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Abstract

Blood volume (BV) is an important clinical parameter and is usually reported per kg of

body mass (BM). When fat mass is elevated, this underestimates BV/BM. One aim

was to study if differences in BV/BM related to sex, age, and fitness would decrease

if normalized to lean body mass (LBM). The analysis included 263 women and

319 men (age: 10–93 years, body mass index: 14–41 kg/m2) and 107 athletes who

underwent assessment of BV and hemoglobin mass (Hbmass), body composition, and car-

diorespiratory fitness. BV/BM was 25% lower (70.3 ± 11.3 and 80.3 ± 10.8 mL/kgBM)

in women than men, respectively, whereas BV/LBM was 6% higher in women
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(110.9 ± 12.5 and 105.3 ± 11.2 mL/kgLBM). Hbmass/BM was 34% lower (8.9 ± 1.4 and

11.5 ± 11.2 g/kgBM) in women than in men, respectively, but only 6% lower (14.0 ± 1.5

and 14.9 ± 1.5 g/kgLBM)/LBM. Age did not affect BV. Athlete's BV/BM was 17.2% higher

than non-athletes, but decreased to only 2.5% when normalized to LBM. Of the variables

analyzed, LBM was the strongest predictor for BV (R2 = .72, p < .001) and Hbmass

(R2 = .81, p < .001). These data may only be valid for BV/Hbmass when assessed by CO

re-breathing. Hbmass/LBM could be considered a valuable clinical matrix in medical care

aiming to normalize blood homeostasis.

1 | INTRODUCTION

The assessment of blood volume (BV) is a critical factor in the under-

standing of the pathophysiology of cardiovascular and renal dis-

ease.1,2 In chronic renal disease,3 including dialysis patients,4 a

decreased hemoglobin concentration [Hb] (anemia) can be the result

of a decreased red blood cell volume (RBCV; true anemia) or an

increased plasma volume (PV; dilutional anemia), or a combination of

the two. Moreover, erythrocytosis in polycythemia vera can be

masked by an elevated PV and anemia by a decreased PV. Hence,

implementing the measurement of total BV, PV, and RBCV apart from

exclusively assessing [Hb], is vital for the diagnosis and therapy of

numerous patient populations.

BV was early related to size across sex and race,5,6 and in 1962,

Nadler et al. established the first equation to predict BV based on body

mass (BM) and height, by means of infusion of I131-human serum albu-

min7 and until today, BV and intravascular volumes are commonly

reported in mL per kg of BM. However, this method of expressing BV

results in low values for obese individuals, presumably because adipose

tissue is hypovascular.8,9 This confounding influence of body fat may be

avoided by normalizing BV to lean body mass (LBM), as suggested by

the International Council for Standardization in Hematology,10 and also

highlighted previously.11 Accordingly, our first aim was to test the

hypothesis that known differences in BV related to sex, age, and aero-

bic fitness decrease if BV is normalized to LBM, rather than BM.

The complexity of assessing BV using radioactive tracers

has limited their application in the clinical routine.1 An

alternative approach for determining BV is carbon monoxide

(CO) rebreathing,12 which is valid and relatively simple and imple-

mentation in the clinic is strongly advocated for.13–15 Although the

approach has been used extensively by physiologists for over

100 years,8 only recently have clinical studies emerged that are

based on this method and a medical device (MDR/EU certified) has

also been commercialized. Furthermore, with the CO rebreathing

method, the primary variable determined is Hbmass, from which BV,

RBCV, and PV are derived from the simultaneous assessment of

[Hb] and hematocrit. In contrast to the clinically obtained [Hb], the

clear advantage of determining Hbmass is that its quantification is

independent of PV status, and hence invaluable when trying to dis-

tinguish true anemia from dilutional anemia.3,4 For this to material-

ize, however, reference values for Hbmass need to be established.

Accordingly, our second aim was to establish reference values for

absolute and relative Hbmass in healthy women and men across a

wide age range to facilitate its clinical use.

2 | METHODS

This is a retrospective, observational study for which we used data

from earlier published (n = 15) and unpublished (n = 6) studies con-

ducted by CL and collaborating groups (see Table 1). Investigations

that reported both body composition and Hbmass by CO rebreathing

were analyzed to establish reference values for Hbmass and BV over a

wide age range. Data previously published were amassed and

unpublished data were also included (Table S3). The studies that

provided unpublished data were approved by the local ethics com-

mittee in Copenhagen, Denmark (nos. H-18013069, H-17029966,

H-17036662, and H-18016341), by the local ethics committee at

the Lillehammer University College, Norway (MRU04062017), the

local ethics committee at Inland University, Norway (20/03749),

Conjoint Health Research Ethics Board (REB18-1654) of the Uni-

versity of Calgary and the Regional Committee for Medical and

Health Research Ethics, Norway (255 224 and 2018/739). Seven

elite athletes who are routinely measured by CL gave their

informed consent for their data to be included in the analysis.

2.1 | Data source

A total of 689 individuals (41.2% women) were included in the analy-

sis. The study population comprises a heterogeneous group of seden-

tary, recreationally active, and athletic participants. The participants

were non-smoking and healthy, except for 43 obese (but otherwise

healthy) individuals (body mass index [BMI] >30 kg�m�2).9 The anthro-

pometric characteristics of the 582 non-athletic individuals included

(689 individuals—107 athletes, see below) are displayed in Table 2.

The majority of the individuals were adults, with 26 girls and 30 boys

also included (between 9.5 and 17.9 years old). Body fat and LBM

were examined by dual-energy x-ray absorptiometry (DXA), bioelectri-

cal impedance analysis (BIA), or skinfold measurements. To compute

body surface area (BSA), the Dubois and Dubois formula was

applied.16 Aerobic fitness assessed as maximal oxygen uptake

(VO2max) was included in the data analyses if available. Table 1 pro-

vides information on which method was used in which studies.
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TABLE 1 Hematological reference
values for adult, non-athletic women,
and men.

Women N Men N p Value

BV (mL) 4682 ± 738 235 6279 ± 829 288 <.001

BV (mL/kg body mass) 70.3 ± 11.3 233 80.3 ± 10.8 288 <.001

BV (mL/kgLBM) 110.9 ± 12.5 196 105.3 ± 11.2 215 <.001

BV (mL/m2 BSA) 2482 ± 361 233 2949 ± 386 288 <.001

RBCV (mL) 1823 ± 299 235 2708 ± 411 288 <.001

RBCV (mL/kgBM) 27.4 ± 4.8 233 34.6 ± 5.0 288 <.001

RBCV (mL/kgLBM) 43.2 ± 5.3 196 45.1 ± 5.5 215 <.001

RBCV (mL/m2 BSA) 967 ± 159 233 1273 ± 196 288 <.001

PV (mL) 2861 ± 480 235 3570 ± 510 288 <.001

PV (mL/kgBM) 43.0 ± 7.2 233 45.7 ± 6.9 288 <.001

PV (mL/kgLBM) 67.7 ± 8.6 196 60.2 ± 7.7 215 <.001

PV (mL/m2 BSA) 1516 ± 226 233 1677 ± 233 288 <.001

Hbmass (g) 595 ± 91 235 901 ± 123 288 <.001

Hbmass (g/kg
BM) 8.9 ± 1.4 233 11.5 ± 1.5 288 <.001

Hbmass (g/kg
LBM) 14.0 ± 1.5 196 14.9 ± 1.6 215 <.001

Hbmass (g/m
2 BSA) 315 ± 42 233 423 ± 53 288 <.001

Hb (g/dL) 13.4 ± 0.9 235 14.7 ± 1.1 288 <.001

Hematocrit (%) 40.3 ± 2.7 235 43.7 ± 2.9 288 <.001

Note: Mean ± SD. Shaded area in Table indicates the higest value between Women and Men.

Abbreviations: BSA, body surface area; BV, blood volume; Hb, hemoglobin concentration; Hbmass,

hemoglobin mass; LBM, lean body mass; PV, plasma volume; RBCV, red blood cell volume.

TABLE 2 Multivariable linear regression analysis with the predictor variable and sex as independent variables and blood volume and
hemoglobin mass as dependent variables.

Predictor Sex Overall model

Intercept βpredictor p Value βWomen p Value Adjusted R2 p Value

Blood volume

Lean mass (kg) 1401 82 <.001 �172 .106 .72 <.001

Body mass (kg) 3670 33 <.001 �1228 <.001 .61 <.001

Height (m) �2834 5074 <.001 �952 <.001 .60 <.001

Body surface area (m2) 2490 1776 <.001 �1169 <.001 .58 <.001

BMI (kg/m2) 4830 59 <.001 �1587 <.001 .54 <.001

VO2max (mL/min) 5676 0.18 <.001 �1440 <.001 .51 <.001

Hb (g/dL) 7674 �95 .005 �1724 <.001 .51 <.001

Hemoglobin mass

Lean mass (kg) 188 12 <.001 �94 <.001 .81 <.001

Body mass (kg) 535 5 <.001 �254 <.001 .74 <.001

Height (m) �453 754 <.001 �210 <.001 .73 <.001

Body surface area (m2) 281 291 <.001 �236 <.001 .73 <.001

Hb (g/dL) 343 38 <.001 �255 <.001 .70 <.001

VO2max (mL/min) 691 0.06 <.001 �239 <.001 .70 <.001

Age (years) 919 �0.42 .084 �307 <.001 .66 <.001

Note: Data originate from non-athletic adults. The predictors were ordered according to the strength of the association (Adjusted R2). Only modelsthat

were significant were included in the table. Women served as reference.

Abbreviations: BMI, body mass index; Hb, hemoglobin concentration; VO2max, maximal oxygen uptake.
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Participants were defined as athletes if they had either participated in

the Olympics or world championships in an endurance event and/or

had a VO2max of ≥62 mL/min/kg for women and ≥70 mL/min/kg for

men. Athletes (n = 107; 21 women and 86 men) were included to

investigate whether there were differences in intravascular volumes

between the athletic and non-athletic populations. Athletes included

cyclists, rowers, triathletes, and cross-country skiers.

2.2 | CO rebreathing

Hbmass was determined using the CO rebreathing technique where

BV, RBCV, and PV were derived by integration of [Hb] and non-F-cell

corrected hematocrit.12 The included participants were either

assessed with the manually operated CO rebreathing method17

(10 min manual), with an automated device version thereof (10 min

Detalo) (Detalo Performance, Detalo Health, Denmark), or with a

2-min manually operated variation18 (Table 1). Although the measure-

ment results between these approaches vary,19,20 this variation is

largely considered non-clinical relevant.12 Analyzing the data included

in this investigation revealed that Hbmass/LBM differed between the

three CO rebreathing methods (Figure S1), the values being 14.09,

14.46, and 15.05 g�kg�1 for the 2 min, 10 min manual, and 10 min

Detalo, respectively, and which is also be related to differences in

methodology and included subject population.

2.3 | Body composition

Body fat and LBM mass were assessed by DEXA in data from 16 out

of 21 studies (Table S3). One study used skin fold thickness to esti-

mate LBM which was measured at four representative body sites

(biceps brachialis, triceps brachialis, subscapular, and suprailical) using

a precision caliper.21 In another study, BIA was applied to assess fat

mass.22 To calculate LBM for these individuals, bone mineral content

was averaged over all adult individuals who were assessed by DEXA,

and the average (2.8 kg) was used to calculate the missing LBM (fat-

free mass minus bone mineral content).

2.4 | Maximal oxygen uptake

VO2max was assessed on treadmills or bike-ergometers with an incre-

mental test to exhaustion using open-circuit indirect calorimetry.

2.5 | Data analyses and statistics

Statistical analysis was performed, and figures were made using R ver-

sion 4.2.1 and R studio version 2022.02.0 (packages23–33). Data were

evaluated for normality and equal variance by graphical inspection of

normal Q-Q and residual plots. Results are reported in mean ± SD

unless otherwise indicated. Hematological differences between

women and men or between the athletic and non-athletic populations

were evaluated by independent t tests. Multivariable linear regression

analyses assessed the relationship between absolute BV and Hbmass

with body composition (BM, LBM, and fat mass), height, sex, age, and

VO2max. When indicated that an analysis was adjusted for a specific

factor, an independent variable, for example, sex or LBM, was added

to the regression analysis. Best subset multiple regression analysis

was performed to find the best combination of predictors for BV and

Hbmass. For this purpose, the combination of predictors with a high

adjusted R2 and low Akaike Information Criteria (AIC) and Mallow's

Cp were chosen to create a formula from (i) a clinical set of predictors

(sex, age, weight, height, LBM, VO2max) and ii) simple predictors (sex,

age, weight, height) for BV and Hbmass. A 10-fold cross-validation was

used to internally validate the models that best predicted BV and

Hbmass, and the root mean square error, the mean absolute error,

and the mean absolute percentage error were computed to derive the

accuracy of the models. The accuracy in the suggested formulas and

the widely used formula by Nadler et al.7 was visualized by plotting

the measured BV and the predicted BV in a Bland–Altman plot.34

Statistical significance was set to a 2-tailed p value <.05.

3 | RESULTS

3.1 | Participants general characteristics

The anthropometric characteristics of the 582 non-athletic adults and

children are displayed in Table S4. BM, height, BSA, body fat (%),

LBM, and VO2max were significantly different between women

and men (p < .001). The anthropometrics of the 107 athletes was

as follows: 21 women, 86 men, age: 23.0 ± 3.8 years, body fat:

13.4 ± 4.0%, VO2max: 74.7 ± 7.5 mL/min/kgBM) (see Table S1).

3.2 | Hematological characteristics

3.2.1 | Reference values

Absolute and normalized reference values for BV, RBCV, PV, and

Hbmass in non-athletic adult individuals are depicted in Table 1. Men

had significantly higher values than women for both absolute and nor-

malized values (kg and BSA) for BV, RBVC, PV, and Hbmass. Absolute

values for BV, RBCV, PV, and Hbmass were 25%, 33%, 20%, and 34%

higher in men than in women (all p < .001). These differences persisted

after normalization to BM (13%, 21%, 6%, and 23%, respectively, all

p < .001) (Figure 1) or BSA (m2) (16%, 24%, 10%, and 26%, respectively,

all p < .001). BV, RBVC, PV, and Hbmass per BMI are shown in Figure S6.

3.2.2 | Sex differences and LBM

After normalization to LBM, BV, and PV were 6% and 11% higher in

women than in men (all p < .001) (Figure 2), whereas RBCV and

Hbmass were 4% and 6% higher in men than in women (all p < .001),

respectively.
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3.2.3 | Age

Absolute BV was positively related to age in children and adolescents

between 9 and 18 years (girls: +207 mL/year, R2 = .39, p < .001;

boys: +385 mL/year, R2 = .45, p < .001), but did not change with age

in adult women (+0.6 mL�year�1, R2 = .00, p = .780) or men

(+3.7 mL�year�1, R2 = .00, p = .14) (Figure 3 and Figure S2). Con-

versely, BV normalized to LBM increases with age across the entire

age range (Figure 3), and also in adult individuals only (women:

+0.11 mL/kgLBM/year, R2 = .03, p = .012, men: +0.12 mL/kgLBM/

year, R2 = .05, p < .001), due to a decrease in LBM (women: �0.04

kgLBM/year, R2 = .03, p = .015; men: �0.05 kgLBM/year, R2 = .02,

p = .021). Total RBCV remained similar with age in adult individuals,

while when normalized to LBM, it increased in women (+0.07 mL/kgLBM/

year, R2 = .06, p < 0.001) and men (+0.04 mL/kgLBM/year, R2 = .02,

p = .024). There was a small statistical tendency for a positive correlation

between PV and age in adult men (+3.00 mL/year, R2 = .01, p = .053),

but not in women. Also, when normalized to LBM, PV increases with

age in men (+0.08 mL/kg/year, R2 = .05, p = .001), but not in women.

Finally, absolute Hbmass was not correlated with age in women

(�0.04 g/year, R2 = .00, p = .903), whereas it decreased weakly with

age in men (�0.74 g/year, R2 = .01, p = .044). Conversely, Hbmass

normalized to LBM increased with age in women (+0.01 g/kgLBM/

year, R2 = .03, p = .006), but not in men. Sex did not interact with

alterations in intravascular volumes and Hbmass with age, neither

when normalized to kg of LBM, except for Hbmass normalized to

LBM, for which being female tends to lead towards a greater

increase with age than being male (+0.01 g/kgLBM/year, p = .095).

In adult men, [Hb] and hematocrit were stable throughout the age

range, while in adult women, [Hb] tended to increase slightly with

age (+0.006 g/dL/year, R2 = .01, p = .068), and hematocrit

remained unaltered (Figure S3). Sex did not interact with alter-

ations in intravascular volumes and Hbmass with age, neither when

normalized to kg of LBM, except for Hbmass normalized to LBM, for

which being female tends to lead toward a greater increase with

age than being male (+0.01 g/kgLBM/year, p = .095).

3.2.4 | Aerobic fitness

BV and Hbmass per kg of BM were higher in athletes (Δ +16.3 mL/kgBM

[14.3–18.4], p < .001; Δ +3.0 g/kgBM [2.7–3.3], p < .001) than in non-

athletes (Figure 4, Figures S4 and S5, and Table S1). The higher intravas-

cular volumes and Hbmass in the athletes were largely paralleled by a

higher LBM, but also remained elevated when normalized to LBM (BV: Δ

+ 2.9 mL/kgLBM [0.8–5.0], p = .007; RBCV: Δ +3.6 mL/kgLBM [2.5–4.6],

F IGURE 1 Linear relationship between body mass and intravascular volumes/hemoglobin mass in all non-athletic individuals across ages
(children and adults). (A) Blood volume, R2Women = .40, R2Men = .44. (B) Red blood cell volume, R2Women = .35, R2Men = .42. (C) Plasma volume,
R2Women = .38, R2Men = .36. (D) Hemoglobin mass, R2Women = .45, R2Men = .47. All p < .001. Each dot represents one individual. [Color figure can
be viewed at wileyonlinelibrary.com]
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p < .001; Hbmass: Δ +1.5 g/kgLBM [1.2–1.8], p < .001), except for PV per

LBM (Δ �0.7 mL/kgLBM [�2.3 to 0.9], p = .412).

3.3 | Multivariable linear regression analyses

In non-athletic adults, there was a strong positive correlation between

LBM and BV (R2 = .71, p < .001) and LBM and Hbmass (R2 = .79,

p < .001). The association between LBM and BV was little affected by

adjustment for sex (Tables 2 and S2). Not shown in Table 2, LBM was

also associated with BV independently of BM (βLBM = 77,

pLBM < .001) or fat mass (βLBM = 82, pLBM < .001). The positive associ-

ation between LBM and Hbmass improved further when adjusted for

sex (to R2 = .81), and LBM is also associated with Hbmass indepen-

dently of BM (βLBM = 11, pLBM < .001) or fat mass (βLBM = 12,

pLBM < .001). Of note, when adjusted for sex and LBM, the positive

association between BV and absolute VO2max disappears

(βVO2max = �0.04, pvo2max = .51), whereas Hbmass is positively associ-

ated with absolute VO2max independently of LBM (βVO2max = 0.04,

pvo2max < .001). Best subset multiple regression analyses revealed that

age, height and LBM was the best combination of the available

variables (here termed “clinical” and used in formulas 1, 4, and

5 below) to predict BV (adjusted R2 = .73, p < .001, n = 411, for

AIC and Mallow's Cp, see Table 2A–D), whereas sex, height and

LBM was the best combination to predict Hbmass (adjusted

R2 = .81, p < .001, n = 411). For the “simple” set of variables

(variables assumed accessible to all, and used in formulas 2, 3,

6, and 7 below), sex, height, weight, and age are the best combi-

nation of variables to predict BV (Adjusted R2 = .67, p < .001,

n = 523), whereas it is sex, weight, and height for Hbmass

(adjusted R2 = .77, p < .001, n = 523). From this combination of

predictors, formulas 1–7 were established to predict BV and

Hbmass (for BV calculations, see Supporting Information: Spread-

sheet). Measures of internal validation of these models are pre-

sented in Table S2.

1. All, clinical: BV (mL) = 6.4*age (years) + 1639*height (m)

+ 77.4*LBM (kg) – 1565

2. Women, simple: BV (mL) = 7.7*age (years) + 4390*height (m)

+ 23.8*weight (kg) – 4555

3. Men, simple: BV (mL) = 7.7*age (years) + 4390*height (m)

+ 23.8*weight (kg) – 3799

4. Women, clinical: Hbmass (g) = 166.8*height (m) + 10.8*LBM

(kg) – 139.9

5. Men, clinical: Hbmass (g) = 166.8*height (m) + 10.8*LBM

(kg) – 50.3

F IGURE 2 Linear relationship between lean body mass and intravascular volumes/hemoglobin mass in all non-athletic individuals across ages
(children and adults). (A) Blood volume, R2Women = .59, R2Men = .67. (B) Red blood cell volume, R2Women = .56, R2Men = .62. (C) Plasma volume,
R2Women = .53, R2Men = .56. (D) Hemoglobin mass, R2Women = .65, R2Men = .71. All p < .001. Each dot represents one individual. [Color figure can
be viewed at wileyonlinelibrary.com]
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6. Women, simple: Hbmass (g) = 543.7*height (m) + 3.5*weight

(kg) – 547.5

7. Men, simple: Hbmass (g) = 543.7*height (m) + 3.5*weight

(kg) – 349.0

3.4 | Prediction of BV

When the measured BV from the present data set was plotted against

the predicted BV by Nadler, the mean difference corresponded to

819 mL with 95% limits of agreement being �536 and 2174 mL

(Figure S7). For the present, simple formula (formulas 2 and 3) for

BV, the mean difference corresponded to �3.6 mL with 95% limits

of agreement being �1264 and 1256 mL, whereas for the clinical

formula (formula 1), the mean difference corresponded to �1.9 mL

with 95% limits of agreement being �1156 and 1152 mL.

4 | DISCUSSION

The present study provides reference values for BV, intravascular vol-

umes and Hbmass in healthy individuals between 9 and 93 years of

age. We demonstrate that intravascular volumes and Hbmass are

strongly correlated to LBM, and that sex differences for these

variables are greatly diminished when data were normalized to LBM

rather than to BM. As normalization to LBM explained 71% and 79%

of the variability in BV and Hbmass, LBM thus seems critical for the

evaluation of BV and Hbmass in clinical settings. The data presented

here may only be considered valid for comparison to assessments

conducted with similar methodology.

4.1 | Sex differences in intravascular volumes and
hemoglobin mass

Our data illustrate that women have �70 mL BV/kgBM and that the

equivalent value is �80 mL/kgBM for men (Table 1). However, when

normalizing BV to LBM, the difference is in female favor (�111 and

105 mL/kgLBM, respectively), but the difference in BV between sex

was nonetheless much reduced. The greater female BV/LBM is driven

by a greater PV/LBM in females compared to males. In terms of

Hbmass, females have �9 g/kgBM, whereas males have 11.5 g/kgBM.

When normalized to LBM, the sex difference was diminished to

14 g/kgLBM for females and �15 g/kgLBM for males. Our study con-

firms that women have lower BV per BM and BSA than men11,35 but

also reveals a strong association between LBM with BV and Hbmass

that was independent of sex. Indeed, the current data set reveals

that LBM explains 71% of the variability in BV and that adding sex to

F IGURE 3 Linear relationship between age and intravascular volumes/hemoglobin mass per kg of lean mass in all non-athletic individuals
across ages (children and adults). (A) Blood volume per lean mass, R2Women = .01 (p = .05), R2Men = .01 (p = .08). (B) Red blood cell volume per
lean mass, R2Women = .03 (p = .01), R2Men = .00 (p = .49). (C) Plasma volume per lean mass, R2Women = .00 (p = .20), R2Men = .01 (p = .04).
(D) Hemoglobin mass per lean mass R2Women = .05 (p < .001), R2Men = .00 (p = .20). Each dot represents one individual. LBM, lean body mass.
[Color figure can be viewed at wileyonlinelibrary.com]
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the regression analysis only adds 1% explanatory power to the predic-

tion (increasing it to 72%). In a similar manner, LBM explains 79% of

the variability in Hbmass and that adding sex to the regression analysis

only increases this by 2% to 81%. Accordingly, the lower BV per kg

BM in women mainly originates from the lower LBM to total BM ratio.

Of note, while there are still statistical differences in BV, RBCV, PV,

and Hbmass per LBM between women and men, these are of a rela-

tively small magnitude and their clinical importance is likely to be con-

sidered negligible. Our results are in line with an earlier study, where

BV/BM differed between young, active women and men (80 vs.

94 mL/kgBM), but where the sex differences were diminished after

normalization to LBM (105 vs. 109 mL/kgLBM).11 The larger Hbmass in

men has previously been attributed to higher circulating testoster-

one36,37 and indeed testosterone treatment accelerates erythropoiesis

and increases [Hb] and hematocrit.38 The higher testosterone could

directly increase Hbmass by stimulating erythropoiesis and/or indi-

rectly by increasing LBM.39

4.2 | BV across age span

Our data indicates that absolute BV is stable across a wide age span,

whereas BV/kgLBM in marginally elevated with age in both sexes

(women: 0.11 mL/kgLBM/year and men: 0.12 mL/kgLBM/year, respec-

tively), mainly as a result of a progressive decrease in LBM. Although

we acknowledge the statistically significant increase over time, the

clinical relevance hereof is unlikely to have meaningful functional

outcomes.

4.3 | BV, intravascular volumes, Hbmass, and
aerobic fitness

Endurance exercise performance is strongly related to BV, RBCV, and

Hbmass.
40–43 We40,44 and others45,46 have previously reported

on intravascular volumes and Hbmass from national team athletes

and attributed that their higher BV, which may exceed 10 L or

110 mL/kgBM, may be training-induced, genetically determined, or a

combination of both.47 The present analysis, however, suggests

that one main driver for the elevated intravascular volumes or

Hbmass/kg
BM in elite athletes relates to a higher LBM and lower

body fat mass in athletes than in non-athletes. Our results are in line

with previous work based on fewer participants.48 When normalized

to LBM, the athletes included in our study cohort only have �57 g

more (p < .001) Hbmass than healthy individuals. Intriguingly, endur-

ance training may increase Hbmass of untrained individuals by �60 g

F IGURE 4 Linear relationship between body mass or lean mass with blood volume and hemoglobin mass in adult athletes and non-athletes.
(A) Blood volume and body mass, R2Athletes = .81, R2Non-athletes = .37. (B) Blood volume and lean mass, R2Athletes = .91, R2Non-athletes = .71.
(C) Hemoglobin mass and body mass, R2Athletes = .76, R2Non-athletes = .37. (D) Hemoglobin mass and lean mass, R2Athletes = .87, R2Non-athletes = .79.
All p < .001. Each dot represents one individual. [Color figure can be viewed at wileyonlinelibrary.com]
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within 8 weeks without concomitantly changing LBM,47 suggesting

that the higher Hbmass per LBM observed in athletes may not solely

be related to genetic endowment and natural selection to sports.

4.4 | The use of formulas to predict BV and the
data generated here in contrast to previous data

Although we observed a strong association between body composi-

tion and BV and developed novel algorithms to accurately predict

the BV based on CO in a population of a given body composition,

it should also be emphasized that individual values vary consider-

ably around the predicted values. Generally, in individuals with

high body fat, or a higher-than-normal contribution of LBM to BM,

it is more accurate to use a formula based on LBM to estimate

BV. Today, LBM may be assessed easily and at low cost by imped-

ance technology, which most clinical facilities with a nephrology

department can access. Although the comparison between BV

values predicted by the widely used Nadler formula7 and the mea-

sured BV from the current study generates a similarly large 95%

confidence interval as the comparison with our novel formulas, the

Nadler formula underestimates BV by 15.6% in the current study

(Figure S7). Where this discrepancy stems from is uncertain but

could be related to the difference in used methodology

(CO rebreathing vs. dual-isotope infusion)49 and as highlighted

below the estimation formulas may only be valid for CO rebreath-

ing determined BV.

4.5 | Limitations

The main limitation of the present study may be that the collected

data and the derived estimation formulas for BV and Hbmass in

humans may only be valid if compared to similar methodology, for

example, if BV is assessed by CO rebreathing, as the determined

parameters may vary according to methods used. The difference

between CO rebreathing and dual isotope methodology is that vol-

umes (but not Hbmass) with CO rebreathing are based on integration

with hematocrit and which hence requires valid assessment hereof.

Since a peripheral determined hematocrit typically varies from whole-

body hematocrit, F-cell correction may be applied,50 but this was not

performed in the present study which may emphasize that the present

dataset is valid for CO rebreathing only. This being said, excellent cor-

relations have been reported without the application of an F-cell

correction for both manually51 and medical device49 CO determined

BVs and dual isotope methodology, although in absolute terms, these

may vary somewhat. This limitation aside, the values presented here

are the first large-scale data using CO methodology. BV also provides

Hbmass and could be a promising clinical candidate. The CO

rebreathing-based data may also be considered relevant when seen in

light of continuing problems associated with acquiring relevant iso-

topes and the lack of medical devices for its use in parts of the world.

In terms of other limitations, it should also be noted that 9% of body

compositions were not determined by DXA but by either impendence

or skin caliper. Another important limitation is that the data are

derived from an all Caucasian study population and future studies on

other population groups are thus warranted.

4.6 | Conclusions

In summary, BV and Hbmass are strongly associated with LBM and

when LBM is taken into account, most previously observed differ-

ences in BV/BM between sex, aerobic fitness, and aging are to a large

extent is minimized. We propose BV/kgLBM and Hbmass/kg
LBM as

strong reference points in clinical treatment situations aiming to nor-

malize BV status.
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