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Abstract

When sea-level (SL) residents rapidly ascend to high altitude (HA), plasma
volume (PV) decreases. A quantitative model for predicting individual %APV
over the first 7 days at HA has recently been developed from the measure-
ments of %APV in 393 HA sojourners. We compared the measured %APV
with the %APV predicted by the model in 17 SL natives living 21 days at HA
(4300 m). Fasting hematocrit (Hct), hemoglobin (Hb) and total circulating
protein (TCP) concentrations at SL and on days 2, 7, 13, and 19 at HA were
used to calculate %ATCP and %APV. Mean [95%CI] measured %APV on
HA2, 7, 13 and 19 was —2.5 [-8.2, 3.1], —11.0 [—16.6, —5.5], —11.7 [—15.9,
—7.4], and —16.8 [—22.2, —11.3], respectively. %APV and %ATCP were posi-
tively correlated (P < 0.001) at HA2, 7, 13, and 19 (* = 0.77, 0.88, 0.78, 0.89,
respectively). The model overpredicted mean [95% CI] decrease in %APV on
HA2 (—12.5 [—-13.9, —11.1]) and HA7 (—21.5 [—23.9, —19.1]), accurately
predicted the mean decrease on HA13 (—14.3, [—20.0, —8.7]), and predicted
a mean increase in %APV on HA19 (12.4 [—5.0, 29.8]). On HA2, 7, 13, and
19 only 2, 2, 6, and 1, respectively, of 17 individual measures of %APV were
within 95% CI for predicted %APV. These observations indicate that PV
responses to HA are largely oncotically mediated, vary considerably among
individuals, and available quantitative models require refinement to predict %
APV exhibited by individual sojourners.

Introduction

Soon after people who live at sea level (SL) ascend to
high altitude (HA), their plasma volume (PV) begins to
decrease, causing hematocrit (Hct) and hemoglobin con-
(Hb) to increase. This hemoconcentration
increases arterial oxygen carrying capacity (Sawka et al.
2000) thereby satisfying muscle oxygen requirements
during submaximal aerobic exercise with a lower cardiac
output (and less cardiovascular strain) that would be
possible without this physiological adjustment. Collec-
tively, these physiological adjustments developing early
during altitude acclimatization contribute to the
improvement in aerobic exercise endurance observed
during the Ist or 2nd week of sojourns at HA (Maher

centration
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et al. 1974; Horstman et al. 1980; Pandolf et al. 1998).
However, these hematological adjustments also have the
potential to influence the parameters used to generate
the Athlete Biological Passport (Sottas et al. 2011) for
athletes incorporating HA training in their conditioning
program, such that a positive indication for blood dop-
ing might be calculated. Therefore, there is a need to
reliably predict what an individual’s “normal” PV
response would be during sojourn at HA. Further, since
PV changes and other fluid shifts between body com-
partments may influence performance (Robertson et al.
1982) at HA and/or susceptibility to HA illnesses (Gat-
terer et al. 2013), this prediction capability may be
applicable and has utility for military personnel and
others sojourning at altitude.
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A quantitative model has recently been described (Bei-
dleman et al. 2017) for predicting the magnitude of PV
changes (%APV) that a HA sojourner would experience.
The model was developed by regressing parameters
describing the altitude ascended, duration of altitude
exposure, age and sex of the altitude sojourner, and the
interactions among those parameters on the %APV
observed in 393 unacclimatized, well-nourished men and
women who had rapidly ascended to altitudes ranging
from 2500 to 4500 m and remained for periods of 2 h to
7 days (most for 2-36 h) (Beidleman et al. 2017). The
developers intended that the model would be used to
describe the “normal” PV responses exhibited by SL ath-
letes while training at HA, thus allowing identification of
abnormal or unexpected responses that might have impli-
cations for performance or health during HA sojourns,
and/or possibly indicating the use of banned blood dop-
ing practices (Beidleman et al. 2017). However, while that
model was internally cross-validated using a boot-strap-
ping resampling process, it has not been externally vali-
dated against %APV measured in an independent sample
of HA sojourners. Further, real-world sojourns at HA
often last longer than 7 days, and sojourners often experi-
ence energy deficit and body mass losses (Rose et al
1988; Butterfield 1996; Pasiakos et al. 2017). If the model
could be shown reliable for predicting responses to alti-
tude under those conditions, its utility would be
extended.

The model for predicting %APV during HA sojourns
(Beidleman et al. 2017) does not include a parameter
accounting for changes in total circulating protein
(ATCP), but considerable evidence indicates that the PV
reduction during HA sojourns is largely oncotically medi-
ated. In SL residents who ascend to HA, total circulating
protein (TCP) decreases, and the magnitude of the ATCP
strongly correlates with the magnitude of the concomitant
APV (Sawka et al. 1996). The decrease in TCP results
from protein translocation from intravascular to extravas-
cular space (Surks 1966; Westergaard et al. 1970).
Changes in the rate of breakdown of some plasma protein
have also been suggested to contribute to the decrease in
TCP (Westergaard et al. 1970).

Recently, we conducted a study investigating the effects
of varied levels of dietary protein intake on body compo-
sition changes experienced by 17 healthy SL residents
who ascended to 4300 m and remained living for 21 con-
secutive days at that altitude in negative energy balance
(Berryman et al. 2018). Our study participants (Berryman
et al. 2018) had similar characteristics to the population
used to develop the recently published quantitative model
(Beidleman et al. 2017), providing an opportunity to
compare the %APV between SL and HA measured in an
independent population of participants to the %APV
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predicted for these same participants using the model
(Beidleman et al. 2017). Thus, the aim of this study was
to determine how accurately the recently published quan-
titative model (Beidleman et al. 2017) for predicting
changes in PV of well-nourished SL residents during the
first 7 days after ascent to HA would predict changes in
PV exhibited by SL residents during a 21-days high-alti-
tude sojourn, under real-world conditions of energy defi-
cit and weight loss. Since our participants were all men
and they resided at a single altitude, effects of variations
of those parameters on model predictions were avoided.
We hypothesized that %APV measured in our partici-
pants during the first 7 days at HA would be accurately
predicted by the model, but changes measured after
7 days at altitude would not be as well predicted, as the
effects of altitude acclimatization and negative energy bal-
ance on factors modulating Hb, Hct, and PV at altitude
accumulated in our participants.

Methods

Participants and study design

The analyses reported herein were included as secondary
objectives in a randomized, controlled feeding study that
examined the effects of manipulating dietary protein on
fat-free mass during HA sojourn (Berryman et al. 2018).
Participants were 17 young, healthy, physically active male
SL natives (Table 1). The study was approved by the Insti-
tutional Review Board at the U.S. Army Research Institute
of Environmental Medicine (Natick, MA), conducted
May—Aug 2016, and registered on www.clinicaltrials.gov as
NCT02731066. Investigators adhered to the policies for the
protection of human participants as prescribed by Army
Regulation 70-25, and the research was conducted in
adherence with the provisions of 32 CFR Part 219.

The study design has been reported in detail, previously
(Berryman et al. 2018; Young et al. 2018). Briefly, the
study consisted of two phases conducted over 43 consecu-
tive days. Body mass was measured in undergarments,
upon waking (overnight fast, >8 h), and after voiding,
using a calibrated digital scale (Befour model PS6600;

Table 1. Prestudy characteristics of participants.

Characteristic Mean + SD
Age, y 234 £ 56
Height, cm 177 £ 7
Weight, kg 81.9 £ 13.9
Body mass index, kg/m? 26.2 + 3.6
Body fat, % 22.7 £ 6.1
VO,peak, L/min 417 + 0.65
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Befour Inc., Saukville, WI) to the nearest 0.1 kg daily,
throughout the study. During the first 21 days (phase 1,
SL), participants resided at SL, consumed a self-selected,
weight-maintaining diet, maintained habitual exercise
routines, and were free living but visited the laboratory
daily. Body composition was determined at SL (day 0)
using dual energy X-ray absorptiometry (DEXA, DPX-IQ,
GE Lunar Corporation, Madison, WI). On SL day 21,
participants were flown from Boston, MA to Denver, CO
where they were placed on supplemental oxygen until
being driven to the summit of Pikes Peak, CO (4300 m)
the following morning (HA day 0) where they resided for
the next 22 days at the U.S. Army Research Institute of
Environmental Medicine Maher Memorial Laboratory
(phase 2; HA). During HA, participants were under con-
stant supervision, consumed a controlled and measured
diet, and engaged in prescribed physical activity.

Study diets

The diets have been described in detail, previously (Berry-
man et al. 2018). Briefly, beginning on HA1, the first full
day of residence at 4300 m, and continuing until they
completed the HA phase of the study, participants con-
sumed a controlled diet designed to induce weight loss
which is common during HA sojourn (Pasiakos et al.
2017). Computer-generated randomization was used to
assign participants to consume a diet containing either a
standard-protein (SP; 1.1 £ 0.2 g/kg/d) or higher-protein
(HP; 2.1 &+ 0.2 g/kg/d), carbohydrate-matched diet dur-
ing HA. Water and noncaloric, noncaffeinated sodas were
allowed ad libitum.

Blood biochemistries

Blood samples were collected at SL (SL day 6), and on the
2nd, 7th, 13th and 19th full day of residence at 4300 m
(HA2, HA7, HAI13, and HA19, respectively). All blood
samples were obtained by venipuncture after > 20 min of
seated rest, and following a >10 h fast. Hct and Hb concen-
trations were determined using an automated analyzer (i-
STAT™, Abbott Point of Care Inc., Princeton, NJ). Serum
protein and osmolality were determined using an auto-
mated analyzer (Beckman Coulter DXC 600 Pro, Brea,
CA), with osmolality calculated from sodium (Na), glucose
(glu) and blood urea nitrogen (BUN) concentrations
[Osm = (1.86*Na) + (Glu/18) + (BUN/2.8) +9] (Dor-
wart and Chalmers 1975).

Calculation of vascular volume changes

Each participant’s lean body mass measured on SL day 0
was used to estimate their total blood volume at SL using
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the equation developed by Sawka et al. (1992). The Hct
measured on SL day 6 was used to calculate the SL ery-
throcyte volume, and the corresponding PV was calcu-
lated as the difference between total blood and
erythrocyte volumes. The % APV on HA2, HA7, HA13,
and HA19 relative to PV at SL was estimated from the
differences in Hct and Hb concentrations using the Dill
and Costill equation (Dill and Costill 1974). The absolute
PV (and the absolute APV) at each of the test days at HA
was then calculated using the calculated absolute PV at
SL, adjusted for %APV on that test day. TCP was calcu-
lated as the product of serum protein concentration and
absolute PV for each test day, and %ATCP was calculated
as the difference between TCP at SL and TCP at each test
day at HA, expressed at a % of the SL TCP.

Data analyses and statistical tests

Statistical analyses were performed using SPSS v.24. All
data were checked for adherence to model assumptions
and for outliers. All tests were two-sided and statistical
significance was set at P < 0.05. A general linear model
(i.e., repeated measures ANOVA) without covariates was
used to examine main effects of time, diet, and their
interactions on Hct, Hb, TCP, osmolality, and the vascu-
lar volumes. No main or interaction effects of dietary
protein level were found on any parameter, so diet was
removed as a factor and the analyses rerun. When signifi-
cant main effects of time were observed, post hoc com-
parisons were conducted and P-values were adjusted
using the Bonferoni correction.

The model developed by Beidleman et al. (2017)
predicts %APV as follows:

%APV = 0.05 — 1.93(T) + 0.27(T)* — 2.82(A)
—0.58(A)(T) — 0.82(S) 4 0.73(S)(T)
+0.064(A)(Y),

where T is time at altitude (days), A is altitude (km), S is
sex (male = 0, female = 1), and Y is age (years). The pre-
dicted % APV was calculated for each of our participants
using the same value for altitude, 4.04 km [that is the
“physiological” altitude at the Pikes Peak Laboratory
based on usual barometric pressures recorded, and this
was the altitude used by the model developers (Beidleman
et al. 2017) for data collected at the Pikes Peak labora-
tory], and each individual participant’s age and sex. We
ran the prediction four times, varying the time at altitude
value as appropriate to predict % APV on HA2 (T = 2),
HA7 (T =7), HA13 (T = 13), and HA19 (T = 19). The
upper and lower limits of the 95% confidence interval
were also calculated for the model predictions at each
time point, over the age range that encompassed our
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participants. Finally, the model was used to predict %
APV at each of those times for the participant group as a
whole, using mean age of the participant group as the age
value. The individual and group mean values of the mea-
sured % APV were then compared to the upper and
lower limits of the 95% confidence interval for the pre-
dicted % APV, to determine whether they fell within
those limits.

Results

Both Hct and Hb increased (main effect of time,
P <0.001) during the altitude sojourn (Table 2). The
pairwise differences between SL and HA2 were not signifi-
cant, but values at HA7, HA13, and HA19 were all greater
(P <0.05) than at SL. Plasma protein concentration
(Fig. 1A) increased (main effect of time, P < 0.001) with
ascent from SL to HA, with the difference significant at
HA2 and thereafter, but protein concentrations did not
differ among HA2, HA7, HA13, and HA19. Plasma osmo-
lality (Fig. 1B) did not differ between trials (main effect
of time, P = 0.51). Blood, erythrocyte, and PV at SL were
497 £ 0.65 L, 2.20 + 0.32 L, and 2.78 £ 0.39 L, respec-
tively (Table 3). PV (Fig. 2A) and TCP (Fig. 2B) both
decreased after ascent from SL to HA (Fig. 2, main effect,
P <0.01) with the difference becoming larger as the
sojourn continued. As indicated by the large standard
deviations, there was considerable variability in these
responses among participants.

The variability in the %APV among the participants
was not significantly correlated with absolute plasma vol-
ume at sea level (data not shown), but was strongly corre-
lated with the variability in the %ATCP (Fig. 3) at HA2,
7, 13 & 19 (¥ =0.77, 0.88, 0.78, 0.89, respectively;
P <0.01). As reported in detail elsewhere (Berryman
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et al. 2018), participants total body mass loss was
7.9 £ 1.9 kg during the 21-day residence at HA, but the
absolute changes in body mass (relative to SL) on HA2,
HA7, HA13, and HA19 were not significantly correlated
with the corresponding %APV (P > 0.13) or %ATCP
(P >0.21) on those days.

The model overpredicted mean [95% CI] decrease in
%APV on HA2 (—12.5 [—13.9, —11.1]) and HA7 (—21.5
[—23.9, —19.1]), accurately predicted the mean decrease
on HA13 (—14.3, [—20.0, —8.7]), and predicted an
increase % APV on HA19 (12.4 [—5.0, 29.8]), when mean
measured % APV still indicated a decrease in PV relative
to SL (Fig. 4). Further, only 2, 2, 6, and 1 of 17 individ-
ual measures of % APV on HA2, 7, 13 and 19, respec-
tively, were within 95% CI for predicted %APV.

Discussion

The primary aim of this study was to determine the
extent to which a recently published quantitative model
(Beidleman et al. 2017) for predicting changes in PV of
well-nourished SL residents during the first 7 days follow-
ing ascent to HA accurately predicted the changes in PV
exhibited by SL residents on the 2nd, 7th, 15th and 19th
days of a high-altitude sojourn, under real-world condi-
tions of progressively accumulating energy deficit and
weight loss (Butterfield 1996). Our primary findings indi-
cate that the PV changes experienced by our participants
exhibited much greater inter-individual variability than
was predicted by the model, and the variability in the PV
responses at HA appears to be mediated by changes in
oncotic pressure associated with changes in TCP. These
findings indicate that the model does not reliably predict
the PV responses of individual HA sojourners, either dur-
ing the first 7 days at altitude, or for longer sojourns,

Table 2. Hematocrit (Hct) and hemoglobin (Hb) concentrations at sea level (SL) and high altitude (HA).

95% Confidence interval for mean

Day Mean Lower bound Upper bound Standard deviation
Hct, % SL6 44.12° 42.74 45.50 2.69
HA2 44.88% 43.46 46.30 2.76
HA7 47.18° 45.75 48.60 2.77
HA13 47.29° 46.12 48.47 2.28
HA19 48.88° 47.48 50.29 2.74
Hb, g/100 mL SL 15.00° 14.52 15.48 0.93
HA2 15.26° 14.78 15.75 0.90
HA7 16.05° 15.56 16.53 0.90
HA13 16.08° 15.68 16.48 0.61
HA19 16.61° 16.13 17.08 0.87

Hematocrit (Hct) and hemoglobin (Hb) at SL and HA (4300 m) over a 19 day sojourn (main effect of day, P < 0.01). Means not sharing the
same superscript are significantly different (pairwise comparisons, P < 0.04).
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Figure 1. Mean + SD of plasma protein concentration (Panel A) and osmolality (Panel B) measured in 17 male sea-level residents at sea level
and after 2, 7, 13, and 19 days of continuous residence at high altitude (4300 m). Means not sharing the same superscript are significantly
different (main effect of day, P < 0.001 and pairwise comparisons, all P < 0.008).

Table 3. Vascular volumes at sea level.

Participant Lean mass', kg Blood?, L Hematocrit®, % Erythrocyte?, L Plasma®, L
1 51.4 4.28 41.00 1.76 2.53
2 70.9 5.69 42.00 2.39 3.30
3 78.5 6.24 45.00 2.81 3.43
4 60.1 4.91 44.00 2.16 2.75
5 62.8 5.1 45.00 2.30 2.81
6 59.2 4.85 45.00 2.18 2.67
7 57.8 4.75 47.00 2.23 2.52
8 52.0 4.33 43.00 1.86 2.47
9 51.2 4.27 43.00 1.84 2.44
10 65.8 5.32 40.00 2.13 3.19
11 48.2 4.06 47.00 1.91 2.15
12 56.9 4.68 49.00 2.29 2.39
13 70.4 5.65 46.00 2.60 3.05
14 50.6 4.22 41.00 1.73 2.49
15 59.3 4.85 45.00 2.18 2.67
16 72.8 5.83 47.00 2.74 3.09
17 68.3 5.50 40.00 2.20 3.30

"Lean mass determined by DEXA on sea level day O; total blood volume = 0.072 (lean mass) + 0.584 (Sawka et al. 1992); *hematocrit
measured on sea level day 6; “erythrocyte volume = blood volume (hematocrit/100); *plasma volume = blood volume—erythrocyte volume.

suggesting that the model does not account for all factors
modulating APV in response to hypoxia.

The model (Beidleman et al. 2017) did not reliably pre-
dict PV responses of individual sojourners who had been
at HA longer than 7 days, the maximum sojourn dura-
tion for subjects whose data were used to develop the
model. The individual %APV values of 11 of 17 and 16
of 17 participants in our study fell outside the 95% confi-
dence interval for the predicted values on HAI3 and
HA19, respectively. This was not too surprising given that
the model’s developers had acknowledged that the quad-
ratic equation used in their model was applicable to only
the first 7 days at HA (Beidleman et al. 2017). However
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contrary to our hypothesis, the model (Beidleman et al.
2017) also did not reliably predict PV changes exhibited
by our participants after 2 and 7 days of HA sojourn
either, durations that are within the ranges of exposure
durations for the participants whose data were used to
develop the model. On both HA2 and HA?7, individual %
APV values of 15 of 17 participants in our study fell out-
side the 95% confidence interval for the predicted values.
The lack of agreement between observed and predicted
changes in PV at these shorter exposure durations may
reflect the same limitation as the discrepancy observed
and predicted changes at the longer exposure durations.
Specifically, hypoxic exposure durations were only 2-36 h
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Figure 2. Mean + SD of change in plasma volume (%APV) and total circulating protein (%ATCP) measured in 17 male sea-level residents
after 2, 7, 13, and 19 days of continuous residence at high altitude (4300 m). Means not sharing the same superscript are significantly
different (main effect of day, P < main effect of day 0.001 and pairwise comparisons all P < 0.045).

for well over half of the subjects whose data were used to
develop the prediction model (Beidleman et al. 2017).
Therefore, the parameter estimates developed for the
model equation (Beidleman et al. 2017) may be more
influenced by responses to relatively short hypoxic expo-
sures (i.e., <36 h), making the model inherently less reli-
able for exposures >36 h). These findings indicate that
the model needs to be refined by incorporating more data
from longer altitude sojourns.

In agreement with previously reported findings (Sawka
et al. 1996), we observed that at in all four trials during
the 19-day sojourn at HA, the change in PV (relative to
SL) in our participants was highly correlated with the
concomitant change in TCP. The r* values for the rela-
tionship indicated that 80-90% of the variation in the
change in PV between SL and HA were accounted for by
variation in the TCP content. The exact mechanism by
which hypoxic exposure mediates changes in TCP is not
entirely clear. However, pulmonary vasculature is known
to become more permeable to proteins at HA (Bartsch
et al. 2005), so probably other vascular regions do as well.
Further, Westergaard et al. (1970) observed that plasma
albumin synthesis and breakdown rates remained
unchanged in SL residents living at 3450 m for 8 days,
but albumin content shifted from intravascular to
extravascular space, while at the same time the rate of
IgG breakdown was increased at HA. More recently, we
have observed that whole body protein synthesis is
decreased during chronic HA exposure (Berryman et al.
2018). Thus, both decreased synthesis of plasma protein
and leakage of plasma protein into the extravascular space
could be contributing to a decrease in TCP during
hypoxic exposure. If these mechanisms could be better
characterized and quantified, perhaps a parameter
describing that aspect of the PV response to altitude
exposure could be devised and added to model to
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improve its reliability for predicting individual PV
changes during altitude sojourns.

The possibility that certain elements of our research
approach influenced our findings needs to be considered.
Our participants were part of a larger study evaluating
the effects of high versus moderate levels of dietary pro-
tein content during energy deficit while sojourning at
HA. Therefore, the possibility that the energy deficit or
variation in dietary protein intake may have influenced
the regulation of PV during the altitude sojourn cannot
be entirely ruled out. However, such an effect seems unli-
kely since, as described earlier, there were no effects of
dietary protein on any measured or derived parameter,
and no correlations were observed between changes in
body mass (compared to SL) at any of the four altitude
trials and the changes in PV and TCP. Further, the diet-
ary manipulations began on HAI, so any undetected
effects of diet on our results would likely have been mini-
mal on HA2. Also, while we encouraged participants to
drink frequently and provided easy access to ample
amounts of flavored beverages and water, we did not
measure changes in total body water during the altitude
sojourn. Nevertheless, plasma osmolality remained
unchanged from SL values throughout the altitude
sojourn, suggesting that the participants were not dehy-
drated. Finally, the changes in PV, from which the
changes in TCP were derived, were calculated using the
Dill-Costill equation (Dill and Costill 1974). This
approach, which is similar to the approach used to assess
plasma volume changes in the altitude sojourners studied
by the developers of the model we were evaluating,
assumes that total erythrocyte volume remains constant
throughout the study. We have previously demonstrated
that assumption is valid for at least the first 13 days of
altitude acclimatization at 4300 m (Sawka et al. 1996).
Moreover, since the maximal rate of erythrocyte volume
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Figure 3. Individual changes in plasma volume (%APV) plotted as a function of the concomitant changes in total circulating protein (%ATCP)
measured in 17 male sea-level residents after 2, 7, 13, and 19 days (Panels A, B, C and D, respectively) of continuous residence at high altitude

(4300 m).

expansion is 50 mL/week (Berglund and Ekblom 1991),
erythrocyte volume in our participants (Table 3) could
have increased no more than about 2% per week in our
participants. Expansion of red cell mass of that magnitude
would result in even smaller decreases in plasma volume
on HA7, HA13, and HA19 than indicated by use of Dill-
Costill equation, and the agreement between observed
and model--predicted plasma volume changes would not
be improved. Therefore, we believe use of the Dill-Costill
equation (Dill and Costill 1974) does provide valid esti-
mates of PV changes during our study.
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The model that we investigated was developed to pre-
dict the “normal” PV response to HA (Beidleman et al.
2017). Therefore, it is appropriate to consider to what
degree the PV responses that we observed reflect “nor-
mal” HA responses. Recently, Siebenmann et al. (2017)
reviewed the reduction in PV observed at HA in 21 stud-
ies. The mean PV reductions exhibited by our group of
participants on HA7, HA13, and HA19 (11-17%) appear
similar in magnitude to studies of similar exposure dura-
tions at altitudes >4000 m [Fig. 1A in Siebenmann et al.
(2017)]. On the other hand, the mean reduction in PV
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Figure 4. Individual (X) and mean + 95% Cl (filled square) of the % changes in plasma volume measured in 17 male sea-level residents after
2,7, 13, and 19 days (Panels A, B, C, and D, respectively) of continuous residence at high altitude (4300 m) plotted as a function of the
participants’ ages. For each year of age across the age range of the participants, the model-predicted (Beidleman et al. 2017) change in plasma
volume is also plotted (filled circles), with upper and lower bounds of 95% Cl of the model predictions indicated (dashed lines).

exhibited by our participants on HA2 (2.5%) is somewhat
less than observed in some, but not all of the studies
reviewed by Siebenmann et al. (2017) that reported
changes during the first 1-2 days at altitudes >4000 m.
This might raise the question of whether our participant
pool might have included a high prevalence of abnormal
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responders. However, we do not believe this is likely,
since the mean PV changes (~8%) observed on the Ist
day at Pikes Peak in control participants in a previous
study conducted by Sawka et al. (1996) were within the
95% confidence interval of the mean PV reduction
observed in the current study. Further, Sawka et al.
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(1996) observed that five of 16 participants exhibited no
change in PV on the 1st day after arriving at Pikes Peak,
whereas in our study six of 17 participants exhibited no
change on the 2nd day at Pikes Peak. One factor that
might account for the somewhat smaller PV reductions
observed by Sawka et al. (1996) and in the current study
is the physical activity of the subjects. Physical activity
levels of participants in both the study by Sawka et al.
(1996) and our current study (Berryman et al. 2018) were
higher at HA than their habitual physical activity levels at
SL. As discussed by Siebenmann et al. (2017), two factors
appear to modulate the reduction in plasma volume at
high altitude: (1) changes in oncotic pressure (as a result
of changes in TCP) and (2) a hormonally mediated diure-
sis that increases loss of body water. Siebenmann et al.
(2017) suggest that in HA sojourners who maintain high
levels of physical activity, exercise may activate the renin-
angiotensin-aldosterone and ADH systems such that
diuresis is prevented or at least limited. In that case, only
changes in oncotic pressure would be acting to reduce
plasma volume, and the magnitude of the reduction
might not be as pronounced as when hormonally medi-
ated diuresis is contributing. Therefore, the variation in
PV responses exhibited by our physically active partici-
pants at HA is likely to represent normal variation.

In conclusion, PV changes exhibited by sea-level resi-
dents during sojourn at HA vary considerably between
individuals. The changes in PV experienced by physically
active people during high-altitude sojourns are likely to
be mediated primarily by changes in oncotic pressure,
since the majority of the variability in the PV response to
HA was accounted for by variability in the concomitant
changes in TCP. Quantitative models currently available
for predicting individual PV changes at HA (Beidleman
et al. 2017) require further refinement to improve capa-
bility for identifying whether an individual’s response is
“normal” or indicative of the use of banned blood doping
practices.

Acknowledgments

The authors thank the volunteers who participated in this
research experiment. The authors acknowledge our medi-
cal oversight team and Stephen Muza for their support of
this study. We wish to sincerely thank Allyson Derosier,
Nancy Murphy, Katelyn Guerriere, Karleigh Bradbury,
Adrienne Hatch, Ryanne Haskell, Laura Lutz, Alyssa Kel-
ley, Marques Wilson, Christopher Carrigan, Adam Luip-
pold, Bradley Anderson, Grant Holmes, Anthony Karis,
Matthew Kominsky, Aaron Stein, Stephen R. Hennigar,
Lee M. Margolis, John W. Carbone, Taylor Roth, and
James P. McClung for their contributions to the project.

Published 2019. This article is a U.S. Government work and is in the public domain in the USA. Physiological Reports
published by Wiley Periodicals, Inc. on behalf of The Physiological Society and the American Physiological Society.

High-Altitude Hemoconcentration

Conflict of Interest

The investigators adhered to the policies for protection
of human subjects as prescribed in Army Regulation
70-25, and the research was conducted in adherence
with the provisions of 32 CFR part 219. The opinions
or assertions contained herein are the private views of
the authors and are not to be construed as official or
as reflecting the views of the Army or the Department
of Defense. Any citations of commercial organizations
and trade names in this report do not constitute an
official Department of the Army endorsement of
approval of the products or services of these organiza-
tions. The authors declare that they have no conflicts
of interest.

References

Bartsch, P., H. Mairbaurl, M. Maggiorini, and E. R. Swenson.
2005. Physiological aspects of high-altitude pulmonary
edema. J. Appl. Physiol. 98:1101-1110.

Beidleman, B. A., J. E. Staab, S. R. Muza, and M. N. Sawka.
2017. Quantitative model of hematologic and plasma
volume responses after ascent and acclimation to moderate
to high altitudes. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 312:R265-R272.

Berglund, B., and B. Ekblom. 1991. Effect of recombinant
human erythropoietin treatment on blood pressure and
some hematological parameters in health men. J. Intern.
Med. 229:130.

Berryman, C. E., A. J. Young, J. P. Karl, R. W. Kenefick, L. M.
Margolis, R. E. Cole, et al. 2018. Severe negative energy
balance during 21 d at high altitude decreases fat-free mass
regardless of dietary protein intake: a randomized controlled
trial. FASEB J. 32:894-905.

Butterfield, G. E. 1996. Maintenance of body weight at
altitude. Pp. 357-378 in B. M. Marriot, S. J. Carlson, eds.
Search of 500 kcal/day. Nutritional needs in cold and high
altitude environments. Washington, DC: National Academy
Press.

Dill, D. B., and D. L. Costill. 1974. Calculation of percentage
changes in volumes of blood, plasma, and red cells in
dehydration. J. Appl. Physiol. 37:247-248.

Dorwart, W. V., and L. Chalmers. 1975. Comparison of
methods for calculating serum osmolality form chemical
concentrations, and the prognostic value of such
calculations. Clin. Chem. 21:190-194.

Gatterer, H., M. Wille, M. Faulhaber, H. Lukaski, A.
Melmer, C. Ebenbichler, et al. 2013. Association between
body water status and acute mountain sickness. PLoS
ONE 8:e73185.

Horstman, D., R. Weiskopf, and R. E. Jackson. 1980. Work
capacity during 3-wk sojourn at 4,300 m: effects of relative
polycythemia. J. Appl. Physiol. 49:311-318.

2019 | Vol. 7 | Iss. 6 | e14051
Page 9



High-Altitude Hemoconcentration

Mabher, J. T., L. G. Jones, and L. H. Hartley. 1974. Effects of
high-altitude exposure on submaximal endurance capacity
of men. J. Appl. Physiol. 37:895-898.

Pandolf, K. B, A. J. Young, M. N. Sawka, J. L. Kenney, M. W.
Sharp, R. R. Cote, et al. 1998. Does erythrocyte reinfusion
improve 3.2-km run performance at high altitude? Eur. J.
Appl. Physiol. 79:1-6.

Pasiakos, S. M., C. E. Berryman, C. T. Carrigan, A. J. Young,
and J. W. Carbone. 2017. Muscle protein turnover and the
molecular regulation of muscle mass during hypoxia. Med.
Sci. Sports Exerc. 49:1340-1350.

Robertson, R. J., R. Gilcher, K. F. Metz, G. S. Skrinar, T. G.
Allison, H. T. Bahnson, et al. 1982. Effect of induced
erythrocythemia on hypoxia tolerance during physical
exercise. J. Appl. Physiol. 53:490-495.

Rose, M. S., C. S. Houston, C. S. Fulco, G. Coates, J. R.
Sutton, and A. Cymerman. 1988. Operation Everest II:
nutrition and body composition. J. Appl. Physiol. 65:2545—
2551.

Sawka, M. N., A. J. Young, K. B. Pandolf, R. C. Dennis, and
C. R. Valeri. 1992. Erythrocyte, plasma, and blood volume
of healthy young men. Med. Sci. Sports Exerc. 24:447—453.

Sawka, M. N., A. J. Young, P. B. Rock, T. Lyons, R. Boushel,
B. J. Freund, et al. 1996. Altitude acclimatization and blood

2019 | Vol. 7 | Iss. 6 | 14051
Page 10

A. J. Young et al.

volume: effects of erythrocyte volume expansion. J. Appl.
Physiol. 81:636-642.

Sawka, M. N,, V. A. Convertino, E. R. Eichner, S. M.
Schnieder, and A. J. Young. 2000. Blood volume:
importance and adaptations to exercise training,
environmental stresses, and trauma/sickness. Med. Sci.
Sports Exerc. 32:332-348.

Siebenmann, C., P. Robach, and C. Lundby. 2017. Regulation
of blood volume in lowlanders exposed to high altitude. J.
Appl. Physiol. 123:957-966.

Sottas, P. E., N. Robinson, O. Rabin, and M. Saugy. 2011. The
athlete biological passport. Clin. Chem. 57:969-976.

Surks, M. 1. 1966. Metabolism of human serum albumin in
man during acute exposure to high altitude (14,100 feet). J.
Clin. Invest. 45:1442—-1451.

Westergaard, H., S. Jarnum, R. Preisig, K. Ramsoe, J. Tauber,
and N. Tygstrup. 1970. Degradation of albumin and IgG at
high altitude. J. Appl. Physiol. 28:732.

Young, A. J., C. E. Berryman, R. W. Kenefick, A. N. Derosier,
L. M. Margolis, M. A. Wilson, et al. 2018. Altitude
acclimatization alleviates the hypoxia-induced suppression
of exogenous glucose oxidation during steady-state aerobic
exercise. Front. Physiol. 9:830.

Published 2019. This article is a U.S. Government work and is in the public domain in the USA. Physiological Reports
published by Wiley Periodicals, Inc. on behalf of The Physiological Society and the American Physiological Society.



