since the publication of the first papers on the differences in skeletal muscle phenotypic traits 
between aerobically trained and sedentary individuals (Gollnick et al., 1972; Holloszy & Coyle, 1984). 
Further investigation shed light on the molecular mechanisms underlying fiber type transition 
(Schiaffino, 2010), substantiating the observations that chronic exposure to aerobic exercise 
increased the proportion of slow-twitch oxidative fibers and activity of mitochondrial enzymes. 

Conversely, cases of extreme muscle disuse, such as immobilization, were associated with 
atrophy of oxidative fibers (Wang & Pessin, 2013) parallel to increased expression of metabolically 
inefficient glycolytic isoforms (Häggmark et al., 1986; Hortobágyi et al., 2000). These observations 
suggest comparable skeletal muscle characteristics between immobilized subjects and those 
diagnosed with CHF. Based on these considerations, skeletal muscle dysfunction in CHF could be 
explained, at least in some part, by deconditioning (i.e., prolonged physical inactivity leading to the 
progressive loss of fitness) (Mettauer et al., 2001). However, while exercise restored fiber type 
composition in healthy populations following extended periods of inactivity (Häggmark et al., 1986; 
Hortobágyi et al., 2000), the present review could not corroborate these findings in patients with 
CHF. The lack of clear-cut evidence on positive exercise effects in patients with CHF could imply that 
outside of deconditioning, the underlying CHF pathology plays an important role in the development 
of muscle dysfunction. Previous research revealed elevated levels of circulating inflammatory 
cytokines and activation of atrophy-related pathways in patients with CHF (Duscha et al., 2008; Zizola 
& Schulze, 2013). Although these mechanisms may not directly contribute to the absence of 
exercise-induced changes in fiber type distribution, they underscore the presence of CHF-specific 
muscle pathology. 

The failure of studies in this review to identify significant modifications in MyHC distribution 
could also be attributed to the inherent limitations of biopsy analysis techniques rather than the 
effects of exercise per se. Transitions between fiber types occur in a stepwise manner, according to a 
"nearest-neighbor rule" (Pette & Staron, 2000). Therefore, type IIX fibers do not just transition to the 
opposite extreme but gradually acquire characteristics of oxidative phenotype, giving rise to hybrid 
isoforms. Consequently, analysis performed in the studies of Belardinelli et al. (1995); Hambrecht et 
al. (1997); Pu et al. (2001) that only differentiated between type I and II muscle fibers may not have 
been sufficiently sensitive to capture the fraction of hybrid fibers. Future research should make sure 



to employ analysis techniques that provide a better reflection of the expression of both pure and 
hybrid isoforms across the muscle fibers (Murach et al., 2019). 

However, even in the absence of significant alterations in fiber type distribution, exercise has 
the potential to enhance muscle function in CHF through alternative pathways. Existing evidence 
indicates that both aerobic and resistance exercise lead to an expansion of muscle capillary network 
in older sedentary subjects (Coggan et al., 1992; Verdijk et al., 2016), with the magnitude of exercise-
derived improvement comparable to that of younger counterparts (Gavin et al., 2007; Murias et al., 
2011). Higher capillary density reflects better oxygen supply to the working muscles, along with a 
larger surface area for exchange between capillaries and muscles. Predictably, higher capillarization is 
positively correlated with VO2 peak (Ingjer, 1978; Saltin et al., 1977). Previous research documented 
reductions in the capillary-to-fiber ratio in patients with CHF (Adams et al., 2017; Georgiadou & 
Adamopoulos, 2012), with the ratio reportedly being higher in female subjects (Duscha et al., 2001). 
A recent publication supported the role of exercise in upregulating the expression of angiogenic 
factors in CHF (Tryfonos et al., 2021). Along the same lines, Williams et al. (2007) examined the 
changes in capillary-to-fiber ratio and CS activity following 24 weeks of circuit resistance exercise and 
reported an increase in both variables. These changes coincided with improved exercise capacity in 
patients randomized to exercise. Additional investigation is warranted to confirm whether exercise 
uniformly improves capillarization in individuals with CHF and the implication of these changes for 
their exercise tolerance. 

At the same time, elevations in oxidative enzyme activity point to improved oxygen utilization. 
CS catalyzes the initial reaction of the citric acid cycle, a major metabolic pathway responsible for 
generating cellular energy. Given its location within the mitochondrial matrix, CS is frequently used 
as a proxy for measuring mitochondrial content (Larsen et al., 2012). Mitochondria’s ability to deliver 
energy in the form of adenosine triphosphate mirrors skeletal muscle oxidative capacity (Wilson, 
1995), and, predictably, mitochondrial function, inferred from the activity of CS or assessed directly 
in permeabilized cells, is positively associated with VO2 peak (Hoppeler et al., 1973; Zwaard et al., 
2016). The outcomes of interventions about the exercise effects on CS activity consistently 
demonstrated a positive trend, except for the studies of Groennebaek et al. (2019) and Pu et al. 
(2001), which will be discussed later.  

Collectively these findings suggest that while exercise may not correct for the skeletal muscle 
composition in CHF, it, nonetheless, elicits morphological and metabolic adaptations that are 
beneficial to enhancing muscle function in these patients. 

Analysis of moderator variables 

An effort to identify parameters specific to exercise prescription that could modulate 
physiological responses yielded inconclusive results. It is important to acknowledge that 
methodological limitations, such as small sample sizes, heterogeneity of study designs, and 
questionable accuracy of some of the biopsy sampling and analysis techniques, may have hindered 
the ability to recognize potential moderating variables. Despite these methodological discrepancies,  
studies with good methodological quality yielded similar findings regarding CS activity compared to 
those with fair or poor quality. Out of the five studies with good methodological quality, three 
reported statistically significant increases in CS activity (Tyni-Lenné, Gordon, et al., 1999; Williams et 
al., 2007; Winzer et al., 2022). Pu et al. (2001) and Tyni-Lenné, Gordon, et al. (1999) also examined 
fiber type composition but did not observe any significant changes. It is worth highlighting that all 
three studies where changes in fiber type composition did, in fact, reach statistical significance were 
of poor methodological quality (Hambrecht et al., 1997; Keteyian et al., 2003; Tyni-Lenné, Jansson, et 
al., 1999); suggesting that these findings should be interpreted with caution. 

Additionally, individual patient characteristics could modulate exercise response. Previous 
research highlighted the baseline differences in fiber type composition between male and female 
subjects without CHF, whereby males reportedly had a higher proportion of type II fibers than 



women (Landen et al., 2023). Similar observations were true for patients with CHF (Duscha et al., 
2001; Keteyian et al., 2003). Keteyian et al. (2003) reported a higher baseline percentage of type I 
fibers in female patients with no further increases following a 14- to 24-week MIE intervention. 
Statistical significant changes following intervention were only observed in males, with an increase in 
the proportion of type I fibers. Duscha et al. (2001) also documented a higher capillary density in 
female patients. The increased capillary density, coupled with a greater proportion of oxidative 
MyHC isoforms in female patients at baseline, suggests that female skeletal muscle may adapt 
differently to the pathology of CHF itself, further amplifying sex-specific exercise response.  

Disease severity is associated with further reductions in exercise capacity (Del Buono et al., 
2019), suggesting progressive deterioration of muscle function. If confirmed, these findings would 
imply that exercise stimuli should be adjusted to accommodate the specific needs and limitations of 
patients at different stages of CHF progression. Along the same lines, two studies where no 
significant changes in CS activity were observed (Groennebaek et al., 2019; Pu et al., 2001) also had 
patients with a mean LVEF higher than the average reported for all the included studies (35 ± 6% and 
36.3 ± 8.1% for patients from Groennebaek et al. (2019) and Pu et al. (2001) studies, respectively, 
versus 28.8 ± 4% across all 21 studies). Based on these observations, more potent exercise stimuli 
could be required to enhance CS activity in patients with less impaired left ventricular function. 
Additionally, the lack of exercise-induced elevations in CS activity in these studies could potentially 
be attributed to vascular restriction in the study of Groennebaek et al. (2019) and the inclusion of a 
female-only sample in Pu et al. (2001), but the validity of these assumptions should be explored 
further.  

The present review did not include a meta-analysis that could have provided a comprehensive 
understanding of how protocol-specific variables and individual patient characteristics influenced 
skeletal muscle fiber composition and enzymatic activity in CHF. Further research with robust 
statistical analyses is thus required to assess the impact of potential moderating variables 
quantitatively.  

CONCLUSIONS 

The increased relative proportion of fast-twitch glycolytic fibers and diminished enzymatic 
activity were previously cited as contributing factors to profound exercise intolerance in patients with 
CHF. In healthy populations, the potential of exercise to restore fiber type composition by 
upregulating the expression of metabolically efficient oxidative fiber types, and increase the activity 
of oxidative enzymes, has been widely recognized. Therefore, the primary purpose of this review was 
to confirm whether these findings could be extended to patients with CHF. Results from the 
publications included in this review could not support the benefits of exercise on fiber type 
composition in patients diagnosed with CHF. However, enzymatic activity responded well to a wide 
range of exercise protocols. Importantly, the increases in CS activity as a reflection of improved 
mitochondrial function highlight the need to consider exercise as an integral part of CHF treatment 
strategies to address the underlying muscle pathology. 

The lack of a robust meta-analytic procedure in the present review precluded the 
identification of parameters specific to exercise prescription that could enhance the physiological 
effects of exercise. This limitation should be addressed in future studies. On the other hand, the role 
of individual patient characteristics as the source of potential heterogeneity in the exercise response 
should be further explored. Examining all the possible variables that could modify exercise-induced 
adaptations would facilitate the optimization of exercise protocols targeting muscle dysfunction in 
CHF and inform treatment strategies. 
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SUPPLEMENTARY MATERIAL 

Table S1. Methodological quality assessment of included studies judged using TESTEX scale. 

Study quality Study reporting 

Study Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11 Item 12 Overall Judgement 

Belardinelli et al. (1995) 1 0 0 1 0 1 0 1 0 1 1 0 6 Fair 

Gielen et al. (2005) 1 0 0 1 0 1 0 1 1 0 0 0 5 Poor 

Gordon et al. (1996) 1 0 0 1 0 2 0 1 1 1 0 1 8 Fair 

Gordon et al. (1997) 1 0 0 1 0 1 0 0 1 0 0 1 5 Poor 

Gordon et al. (2000) 1 0 0 0 0 1 0 0 1 0 1 0 4 Poor 

Groennebaek et al. (2019) 1 1 1 1 1 3 0 1 1 0 0 1 11 Good 

Hambrecht, Niebauer, et al. (1995) 1 0 0 1 0 2 0 1 1 1 0 1 8 Fair 

Hambrecht et al. (1997) 1 0 0 1 0 1 0 1 1 0 0 0 5 Poor 

Harjola et al. (2006) 1 0 0 1 0 1 0 1 1 0 1 1 7 Fair 

Keteyian et al. (2003) 1 0 0 0 0 2 0 0 1 0 0 0 4 Poor 

Kiilavuori et al. (2000) 1 0 0 1 0 2 0 1 1 0 1 1 8 Fair 

Larsen et al. (2002) 1 0 0 0 0 0 0 1 1 0 0 1 4 Poor 

Magnusson et al. (1996) 1 0 0 1 0 1 0 1 0 1 0 1 6 Fair 

Munkvik et al. (2010) 1 0 0 1 0 0 0 1 0 0 0 0 3 Poor 

Pu et al. (2001) 1 0 0 1 1 3 0 1 1 1 1 1 11 Good 

Tyni-Lenné et al. (1997) 1 0 0 1 0 3 0 1 1 0 0 1 8 Fair 

Tyni-Lenné et al. (1998) 1 0 0 1 0 3 0 0 1 0 0 1 7 Fair 

Tyni-Lenné, Gordon, et al. (1999) 1 1 0 1 0 3 0 0 1 0 1 1 9 Good 



Table S1. Continued. 

Study quality Study reporting 

Study Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11 Item 12 Overall Judgement 

Tyni-Lenné, Jansson, et al. (1999) 1 0 0 0 0 2 0 0 1 0 0 0 4 Poor 

Williams et al. (2007) 1 1 0 1 0 3 0 1 1 0 1 0 9 Good 

Winzer et al. (2022) 1 1 0 1 1 1 0 1 1 0 1 1 9 Good 

Item 1 = Eligibility criteria specified; Item 2 = Randomization specified; Item 3 = Allocation concealment; Item 4 = Groups similar at baseline; Item 5 = Assessor blinding; Item 6 = Outcome 
measures assessed in 85% of patients; Item 7 = Intention-to-treat analysis; Item 8 = Between-group statistical comparisons reported; Item 9 = Point measures and measures of variability for all 
reported outcome measures; Item 10 = Activity monitoring in control groups; Item 11 = Relative exercise intensity remained constant; Item 12 = Exercise volume and energy expenditure. 


