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Abstract

Objective

There is widespread agreement about the key role of hemoglobin for oxygen transport. Both

observational and interventional studies have examined the relationship between hemoglo-

bin levels and maximal oxygen uptake ( _VO2max) in humans. However, there exists consid-

erable variability in the scientific literature regarding the potential relationship between

hemoglobin and _VO2max. Thus, we aimed to provide a comprehensive analysis of the

diverse literature and examine the relationship between hemoglobin levels (hemoglobin

concentration and mass) and _VO2max (absolute and relative _VO2max) among both observa-

tional and interventional studies.

Methods

A systematic search was performed on December 6th, 2021. The study procedures and

reporting of findings followed Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines. Article selection and data abstraction were performed in

duplicate by two independent reviewers. Primary outcomes were hemoglobin levels and

_VO2max values (absolute and relative). For observational studies, meta-regression models

were performed to examine the relationship between hemoglobin levels and _VO2max val-

ues. For interventional studies, meta-analysis models were performed to determine the

change in _VO2max values (standard paired difference) associated with interventions

designed to modify hemoglobin levels or _VO2max. Meta-regression models were then per-

formed to determine the relationship between a change in hemoglobin levels and the

change in _VO2max values.
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Results

Data from 384 studies (226 observational studies and 158 interventional studies) were

examined. For observational data, there was a positive association between absolute

_VO2max and hemoglobin levels (hemoglobin concentration, hemoglobin mass, and hemato-

crit (P<0.001 for all)). Prespecified subgroup analyses demonstrated no apparent sex-

related differences among these relationships. For interventional data, there was a positive

association between the change of absolute _VO2max (standard paired difference) and the

change in hemoglobin levels (hemoglobin concentration (P<0.0001) and hemoglobin mass

(P = 0.006)).

Conclusion

These findings suggest that _VO2max values are closely associated with hemoglobin levels

among both observational and interventional studies. Although our findings suggest a lack

of sex differences in these relationships, there were limited studies incorporating females or

stratifying results by biological sex.

Introduction

Maximal oxygen uptake ( _VO2max) represents the highest rate of oxygen uptake and utilization

during large muscle-mass exercise [1]. The concept of _VO2max was first described by the

Nobel prize laureate A.V. Hill in the early 1920’s [2, 3] and is a preeminent physiological vari-

able in the field of human integrative physiology [4–6]. In addition to _VO2max describing

cardiorespiratory fitness among athletes and otherwise healthy humans [7–10], _VO2max also

serves as a powerful prognostic index of both the life span and health span among humans,

including those with chronic disease [11, 12]. Although there is debate about which steps

along the oxygen transport pathway limit _VO2max in healthy humans, there is widespread

agreement about the key role of oxygen transport via hemoglobin in the blood [13, 14]. In this

context, the relationship between hemoglobin levels and _VO2max in humans has been exten-

sively studied [15–17].

Rationale

Many different approaches have been used to study the relationship between hemoglobin lev-

els and _VO2max in humans, including both observational studies and interventional studies.

When designing a study to estimate the causal effect of an intervention on a physiological out-

come (for example, the change in hemoglobin levels on _VO2max), interventional studies are

generally considered to be the least susceptible to bias [18]. For interventional studies,

researchers control the assignment of the treatment or exposure which may limit bias associ-

ated with unmeasured confounders. Observational study designs, however, are more suscepti-

ble to unmeasured confounding influences, and generally do not involve a researcher-

controlled intervention. Thus, interventional and observational study designs are inherently

different from an epistemological standpoint [19]. Although a strong relationship between

hemoglobin levels and _VO2max in humans has been demonstrated in both observational stud-

ies [16, 20, 21] and interventional studies [22–24], some uncertainty remains. As an example,
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although it is clear that an increase in hemoglobin levels is associated with an increase in

_VO2max (a process referred to as ‘blood doping’ in sport [24]), uncertainty remains about the

potential relationship between hemoglobin levels and _VO2max among other interventions

(e.g., dietary supplementation). In this framework, there are ambiguous areas associated with

biological diversity and heterogenous study designs, and an unbiased synthesis of information

may provide key insights from the scientific corpus [25]. Thus, the present work was per-

formed to provide a comprehensive systematic review and meta-analysis on the relationship

between hemoglobin levels and _VO2max in humans.

Objectives

This systematic review and meta-analysis aimed to evaluate the relationship between hemoglo-

bin levels and _VO2max by pooling data from observational studies and interventional studies.

Moreover, as a secondary objective, prespecified analyses aimed to determine whether this

relationship is influenced by population characteristics (i.e., biological sex) or intervention

characteristics (subsequently defined in methods section) which may modify hemoglobin lev-

els or _VO2max.

Methods

Registration and protocol

This systematic review and meta-analysis followed the recommendations of and reported find-

ings according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses

(PRISMA) guidelines [26]. The study protocol has been registered in the International Pro-

spective Register of Systematic Reviews, ‘PROSPERO’, (CRD42022329010). All changes to the

study protocol are reported in the Methods section. In accordance with the Code of Federal

Regulations, 45 CFR 46.102, this study was exempt from obtaining institutional review board

approval from Mayo Clinic and from obtaining informed patient consent because it represents

secondary use of publicly available data sets.

Information sources and search strategy

On December 6, 2021, MEDLINE was searched for eligible articles by three authors (S.A.K., C.

C.W., J.W.S.). Keywords used in the search included: [(oxygen consumption) OR (oxygen

uptake) OR (VO2) OR (VO2max)] AND [(hemoglobin) OR (hematocrit) OR (hemodilution)

OR (transfusion) OR (venesection) OR (anemia) OR (polycythemia) OR (erythrocythemia)

OR (erythropoietin) OR (blood loss) OR (blood doping)] AND (exercise). Only published

material was identified and exported to a web-based systematic review management software

(Covidence, Melbourne, Australia). The search was not limited by study design or publication

period. To be eligible for inclusion, full-text translations must have been available in English.

References of included articles were examined for potential inclusion.

Eligibility criteria

Eligible participants included healthy adults (age 18 years or older) and adults with disordered

erythropoiesis (anemia, polycythemia, iron deficiency with anemia, iron deficiency without

anemia, or thalassemia) without secondary pathologies.

Eligible articles met prespecified inclusion criteria. Eligible articles reported hemoglobin

levels (hemoglobin concentration or hemoglobin mass) and _VO2max achieved during exer-

cise. Eligible _VO2max tests typified a standard _VO2max protocol and included a graded or
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incremental exercise test to task failure with continuous pulmonary gas exchange measure-

ments. Task failure criteria included a combination of at least two of the following criteria: 1)

“classical” plateau in _VO2; 2) elevated respiratory exchange ratio (RER, greater than 1.0, 1.1, or

1.15); 3) near maximal, self-reported rating of perceived effort (e.g., Borg Scale6-20� 17); and

4) maximum heart rate greater than 90% of age-predicted maximum heart rate. In this frame-

work, studies that assessed _VO2peak or estimated _VO2max were not eligible for inclusion.

Eligible exercise modalities which may be associated with an accurate representation of

_VO2max included running, cycling, swimming, rowing, inclined walking, and exercise using a

large muscle-mass ergometer (ski, kayak, or row ergometer). Eligible _VO2max tests were per-

formed in standard environmental conditions. Thus, ineligible _VO2max tests included tests

performed using non-normoxic inspirates, an altitude greater than approximately sea level, or

substantial deviation from room temperature (~20˚C).

Eligible hemoglobin concentrations were determined using blood samples obtained via

venipuncture or arterial catheterization. Measurements of hemoglobin concentration are asso-

ciated with both good stability and validity [27, 28], and thus, are often considered the gold-

standard measurement of circulating hemoglobin. Notably, however, there is heterogeneity in

methodological assessments and associated biological variability due to factors such as the

source of blood sample, body positioning during blood collection, circadian variation, and

measurement device [29]. Eligible hemoglobin mass values were determined using either a

carbon monoxide rebreathing protocol [30] or dye dilution with a fluorescent or radioactive

tracer [31]. Similar to measurements of hemoglobin concentration; however, these techniques

are subject to considerable heterogeneity in methodological assessment. Additionally, con-

founding physiological factors such as changes in circulating volumes and incomplete distri-

bution/mixing of the tracer may negatively influence the reliability of these techniques [32].

Selection process and data collection process

Both the selection process and data abstraction process were performed in duplicate and inde-

pendently by two reviewers from a cohort of seven potential reviewers (K.L.W., E.K.G., O.H.

M, S.A.K., R.J.R, S.M.H, and J.W.S.). Conflicts regarding article selection and data abstraction

were independently verified by a third reviewer. Disagreements were discussed until consen-

sus. Further information on the article selection process is presented in Fig 1.

Data items

Data abstraction was performed using a standardized data abstraction form. Abstracted data

included participant characteristics (sample size, sex, age, height, weight, body mass index,

absolute _VO2max, and relative _VO2max) and hematological characteristics (hemoglobin levels

(both hemoglobin concentration and hemoglobin mass), and hematocrit) as available.

If an article reported multiple measurements of _VO2max for the same condition associated

with a single measurement of hemoglobin level, the greatest value of _VO2max was used for

analyses. If an article reported hematological data from both arterial and venous blood sam-

ples, data associated with the arterial blood sample(s) was used for analyses.

If data associated with primary outcomes (hemoglobin levels and _VO2max values) were not

numerically reported in the text, authors were contacted via email to obtain numerical data. If

the data could not be provided but were presented in figures, WebPlotDigitizer [33] was used

to extract means and standard deviations. If data were reported with standard error (SE), the

following equation was used to convert data to standard deviation (SD): SD ¼ SE�
p
n.
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Fig 1. PRISMA flow diagram. Flow diagram displaying the selection of articles through different phases of the systematic review, and categorization of included articles.

https://doi.org/10.1371/journal.pone.0292835.g001
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Article categorization. Included articles were categorized as observational or interven-

tional according to study design [18]. Observational articles included studies which reported

the primary outcomes (hemoglobin levels and _VO2max values) without respect to a defined

event or intervention. Interventional articles included allocation to a clearly defined event or

intervention and reported the primary outcomes (hemoglobin levels and _VO2max values)

before and after the clearly defined event or intervention. Interventional articles were further

categorized into five mutually exclusive subgroups according to the intervention: 1) blood

transfusion or donation, 2) erythropoiesis stimulating agents, 3) dietary supplementation, 4)

environmental hypoxia, or 5) aerobic (de)training.

Study risk of bias assessment and reporting bias assessment

Risk of bias assessment was conducted using the Risk Of Bias In Non-Randomized Studies—

of Interventions (ROBINS-I) [34] for interventional studies and the Risk Of Bias In Non-ran-

domized Studies–of Exposures (ROBINS-E) [35] for observational studies. Two reviewers

from a cohort of three potential reviewers (K.L.W., E.K.G, J.W.S.) applied the risk of bias

assessment independently, and data were independently verified by a third reviewer. Disagree-

ments were discussed until consensus. Egger’s [regression] test was used to assess potential

publication bias in meta-analyses.

Effect measures

Applied meta-regressions used absolute and relative _VO2max as the effect measure. Meta-

analysis models used the standard paired difference as the effect measure to quantify changes

in _VO2max following a performed intervention. The tau-squared (τ2) statistic was used to esti-

mate between-study variance and the Higgins I-squared statistic (I2) was used to estimate rela-
tive heterogeneity within meta-analyses [36].

Synthesis methods

For the primary outcomes (hemoglobin levels and _VO2max values), we performed meta-anal-

ysis and meta-regression using random-effects models to account for variability between stud-

ies [37]. Analyses were performed separately for observational studies and interventional

studies. Outcome data were pooled from each study to provide one single data point. A mini-

mum of two studies were required to perform meta-analyses [38]. Additional prespecified,

exploratory analyses were performed stratified by biological sex by pooling data for male and

female subgroups within each study as available. Analyses were performed using Comprehen-

sive Meta-Analysis software (CMA 3.3, Biostat, Englewood, New Jersey, USA). Figures were

created using SigmaPlot software (SigmaPlot 12.5, Systat Software Inc, Chicago, Illinois, USA).

Results are reported with 95% confidence intervals (CIs), statistical significance was set at α =

0.05, and all tests were two-tailed.

Observational studies. For analyses of observational studies, an amalgam was created

using all observational articles and data associated with interventional articles that were mea-

sured before the defined event or intervention (so called “baseline data”). The primary analysis

investigated the relationship between hemoglobin levels and _VO2max values. Because hemo-

globin level was described by two metrics (hemoglobin concentration and hemoglobin mass)

and _VO2max was described by two metrics (absolute _VO2max and relative _VO2max), the pri-

mary analysis was associated with four separate comparisons. Meta-regression models were

performed to determine heterogeneity of _VO2max values associated with hemoglobin levels.

Exploratory meta-regression models were then performed with subgroups stratified by
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biological sex. Results of meta-regression models are presented as (slope coefficient; 95% Con-

fidence Interval (CI); R2; τ2; P-value; n (number of studies or subgroups)).

Interventional studies. For analyses of interventional studies, standard paired difference

was used to quantify the change of absolute _VO2max and relative _VO2max (separately) in

response to the defined, researcher-controlled event or intervention. Meta-analyses were per-

formed for subgroups of interventional studies as defined in the ‘Article Categorization’ section

herein. Results of meta-analyses are presented as (pooled standard paired difference; 95% CI;

Z-value; τ2; P-value; n (number of studies)).

Meta-regression models were performed to assess the relationship between study-level

covariates (hemoglobin levels) and the effect size of the change in _VO2max values (standard

paired difference). Similar to analyses of observational studies, the primary meta-regression

models were associated with four separate comparisons because both hemoglobin levels and

_VO2max values are described by two separate variables.

Results

Study selection and study characteristics

The process of study selection and article categorization is represented in the PRISMA flow

diagram (Fig 1). A total of 3,625 articles were identified in the initial literature search, and

duplicates were removed (n = 1). After screening titles and abstracts, 2,550 articles were

deemed ineligible for inclusion. Of the remaining 1,074 full text articles, 381 articles were

included. The references of the included 381 articles were then carefully inspected, and an

additional 3 articles were deemed eligible for inclusion. Thus, 384 articles were included. Of

the 384 included articles, 226 articles were categorized as observational [15, 20, 39–262], and

158 articles were categorized as interventional. The 158 interventional articles were further cat-

egorized into five mutually exclusive subgroups according to the intervention: 1) blood trans-

fusion or donation (n = 29) [263–291], 2) erythropoiesis stimulating agents (n = 19) [292–

310], 3) dietary supplementation (n = 25) [311–335], 4) environmental hypoxia (n = 40) [336–

375], or 5) aerobic (de)training (n = 45) [376–420].

Ten of the included articles reported data for participants with disordered erythropoiesis

(n = 6 beta-thalassemia, n = 2 iron deficiency anemia, n = 2 iron deficiency non-anemia).

Within these ten articles, no measurements of hemoglobin mass were reported.

Risk of bias in studies

The results of the risk of bias assessment for observational articles and interventional articles

are presented in S1 and S2 Tables, respectively. Among observational articles, 83% (188 of 226

articles) had a low risk of bias, 12% (28 of 226 articles) had a moderate risk of bias, and 4% (10

of 226 articles) had a high risk of bias. The moderate and high risk of bias were primarily asso-

ciated with selection of participants and selection of reported results, primarily owing to the

inclusion of participants with disordered erythropoiesis. Among interventional articles, 86%

(136 of 158 articles) had a low risk of bias, 13% (20 of 158 articles) had a moderate risk of bias,

and 1% (2 of 158 articles) had a high risk of bias. The moderate and high risk of bias were pri-

marily associated with missing data and selection of reported results.

Egger’s regression tests demonstrated no significant publication bias among any interven-

tional subgroups, including: 1) blood transfusion or donation (intercept, -0.805; P = 0.558;

n = 29 studies), 2) erythropoiesis stimulating agents (intercept, 1.573; P = 0.136; n = 19 stud-

ies), 3) dietary supplementation (intercept, -1.070; P = 0.394; n = 25 studies), 4) environmental
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hypoxia (intercept, 0.290; P = 0.768; n = 40 studies), and 5) aerobic (de)training (intercept,

0.307; P = 0.741; n = 45 studies).

Results of syntheses

Observational analyses. For observational analyses, data were amalgamated from 226

observational articles and “baseline data” from 158 interventional articles. Observational data

included 5,990 male participants and 3,310 female participants. Of the 384 included articles,

228 articles reported only data associated with male participants, 52 articles reported only data

associated with female participants, 78 articles reported pooled data for males and females,

and 26 articles reported data stratified by biological sex.

Meta-regression models demonstrated a strong, positive association between study-level

data of _VO2max values and hemoglobin levels (hemoglobin mass (Fig 2) and hemoglobin con-

centration (S1 Fig)), see Table 1. For data obtained from participants with disordered erythro-

poiesis, meta-regression models demonstrated a positive association between study-level data

of hemoglobin concentration and absolute _VO2max (slope coefficient, 0.255; 95% CI, 0.018 to

0.491; R2 = 0.42; τ2 = 0.28; P = 0.035; n = 6 studies). When excluding participants with disor-

dered erythropoiesis, a positive association between hemoglobin concentration and absolute

_VO2max remained (slope coefficient, 0.402; 95% CI, 0.273 to 0.532; R2 = 0.28; τ2 = 0.79;

P<0.0001; n = 193 studies).

Meta-regression models also demonstrated a positive association between study-level data

of hematocrit and both absolute _VO2max (slope coefficient, 0.146; 95% CI, 0.091 to 0.200; R2 =

0.19; τ2 = 1.14; P<0.0001; n = 136 studies) and relative _VO2max (slope coefficient, 1.449; 95%

CI, 0.965 to 1.932; R2 = 0.20; τ2 = 105.69; P<0.0001; n = 195 studies; S2 Fig). Exploratory analy-

ses stratifying meta-regression models by biological sex found no sex differences in the rela-

tionship between hemoglobin mass and _VO2max values (Table 1).

Fig 2. The association between hemoglobin mass and maximal oxygen uptake ( _V_O2max). Bubble plots and meta-regressions displaying the positive association

between hemoglobin mass and both absolute _V_O2max (A) and relative _V_O2max (B). Data for males are represented as purple bubbles, data for females are represented as

green bubbles with plus sign symbols, and data for studies presenting males and females pooled (mixed) are represented as black bubbles with middle dot symbols. Each

bubble represents a group from a single study and the size of bubbles represents the number of participants within the group. The solid line indicates the meta-regression

line, and the dashed lines indicate the 95% prediction interval associated with the meta-regression.

https://doi.org/10.1371/journal.pone.0292835.g002
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Interventional analyses. For analyses of interventional articles, data from 158 articles

were included. From pooled interventional data, the meta-analysis model demonstrated a sig-

nificant increase in absolute _VO2max following the performed interventions (pooled standard

paired difference, 0.183; 95% CI, 0.056 to 0.310; Z = 2.829; τ2 = 0.24; I2 = 11%; P = 0.005; n =
106 studies). The meta-regression model demonstrated a positive association between the

change in hemoglobin concentration and the effect size of the change in absolute _VO2max
(standard paired difference), (slope coefficient, 0.271; 95% CI, 0.158 to 0.385; R2 = 0.25; τ2 =

0.19; P<0.0001; n = 100 studies). An additional meta-regression model demonstrated a posi-

tive association between the change in hemoglobin mass and the effect size of the change in

absolute _VO2max (standard paired difference), (slope coefficient, 0.008; 95% CI, 0.002 to

0.014; R2 = 0.04; τ2 = 0.31; P = 0.006; n = 24 studies). The 158 interventional articles were fur-

ther categorized into five mutually exclusive subgroups according to the intervention. Thus,

prespecified subanalyses were performed to examine the relationship between changes in

hemoglobin levels and changes in _VO2max values within the interventional subgroups,

independently.

Blood transfusion or donation. Analyses included 29 articles associated with blood trans-

fusion or donation. Of the 29 articles, 7 articles examined blood transfusion, 17 articles exam-

ined blood donation, and 5 articles examined both blood transfusion and donation. Overall,

data were reported for a total of 310 male participants and 84 female participants. Only one

article reported data for females only, limiting potential analyses stratified by sex.

Table 1. Hemoglobin levels as covariates of absolute and relative maximal oxygen uptake ( _V_O2max) derived from observational analyses.

Absolute _V_O2max (L�min-1)

Coefficient [95% CI] P value R2 τ2 n
Hemoglobin mass

All data 0.005 [0.003, 0.007] <0.0001 0.49 0.34 42

Males 0.006 [0.004, 0.009] <0.0001 0.66 0.41 23

Females 0.011 [0.008, 0.015] <0.0001 0.92 0.31 8

Hemoglobin concentration

All data 0.404 [0.298, 0.510] <0.0001 0.29 0.77 199

Males 0.148 [0.022, 0.274] 0.022 0.15 0.51 141

Females 0.226 [0.060, 0.393] 0.008 0.22 0.31 41

Relative _V_O2max (mL�min-1�kg-1)

Hemoglobin mass

All data 0.058 [0.039, 0.077] <0.0001 0.55 130.27 58

Males 0.054 [0.024, 0.084] <0.0001 0.19 67.75 37

Females 0.137 [0.016, 0.258] 0.027 0.34 28.44 8

Hemoglobin concentration

All data 4.649 [2.650, 6.648] <0.0001 0.10 121.87 284

Males 0.882 [-1.120, 2.884] 0.388 0.02 83.77 175

Females 5.999 [3.249, 8.728] <0.0001 0.45 67.59 63

Data depict results of independent meta-regressions in determination of hemoglobin levels (hemoglobin mass and hemoglobin concentration) as covariates of absolute

_V_O2max and relative _V_O2max. Data were pooled from each study to provide one single data point for ‘All data’ derived coefficients (n denotes the number of studies).

Additional independent analyses were performed for subgroups of data reporting males only and females (n denotes the number of subgroups). Abbreviations: CI,

confidence interval.

https://doi.org/10.1371/journal.pone.0292835.t001
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For interventional articles associated with blood transfusion, the median amount of blood

transfused was 500 mL (range, 400 to 900 mL). Data for the meta-analysis of blood transfusion

studies were associated with an increase in absolute _VO2max (pooled standard paired differ-

ence, 0.652; 95% CI, 0.351 to 0.954; Z = 4.244; τ2 = 0.02; I2 = 2%; P<0.0001; n = 11 studies;

Fig 3). When removing one study examining blood transfusion among a clinical population

(participants with beta-thalassemia), a significant increase in absolute _VO2max following

transfusion remained (pooled standard paired difference, 0.734; 95% CI, 0.395 to 1.073;

Z = 4.245; τ2 = 0.03; I2 = 3%; P<0.0001; n = 10 studies).

For articles associated with blood donation, the median amount of blood drawn from the

donor was 500 mL (range, 300 to 1350 mL). Data for the meta-analysis of blood donation studies

were associated with a decrease in absolute _VO2max (pooled standard paired difference, -0.658;

95% CI, -0.877 to -0.439; Z = -5.883; τ2 = 0.07; I2 = 39%; P<0.0001; n = 17 studies; Fig 3).

As described above, the 29 articles included in this section were associated with 22 datasets

examining blood transfusion and 12 datasets examining blood donation (34 subgroups). The

Fig 3. The association between blood donation or transfusion and change in maximal oxygen uptake (absolute _V_O2max). Forest plots depicting the effect size of

the change of absolute _V_O2max (standard paired difference) following blood transfusion or donation. Different size symbols indicate relative weights used in meta-

analyses and are proportional to study size. Abbreviations: SE, standard error.

https://doi.org/10.1371/journal.pone.0292835.g003
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overall meta-regression model, including both blood transfusion and blood donation, demon-

strated a positive association between the change in hemoglobin concentration and the effect

size of the change in absolute _VO2max (standard paired difference), (slope coefficient, 0.357;

95% CI, 0.260 to 0.454; R2 = 0.99; τ2<0.01; P<0.0001; n = 28 subgroups; Fig 4A).

Erythropoiesis stimulating agents. Analyses included 19 articles associated with erythro-

poiesis stimulating agents, 18 articles examined erythropoietin supplementation and one arti-

cle examined xenon inhalation. Of the 19 articles, data were reported for a total of 230 male

participants and 17 female participants. No articles reported data for females only, limiting

potential analyses stratified by sex. The meta-analysis model demonstrated an increase in abso-

lute _VO2max following administration of erythropoieses stimulating agents (pooled standard

paired difference, 0.740; 95% CI, 0.510 to 0.969; Z = 6.315; τ2 = 0.03; I2 = 1%; P<0.0001; n = 12

studies; Fig 5). For studies examining the effects of erythropoietin alone, there was a significant

increase in absolute _VO2max following treatment (pooled standard paired difference, 0.789;

95% CI, 0.526 to 1.052; Z = 5.873; τ2 = 0.03; I2 = 1%; P<0.0001; n = 11 studies). Following

treatment with erythropoiesis stimulating agents, the relationships between the change in

hemoglobin concentration and changes in _VO2max values were not statistically significant

(absolute _VO2max, P = 0.150; relative _VO2max, P = 0.050).

Fig 4. The association between change in hemoglobin concentration and change in absolute maximal oxygen uptake

( _V_O2max) following blood donation or transfusion. Meta-regression and bubble plot depicting the relationship between the

change in hemoglobin concentration and the effect size of the change in absolute _V_O2max (standard paired difference) among

independent subgroups following blood transfusion or donation. Different size symbols indicate relative weights used in the

meta-regression and are proportional to study sample size.

https://doi.org/10.1371/journal.pone.0292835.g004
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Dietary supplementation

Analyses included 25 articles associated with dietary supplementation—15 articles examined

iron supplementation, 4 articles examined plant-based supplementation (echinacea (n = 2),

beetroot (n = 1), and higenamine (n = 1)), 3 articles examined dietary restrictions (ketogenic

diet (n = 1), caloric deficit (n = 1), and time restricted feeding (n = 1)), and 3 articles examined

other dietary supplements (sodium phosphate (n = 1), vitamin C (n = 1), and beta-methylbuty-

rate (n = 1)). Of the 25 articles, data were reported for a total of 190 male participants and 305

female participants. Six articles reported data for males only, 13 articles reported data for

females only, 4 articles reported pooled data for males and females, and 2 articles reported data

stratified by biological sex. Due to an insufficient number of studies, stratified analyses were

only performed to separately examine the effects of iron and echinacea supplementation.

There was a broad spectrum of heterogenous substances used for dietary supplementation,

as described above. Thus, the change in hemoglobin concentration associated with dietary

supplementation was heterogenous and ranged from a decrease of 1.2 g/dL to an increase of

1.3 g/dL (median, increase of 0.1 g/dL). The meta-analysis model demonstrated an increase in

absolute _VO2max following dietary supplementation (pooled standard paired difference,

0.274; 95% CI, 0.084 to 0.464; Z = 2.827; τ2 = 0.89; I2 = 69%; P = 0.005; n = 16 studies). Addi-

tionally, there was an increase in absolute _VO2max following iron supplementation (pooled

standard paired difference, 0.341; 95% CI, 0.050 to 0.631; Z = 2.301; τ2 = 1.37; I2 = 31%;

P = 0.021; n = 9 studies). Among the two studies examining the effects of echinacea supple-

mentation, data regarding absolute _VO2max were not reported. There was no significant

change in relative _VO2max following echinacea supplementation (pooled standard paired dif-

ference, 0.330; 95% CI, -0.118 to 0.778; Z = 1.444; τ2 = 0.29; I2 = 74%; P = 0.149; n = 2 studies).

Meta-regressional analysis found no significant relationship between the effect size of the

change in absolute _VO2max (standard paired difference) and the change in hemoglobin con-

centration (P = 0.200).

Fig 5. The association between erythropoiesis stimulating agents and change in maximal oxygen uptake (absolute _V_O2max). Forest plot depicting the effect size of

the change in absolute _V_O2max (standard paired difference) following administration of erythropoiesis stimulating agents. Different size symbols indicate relative

weights used in meta-analyses and are proportional to study size. Abbreviations: SD, standard error.

https://doi.org/10.1371/journal.pone.0292835.g005
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Environmental hypoxia. Analyses included 40 articles associated with environmental

hypoxia, 29 articles examined high-altitude acclimatization or sojourn and 11 articles exam-

ined chronic normobaric hypoxia. Of the 40 articles, data were reported for a total of 454 male

participants and 80 female participants. Only one article reported data for females only, limit-

ing potential analyses stratified by sex. Of the 40 included articles, 13 articles reported a change

in hemoglobin mass. The median change in hemoglobin mass was 20 g increase from baseline,

and there was a broad range across studies (16 g decrease to 55 g increase).

The meta-analysis model demonstrated an increase in absolute _VO2max associated with

environmental hypoxia (pooled standard difference, 0.203; 95% CI, 0.027 to 0.379; Z = 2.263;

τ2 = 0.20; I2 = 5%; P = 0.024; n = 24 studies). Of the articles examining high-altitude sojourn or

acclimatization, there was no significant change in absolute _VO2max (pooled standard differ-

ence, 0.004; 95% CI, -0.217 to 0.224; Z = 0.031; τ2 = 0.13; I2 = 4%; P = 0.975; n = 16 studies).

For articles examining the effects of chronic normobaric hypoxia, there was a significant

increase in absolute _VO2max (pooled standard difference, 0.550; 95% CI, 0.259 to 0.841;

Z = 3.702; τ2 = 0.01; I2 = 2%; P<0.0001; n = 8 studies). Meta-regressional analysis demon-

strated no significant relationship between the effect size of the change in _VO2max (standard

paired difference) and the change in hemoglobin concentration (P = 0.854) or the change in

hemoglobin mass (P = 0.531) after environmental hypoxia.

Aerobic (de)training. Analyses included 45 articles associated with aerobic (de)training, 36

articles examined aerobic training and 9 articles examined aerobic detraining. Of the 45 articles,

data were reported for a total of 495 male participants and 167 female participants, and 9 articles

reported data for females alone. The median duration of aerobic training was 5.5 weeks (range, 1

to 22 weeks) and the median duration of detraining was 6 weeks (range, 1 to 52 weeks).

The meta-analysis model demonstrated an increase in absolute _VO2max following aerobic

training (pooled standard paired difference, 0.544; 95% CI, 0.378 to 0.709; Z = 6.452; τ2 = 0.24;

I2 = 41%; P<0.0001; n = 23 studies). A separate meta-analysis model demonstrated a decrease

in absolute _VO2max following aerobic detraining (pooled standard paired difference, -0.800;

95% CI, -1.088 to -0.511; Z = -5.431; τ2 = 0.04; I2 = 2%; P<0.0001; n = 7 studies). Pooling data

from both aerobic training and detraining, there was no relationship between the change in

hemoglobin concentration and the effect size of the change in absolute _VO2max (P = 0.255).

Discussion

This systematic review and meta-analysis found that maximal oxygen uptake ( _VO2max) was

positively associated with hemoglobin levels (both hemoglobin mass and hemoglobin concen-

tration). This strong association between _VO2max and hemoglobin was observed in both obser-

vational studies and interventional studies. Given that oxygen transport to the muscle depends,

in part, on hemoglobin levels, the strong relationship between _VO2max and hemoglobin is not

surprising [16, 22, 263]. Notably, this relationship between _VO2max and hemoglobin was

observed across a broad range of studies and was not different between males and females.

These findings suggest that although complex regulation is associated with oxygen transport to

muscle (including several convective and diffusive stages), there is a robust relationship between

_VO2max and hemoglobin due to the central role of hemoglobin in oxygen transport.

Observational analyses

Altogether, observational analyses highlight the importance of hemoglobin levels in deter-

mination of _VO2max. Analyses demonstrate a positive association between hemoglobin

PLOS ONE The relationship between hemoglobin and V_O2max: A systematic review and meta-analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0292835 October 12, 2023 13 / 39

https://doi.org/10.1371/journal.pone.0292835


levels (hemoglobin mass and hemoglobin concentration) and _VO2max. In addition, there

was also a positive relationship between hematocrit and _VO2max. However, we must

acknowledge that these analyses are generally constrained to a range of ‘healthy’ hematocrit

values from 30% to 55%. At hematocrit values greater than 55%, there may be a plateau, or

decrease in _VO2max due to increased blood viscosity and added resistance to skeletal mus-

cle and pulmonary perfusion [421, 422]. This limitation may also be apparent when examin-

ing hemoglobin mass and hemoglobin concentration in relation to _VO2max. Under

conditions of large values of hemoglobin mass or concentration, it is possible that other

physiological factors (i.e., oxygen diffusion capacity, cardiac output, and mitochondrial

capacity) would limit _VO2max.

There are well-known sex differences in physiological determinants of _VO2max [423–425]

—on average, males have more muscular strength/power, greater cardiac output, greater lung

volume, and greater hemoglobin values (both hemoglobin concentration and hemoglobin

mass), and thus greater _VO2max compared to females [426, 427]. Therefore, the question

remains of whether the observed relationship between hemoglobin levels and _VO2max is

driven by differences in hemoglobin levels, rather than simply by sex differences. When per-

forming meta-regressional analyses stratified for biological sex, there were no sex-related dif-

ferences in the association between hemoglobin levels and _VO2max. These results suggest that

the relationship between hemoglobin levels and VO2max, particularly the derived regression

coefficients, are similar between sexes.

Interventional analyses

We sought to examine the relationship between hemoglobin levels and _VO2max values follow-

ing researcher-controlled interventions designed to modify hemoglobin levels or _VO2max.

When pooling all interventional data, our analyses demonstrated the change in absolute

_VO2max is positively associated with changes in hemoglobin levels, consistent with previous

findings and general physiological principles [15, 22, 263]. Among studies with a direct physio-

logical manipulation of hemoglobin levels (interventional blood transfusion or donation), a 1

g�dL-1 change in hemoglobin concentration corresponded to a ~5% change in absolute

_VO2max. Notably, alterations in both blood volume and plasma volume among the blood

donors and recipients likely contribute to the observed change in VO2max.

Interventional studies that did not involve a direct physiological manipulation of hemoglo-

bin levels had more divergent findings. Overall, there was no significant relationship between

the change in hemoglobin concentration and subsequent percent change in absolute _VO2max
within studies examining erythropoieses stimulating agents, dietary supplementation, environ-

mental hypoxia, or aerobic (de)training. These findings may be due, in part, to potential alter-

ations in blood and plasma volumes that may occur during these interventions [93, 263, 402].

For instance, high-altitude acclimatization is associated with considerable interindividual vari-

ability in plasma volume reduction (and blood volume reduction) [428], which often leads to a

greater hemoglobin concentration without significant changes in hemoglobin mass. However,

a reduction in blood volume limits maximum cardiac output, blunting improvements in

_VO2max [429, 430]. In a similar instance, aerobic training often improves _VO2max, despite a

reduction in hemoglobin concentration due to increased blood volume [431, 432]. Therefore,

the association between changes in hemoglobin levels and changes in _VO2max values is often

contingent on alterations of other circulatory parameters such as blood volume and cardiac

output during exercise.
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Limitations

This systematic review and meta-analysis has several limitations. First, our primary literature

search was conducted using one database. Second, we limited the focus of our primary analy-

ses to a single relationship between hemoglobin and _VO2max, and thus did not consider the

potential confounding effects of other relevant physiological factors, such as blood volume,

plasma volume, maximum cardiac output, and muscle oxygen diffusivity. Alterations among

these variables likely influence the relationship between hemoglobin and _VO2max. In this con-

text, our analyses were simplistic by design. Additionally, we did not include patient-level data,

and this limited the scope of our analytical models. Our methodological approach enabled the

inclusion of a heterogenous collection of studies that comprised diverse participant character-

istics and study designs. In this framework, including a large diversity of literature may be

associated with broad generalizability of these findings, but this approach also limited mecha-

nistic insights that may be gleaned from these analyses. For example, the analyses of dietary

supplementation were heterogeneous, potentially owing to between-study differences in the

type of dietary supplementation, dose of dietary supplement, duration of intervention, and

other putative confounding factors. Our approach did not include these analyses primarily

because data were largely unavailable.

Third, the measurement of hemoglobin may be variable. There are several metrics and

methods used to quantify hemoglobin which may lead to variability between studies, and

the measurement of hemoglobin is associated with biological diversity due to confounding

physiological factors, such as changes in circulatory volume, circadian variations, and body

positioning during blood collection [29]. In this context, we believe the high level of concor-

dance among study outcomes despite the heterogeneity associated with hemoglobin mea-

surement offers compelling evidence for the relationship between hemoglobin levels and

_VO2max.

Conclusion

This systematic review and meta-analysis found a strong relationship between _VO2max and

hemoglobin levels across a heterogenous pool of studies. Thus, these findings suggest that

there is a robust relationship between _VO2max and hemoglobin levels. These findings offer a

comprehensive synthesis of the heterogeneous scientific corpus describing the relationship

between hemoglobin and _VO2max. These broad findings and simplified approach offer a

foundation to chart future directions and testable hypotheses in this field.
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102. Freund H, Lonsdorfer J, Oyono-Enguéllé S, Lonsdorfer A, Dah C, Bogui P. Lactate exchange and

removal abilities in sickle cell trait carriers during and after incremental exercise. Int J Sports Med.

1995; 16(7):428–34. https://doi.org/10.1055/s-2007-973032 PMID: 8550249

103. Garvican LA, Martin DT, Clark SA, Schmidt WF, Gore CJ. Variability of erythropoietin response to

sleeping at simulated altitude: a cycling case study. Int J Sports Physiol Perform. 2007; 2(3):327–31.

https://doi.org/10.1123/ijspp.2.3.327 PMID: 19168933

104. Gass EM, Gass GC. Thermoregulatory responses to repeated warm water immersion in subjects who

are paraplegic. Spinal Cord. 2001; 39(3):149–55. https://doi.org/10.1038/sj.sc.3101117 PMID:

11326325

105. Gass GC, Camp EM, Watson J, Eager D, Wicks L, Ng A. Prolonged exercise in highly trained female

endurance runners. Int J Sports Med. 1983; 4(4):241–6. https://doi.org/10.1055/s-2008-1026042

PMID: 6654549

106. Gass GC, McLellan TM, Gass EM. Effects of prolonged exercise at a similar percentage of maximal

oxygen consumption in trained and untrained subjects. Eur J Appl Physiol. 1991; 63(6):430–5.

107. Gatterer H, Menz V, Burtscher M. Acute Moderate Hypoxia Reduces One-Legged Cycling Perfor-

mance Despite Compensatory Increase in Peak Cardiac Output: A Pilot Study. Int J Env Res Public

Health. 2021; 18(7). https://doi.org/10.3390/ijerph18073732 PMID: 33918381

108. Gimenez M, Florentz M. Serum enzyme variations in men during an exhaustive “square-wave” endur-

ance exercise test. Eur J Appl Physiol. 1984; 52(2):219–24. https://doi.org/10.1007/BF00433396

PMID: 6538838

109. Gimenez M, Mohan-Kumar T, Humbert JC, De Talance N, Buisine J. Leukocyte, lymphocyte and

platelet response to dynamic exercise. Duration or intensity effect? Eur J Appl Physiol. 1986; 55

(5):465–70.

110. Gimenez M, Mohan-Kumar T, Humbert JC, de Talance N, Teboul M, Ponz JL, et al. Haematological

and hormonal responses to dynamic exercise in patients with chronic airway obstruction. Eur J Clin

Invest. 1987; 17(1):75–80. https://doi.org/10.1111/j.1365-2362.1987.tb01229.x PMID: 3032646

111. Goodrich JA, Ryan BJ, Byrnes WC. The Influence of Oxygen Saturation on the Relationship Between

Hemoglobin Mass and VO (2) max. Sports Med Int Open. 2018; 2(4):E98–104. https://doi.org/10.

1055/a-0655-7207 PMID: 30539125

112. Gordon D, Marshall K, Connell A, Barnes RJ. Influence of blood donation on oxygen uptake kinetics

during moderate and heavy intensity cycle exercise. Int J Sports Med. 2010; 31(5):298–303. https://

doi.org/10.1055/s-0030-1248321 PMID: 20180178

113. Gore CJ, Hahn AG, Scroop GC, Watson DB, Norton KI, Wood RJ, et al. Increased arterial desaturation

in trained cyclists during maximal exercise at 580 m altitude. J Appl Physiol. 1996; 80(6):2204–10.

https://doi.org/10.1152/jappl.1996.80.6.2204 PMID: 8806931

114. Govus AD, Peeling P, Abbiss CR, Lawler NG, Swinkels DW, Laarakkers CM, et al. Live high, train low

—influence on resting and post-exercise hepcidin levels. Scand J Med Sci Sports. 2017; 27(7):704–

13. https://doi.org/10.1111/sms.12685 PMID: 27038097

115. Gray AB, Telford RD, Weidemann MJ. The effect of intense interval exercise on iron status parameters

in trained men. Med Sci Sports Exerc. 1993; 25(7):778–82. https://doi.org/10.1249/00005768-

199307000-00004 PMID: 8350698

116. Green HJ, Hughson RL, Thomson JA, Sharratt MT. Supramaximal exercise after training-induced

hypervolemia. I. Gas exchange and acid-base balance. J Appl Physiol Bethesda Md 1985. 1987; 62

(5):1944–53. https://doi.org/10.1152/jappl.1987.62.5.1944 PMID: 3597267

117. Grover RF, Reeves JT, Grover EB, Leathers JE. Muscular exercise in young men native to 3,100 m

altitude. J Appl Physiol. 1967; 22(3):555–64. https://doi.org/10.1152/jappl.1967.22.3.555 PMID:

6020242

118. Gurney T, Brouner J, Spendiff O. Twenty-one days of spirulina supplementation lowers heart rate dur-

ing submaximal cycling and augments power output during repeated sprints in trained cyclists. Appl

Physiol Nutr Metab. 2021;1–9. https://doi.org/10.1139/apnm-2021-0344 PMID: 34399066

119. Halson SL, Lancaster GI, Jeukendrup AE, Gleeson M. Immunological responses to overreaching in

cyclists. Med Sci Sports Exerc. 2003; 35(5):854–61. https://doi.org/10.1249/01.MSS.0000064964.

80040.E9 PMID: 12750597

120. Hausswirth C, Bigard AX, Berthelot M, Thomaïdis M, Guezennec CY. Variability in energy cost of run-

ning at the end of a triathlon and a marathon. Int J Sports Med. 1996; 17(8):572–9. https://doi.org/10.

1055/s-2007-972897 PMID: 8973977
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