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Abstract
Purpose  To determine the effects of load carriage in normoxia and normobaric hypoxia on ventilatory responses, hemody-
namics, tissue oxygenation, and metabolism.
Methods  Healthy males (n = 12) completed 3 randomly ordered baseline graded exercise tests in the following conditions: 
(1) unloaded normoxic (U: FIO2 = 20.93%), (2) loaded (~ 30 kg) normoxic (LN), and (3) loaded hypoxic simulating ~ 3650 m 
(LH: FIO2 =  ~ 13%). Thereafter, experimental exercise trials were completed in quasi-randomized order (i.e., U completed 
first) consisting of 3 × 10 min of walking (separated by 5 min seated rest) with stages matched with the U condition (in ascend-
ing order) for relative intensity, absolute oxygen consumption ([VO2]; 1.7 L min−1), and walking speed (1.45 ± 0.15 m s−1).
Results  Load carriage increased perceived exertion and reduced VO2max (LN: − 7%; LH: − 32%; p < 0.05). At matched VO2, 
stroke volume and tidal volume were reduced and maintained with LN and LH vs. U, respectively (p < 0.05). Increases in 
cardiac output and minute ventilation at matched VO2 (with LH) and speed (with LN and LH), were primarily accomplished 
via increases in heart rate and breathing frequency (p < 0.05). Cerebral oxygenated hemoglobin (O2HHb) was increased at all 
intensities with LN, but deoxygenated hemoglobin and total hemoglobin were increased with LH (p < 0.05). Muscle oxygen 
kinetics and substrate utilization were similar between LN and U, but LH increased CHO dependence and reduced muscle 
O2HHb at matched speed (p < 0.05).
Conclusion  Load carriage reduces cardiorespiratory efficiency and increases physiological strain, particularly in hypoxic 
environments. Potential load carriage-induced alterations in cerebral blood flow may increase the risk for altitude illnesses 
and requires further study.
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Introduction

Thoracic load carriage is an occupational requirement for 
many populations including search and rescue, military 
personnel, and wildland firefighters (Knapik et al. 2004; 
Sol et al. 2018; Faghy et al. 2022). While necessary to 
fulfill operational duties, load carriage impairs exercise 
capacity and task performance (Knapik et  al. 1991; 
Holewun and Lotens 2007; Drain et  al. 2016). Thus, 
research investigating the physiological impact of thoracic 
load carriage is warranted to develop countermeasures, 
improve technology, and ensure health and safety.

Decades of research have improved our understanding 
of load carriage physiology. The effects of load carriage on 
energy expenditure are well-documented, and numerous 
modeling equations have been developed to aid in opera-
tional planning (Pandolf et al. 1977; Santee et al. 2001; 
Looney et al. 2018). In addition to energy cost, research 
has established that load carriage increases physiological 
strain, as recently reviewed (Faghy et al. 2022). For exam-
ple, load carriage has been reported to induce a shallower 
breathing pattern (i.e., reduced tidal volume [VT] due to a 
reduced end inspiratory lung volume and increased breath-
ing frequency [fB]) leading to increased dead space ven-
tilation (Phillips et al. 2016b). Moreover, prolonged load 
carriage has also been reported to cause respiratory muscle 
fatigue (Faghy and Brown 2014; Armstrong et al. 2019). 
Nevertheless, few studies have investigated physiologi-
cal responses to load carriage when matched for oxygen 
demand with the unloaded condition (Phillips et al. 2016b, 
c; Shei et al. 2018). As such, it is challenging to determine 
the degree to which effects reported in prior studies stem 
from the load or the difference in exercise intensity result-
ing from load carriage matched for walking speed with the 
unloaded condition. In addition, it is yet to be determined 
whether the increased respiratory muscle work attendant to 
load carriage, which can modulate the respiratory muscle 
pump mechanism and cause a metaboreflex (Miller et al. 
2005; Dempsey et al. 2006), redirects blood flow or alters 
oxygenation of the brain or locomotor muscles. If so, this 
has potentially negative implications for performance and 
cognitive function.

There is also limited research on the effects of load car-
riage in high altitudes. This is surprising given the well-
described health risks and performance decrements that 
occur (Young and Reeves 2002), and the fact that load 
carriage in hypoxic environments is commonplace due to 
the impracticality or impossibility of mechanized resup-
ply in mountainous terrain (Knapik et al. 2004). A study 
by Hinde et  al. (2018) investigated the effects of load 
(18.2 kg), hypoxia (~ 11.8% fraction of inspired oxygen 
[FIO2]), and cold (− 10 °C) on ventilatory responses and 

respiratory muscle fatigue. Similar to the findings of oth-
ers in normoxic conditions (Phillips et al. 2016b), load 
carriage in hypoxia resulted in increased minute venti-
lation (VE) and fB as well as reduced VT. This increase 
in ventilatory work likely contributed to the respiratory 
muscle fatigue observed following exercise. In a follow-
up study (Hinde et al. 2020), respiratory muscle fatigue 
was similarly observed following a 6-km loaded walk in 
hypoxia (18.2 kg; 50% VO2max in hypoxia [~ 11.8% FIO2]) 
regardless of inspiratory muscle training. Importantly, cer-
ebral and muscle tissue oxygenation were not assessed in 
either study preventing evaluation of potential alterations 
in blood flow, which may be more likely in hypoxia owing 
to the increased respiratory muscle load, and more impact-
ful due to the heightened competition for blood/oxygen in 
this environment. Of interest, Rosales et al. (2022) recently 
reported reduced brain, but maintained muscle, oxygena-
tion with unloaded stepping exercise in normobaric or 
hypobaric hypoxia; however, it is unknown whether these 
responses are influenced by load carriage.

Similarly, questions remain regarding the hemodynamic 
and metabolic effects of thoracic load carriage in normoxia 
or hypoxia. Theoretically, the mechanical compression of 
the chest and shoulders induced by load carriage may impair 
cardiac preload, stroke volume (SV), and cardiac output (Q) 
in ways similar to chest wall restriction with inelastic straps 
(Miller et al. 2002). However, research evaluating responses 
to actual load carriage is equivocal and complicated by 
methodological inconsistency between studies (Sagiv et al. 
2006; Nelson et al. 2009). Interpretation of metabolic data is 
challenging for similar reasons. A number of recent studies, 
including one that employed load carriage as the exercise 
mode (Griffiths et al. 2019a), have established that carbohy-
drate (CHO) oxidation in hypoxia is mediated by intensity 
with similar responses to normoxia when matched for rela-
tive intensity and increases when matched for absolute oxy-
gen consumption (VO2) (Young et al. 2018; Griffiths et al. 
2019b). However, it remains to be determined whether load 
carriage itself influences metabolism independent of envi-
ronmental context. This is due to the fact that most load car-
riage studies employ designs that prevent detection of load 
carriage-specific effects, which may be expected given the 
above-described physiological strain imposed (Faghy et al. 
2022). Specifically, most prior load carriage studies that 
reported metabolic data either did not include an unloaded 
comparison condition (Griffiths et al. 2019a) or made com-
parisons to unloaded exercise based on matched walking 
speeds (Blacker et al. 2009; Faghy et al. 2016), which results 
in unequal VO2 between conditions. Few studies measured 
metabolic responses based upon matched oxygen demand 
(Phillips et al. 2016b, c), and no studies accounted for the 
reduction in VO2max induced by load carriage (Phillips et al. 
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2016c) or hypoxia (Ferretti et al. 1997) and matched for 
relative intensity (%VO2max). Thus, more research is war-
ranted to determine load carriage-specific hemodynamic 
and metabolic effects and whether effects are mediated by 
hypoxia across the most physiologically (i.e., %VO2max and 
absolute VO2) and practically (i.e., walking speed) important 
intensities.

Therefore, the purpose of this study was to determine 
the physiological responses to load carriage in normoxia 
and hypoxia. Specifically, the study assessed changes in 
ventilatory mechanics, hemodynamics, tissue oxygenation, 
and metabolism.

Materials and methods

Study design and ethical approval

This study employed a quasi-randomized and single-blinded 
design to assess the physiological impact of load carriage in 
normoxia and hypoxia. For each subject, the study encom-
passed ~ 2 weeks, included 1 visit to the Post infirmary 
(described below), and 6 total laboratory visits consisting of: 
(1–3) baseline testing and (4–6) experimental trials. Baseline 
testing and experimental trials were conducted in the follow-
ing conditions: (1) unloaded normoxic (U; 20.93% FIO2), (2) 
loaded normoxic (LN; 20.93% FIO2), and (3) loaded hypoxic 
(LH; ~ 13.0% FIO2). For the loaded conditions, subjects wore 
a Modular Lightweight Load-Carrying Equipment (MOLLE) 
pack loaded to 29.5 kg with cotton packing material, ~ 20 kg 
sandbag, and weight plates. The load was packed to be posi-
tioned high in the pack and close to the body. The mass was 
chosen because it corresponds with the typical fighting load 
carried by combat soldiers (Dean 2004). In the LH condi-
tion, normobaric hypoxic generators (Everest II, Hypoxico, 
Gardiner, NY, USA) were utilized to reduce FIO2 to ~ 13.0%, 
which is equivalent to ~ 3650 m altitude when accounting 
for laboratory elevation (~ 325  m), barometric pressure 
(~ 738 mmHg), and 47 mmHg water vapor pressure (Conkin 
2011). The baseline testing conditions were randomized. For 
the experimental trials, all subjects completed the U condi-
tion first, which permitted close matching of subsequent con-
ditions for the prescribed intensities. The final 2 experimental 
trials were randomized. All visits were separated by ≥ 48 h.

For the Post infirmary visit, blood was drawn from an 
antecubital vein and tested for the sickle cell trait, which can 
increase the risk of complications in hypoxic environments 
and was therefore exclusionary (Goodman et al. 2014). Dur-
ing this initial visit, informed consent was obtained from 
subjects following a full description of study requirements. 

All study protocols were approved by the Virginia Military 
Institute Institutional Review Board.

Subjects

Hea l t hy  ma les  (n  =  12 ;  age  =  21  ±  1   yea r s ; 
height = 179.5 ± 6.7 cm; mass = 81.7 ± 11.2 kg; body fat 
(%) = 13.7 ± 4.8%) were recruited from Virginia Military 
Institute and the surrounding community to participate in 
this study. Due to technical difficulties with measurements 
for 2 subjects, cerebral oxygenation and hemodynamics 
are presented as n = 10. Subjects were recreationally active 
(i.e., participating in aerobic or resistance training ≥ 3 times 
per week) and had a range of load carriage experience. 
Exclusion criteria included: smoking, presence of heart 
disease, BMI > 30, orthopedic issues that would have 
prevented them from completing the activities required for 
the study, sickle cell trait, and recent altitude exposure (i.e., 
had traveled to ≥ 1500 m within the last 3 months).

Baseline testing

For the initial visit, subjects reported to the laboratory in 
athletic clothing (t-shirt and shorts) and running shoes. 
Height, weight, and body composition were assessed 
via stadiometer, electronic scale, and air displacement 
plethysmography (BodPod, Cosmed, Inc., Rome, Italy), 
respectively. For subsequent baseline testing visits, all 
procedures were identical with the exception of body 
composition analysis (which was not repeated).

Following initial measurements, subjects completed an 
incremental exercise test consisting of 4–5 × 3-min stages at 
8% gradient designed to establish VO2/speed relationships for 
each subject. During testing, VO2 was measured constantly 
via a breath-by-breath metabolic analysis system calibrated 
according to manufacturer’s instructions (Metalyzer 3B, 
Cortex, Leipzig, Germany). This testing was completed with 
or without a pack depending on condition and included a 
range of walking speeds to encompass all potential speeds 
that elicited VO2 values needed to match intensities between 
conditions (described below). Based on data from these tests, 
individualized walking speeds were prescribed for each sub-
ject for use in experimental trials. If necessary, these speeds 
were later adjusted based on real-time VO2 responses within 
the first 4 min of experimental trial testing.

Following this test, subjects rested for ~ 5 min prior to com-
mencing an incremental exercise test to volitional exhaustion 
for determination of maximal oxygen consumption (VO2max). 
The protocol for this test differed based on the condition (i.e., 
U, LN, or LH). Distinct protocols were developed in response 
to pilot testing, which revealed that a standardized protocol 
resulted in localized muscle fatigue/early exercise cessation in 
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certain conditions due to large discrepancies in test duration. 
Thus, in order to reduce duration variability and increase the 
likelihood of VO2max attainment, subjects completed the fol-
lowing incremental protocols based on condition: (U) exercise 
commenced at 9.7 km h−1 and 1% gradient; each min, the 
speed was increased by 1.6 km h−1 until 12.9 km h−1 was 
reached; thereafter, speed was held constant and the gradi-
ent was increased 1% each min until volitional exhaustion; 
(LN) exercise commenced at 6.4 km h−1 and 0% gradient for 
1 min; thereafter, the gradient was increased to 4% for 1 min 
and increased a further 1% each min until volitional exhaus-
tion; (LH) exercise commenced at 6.4 km h−1 and 0% gradi-
ent; thereafter, the gradient was increased 1% until volitional 
exhaustion. Gas exchange was assessed continuously during 
testing. Ratings of perceived exertion (RPE) were measured 
in the final 20 s of each stage, and blood lactate (Lactate 
Plus, Nova Biomedical, Waltham, MA, USA) was measured 
3 min following test cessation. Attainment of a “true” VO2max 
(i.e., highest 30-s average) was based on fulfillment of ≥ 2 
of the following criteria: plateau in VO2 in the final exercise 
stage, respiratory exchange ratio (RER) ≥ 1.15, heart rate 
(HR) within 10 b min−1 of age predicted maximum (220-
age), RPE ≥ 19, and/or blood lactate ≥ 8 mmol L−1 (Howley 
et al. 1995). Out of 36 completed tests, 34 were deemed a 
“true” VO2max. Given the preponderance of subjects meeting 
the criteria for all tests, the authors felt justified in using this 
data for calculation of relative intensity for experimental tri-
als (described below) and employing the term “VO2max” (i.e., 
rather than VO2peak) hereafter in describing study results.

Experimental trials

The experimental exercise protocol is presented in 
Fig. 1. Subjects arrived at the laboratory in the morning 
(0700–1000) following an overnight fast (8–10 h) and were 
weighed. Following measurement preparation procedures 
(e.g., placement of electrodes), subjects entered an enclosed 
air-tight chamber and rested quietly for 10 min. Thereafter, 
resting measurements were collected for 5 min. Subjects 
then commenced the exercise protocol. The protocol was 
designed to allow for the matching of physiologically and 

practically important intensities with the U condition. In the 
U condition, subjects completed 3 × 10 min stages while 
walking at 8% gradient and a speed that elicited a VO2 of 
1.7 L min−1. This VO2 was targeted as it elicited a walking 
pace consistent with prior research and military doctrine 
(Pihlainen et al. 2014; Young et al. 2018; TRADOC 2022). 
Additionally, it was sufficiently low-intensity to permit com-
pletion of 10-min stages in the hypoxic condition given the 
expected large decreases in VO2max in this condition (and 
consequent increases in relative intensity; Ferretti et al. 
1997). Each stage was separated by 5 min of seated rest. In 
the loaded conditions (i.e., LN and LH), subjects similarly 
completed 3 × 10 min stages at 8% gradient. However, the 
speeds employed in each stage were customized for each 
subject in order to match the relative intensity (%VO2max; 
stage 1), absolute VO2 (1.7 L min−1; stage 2), and walking 
speed (stage 3) of the U condition.

Cardiovascular responses

Hemoglobin saturation (SpO2) was measured continuously 
via pulse oximeter (Wrist Ox2 Model 3150, Nonin, Plymouth, 
MN, USA). Hemodynamic variables (i.e., Q, HR, SV, end 
diastolic volume [EDV], end systolic volume [ESV], ejection 
fraction [EF], and systemic vascular resistance [SVR]), were 
measured via impedance cardiagraphy (Physioflow Enduro, 
Manatec Biomedical, Poissy, France). These measurements 
required the placement of six electrodes on the abdomen 
and neck based on manufacturer’s instructions. Electrodes 
were affixed following site prep with alcohol swabs and 
abrasive gel (Nuprep, Weaver and Company, Aurora, CO, 
USA) to remove dead skin. Following the first experimental 
trial, electrode sites were marked with a permanent marker 
to ensure consistent placement for remaining trials. 
Measurements were taken continuously, and the final 3 min 
of each exercise stage were averaged for analysis.

Oxygen kinetics

Near-infrared spectroscopy (NIRS) was employed to assess 
skeletal muscle (Portamon, Artinis Medical Systems, Elst, 

Fig. 1   Overview of experimen-
tal exercise protocols
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The Netherlands) and cerebral (Octamon, Artinis Medical 
Systems, Elst, The Netherlands) oxygenated (O2HHb) and 
deoxygenated hemoglobin (HHb). Total hemoglobin (tHHb), 
which is an index for regional blood flow (Van Beekvelt et al. 
2001), represented the sum of O2HHb and HHb. For muscle 
oxygenation, a small area on the right lateral gastrocnemius 
was shaved prior to securing the device via black-colored elas-
tic wrap, which prevented entry of extraneous light. Following 
the first experimental trial, the device site was marked with 
a permanent marker to ensure consistent placement between 
trials. Data was recorded at 10 Hz and with a differential 
pathlength factor of 4.94 in accordance with others (Duncan 
et al. 1995; Shannon et al. 2017). For cerebral oxygenation, 
the device containing 8 light emitters and 2 light detectors 
was worn by the subject over their forehead (1 cm above the 
eyebrows) and provided measures for the pre-frontal cortex. 
For this device, the differential pathlength factor was adjusted 
based on the subject’s age (Duncan et al. 1995). Both devices 
employ dual wavelengths (760 and 850 nm) to measure oxy-
gen kinetics as previously described based on hemoglobin’s 
absorbance and scattering of near infrared light at these wave-
lengths (Boushel and Piantadosi 2000; Neary 2004). Tissue 
oxygenation was measured continuously and averaged over 
the final 3 min of each stage. Data were analyzed as the 
change in O2HHb, HHb, and tHHb relative to baseline val-
ues obtained following 5 min seated rest in normoxia prior to 
entering the enclosed chamber.

Gas exchange and blood metabolites

Expired gases and ventilatory responses were assessed 
via a breath-by-breath gas analysis system as described 
above. Absolute CHO and fat oxidation were calculated via 
application of stoichiochemical equations to gas exchange 
results on the assumption that protein oxidation is negligible 
during exercise (Jeukendrup and Wallis 2005). Relative CHO 
and fat oxidation were derived from RER measurements as 
follows:

This equation applies to the metabolic respiratory quotient 
and yields the relative energetic contribution of CHO and fat 
oxidation, expressed in energy equivalents. Blood glucose 
(Cardiochek Plus, PTS Diagnostics, Whitestown, IN, USA) 
and lactate were measured following fingerstick blood draws 
by portable devices calibrated based on manufacturer’s 

%CHO = ((RER−0.7)∕0.3) × 100

%Fat = 100 − %CHO.

instructions. Gas exchange was assessed continuously, and 
data were averaged over the final 3 min of each stage. Blood 
metabolites were measured at the end of each stage.

Perceptual responses

RPE was assessed in the last 30 s of each stage via Borg scale 
(6–20) (Borg 1982).

Control procedures

Baseline testing was completed following ≥ 2 h fast and 24 h 
with no exercise. Experimental trials were completed in the 
morning (0700–1000) following an overnight fast (8–10 h) and 
after abstaining from exercise for 24 h. In addition, subjects 
were asked to maintain consistent dietary and exercise habits 
throughout the study, which were confirmed by review of 
completed 24-h diet logs and 72-h exercise logs. To control 
for pre-experimental trial nutrition, subjects were advised 
to consume a meal consisting of pasta and tomato sauce the 
evening prior.

Statistical analysis

Means and standard deviations (SD) are presented for all 
dependent measures. Responses for hemodynamics, ventila-
tory variables, metabolism, and oxygen kinetics were analyzed 
via two-way repeated measures analysis of variance (ANOVA) 
to identify main effects and interactions. Residuals produced 
by the ANOVA were assessed for approximate normality 
via Shapiro–Wilk test and visual inspection. Effect sizes for 
ANOVAs were calculated as partial eta squared ( �2

p
) (Cohen 

1973). Post hoc simple contrasts were employed in the case of 
a significant interaction to identify differences between condi-
tions at the various time points. Maximal exercise data were 
analyzed via one-way ANOVA with post hoc Tukey tests to 
identify significant differences. All post hoc testing was con-
ducted with Bonferroni adjustment for multiple comparisons. 
For post hoc testing results, effect sizes (Cohen’s d) were cal-
culated by standardizing mean differences to the pooled SD of 
the three conditions as follows: ≤ 0.2, trivial, ≥ 0.2 small, > 0.6 
moderate, and > 1.2 large (Cohen 2013). The sample size of 12 
subjects was selected because it aligned with prior studies of 
load carriage (Phillips et al. 2016b; Hinde et al. 2018). Addi-
tionally, prior studies employing similar designs or equipment 
(Phillips et al. 2016b; Rosales et al. 2022) observed effect sizes 
for VT and SV of d ≥ 0.9, which would be detected with suf-
ficient statistical power (1 − β = 0.8) given the sample used in 
the present study (n = 12). All analyses were performed using 
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IBM SPSS Statistics (Version 29), and the α level for statistical 
significance was set at 0.05.

Results

Maximal exercise

Maximal exercise responses are presented in Table 1. 
Compared to U, VO2max (L min−1) was reduced with LN 
(d = 0.98; p < 0.001) and LH (d = 4.31; p < 0.001); LH 
was also lower than LN (d = 3.4; p < 0.001). Similarly, 
maximal heart rate (HRmax) was reduced in the loaded 
conditions vs. U (d = 0.74–1.4; p < 0.01), and there was 
a trend for a difference between LH and LN (d = 0.65; 
p = 0.052). There were also small (d = 0.53; p < 0.001) and 
medium (d = 0.80; p < 0.001) reductions in VT at VO2max 
with LN and LH vs. U, respectively, but no differences 
existed between loaded conditions. fB at VO2max was 
increased with LH vs. U (d = 0.51; p = 0.021), but there 
were no differences between loaded conditions. Finally, 
blood lactate was reduced with LH vs. U at VO2max 
(d = 0.71; p = 0.047).

Oxygen consumption, walking speed, 
environmental conditions, and perceived exertion

These data are presented in Table 2. Generally, results 
for VO2, relative intensity, walking speed, and FIO2 con-
firmed the study design. Temperature (21.4 ± 1.4  °C; 
p = 0.12) and humidity (51.2 ± 9.9%; p = 0.67) were also 
confirmed to be consistent across conditions. Perceived 
exertion was increased by load carriage across all exercise 

stages (d = 0.9–2.5; p < 0.05). Moreover, perceived exer-
tion was increased with LH vs. LN during exercise 
matched for absolute VO2 (d = 1.3; p = 0.002) and speed 
(d = 1.0; p < 0.001).

Ventilatory responses

Ventilation data are presented in Fig. 2. For VE and fB, 
there were condition ( �2

p
  =  0.73–0.86; p < 0.001), time 

( �2
p
  =  0.90–0.94; p < 0.001), and interaction effects 

( �2
p
  =  0.73–0.83; p < 0.001). For VT, there were time 

( �2
p
 = 0.86; p < 0.001) and interaction effects ( �2

p
 = 0.61; 

p < 0.001).
At rest, VE was increased with LH (12.0 ± 2.5 L min−1) 

vs. U (10.1 ± 1.6 L  min−1; d = 0.96; p = 0.003) and LN 
(10.4 ± 1.5 L min−1; d = 0.79; p = 0.004); however, there 
were no differences in VT (U: 0.8 ± 0.3 L; LN: 0.9 ± 0.3 
L; LH: 1.0 ± 0.4 L) or fB (U: 13.9 ± 3.7  b  min−1; LN: 
13.5 ± 3.7  b  min−1; LH: 13.9 ± 4.1  b  min−1) across 
conditions.

Table 1   Maximal exercise responses

Data is presented as mean (SD). VO2max maximal oxygen 
consumption, HR heart rate, VE minute ventilation, VT tidal volume, 
fB breathing frequency, SpO2 oxygen saturation, U unloaded 
normoxic, LN loaded normoxic, LH loaded hypoxic. aDenotes 
different vs. LN and LH (p < 0.05); bdenotes different vs. LH 
(p < 0.05); cdenotes different vs. LN (p < 0.05); ddenotes different vs. 
U and LH (p < 0.05)

U LN LH

VO2max (L min−1) 4.3 (0.4)a 3.9 (0.4)b 2.9 (0.2)
VO2max (mL kg−1 min−1) 52.5 (4.9)a 48.8 (5.6)b 35.3 (3.5)
HRmax (b min−1) 195.2 (6.6)a 189.3 (7.9) 184.2 (9.1)
VE (L min−1) 159.4 (8.6) 152.6 (15.6) 152.5 (14.1)
VT (L) 2.9 (0.4)a 2.7 (0.3) 2.6 (0.4)
fB (b min−1) 56.1 (7.0)b 57.3 (5.4) 60.0 (9.5)
Lactate (mmol L−1) 12.3 (3.2)c 10.3 (2.2) 11.4 (2.8)
SpO2 (%) 89.2 (2.7)b 91.1 (2.0)d 70.2 (2.7)

Table 2   Selected data representing exercise intensities, environmen-
tal conditions, and perceptual responses during exercise at intensities 
matched to the unloaded condition for relative VO2max, absolute VO2, 
and walking speed

Progressive exercise stages were designed to match conditions at 
the following intensities: relative VO2 (%VO2max; stage 1), absolute 
VO2 (L min−1; stage 2), and walking speed (m s−1; stage 3). Data is 
presented as mean (SD). VO2 oxygen consumption, VO2max maximal 
oxygen consumption, FiO2 fraction of inspired oxygen, U unloaded, 
LN loaded normoxic, LH loaded hypoxic. *Denotes different from the 
lower intensity (p < 0.05); adenotes different vs. U (p < 0.05); bdenotes 
different vs. U and LN (p < 0.05)

U LN LH

VO2 (L min−1)
 Relative 1.69 (0.05) 1.56 (0.12)a 1.15 (0.08)b

 Absolute 1.73 (0.08) 1.73 (0.08)* 1.74 (0.06)*
 Speed 1.73 (0.08) 2.45 (0.27)* 2.30 (0.17)*a

Relative intensity (%VO2max)
 Relative 40.0 (3.6) 39.7 (3.4) 40.2 (3.1)
 Absolute 40.8 (3.6) 44.1 (4.2)*a 60.9 (4.6)*b

 Speed 40.9 (3.3) 62.6 (10.4)*a 80.9 (9.7)*b

Walking speed (m s−1)
 Relative 1.4 (0.2) 0.9 (0.2)a 0.6 (0.1)b

 Absolute 1.4 (0.2) 1.0 (0.2)*a 1.0 (0.1)*a

 Speed 1.4 (0.2) 1.4 (0.2)* 1.4 (0.2)*
Perceived exertion (6–20)
 Relative 7.7 (0.9) 8.8 (1.2)a 9.3 (1.7)a

 Absolute 8.2 (0.8) 9.6 (1.5)*a 11.3 (1.7)*b

 Speed 8.1 (0.9) 11.5 (2.4)*a 13.9 (3.1)*b

FiO2 (%; 
exercise 
mean)

20.93 (0.004) 20.93 (0.003) 12.95 (0.048)b
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Fig. 2   A–C, ventilation (VE) and D–F, breathing frequency (fB) 
and tidal volume (VT) responses at intensities matched to the 
unloaded condition for relative VO2max (40%VO2max), absolute 
VO2 (1.7 L  min−1), and walking speed (1.4 m s−1). respectively. All 
data is presented as mean ± SD. U unloaded, LN loaded normoxic, 

LH loaded hypoxic. *Denotes different from the lower intensity 
(p < 0.05); a denotes different vs. U and LN (p < 0.05); b denotes dif-
ferent vs. U (p < 0.05); c denotes different vs. LN and LH (p < 0.01); 
d denotes different vs. U and LH (p < 0.05); e denotes different vs. 
LN (p < 0.001)
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At matched relative intensity, there were large reductions 
in VE with LH compared to U (d = 2.30; p < 0.001) and LN 
(d = 1.56; p < 0.001). Additionally, VT was higher with U vs. 
both loaded conditions (LH: d = 0.82–1.08; p < 0.01).

At the same absolute VO2, there were large increases 
VE with LH compared to U (d = 3.27; p < 0.001) and 
LN (d = 2.93; p < 0.001). Moreover, there were medium 
(d = 0.79) and small (d = 0.47) reductions in VT in the LN 
condition compared to U (p = 0.027) and LH (p < 0.001), 
respectively. This coincided with a medium (d = 0.71) 
increase in fB with LN vs. U (p = 0.003). Finally, fB was 
increased with LH compared to the other conditions 
(d = 0.73–1.44; p < 0.05).

When matched for walking speed, there were stepwise 
increases in VE and fB across conditions. Specifically, 
there were large and medium increases in VE (d = 1.54; 
p < 0.001) and fB (d = 1.18; p < 0.001), respectively, with 
LN vs. U. Additionally, VE and fB were elevated with LH 
vs. U (d = 1.94–3.10; p < 0.001) and LN (d = 0.77–1.54; 
p < 0.01). VT increased in the LH condition relative to LN 
(d = 0.70; p < 0.001), and there was a tendency for a medium 
(d = 0.86) increase vs. U (p = 0.063). However, there were no 
differences in VT between the normoxic conditions.

Hemodynamics

Cardiovascular responses are presented in Fig.  3 and 
Table 3. For Q, HR, SVR, and SpO2 there were condi-
tion ( �2

p
 = 0.73–0.98; p < 0.001), time ( �2

p
 = 0.91–0.98; 

p < 0.001), and interaction effects ( �2
p
  =  0.60–0.91; 

p < 0.001). Additionally, there were time ( �2
p
 = 0.93–0.98) 

and interactions effects ( �2
p
 = 0.32–0.68) for SV (p < 0.001), 

EDV (p < 0.001), and EF (p < 0.01). ESV changed over 
time ( �2

p
 = 0.34; p = 0.026), but there were no condition or 

interaction effects. For SpO2, there were large reductions 
with LH versus the normoxic conditions (d = 5.85–11.50; 
p < 0.001) at rest and for all exercise stages. Additionally, 
there was a small reduction in SpO2 with LN vs. U when 
matched for walking speed (d = 0.46; p < 0.001).

At rest, Q was increased with LH (7.2 ± 1.0 L min−1) 
compared to U (6.1 ± 1.1 L min−1; d = 1.11; p < 0.008) and 
LN (6.1 ± 0.8 L min−1; d = 1.10; p = 0.008). Similarly, HR 

was increased with LH (74.4 ± 7.1) versus the other con-
ditions (U: 65.3 ± 7.4, d = 1.35; p < 0.001; LN: 64.7 ± 5.7, 
d = 1.44; p = 0.006). Finally, there were large (d = 1.34; 
p = 0.004) and medium (d = 0.90; p = 0.008) reduc-
tions in SVR with LH (942.7 ± 149.6  dyn  s−1  cm−5) 
versus LN (1091.3 ± 151.7  dyn  s−1  cm−5) and U 
(1162.6 ± 189.0 dyn s−1 cm−5), respectively.

At matched relative intensity, Q and SV were 
increased with U vs. LN (d = 0.68–0.71; p < 0.01) and LH 
(d = 0.40–0.74; p < 0.05), but there were no differences 
between loaded conditions. Similarly, EDV was increased 
with U vs. the loaded conditions (d = 0.57–0.67; p < 0.05).

At matched absolute VO2, Q and HR were elevated 
with LH compared to U (d = 1.82–3.41; p < 0.001) and LN 
(d = 2.17–2.99; p < 0.001). These differences coincided with 
large (d = 1.42–1.59) reductions in SVR with LH relative 
to the other conditions (p < 0.001). In addition, there were 
medium (d = 0.66) and small (d = 0.56) reductions in SV 
with LN vs. U (p = 0.011) and LH (p = 0.014), respectively. 
This coincided with a small reduction in EDV with LN vs. 
U (d = 0.44; p < 0.001). There were no differences in SV or 
EDV between U and LH.

When matched for walking speed, there were stepwise 
increases in Q and HR across conditions, with LN higher 
than U (d = 1.72–2.71; p < 0.001) and LH higher than both U 
(d = 2.72–3.43; p < 0.001) and LN (d = 1.71–1.74; p < 0.01). 
These differences were mirrored by stepwise reductions 
in SVR across conditions. Specifically, there were large 
reductions with LN (d = 1.85; p = 0.002) and LH (d = 2.84; 
p < 0.001) vs. U and a medium decrease with LH vs. LN 
(d = 0.99; p = 0.002).

Muscle oxygen kinetics

Muscle O2HHb, HHb, and tHHb are presented in Fig. 4. 
There was a main effect of time ( �2

p
 = 0.68; p < 0.001) 

and an interaction effect ( �2
p
 = 0.43; p < 0.001) for muscle 

O2HHb. For muscle HHb, there were condition (η2 = 0.54; 
p < 0.001), time ( �2

p
 = 0.61; p < 0.001), and interaction 

effects ( �2
p
 = 0.49; p < 0.001). For tHHb, there was a main 

effect of time ( �2
p
= 0.465; p = 0.006), but no condition or 

interaction effects.
At rest, there were no differences in muscle O2HHb or 

tHHb. However, there were large increases in muscle HHb 
with LH relative to U (d = 1.34; p = 0.032) and LN (d = 1.62; 
p < 0.001).

When matched for relative intensity, muscle O2HHb was 
similar between conditions. However, there were medium 
reductions in muscle HHb with LN vs. U (d = 0.81; p = 0.024) 
and LH (d = 0.71; p = 0.049). Muscle HHb was similar 
between U and LH. Additionally, tHHb was increased with 
LH vs. LN (d = 0.93; p = 0.032) but was similar to U.

Fig. 3   A–C Cardiac output (Q) and D–F heart rate (HR) and stroke 
volume (SV) responses at intensities matched to the unloaded condi-
tion for relative VO2max (40%VO2max), absolute VO2 (1.7  L  min−1), 
and walking speed (1.4 m s−1), respectively. All data is presented as 
mean ± SD. U unloaded, LN loaded normoxic, LH loaded hypoxic. 
*Denotes different from the lower intensity (p < 0.05); a denotes dif-
ferent vs. LN and LH (p < 0.05); b denotes different vs. U and LN 
(p < 0.01); c denotes different vs. U (p < 0.001); d denotes different 
vs. U and LH (p < 0.05)

◂
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At the same absolute VO2, there were no differences 
in muscle O2HHb across conditions, but there were large 
increases in muscle HHb with LH relative to U (d = 1.21; 
p = 0.002) and LN (d = 1.63; p < 0.001). Muscle HHb was 
similar between normoxic conditions. There were also no 
differences between conditions for tHHb.

At the same walking speed, muscle O2HHb and HHb 
were similar between normoxic conditions. However, muscle 
O2HHb was reduced with LH vs. U (d = 0.80; p = 0.015). 
Moreover, there were large increases in muscle HHb with 
LH compared to U (d = 1.37; p = 0.01) and LN (d = 1.25; 
p = 0.003). tHHb was similar between conditions when 
matched for speed.

Cerebral oxygen kinetics

Cerebral O2HHb, HHb, and tHHb are presented in 
Fig. 5. Condition ( �2

p
 = 0.76; p < 0.001), time ( �2

p
 = 0.76; 

p < 0.001), and interaction effects ( �2
p
 = 0.42; p < 0.001) 

were observed for cerebral O2HHb. Similarly, there were 
condition ( �2

p
 = 0.77; p < 0.001), time ( �2

p
 = 0.91; p < 0.001), 

and interaction effects ( �2
p
 = 0.75; p < 0.001) present for 

cerebral HHb. Finally, there were condition ( �2
p
 = 0.51; 

p = 0.002), time ( �2
p
 = 0.84; p < 0.001), and interaction 

effects ( �2
p
 = 0.51; p = 0.001) for tHHb.

At rest in the LH condition, cerebral O2HHb and HHb 
were decreased and increased, respectively, when compared 
to U (d = 2.1–2.7; p < 0.01) and LN (d = 2.1–3.3; p < 0.001). 
There were no differences in tHHb between conditions at 
rest.

Table 3   Selected hemodynamic variables during exercise at inten-
sities matched to the unloaded condition for relative VO2max 
(40%VO2max), absolute VO2 (1.7  L  min−1), and walking speed 
(1.4 m s−1)

Data is presented as mean (SD). EDV end diastolic volume, EF 
ejection fraction, ESV end systolic volume, SVR systemic vascular 
resistance, SpO2 hemoglobin saturation, U unloaded, LN loaded 
normoxic, LH loaded hypoxic. *Denotes different from the lower 
intensity (p < 0.05); adenotes different vs. LN and LH (p < 0.05); 
bdenotes different vs. U (p < 0.01); cdenotes different vs. U and LN 
(p < 0.01)

U LN LH

EDV (mL)
 Relative 196.2 (36.4)a 179.4 (24.3) 176.4 (26.2)
 Absolute 194.3 (29.4) 182.2 (25.1)b 188.8 (27.1)*
 Speed 195.0 (29.8) 189.2 (24.9)* 196.6 (24.8)*

ESV (mL)
 Relative 59.2 (25.2) 54.7 (19.8) 52.2 (17.2)
 Absolute 54.5 (20.3) 53.6 (20.6) 50.6 (19.0)*
 Speed 54.2 (20.3) 51.2 (19.6)* 51.3 (17.3)*

EF (%)
 Relative 70.7 (7.6) 70.3 (8.2) 70.8 (5.9)
 Absolute 72.3 (7.4) 70.9 (8.3) 73.9 (6.7)*
 Speed 72.9 (7.4) 73.6 (7.6)* 74.8 (6.2)*

SVR (dyn s−1 cm−5)
 Relative 470.7 (77.1) 513.6 (91.3) 504.6 (100.1)
 Absolute 448.5 (72.1)* 460.0 (74.7)* 353.5 (51.8)*c

 Speed 441.6 (72.7) 338.5 (51.8)*b 283.1 (36.8)*c

SpO2 (%)
 Relative 94.9 (2.7) 95.2 (1.1) 78.0 (3.9)c

 Absolute 95.2 (1.1) 94.5 (2.0) 74.0 (3.5)*c

 Speed 94.8 (0.8) 93.9 (0.8)b 72.6 (3.1)c

Fig. 4   The change in muscle oxyhemoglobin (O2HHb) (A), deoxy-
hemoglobin (HHb) (B), and total hemoglobin (tHHb) concentra-
tions (C) at intensities matched to the unloaded condition for rela-
tive VO2max (40%VO2max), absolute VO2 (1.7 L min−1), and walking 
speed (1.4 m·s−1), respectively. All data is presented as mean ± SD. U, 

unloaded; LN, loaded normoxic; LH, loaded hypoxic. *Denotes dif-
ferent from the lower intensity (p < 0.05); a denotes different vs. U 
(p < 0.05); b denotes different vs. U and LN (p < 0.05); c denotes dif-
ferent vs. U and LH (p < 0.05); d denotes different vs. LN (p = 0.032)
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When matched for relative intensity, cerebral O2HHb was 
reduced with LH relative to U (d = 1.50; p = 0.008) and LN 
(d = 2.51; p < 0.001), and there were corresponding large 
increases in cerebral HHb with LH relative to U (d = 3.13; 
p < 0.001) and LN (d = 3.97; p < 0.001). Conversely, there 
was a medium increase and decrease in O2HHb (d = 1.01; 
p = 0.046) and HHb (d = 0.84; p = 0.006), respectively, with 
LN vs. U. Additionally, there was a medium increase in 
tHHb with LH relative to U (d = 1.0; p = 0.023) but no dif-
ference vs. LN.

At the same absolute VO2, there were large reductions in 
cerebral O2HHb with LH versus the normoxic conditions 
(d = 1.22–2.39; p < 0.01), which were mirrored by large 
increases in HHb (d = 3.64–4.10; p < 0.001). Conversely, there 

was a medium (d = 1.17) increase in cerebral O2HHb with LN 
vs. U (p = 0.026), but there was no difference in HHb. For 
tHHb, there were increases with LH compared to U (d = 1.5; 
p = 0.006) and LN (d = 0.84; p = 0.038), and there was a strong 
trend for an increase with LN vs. U (d = 0.63; p = 0.051).

Finally, cerebral O2HHb was similar between LH and U at 
the same walking speed. However, there were large increases 
in HHb with LH compared to the normoxic conditions 
(d = 3.11–3.42; p < 0.001). Additionally, there were large 
increases in O2HHb with LN vs. U (d = 1.48; p = 0.025) 
and LH (d = 2.04; p = 0.003). However, HHb was similar 
between LN and U (p = 0.29). tHHb was increased in both 
loaded conditions relative to U (d = 1.17–1.49; p < 0.05) but 
was similar between LN and LH.

Fig. 5   The change in cerebral oxyhemoglobin (O2HHb) (A), deoxy-
hemoglobin (HHb) (B), and total hemoglobin (tHHb) concentra-
tions (C) at intensities matched to the unloaded condition for rela-
tive VO2max (40%VO2max), absolute VO2 (1.7 L min−1), and walking 
speed (1.4 m s−1); respectively. All data is presented as mean ± SD. U 

unloaded, LN loaded normoxic, LH loaded hypoxic. *Denotes differ-
ent from the lower intensity (p < 0.05); a denotes different vs. U and 
LN (p < 0.05); b denotes different vs. U and LH (p < 0.05); c denotes 
different vs. U (p < 0.05)

Fig. 6   Relative (%) contribution of carbohydrate and fat oxidation at 
intensities matched to the unloaded condition for relative VO2max (A; 
40.0%VO2max), absolute VO2 (B; 1.7 L min−1), and walking speed (C; 
1.4  m  s−1), respectively. All data is presented as mean ± SD. CHO 

carbohydrate, U unloaded, LN loaded normoxic, LH loaded hypoxic. 
*Denotes different from the lower intensity (p < 0.05); a denotes dif-
ferent CHO and fat oxidation vs. U and LN (p < 0.001); b denotes dif-
ferent CHO and fat oxidation vs. U (p < 0.001)
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Metabolism

Metabolic responses are presented in Fig. 6 and Table 4. 
There were condition, time, and interaction effects observed 
for absolute CHO and fat oxidation ( �2

p
  =  0.71–0.88; 

p < 0.001), relative CHO and fat oxidation ( �2
p
 = 0.45–0.73; 

p < 0.01), and blood lactate ( �2
p
 = 0.61–0.87; p ≤ 0.001). 

Additionally, there were condition ( �2
p
 = 0.64; p < 0.001) and 

interaction effects ( �2
p
 = 0.29; p < 0.001) present for blood 

glucose, but no main effect of time.
At rest, there were increases and decreases in absolute 

CHO oxidation and fat oxidation, respectively, with 
LH (CHO: 0.43 ± 0.16; fat: 0.03 ± 0.03) vs. U (CHO: 
0.25 ± 0.09; fat: 0.08 ± 0.02; d = 1.4–2.0; p < 0.001) and 
LN (CHO: 0.28 ± 0.12; fat: 0.08 ± 0.02; d = 1.0–1.9; 
p < 0.01). This corresponded with increases and decreases 
(d = 1.8–2.2; p < 0.01) in relative CHO (U: 51.8 ± 13.6%; 
LN: 56.4 ± 14.8%; 83.7 ± 15.2%) and fat oxidation (U: 
48.2 ± 13.6%; LN: 43.6 ± 14.8%; LH: 16.3 ± 15.2%), 
respectively. There were no differences between U and 
LN for fuel selection at rest. There were additionally no 
differences in blood glucose or lactate between conditions 
at rest.

At the same relative intensity, absolute CHO and fat 
oxidation were reduced with LH relative to U (d = 1.54–1.66; 
p < 0.01) and LN (d = 1.04–1.38; p < 0.05). However, there 

were no differences between any condition for relative CHO 
or fat oxidation. There were also large increases in blood 
glucose and lactate with LH compared to U (d = 1.36–1.69; 
p < 0.01) and LN (d = 1.26–1.62; p < 0.05).

Matched for absolute VO2, there were large 
(d = 1.34–1.74) increases and decreases in CHO and fat 
oxidation (i.e., relative and absolute), respectively, between 
LH and the normoxic conditions (p < 0.01). Similarly, blood 
glucose (d = 0.99–1.22) and lactate (d = 2.82–3.39) were 
both increased with LH vs. the other conditions (p < 0.05). 
There were no differences between any of these variables 
with LN compared to U.

At the same walking speed, absolute and relative CHO 
oxidation were increased with LN vs. U (d = 1.48–1.72; 
p < 0.01), and with LH vs. U (d = 3.32–3.66; p < 0.001) 
and LN (d = 1.61–2.18; p < 0.001). Absolute and relative 
fat oxidation were correspondingly reduced with LH vs. U 
(d = 3.22–3.66; p < 0.001) and LN (d = 2.18–2.78; p < 0.001). 
However, there were no differences in absolute fat oxidation 
between LN and U (p = 0.79). Blood lactate was elevated 
across conditions. Specifically, there were medium (d = 0.73) 
increases in blood lactate with LN vs. U (p = 0.026), and 
large increases with LH vs. U (d = 2.88; p < 0.001) and LN 
(d = 2.15; p < 0.001).

Discussion

This study investigated the effects of load carriage in nor-
moxia and normobaric hypoxia on ventilatory responses, 
hemodynamics, tissue oxygenation, and metabolism. Pri-
mary findings of this study included the following: (1) 
load carriage depresses the VT and SV response to exercise 
matched for absolute VO2 in normoxia; (2) increases in Q 
and VE during normoxic load carriage matched for walking 
speed and hypoxic load carriage matched for absolute VO2 
or speed were primarily accomplished via increases in HR 
and fB, respectively; (3) normoxic load carriage increased 
cerebral O2HHb without influencing muscle oxygenation; 
(4) muscle HHb was increased with hypoxic load carriage 
matched for absolute VO2 and walking speed, but muscle 
O2HHb was only affected when matched for speed; (5) cer-
ebral O2HHb and HHb were reduced and increased, respec-
tively, with load carriage in hypoxia; and (6) load carriage 
did not independently influence substrate utilization when 
matched for relative and absolute intensities; however, 
hypoxia increased CHO dependence. The following dis-
cussion will focus on matched absolute VO2 and walking 
speed stages for cardiorespiratory responses owing to the 
predictable nature of findings for exercise of a lower oxygen 
demand (i.e., matched relative intensity). Discussion of oxy-
gen kinetics and metabolic data will include all intensities.

Table 4   Substrate oxidation, blood glucose, and lactate responses to 
exercise at intensities matched to the unloaded condition for relative 
VO2max (40%VO2max), absolute VO2 (1.7 L min−1), and walking speed 
(1.4 m s−1)

Data is presented as mean (SD). CHO carbohydrate, U unloaded, LN 
loaded normoxic, LH loaded hypoxic. *Denotes different from the 
lower intensity (p < 0.05); adenotes different vs. U and LN (p < 0.05); 
bdenotes different vs. U (p < 0.01)

U LN LH

CHO oxidation (g min−1)
 Relative 1.3 (0.3) 1.1 (0.2) 0.9 (0.2)a

 Absolute 1.3 (0.3) 1.3 (0.2)* 1.7 (0.3)*a

 Speed 1.1 (0.3)* 2.1 (0.6)*b 3.1 (0.8)*a

Fat oxidation (g min−1)
 Relative 0.3 (0.1) 0.3 (0.1) 0.2 (0.1)a

 Absolute 0.4 (0.1) 0.3 (0.1) 0.2 (0.1)a

 Speed 0.4 (0.1)* 0.4 (0.1) 0.1 (0.1)*a

Blood glucose (mg dL−1)
 Relative 101.8 (7.1) 105.2 (7.1) 115.3 (9.6)a

 Absolute 103.2 (8.4) 105.1 (8.2) 113.4 (8.5)a

 Speed 103.1 (3.5) 105.4 (7.9) 124.1 (16.8)a

Blood lactate (mmol L−1)
 Relative 1.1 (0.4) 1.0 (0.2) 1.5 (0.2)a

 Absolute 0.9 (0.4) 1.2 (0.4) 2.5 (0.6)*a

 Speed 0.9 (0.5) 2.2 (1.5)b 6.0 (2.6)*a
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Ventilatory responses

Load carriage in normoxia induced a shallower breathing 
pattern when matched for absolute VO2. Specifically, VT 
and fB were reduced and increased, respectively, relative to 
U while VE was consistent between normoxic conditions. 
Comparable alterations in VT and fB have been reported 
by others investigating the effects of thoracic load carriage 
(Phillips et al. 2016b; Armstrong et al. 2019), chest wall 
restriction with inelastic straps (Miller et al. 2002; Tomczak 
et al. 2011), or fiberglass chest casting (Coast and Cline 
2004) and have been attributed to reductions in operating 
lung volumes (Shei et al. 2017). Few studies have assessed 
ventilatory mechanics with unloaded exercise compared to 
load carriage matched for oxygen demand (Phillips et al. 
2016b, c; Shei et al. 2018). A study by Phillips et al. (2016b) 
similarly reported decreases and increases in fB and VT, 
respectively, with prolonged (45 min; ~ 3.0 L min−1) load 
carriage (25  kg). However, differences in VT were not 
observed until late in exercise (i.e., 35 min), which contrasts 
with the present study (i.e., 10 min stages; 20 total min of 
exercise at stage 2 end). Additional distinctions occurring 
late in exercise were increases in VE and VO2 with load 
carriage, which the authors suggested were likely the result 
of ventilatory compensation for increases in deadspace 
ventilation.

An explanation for these discrepancies with Phillips 
et al. (2016b) is not immediately clear but may be related 
to methodological differences relating to exercise intensity 
and ventilatory demand. In a study by Dominelli et al. 
(2012), the effects of carrying various loads at two fixed 
workloads on operating lung volumes and the power (i.e., 
energy requirement) of breathing were investigated. With 
increasing loads up to 35 kg, end expiratory lung volumes 
were reduced. Interestingly, the power of breathing was 
maintained with the heaviest load relative to no load when 
ventilation was matched at ~ 45  L min−1 but increased 
substantially at higher levels of VE (~ 70 L min−1). This 
finding suggests that the alterations in operating lung 
volumes or breathing mechanics induced by the heavy 
load may have been compensatory adaptations permitting 
the maintenance of the power of breathing and VE at 
the lower ventilatory demand. However, this altered 
breathing pattern may have been insufficient to meet 
ventilatory needs at higher workloads, thus requiring 
adoption of breathing patterns more consistent with 
unloaded exercise (e.g., similar or higher VT) despite the 
apparently necessary increase in the power of breathing 
to achieve it. This theory is supported by ventilatory data 
from the present study in which a shallower breathing 
pattern was adopted at approximately the same “low” VE 
(~ 45 L min−1; matched absolute VO2 stage) while a similar 

VT was observed between U and LN when matched for 
walking speed, an intensity necessitating a higher VO2 and 
VE (~ 70 L min−1) in the loaded condition. Importantly, 
potential increases in the power of breathing at high VE 
rates may contribute to fatigue of the respiratory muscles 
during prolonged exercise and deterioration of breathing 
mechanics over time (e.g., increases and decreases in fB 
and VT, respectively), thereby requiring increases in VE to 
offset reductions in alveolar ventilation. This hypothesis is 
supported by the data from Phillips et al. (2016b), which 
employed exercise resulting in a VE of ~ 75 L min−1, which 
caused respiratory muscle fatigue in the loaded condition 
and increases in VE over time likely to compensate for 
reductions in VT late in exercise. More research is clearly 
warranted to investigate these questions and determine 
whether a potential threshold exists for VE-dependent 
alterations in breathing mechanics that influence the power 
of breathing.

The predictable increases in VE with hypoxic load 
carriage relative to unloaded normoxic exercise were 
primarily achieved via increases in fB. Specifically, when 
matched for absolute VO2, VT and fB were maintained and 
increased, respectively, relative to U. At the same walking 
speed, fB was further increased relative to U to meet the 
increased ventilatory demands. To our knowledge, only 
one study has investigated the ventilatory responses to 
load carriage in acute hypoxia. In this study, Hinde et al. 
(2018) assessed breathing mechanics and respiratory muscle 
fatigue with load carriage (5.5 km; 18.2 kg) in hypoxia 
(~ 11.8% FIO2; ~ 4300 m) or cold (− 10 °C). Similar to the 
present results for normoxic load carriage, reductions and 
increases in VT and fB, respectively, were observed with 
load carriage relative to unloaded walking. Interestingly, 
this effect spanned environmental conditions. However, 
this study did not control for intensity, allowing subjects 
to self-select walking speeds, which, while beneficial 
for ecological validity, prevents easy interpretation of 
ventilatory responses owing to differences in VO2 across 
conditions. Nevertheless, careful examination of available 
data from this study in combination with results from the 
matched oxygen demand and walking speed stages of the 
present study seem to lend further support for the notion 
that ventilatory demands may mediate breathing mechanics 
during load carriage and that this theory also applies to 
hypoxic conditions. Specifically, Hinde et al. (2018) reported 
relatively low VE values (≤ 30 L min−1) across all conditions 
and time points coupled with apparent trends for shallower 
breathing patterns (which may have achieved statistical 
significance given greater statistical power), in the hypoxic 
conditions with load vs. unloaded walking at sea level (e.g., 
0.82–0.83 vs. 0.87–0.98 and 35–41 vs. 28–34 for VT and fB, 
respectively). In the present study in which VE at matched 
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oxygen demand and walking speed was ~ 55–95 L min−1 in 
the hypoxic condition, VT was either similar or increased 
relative to U and LN, which again suggests that an increased 
power of breathing may have been required to achieve this 
higher VE. Importantly, this potential elevation in ventilatory 
work would likely hasten the development of respiratory 
muscle fatigue and the attendant metaboreflex (St Croix 
et al. 2000; Derchak et al. 2002), particularly in hypoxia 
where diaphragm fatiguability is increased (Babcock et al. 
1995; Reinhard et al. 2023). Given this, more research is 
needed to assess how hypoxia, ventilatory demand, and 
breathing mechanics may interact to influence respiratory 
fatigue and blood flow responses.

Hemodynamic responses

Thoracic load carriage in normoxia altered hemodynamic 
variables in ways that mirrored ventilatory responses. 
Specifically, SV and HR were reduced and increased, 
respectively, while Q was maintained with LN compared to 
U at the same absolute VO2. Miller et al. (2002) observed 
similar responses for SV and HR when chest wall restriction 
was induced via inelastic strapping. However, this study also 
reported a 12% reduction in Q, which was not observed in 
the present study. It is likely that differences in the degree 
of chest wall restriction contributed to these conflicting 
findings for Q. Indeed, inelastic strapping has been reported 
to reduce total lung capacity and forced vital capacity by 
33% and 40%, respectively (Miller et al. 2002; Tomczak 
et al. 2011), whereas load carriage of comparable mass to the 
present study reduced forced vital capacity by only 4–12% 
(Dominelli et al. 2012; Phillips et al. 2016b; Armstrong et al. 
2019) and did not affect total lung capacity (Phillips et al. 
2016b). This suggests attenuated chest wall restriction with 
thoracic load carriage, which may permit maintenance of 
Q. Studies investigating hemodynamic responses to thoracic 
load carriage report equivocal findings, which are likely 
due to methodological differences (i.e., type and mass of 
load, subject characteristics) or confounding variables (i.e., 
environmental conditions) (Sagiv et al. 2006; Nelson et al. 
2009).

Our finding of reduced EDV with LN vs. U at matched 
oxygen demand suggests attenuated venous return as a likely 
mechanism for the SV reduction with load. Venous return 
is influenced by the respiratory muscle pump, which creates 
negative pressure swings via alternating decreases (i.e., 
inspiration) and increases (i.e., expiration) in intrathoracic 
pressures (Miller et al. 2005). Attenuated negative pressure 
swings have been reported with chest wall restriction via 
inelastic straps (Miller et al. 2002) and could conceivably 
impact venous return with thoracic load carriage. 
Alternatively, reductions in SV may have resulted from 

increases in sympathetic activation and consequent increases 
in SVR stemming from a potential respiratory muscle 
metaboreflex. Indeed, others have reported a metaboreflex-
induced increase in SVR with increased respiratory muscle 
work (Sheel et al. 2001, 2002). Moreover, a number of load 
carriage studies have observed elevations in arterial blood 
pressure suggesting elevated sympathetic outflow (Hong 
et al. 2000; Sagiv et al. 2006; Ribeiro et al. 2014). While 
blood pressure was not measured in the present study, our 
finding of similar SVR and muscle oxygenation (discussed 
below) between U and LN at matched absolute VO2 suggests 
that a respiratory muscle metaboreflex was less likely to 
be a contributing mechanism. Indeed, Sheel et al. (2002) 
observed that, with graded increases in inspiratory muscle 
work, elevations in limb vascular resistance only occurred 
with contractions sufficient to elicit diaphragm fatigue, 
which may not have occurred in the present study given the 
nature/degree of respiratory muscle work (i.e., resulting 
from thoracic load carriage) and relatively short windows 
of exercise surrounded by periods of rest.

Interestingly, SV and EDV were maintained and SVR 
reduced with LH compared to U at matched VO2 and walk-
ing speeds. An increase in SV with exercise in hypoxia 
relative to normoxia at these intensities would generally be 
expected (e.g., with unloaded exercise) as part of the normal 
cardiovascular compensation for reduced oxygen availability 
(Naeije 2010). Moreover, reductions in SVR are logical given 
the vasodilatory response in active muscle to the increased 
metabolite production (i.e., from higher relative intensities in 
hypoxia) and oxygen demand (i.e., at matched speed) at these 
intensities (VanTeeffelen and Segal 2003; Segal and Bearden 
2012). Nevertheless, the matching of SV between U and LH 
is somewhat unexpected given the previously described 
reduction in SV with load carriage in normoxia. Moreover, 
prior studies have observed increases and decreases in sym-
pathetic outflow and leg blood flow, respectively, during 
hypoxic exercise with inspiratory resistance (Katayama et al. 
2013) or hypoxemic exercise with resistive breathing (i.e., 
among COPD patients) (Simon et al. 2001), which would 
likely increase afterload. While purely speculative, it is pos-
sible that any potential respiratory muscle pump-mediated 
mechanism influencing venous return was abolished by the 
maintenance of a similar breathing pattern (i.e., matched VT) 
and thus respiratory pump effectiveness with LH compared 
to U. Alternatively, the relatively short exercise duration may 
have prevented development of respiratory muscle fatigue 
sufficient to induce a metaboreflex that could affect SVR. 
Regardless of the precise mechanism, our findings suggest 
that load carriage does not compromise Q in either environ-
mental condition when matched for oxygen demand, but it 
is yet to be determined how hemodynamic responses may be 
altered by more prolonged load carriage in hypoxia where 
respiratory muscle fatigue is more likely to occur.
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Oxygen kinetics

To our knowledge, this is the first study to investigate the 
effects of thoracic load carriage in different environmental 
conditions on oxygen kinetics. In muscle during normoxic 
exercise, oxygenation and regional blood flow was similar 
between unloaded and loaded exercise. Additionally, HHb 
was reduced with LN compared to the other conditions 
at matched relative intensity likely owing to less oxygen 
extraction given the lower oxygen demand. Based on the 
aforementioned potential for blood flow redistribution via 
a respiratory muscle metaboreflex (St Croix et al. 2000; 
Derchak et  al. 2002) or the increased use of accessory 
muscles attendant to load carriage (Holewijn 1990; 
Devroey et al. 2007), it was predicted that locomotor muscle 
oxygenation would be reduced by load carriage. These 
results indicate that load carriage does not impair oxygen 
delivery to locomotor muscle during exercise. However, 
more research is needed that assesses blood flow and oxygen 
kinetics with unloaded and loaded exercise matched for 
higher intensities in which central factors may be more 
limiting to oxygenation and exercise performance.

Muscle oxygenation was also mostly maintained with 
load carriage in hypoxia except at the highest exercise 
intensity (i.e., matched speed). Additionally, oxygen 
extraction appeared to be elevated at the higher intensities 
as evidenced by increases in HHb. Similar levels of muscle 
oxygenation combined with increased oxygen extraction at 
matched workloads have been reported by some (Subudhi 
et al. 2008; Rosales et al. 2022), but not others (Subudhi 
et al. 2007; Angeli et al. 2019), with hypoxic vs. normoxic 
exercise. An explanation for this equivocal data may be 
found in the methodological differences between studies, 
which include exercise modality, duration, hypoxia type 
(i.e., normobaric or hypobaric), and muscles assessed. 
Another interpretation of the present study’s findings, 
when accounting for the within-condition reduction in 
oxygenation with LH between matched relative and absolute 
intensities, and the between-condition reduction with LH 
compared to the other conditions at matched speed, is that 
muscle oxygenation seemed to progressively decline with 
intensity. Such an intensity-dependent reduction in muscle 
oxygenation has been reported previously (Subudhi et al. 
2007, 2008), and may be mediated by regional blood flow. 
Indeed, tHHb concentrations were increased during LH at 
matched relative intensity compared to the other conditions, 
which likely contributed to the aforementioned maintenance 
of tissue oxygenation. Thereafter, tHHb was similar between 
conditions, which may have resulted in insufficient blood 
flow to sustain oxygenation levels (i.e., given likely lower 
oxygen diffusion and arterial oxygen content) requiring 
increased oxygen extraction to compensate. Thus, our data 

indicates that regional blood flow may be limiting for muscle 
oxygenation at moderate to high intensities in hypoxia, 
but not normoxia. Of interest, prior studies have reported 
progressive increases in muscle tHHb with exercise intensity 
during cycling in either normoxia or hypoxia (Subudhi et al. 
2007). In the present study, tHHb did not change during 
exercise in the LH condition despite progressive increases 
in intensity. As such, it is tempting to speculate that this 
may be a load carriage-specific response. However, further 
study comparing unloaded vs. loaded exercise in hypoxia is 
needed to confirm this.

Cerebral oxygenation responses indicate a load 
carriage-specific effect in normoxia. Specifically, cerebral 
oxygenation was increased at every exercise intensity with 
load carriage while HHb was similar or lower compared 
to U. An explanation for this interesting finding is not 
immediately clear. It seems reasonable to assume that 
increased oxygenation is the result of increases in blood 
flow, which might be expected with LN vs. U given: (1) 
the higher relative exercise intensities and consequent 
increased sympathetic activation/blood pressure (i.e., at 
matched oxygen demand) (Hong et al. 2000; Sagiv et al. 
2006; Ribeiro et al. 2014) and (2) the increased Q (i.e., at 
matched speed). Our data mostly supports this notion, as we 
noted a strong trend (p = 0.051) for an increase in tHHb at 
matched oxygen demand and a statistical increase in tHHb 
at matched speed. As previously discussed, it is possible that 
load carriage results in blood flow redistribution stemming 
from chest wall restriction or increased respiratory muscle 
work. It is conceivable that these effects may augment 
cerebral blood flow in some way. However, more research is 
clearly needed to elucidate the mechanism for this seeming 
over-compensation in cerebral oxygenation.

Responses to load carriage in hypoxia for cerebral 
oxygenation were, in some ways, the inverse of those 
observed during LN. Specifically, O2HHb was decreased 
relative to U or LN at rest and every exercise intensity, and 
HHb was correspondingly increased. In the case of LH, this 
seemed to be more clearly mediated by increases in cerebral 
blood flow, as tHHb was increased vs. U or LN at every 
exercise intensity. This exaggerated tHHb response with 
LH may be related to impaired cerebral autoregulation in 
hypoxia combined with the aforementioned load carriage 
factors affecting blood flow distribution (Derchak et al. 
2002; Miller et al. 2005; Ainslie et al. 2007). Regardless 
of the mechanism, it appears that load carriage increases 
cerebral blood flow and that changes in hemoglobin status 
seem to be mediated by environmental condition. Based on 
prior studies, this is a novel finding. Others have similarly 
reported reductions and increases in cerebral O2HHb and 
HHb, respectively, with exercise in hypoxia (Ainslie et al. 
2007; Bourdillon et al. 2014; Rosales et al. 2022). However, 
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none of these studies have observed increased tHHb in 
hypoxia relative to normoxia. It is possible that the observed 
increase in tHHb was region-specific and not an indication of 
increases in overall cerebral blood flow. Indeed, others have 
reported discrepancies between middle cerebral artery blood 
flow velocity and tHHb in the frontal cortex region (Ainslie 
et al. 2007; Bourdillon et al. 2014). An additional possibility 
is that, given the increased biomechanical difficulty of 
bearing a heavy load (Attwells et al. 2006), frontal cortex 
motor activity and metabolic demand were increased relative 
to unloaded exercise thereby enhancing the distribution of 
cerebral blood flow to that region (Delp et al. 2001), without 
substantially altering overall cerebral blood flow. Whatever 
the case may be, our finding has potentially important 
health implications as cerebral pressure/perfusion has 
been implicated in the pathophysiology of acute mountain 
sickness and high-altitude cerebral edema (Hackett 1999; 
Taylor 2011). Thus, the present study indicates that load 
carriage exercise may exacerbate the risks for these 
conditions; although, more study is needed to confirm this.

Metabolism and perceptual responses

This is the first study to evaluate metabolic responses to 
load carriage in different environmental conditions and 
account for the effects of load on relative and absolute 
exercise intensities. With LN, relative and absolute CHO 
oxidation were similar to U at the same relative intensity 
and absolute VO2. This aligns with prior studies (Phillips 
et al. 2016b, c), which reported similar RER values between 
loaded and unloaded conditions matched for oxygen demand 
in males and females. When matched for walking speed, 
LN increased relative/absolute CHO oxidation and lactate 
vs. U, which also aligns with prior studies (Blacker et al. 
2009; Arcidiacono et al. 2023) and is predictable given the 
higher relative and absolute exercise intensity in the loaded 
condition (Romijn et  al. 1993). Collectively, these data 
suggest that load carriage does not independently mediate 
substrate utilization when matched for relative intensity and 
oxygen demand with unloaded exercise (i.e., at least given 
the relatively low matched intensities [40–45%VO2max] 
employed in this study) but increases CHO dependence 
when walking at the same speed.

In hypoxia, absolute and relative CHO oxidation were 
reduced and maintained, respectively, with LH compared to 
the normoxic conditions at matched relative intensity. This 
finding aligns with a recent meta-analysis that evaluated 
the effects of hypoxia on substrate utilization (Griffiths 
et al. 2019b). Moreover, it was predictable given the lower 
oxygen demand and overall substrate oxidation with LH 
at this intensity. When matched for oxygen demand or 
walking speed, relative/absolute CHO oxidation and lactate 

were increased compared to the normoxic conditions. This 
was also predictable given the higher relative intensities 
imposed by hypoxia during these stages (~ 60–80 vs. 
40–45%VO2max) and aligns with prior studies evaluating 
unloaded exercise (Lundby and Van Hall 2002; Young et al. 
2018). Additionally, blood glucose was elevated during LH 
at all intensities. Prior studies have observed increased rates 
of glucose appearance and utilization by exercising skeletal 
muscle in hypoxia (Brooks et al. 1991; Roberts et al. 1996). 
This glucose dependence in hypoxia has been attributed 
to the fact that CHO is a more energy efficient fuel than 
lipids (i.e., yields more energy per liter of oxygen; Mazzeo 
2008) and that epinephrine concentrations are increased 
with hypoxic exposure likely elevating liver glycogenolysis 
(Mazzeo et al. 1991).

Interestingly, the bioenergetics of walking did not appear 
to be affected by load carriage despite the above-described 
cardiorespiratory responses. Specifically, the energy cost 
of walking (i.e., net above resting) at the same absolute 
VO2 (~ 1.7 L  min−1) equated to ~ 4.0  J  kg−1  m−1 across 
conditions (i.e., when accounting for differences in mass 
[U = 81.7 kg; LN/LH = 111.7 kg], and speed [U = 1.2 m s−1; 
LN/LH = 1.0  m  s−1 assuming an energy equivalent of 
20.9 kJ L−1 O2

−1). This value is essentially equal to that 
reported previously with unloaded walking at a similar 
speed (~ 1.2 m s−1) and gradient (10%) (Minetti et al. 2002). 
Collectively, this suggests that walking biomechanics and 
efficiency are maintained with load carriage in normoxia 
and hypoxia. However, it is unknown whether this still 
applies at different speeds, grades, and degrees of hypoxia. 
A study by Phillips et al. (2016a) observed that VO2 relative 
to total mass was similar between unloaded and loaded 
(25 kg) conditions during constant speed (1.5 m s−1) graded 
exercise testing up to a gradient of 4%, but small increases 
in oxygen cost occurred in the loaded condition at higher 
gradients (6–8%). Given this, it is possible that load carriage 
imposes a narrower range of speeds or relative intensities 
(Boffey et al. 2019) for optimal biomechanical or metabolic 
efficiency given different terrain and conditions. Further 
study is clearly warranted to define these parameters to 
accurately prescribe paces for populations with occupational 
load carriage requirements in various environments.

Finally, VO2max and RPE were decreased and increased, 
respectively, in both loaded conditions relative to U. Smaller 
magnitude reductions in VO2peak (2.5–3.5%) vs. the present 
study (7.3%) have been reported previously during graded 
exercise tests in normoxia with load carriage of similar 
weight (25 kg). While the reduction in aerobic capacity may 
be related to any of a number of mechanisms influenced 
by load carriage/chest wall restriction, the reason for the 
discrepancy in magnitude between studies is unknown. It 
is possible that the graded exercise test protocol employed 
by these prior studies resulted in greater local muscle 
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fatigue (i.e., which we observed during pilot testing of a 
similar protocol), which prevented achievement of a true 
max in the loaded condition; but this is purely speculation 
(Phillips et al. 2016b, c). Reductions in VO2max in hypoxia 
were expected. However, as in normoxia, the magnitude 
reduction was slightly larger (~ 33%) than has been 
reported at similar altitudes/levels of hypoxia previously 
reported with unloaded exercise (26–27%; Buskirk et al. 
1967; Cymerman et al. 1989). While it is possible that this 
is due to load carriage-specific effects as were observed in 
normoxia, more research is needed to confirm this. Increases 
in RPE with load carriage have been reported elsewhere with 
exercise matched for absolute VO2 (Phillips et al. 2016b, 
c) and walking speed (Blacker et  al. 2009; Armstrong 
et al. 2019), which are logical given the resultant higher 
relative and absolute intensities, respectively. Yet, a novel 
finding from the present study is an increase in exertion 
with load carriage in normoxia or hypoxia when matched 
for relative intensity. This interesting finding suggests that 
load carriage increases exertion at all intensities even when 
accounting for relative fitness, which when taken together 
with the effects on aerobic capacity and overall metabolism 
strongly supports prior work indicating that load carriage 
substantially impairs endurance capacity and performance 
(Phillips et al. 2016a; Arcidiacono et al. 2023).

Limitations and conclusions

While this study presents a number of novel findings, it is 
not without limitations. Specifically, there is controversy 
regarding the equivalency of normobaric and hypobaric 
hypoxia on physiological responses (Richalet 2020), 
and some evidence suggests cardiorespiratory or tissue 
oxygenation responses may differ based on the type of 
hypoxia (Loeppky et al. 1997; Angeli et al. 2019; Rosales 
et al. 2022). However, several confounding factors (e.g., 
time exposed to altitude vs. hypoxia, placebo effects, etc.) 
complicate interpretation of this data. While more research 
is needed to clarify potential differences in the physiological 
response to each condition, available evidence suggests 
that normobaric hypoxia provides adequate equivalency to 
simulate actual altitude, particularly given the generalized 
scope of the present study. Nevertheless, caution should be 
exercised when extrapolating data from the present study to 
actual altitude responses.

In conclusion, load carriage seems to impair 
cardiorespiratory efficiency when matched for oxygen 
demand with unloaded exercise. However, these effects 
are nullified during exercise at higher energy or ventilatory 
demands such as load carriage matched for walking 
speed with unloaded exercise or in conditions of hypoxia. 
These responses indicate a potential threshold for adapted 
breathing mechanics and hemodynamics that may serve 

(or be a consequence of) physiological adjustments that 
maintain the power of breathing at lower exercise intensities 
despite the chest wall restriction imposed by the load. 
Interestingly, load carriage does not generally appear to 
impair muscle oxygenation but may increase regional 
blood flow to the frontal cortex by an unknown mechanism. 
This increase in blood flow results in opposing effects on 
hemoglobin status depending on ambient oxygen levels 
with increases in O2HHb in normoxia and HHb in hypoxia. 
This clearly requires future investigation given the fact 
that increased cerebral pressure/perfusion may potentiate 
altitude illness. Finally, load carriage does not seem to 
independently influence substrate utilization in normoxia or 
hypoxia when matched for relative intensity but increases in 
CHO dependence occur when attempting to match walking 
speeds with unloaded exercise. Taken together, load carriage 
provides a substantial physiological challenge that is 
exacerbated in hypoxia, and compensatory responses appear 
to be only partially effective at maintaining normal function. 
As such, occupational health and performance may be 
compromised with load carriage in hypoxic environments, 
particularly for long-duration or high-intensity work.
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