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Walter F. J. Schmidt,1 Nadine B. Wachsmuth,2 Maria Catarina Romero Pozo,3

Martha Teresa Aguilar Valerio,3 Ivonee Clorinda Contreras Tapia,3 Marina Vater,1 Julia Kaufmann,1

Jesus Carlos Jimenez-Claros,3 and Rudy Soria3†
1Department of Sports Medicine & Sports Physiology, University of Bayreuth, Bayreuth, Germany; 2Division of Exercise
Physiology & Metabolism, University of Bayreuth, Bayreuth, Germany; and 3Instituto Boliviano de Biologia de Altura,
Universidad Mayor de San Andres, La Paz, Bolivia

Abstract

We sought to determine the effects of three treatments on hemoglobin (Hb) levels in patients with chronic mountain sickness
(CMS): 1) descent to lower altitude, 2) nocturnal O2 supply, 3) administration of acetazolamide. Nineteen patients with CMS living
at an altitude of 3,940 ± 130 m participated in the study, which consisted of a 3-wk intervention phase and a 4-wk postinterven-
tion phase. Six patients spent 3 wk at an altitude of 1,050 m (low altitude group, LAG), six received supplemental oxygen for
12 h overnight (oxygen group, OXG), and seven received 250 mg of acetazolamide daily (acetazolamide group, ACZG).
Hemoglobin mass (Hbmass) was determined using an adapted carbon monoxide (CO) rebreathing method before, weekly dur-
ing, and 4 wk postintervention. Hbmass decreased by 245 ± 116 g (P < 0.01) in the LAG and by 100 ± 38 g in OXG, and 99 ±64 g
in ACZG (P < 0.05, each), respectively. In LAG, hemoglobin concentration ([Hb]) decreased by 2.1 ± 0.8 g/dL and hematocrit by
7.4 ± 2.9% (both P < 0.01), whereas OXG and ACZG only trended toward lower values. Erythropoietin concentration ([EPO])
decreased between 81 ± 12% and 73 ± 21% in LAG at low altitude (P < 0.01) and increased by 161 ± 118% 5 days after return (P <
0.01). In OXG and ACZG, the [EPO] decrease was �75% and �50%, respectively, during the intervention (P < 0.01). Descent to
low altitude (from 3,940 m to 1,050 m) is a fast-acting measure for the treatment of excessive erythrocytosis in patients with
CMS, reducing Hbmass by 16% within 3 wk. Nighttime oxygen supplementation and daily acetazolamide administration are also
effective, but reduce Hbmass by only 6%.

NEW & NOTEWORTHY To our knowledge, this is the first study examining the effect of three different treatments [descending
to lower altitude (from 3,900 m to 1,050 m), nocturnal oxygen supply, and administration of acetazolamide] on changes in he-
moglobin mass in patients experiencing chronic mountain sickness (CMS). We report that descent to low altitude is a fast-act-
ing measure for the treatment of excessive erythrocytosis in patients with CMS, reducing Hbmass by 16% within 3 wk.
Nighttime oxygen supplementation and daily acetazolamide administration are also effective, but reduce Hbmass by only 6%.
In all three treatments, the underlying mechanism is a reduction in plasma erythropoietin concentration due to higher oxygen
availability.

chronic mountain sickness; erythropoietin; hemoglobin concentration; hemoglobin mass; plasma volume

INTRODUCTION

Patients with chronic mountain sickness (CMS; 1, 2) de-
velop severe polycythemia, in which a hemoglobin concen-
tration ([Hb]) of >21 g/dL in men and >19 g/dL in women is
considered typical (3–5). The disease occurs above an alti-
tude of 2,500 m (4, 5) and affects �20 million people (partic-
ularly in the high altitude areas of the Andes, but also in
Asia). Peripheral chemoreceptors are thought to be desensi-
tized, causing altered respiratory stimulus and relative hypo-
ventilation (6, 7). It is still unclear whether the lower
sensitivity is the cause or the consequence of excessive
erythropoiesis and whether the lower hypoxic ventilatory
response (HVR) is primary or secondary (8). Hypoventilation

causes a reduction in arterial O2 partial pressure and Hb oxy-
gen saturation. This leads to excessive erythropoiesis, which
increases red blood cell count and blood viscosity (9).
Characteristic symptoms include vascular dysfunction (10),
decreased cerebral blood flow velocity (11), increased pulmo-
nary blood pressure (12, 13), and heart failure, particularly in
the right ventricle (4, 5).

Several studies demonstrated the magnitude of erythro-
poietic overregulation in patients with CMS by determina-
tion of hemoglobin mass (Hbmass; 14–18). Although [Hb] is
an easy parameter to measure, it is less suitable for this
study. Hemoglobin concentration is determined not only by
the hemoglobin present in the circulation, but to a large
extent by plasma volume (PV), which decreases in patients
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with severe CMS (15, 16, 18). In a recent study, we were able
to demonstrate higher Hbmass on average by �70%, in
extreme cases by �140%, compared with healthy altitude
dwellers (18). Likewise, the blood volume (BV) was elevated
on average by �30% compared with healthy altitude dwell-
ers despite lower PV by �15% (18). Drastic changes in PV and
BV in patients with CMS may cause [Hb] to be less reliable,
while Hbmass can provide amore consistent measure.

Possible strategies to treat the disease consist in increasing
the alveolar oxygen supply, which could prevent erythro-
poietic overcompensation. The most effective known ther-
apy of the disease consists of descending to lower-altitude
areas and staying there permanently (19). Currently, only ex-
perience reports exist, whereas extensive scientific studies
on this subject are lacking. Just two case reports suggest
rapid destruction of erythrocytes immediately after descent
to low altitudes (20), which may be consistent with the
theory of “neocytolysis” that hypothesized to occur when
there is a sudden excess of erythrocytes as erythropoietin
availability drops (21–23).

In patients with CMS, hypoxemia is more pronounced
compared with healthy highlanders, especially during sleep,
leading to increased erythropoietic activity that may be due
to elevated plasma erythropoietin concentration ([EPO]) and
decreased soluble EPO receptor (24). Therefore, it is conceiv-
able that an increase in inspiratory O2 supply at night leads
to an effective reduction in the erythropoietic response,
although this has not yet been investigated.

Another way to increase arterial O2 in patients with CMS is
to stimulate increased respiration, causing the normal physi-
ological response to a hypoxic stimulus. Pharmacologically,
this can be achieved by oral administration of acetazolamide
(25). Acetazolamide dosing of 250 mg/day for 3 wk resulted
in a decrease in hematocrit (Hct) of 7% (26), which wasmain-
tained at the same level for 6 wk (27) and 3mo (28).

The aim of the present pilot study was to determine the
hematologic effects of three different interventions in
patients with polycythemia: 1) descent to low altitude, 2)
nocturnal supplementation of O2, and 3) oral administration
of acetazolamide. To date, the target variables determined in
the treatment of patients with CMS have been [Hb] and/or
Hct, which can provide important information as a first
approximation, but does not allow accurate conclusions to
be made about the magnitude of the hematologic treatment
effects. In this study, therefore, Hbmass as well as PV and BV
were determined.

METHODS

The present study is the third part of a larger three-phase
project. In the first phase, the carbon monoxide (CO)
rebreathing method was adapted to accommodate the spe-
cial conditions of high-altitude residents and patients with
polycythemia (29). In the second phase, representative data
for Hbmass and BV were collected from a large number of
patients to judge the extent of erythrocytosis. These data
were used to differentiate between normal altitude adapta-
tion and pathological reaction to chronic hypoxia (18). In the
third phase, which is presented here, different therapeutic
approaches for reducing Hbmass are evaluated.

Ethical Approval

Ethical approval was obtained from the Ethics Committee
of the Universidad Mayor San Andres in La Paz, Bolivia (No.
846/2,014). The study met the standards of the Declaration
of Helsinki. Written informed consent was obtained from all
subjects. Subjects participated in the study voluntarily and
could withdraw at any timewithout giving a reason.

Subjects

A total of 19 male subjects who were born at an altitude of
�3,900 m and continued to live at this altitude throughout
their lives participated in the study (Table 1). Exclusion crite-
ria for participants included chronic lung disease of various
origins, phlebotomy (also known as sangria) within 3 mo
before the start of the study, as well as short-term stays lon-
ger than 1 wk at lower altitudes during the year before study
entry. All participants identified themselves as Aymara. For
age, weight, and bodymass index (BMI), see Table 1.

Before starting the study, all study participants were diag-
nosed with an [Hb] > 21.0 g/dL and a Hct > 63%. When the
baseline values were determined Hct values of three patients
were<63%, but in all cases>60%.

Study Design

Patients were divided into three groups. Group one partici-
pants were chosen according to their occupational and familial
availability, whereas participants in groups two and three were
assigned randomly. During the first week, basal valueswere col-
lected at an altitude of 3,600 m for all patients. During the sub-
sequent 3-wk intervention phase, participants of the first group
(n = 6) lived for 3 wk continuously at an altitude of 1,050 m in
the Yungas region, �100 km from La Paz (low altitude group,
LAG). Participants in the second group (n = 6) went about their
normal occupation during the day and spent the nights (7:00
PM to 7:00 AM) over 3 wk in a hospital where they breathed an
oxygen-enriched air mixture supplied through the nose (flow
rate of 3 L/min) the entire time (oxygen group, OXG). One sub-
ject of this group was excluded from the calculation of mean
values because of an apparent iron deficiency (initial ferritin:
6.9 ng/mL, initial [EPO]: 255 mU/mL) detected after the end
of the study. Participants in the third group (n = 7) went about
their normal occupation, taking a dosage of 250mg of acetazol-
amide (EDEMOX, Chiesi, Barcelona, Spain) orally every morn-
ing for 3 wk (acetazolamide group, ACZG). Determinations of

Table 1. Characteristics of patients

LAG OXG ACZG

Altitude of birth, m 3,642 ±520 3,860 ± 192 3,896 ± 130
Altitude of residence, m 3,883 ± 129 3,950 ± 137 3,979 ± 122
Age, yr 63.3��†† ± 4.6 49.27 ± 0.0 54.0 ± 5.4
Body mass, kg 88.8 ± 10.9 81.3 ± 16.0 85.4 ± 5.8
BMI, kg/m2 32.5 ± 3.5 29.1 ± 5.6 30.1 ± 3.6
[Hb], g/dL 21.5 ± 1.3 21.6 ± 1.5 21.8 ± 1.5
Hct, % 66.9 ± 4.5 67.0 ± 4.9 67.3 ± 4.6
Qinghai score 9.2 ± 2.2 9.2 ± 3.6 9.7 ± 3.8

Values are means ± SD. LAG, low-altitude group, n = 6; OXG, ox-
ygen group, n = 6; ACZG, acetazolamide group, n = 7. BMI, body
mass index; [Hb], hemoglobin concentration; Hct, hematocrit.
Significance of differences between LAG and OXG: ��P < 0.01,
between LAG and ACZG: ††P < 0.01.
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all relevant parameters were made twice before the start of the
intervention and at day 7, 14, and 21 during each intervention.
Subsequently, measurements were performed after 5 days and
after 2 and 4wk during the postintervention phase.

All three groups were supervised daily by research assis-
tants throughout the intervention period, ensuring high
compliance.

Anthropometric Determinations and Analytic Methods

All subjects completed a medical history survey before
study initiation that included questions about previous life
circumstances, pre-existing health conditions, and risk fac-
tors such as smoking and alcohol consumption. Before, and
periodically after the interventions, the Qinghai score was
recorded (4) as a total score and a clinical score without
inclusion of [Hb] (30).

Body fat mass was determined using quadripolar imped-
ance (Omron BF508 bioimpedance analyzer, Omron, Osaka,
Japan). Subjects were weighed, and fat percentage and fat-
freemass were determined in triplicate.

Two cubital venous blood samples (9 mL of heparinized
blood and 5 mL for serum analysis) were collected for the
determination of basic hematological parameters, erythro-
poietin (EPO), and ferritin levels. The entire procedure,
including blood sample collection, transport, storage, and
analysis, was performed under standardized conditions (31).
Blood samples were collected after subjects had rested in a
sitting position for at least 15 min. All samples were analyzed
in the laboratory of the Instituto Boliviano de Biologia de la
Altura (IBBA) at La Paz, and samples collected in the low-
lands (Yungas) were transported to La Paz within 4 h under
cool conditions.

Hemoglobin concentration ([Hb]) was determined in tripli-
cate by the cyanmethemoglobin method, and Hct was deter-
mined bymicrocentrifugation. In serum, EPO and ferritin were
measured with enzyme-labeled immuno-metric solid-phase
chemiluminescence assays [both Immulite 1000 (Siemens
Healthcare Diagnostics GmbH, Eschborn, Germany)].

Before CO rebreathing and capillary blood sampling,
patients spent at least 15 min in a sitting position, as they did
before venous blood sampling. Capillary blood samples were
collected from a hyperemic earlobe for analysis of blood
gases and acid-base status. Partial O2 pressure (PO2), partial
CO2 pressure (PCO2), peripheral O2 saturation (SpO2

), and pH
were measured (i-STAT 1 analyzer; Abbott, NJ; OSM3,
Radiometer, Copenhagen, Denmark). Standard bicarbonate
and base excess were calculated from these values. Actual
and standard hemoglobin O2 half-saturation pressure (P50)
from the hemoglobin-oxygen dissociation curve was calcu-
lated using the blood gas calculator from Radiometer
(Copenhagen, Denmark) and established equations (31).

Hbmass and Blood Volume

The CO rebreathing method originally described by
Schmidt and Prommer (32) andmodified byWachsmuth et al.
(29) specifically for patients with polycythemia was per-
formed to determine Hbmass and blood volume. In a sitting
upright position, a bolus of CO was inhaled and rebreathed
with pure oxygen for 2min. Hbmass was then calculated from
the difference in HbCO concentration before and after

rebreathing. In healthy subjects residing at sea level, the
increase in blood HbCO concentration 7 min after the start of
rebreathing is used to calculate Hbmass. However, because
themixing time of CO after inhalation is prolonged in patients
with altitude-related polycythemia (29), the HbCO concentra-
tion was averaged between the 14th and 20thminute after the
start of inhalation and used for further calculation.

After this adjustment, valid and reliable results are
obtained, reflected by a typical error (TE) of 1.6%. For a
detailed description of the modified method, see the study
byWachsmuth et al. (29).

Calculation of Hbmass, Blood Volume, and Plasma
Volume

Hbmass was calculated as described by Wachsmuth et al.
(29). Red blood cell volume (RCV), BV, and PV were calcu-
lated according to formulae 1–3.

RCV mLð Þ ¼ Hbmass gð Þ= Hb½ � g=dL� ��Hct ð1Þ

BV mLð Þ ¼ Hbmass gð Þ � 100= Hb½ � g=dL� �
=cf ð2Þ

PV mLð Þ¼ BV mLð Þ � RCV mLð Þ ð3Þ
where Hct is hematocrit (fraction), because peripheral Hct is
usually higher than Hct in total blood volume, the ratio of
body Hct/peripheral Hct, called cell factor (cf), is used to cal-
culate blood volume (33). Because the cf changes with
increasing Hct at increasing altitudes (34), we used the value
of 0.96 for all groups instead of the value of 0.91 that is nor-
mally used at sea level (35).

Statistical Analysis

For statistical analysis, Statistical Product and Service
Solutions (SPSS), RRID:SCR_002865 was used. Because this
was a pilot study, a formal power calculation was not required.
The a level was set to 0.05. The normality of the data distribu-
tion was assessed with the Kolmogorov–Smirnov test. All pa-
rameters except the EPO levels were normally distributed.

The following methods were used for the statistical
analysis. 1) To compare the mean anthropometric, hema-
tological, and acid-base baseline data of the different
groups, one-way ANOVA followed by the Bonferroni post hoc
test was applied. 2) In a second step, changes in the hemato-
logical and anthropometric variables over the course of the
interventions were examined by a two-way ANOVA with
repeatedmeasurements and group and time as the independ-
ent variables. 3) In addition, a one-way ANOVAwith repeated
measurements and time as a single independent factor was
performed to show the development of hematological and
anthropometric variables during and after each intervention.
The significance of mean differences within one intervention
protocol was tested using the paired t test with a correction
for multiple measurements to minimize the risk for type I
errors (36). The Wilcoxon signed-rank test was applied as a
post hoc test to assess possible changes in EPO level during
and after the intervention. 4) Bivariate linear regression anal-
yses were performed with 1) [Hb] as the dependent variable
and Hbmass and PV as the independent variable and 2)
Qinghai-score as the dependent and Hbmass as the inde-
pendent variable.
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RESULTS

Baseline Values

All subjects were born at an altitude of �3,900 m. Since
birth, subjects continuously resided at this high altitude. The
three groups did not differ in terms of [Hb], Hct, and Qinghai
score. Subjects who were engaged in regular work could not
be chosen for the LAG, thus the age of the LAG was signifi-
cantly higher than the other two groups. Body mass and BMI
also tended to be higher in this group (Table 1).

No differences existed among the three groups with regard
to blood gas and acid-base status, hematological values, and
blood volumes.

Blood Gas and Acid-Base Status

PO2 and SpO2
were significantly elevated during the stay

at low altitude and tended toward lower values postinter-
vention (Table 2). In the OXG, SpO2

increased to 93.9 ± 2.1%
during the overnight intervention. However, during the
daytime, there were no changes in SpO2

over the entire
time course. In the ACZG, PO2 increased only in the first
week and was not statistically different from baseline
level for the rest of the study.

The P50 of the oxygen dissociation curve remained
unchanged under standard conditions in all three groups.
However, under actual conditions, P50 increased in the
ACZG by 3.2± 1.2 mmHg (P < 0.01) in the first week and
remained elevated during the entire intervention period.

PCO2 increased by �5 mmHg during the stay at low alti-
tude (LAG) and subsequently decreased back to baseline val-
ues. There were no changes in the OXG during the
intervention, however PCO2 dropped significantly by �6
mmHg in the ACZG throughout the intervention. The pH
did not change in LAG and OXG, whereas it decreased signif-
icantly in the first week after acetazolamide administration
(from 7.40±0.02 to 7.27±0.03, P < 0.001) and remained
decreased until the end of intervention. Actual HCO�

3

increased slightly in the LAG (23.3± 1.0 mmol/L to 26.3± 2.2
mmol/L, P < 0.05), remained unchanged in the OXG, and
decreased markedly in the ACZG (from 23.6± 1.4 mmol/L to
14.6± 1.0mmol/L, P< 0.001).

Hematological Data and Blood Volumes

In the LAG, Hbmass decreased continuously by 245± 116 g
(P < 0.01) until the fifth day of postintervention and did not
fully return to baseline values after the 4-wk postinterven-
tion (Fig. 1A; Table 3). In the OXG and ACZG, Hbmass
decreased equally by 100±38 g and 99±64 g (both P < 0.05),
respectively, during the intervention. The behavior of RCV
corresponds to that of Hbmass with the strongest effect in
the LAG (�804±383 mL, P < 0.01, Fig. 1B). Blood volume
decreased by 614±367 mL (P < 0.05) 5 days after the end of
the intervention at low altitude and tended toward lower val-
ues thereafter (Fig. 1D). There were no significant changes in
BV in the OXG and ACZG. Plasma volume increased until
the end of the intervention at low altitude (þ445±284 mL,
P < 0.05) and returned to baseline values in the postinter-
vention period (Fig. 1C). No changes were seen in the other
two groups.

The [Hb] in the LAG dropped steadily from 21.5 ± 1.4 g/dL
to 19.4± 1.1 g/dL (P < 0.01) by the third week of intervention
and remained below baseline for two more weeks (Table 3).
There was no significant change in [Hb] in the other two
groups, except 5 days after the intervention in ACZG.
Hematocrit and RBC responded similarly as [Hb] in all three
groups. In the LAG, Hct dropped from 66.9±4.6% to
59.5 ±3.1% (P < 0.01). Reticulocyte count decreased signifi-
cantly in the LAG after 2 wk (P < 0.05), reached the lowest
value after 3 wk (P < 0.01), and remained lowered 5 days af-
ter reascension (Table 3). In the OXG, there was no signifi-
cant change in reticulocyte count, however, the ACZG had
the lowest values (P< 0.05) 5 days postintervention.

In both, the LAG and OXG, [EPO] decreased �75% during
the intervention period (Fig. 2, Table 3). On the fifth day of

Table 2. Blood gas and acid-base status

Intervention Phase Postintervention Phase

Group Baseline Day 7 Day 14 Day 21 Day þ5 Day þ 14 Day þ28 ANOVA

SpO2
, % LAG��� 80.8 ± 3.1 89.2�� ± 3.0 88.5�� ± 1.9 86.8� ± 4.0 77.3 ± 3.7 76.3 ± 5.2 78.7 ± 3.7 Time P < 0.001

group n.s.
interaction P < 0.001

OXG 82.2 ± 2.9 81.6 ± 3.4 83.8 ± 1.6 82.8 ± 2.7 83.2 ± 3.8 82.0 ± 5.6 82.0 ± 4.4
ACZG 81.9 ± 4.1 82.2 ± 5.2 78.8 ± 7.0 78.7 ± 6.6 79.2 ± 7.1 81.8 ± 3.8 79.2 ± 5.3

PO2, mmHg LAG��� 44.2 ± 2.9 58.0�� ± 5.6 55.5�� ± 3.2 53.0� ± 5.9 39.8 ± 2.4 41.0 ± 3.6 42.5 ± 2.6 Time P < 0.001
group n.s.
interaction P < 0.001

OXG 45.7 ± 2.4 44.4 ± 2.3 47.2 ± 1.6 46.0 ± 1.9 47.0 ± 4.0 47.0 ± 4.2 48.3 ± 2.7
ACZG�� 46.5 ± 4.5 52.8�� ± 6.0 48.0 ± 8.0 46.8 ± 7.3 44.7 ± 6.8 46.7 ± 4.2 44.3 ± 4.7

PCO2, mmHg LAG��� 35.7 ± 2.6 40.9�� ± 3.7 41.7��� ± 2.8 41.2� ± 4.7 34.9 ± 2.7 34.7 ± 3.8 35.1 ± 3.6 Time P < 0.05
group n.s.
interaction P < 0.001

OXG 38.5 ± 2.1 39.4 ± 2.0 37.1 ± 1.1 38.3 ± 2.4 35.7� ± 1.7 36.5 ± 2.2 38.1 ± 4.4
ACZG��� 37.8 ± 2.5 31.8��� ± 1.8 32.2�� ± 2.8 31.9�� ± 3.7 36.4 ± 2.2 37.2 ± 2.1 38.0 ± 2.0

pH LAG� 7.42 ±0.02 7.39 ±0.04 7.41 ± 0.04 7.41 ± 0.03 7.44 ±0.03 7.40 ±0.04 7.40 ±0.02 Time P < 0.001
group P < 0.001
interaction P < 0.001

OXG� 7.42 ±0.03 7.42 ±0.03 7.43 ±0.02 7.42 ±0.03 7.41 ± 0.02 7.40 ±0.05 7.37 ± 0.03
ACZG��� 7.40 ±0.02 7.27��� ± 0.03 7.31��� ± 0.02 7.33��� ± 0.05 7.39 ±0.03 7.40 ±0.02 7.39 ±0.03

[HCO�
3 ],

mmol/L
LAG��� 23.3 ± 1.0 24.6 ± 2.2 26.1� ± 1.8 26.3� ± 2.2 23.4 ± 1.9 21.4� ± 1.8 21.9 ± 2.0 Time P < 0.01

group P < 0.001
interaction P < 0.001

OXG�� 25.1 ± 2.3 25.8 ± 1.3 24.6 ± 0.9 25.1 ± 0.8 22.6� ± 2.0 22.5 ± 2.4 22.4 ± 1.4
ACZG��� 23.6 ± 1.4 14.6��� ± 1.0 16.2��� ± 2.0 16.9�� ± 4.0 22.2 ± 1.9 23.0 ± 1.2 22.8 ± 1.0

P50, mmHg LAG�� 25.9 ± 0.4 26.9� ± 1.1 26.6 ± 1.2 26.2 ± 0.6 24.9 ± 0.8 25.9 ± 0.9 25.9 ± 0.9 Time P < 0.001
group P < 0.001
interaction P < 0.001

OXG 25.7 ± 0.5 25.5 ± 0.8 25.9 ± 0.6 25.6 ± 0.6 25.8 ± 0.5 26.6 ± 0.9 26.9 ± 1.2
ACZG��� 26.2 ± 0.4 29.4�� ± 1.1 28.6��� ± 0.6 28.0� ± 1.4 26.2 ± 0.7 26.4 ± 0.6 26.6 ± 0.4

Values are means ± SD. LAG, low-altitude group, n = 6; OXG, oxygen group, n = 5; ACZG, acetazolamide group, n = 7. PCO2, capillary
CO2-pressure; P50, O2-half saturation pressure; PO2, capillary partial O2-pressure; SpO2

, peripheral O2-saturation. Significance of differen-
ces from baseline values or significances of time courses (column “group”): �P < 0.05, ��P < 0.01, ���P < 0.001; n.s., not significant.
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the postintervention phase, [EPO] increased by 161± 118%
compared with baseline values in the LAG, whereas [EPO]
had returned to baseline in the OXG. In the ACZG, [EPO]
decreased by �50% (P < 0.01) throughout the intervention
period and returned to baseline during the postintervention
period. The mean baseline [EPO] values, as well as the fol-
low-up values showed high individual variability, but was
clearly reduced during all three interventions.

Ferritin concentration increased significantly in all three
groups during each intervention (Fig. 3, Table 3), which was
most pronounced in the LAG (LAG: þ 394± 191 ng/mL, P <
0.001; OXG: þ 23± 12 ng/mL, P < 0.05; ACZG: þ 118±95 ng/
mL, P < 0.01). In the postintervention phase, all groups
almost reached the baseline ferritin values.

There was a significant relationship between the change
in [Hb] over the entire observation period and the change in
Hbmass and PV (Fig. 4, A and B).

Qinghai Score

The Qinghai score improved in all three groups at the end
of the interventions and remained at a lower level for the fol-
lowing 4-wk postintervention phase (Table 3). There was a

slight, but significant relationship between the reduction of
Hbmass and the improvement of both the clinical and total
score (P< 0.05 each).

DISCUSSION

To the best of our knowledge, the present study is the first
to investigate the effects of different interventions to reduce
Hbmass in altitude-associated excessive polycythemia. The
most important result is an almost continuous reduction of
Hbmass of �16% after 3 wk of stay at low altitude, whereas
nocturnal oxygen supply and the administration of acetazol-
amide both had an effect of 6%, over the same time course.

Stay at Low Altitude

For a long time it has been known that CMS is ameliorated
or cured by descent to a low altitude (37), and even today
this intervention is recommended (19). However, current sci-
entific knowledge on this intervention is limited, further-
more, few data include observations about the reduction of
excessive polycythemia.

Figure 1. Changes in hemoglobin mass (A), red cell volume (B), plasma volume (C), and blood volume (D) during and after 3 wk at low altitude (LAG, n = 6),
nocturnal O2-supply (OXG, n = 5), and acetazolamide administration (ACZG, n = 7). Values are means ± SD. Significance of differences from baseline values
(one-way ANOVAwith repeated measurements and subsequent paired t test with a correction for multiple measurements) (36): �P< 0.05, ��P< 0.01.
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When healthy high-altitude residents move to low alti-
tudes, a rapid reduction in [Hb] occurs, with normal values
being attained in an undetermined time period (38). In case
reports, a reduction in [Hb] by up to 4 g/dL was observed in
residents of Morococha (4,540 m) within 5 wk at sea level,
with reticulocytes dropping to �0.2% within 1 wk (20).
According to Rice et al. (23), this decrease in hemoglobin
occurs via the destruction of young erythrocytes (neocytoly-
sis) as a result of a strong decrease in plasma [EPO]. Such
destruction can be prevented by erythropoietin supplemen-
tation (39). The theory of neocytolysis seems to be confirmed
by Ryan et al. (40), who recorded a complete deletion of the
amount of erythrocytes formed at altitude in lowlanders 1
wk after return from a 2 wk stay at 5,300m.

In contrast, a standardized study by Klein et al. (41)
using labeled erythrocytes showed no signs of hemolysis
upon return from 3,700 m, rather a slow decline in
Hbmass explained entirely by a lower rate of red cell for-
mation. Our data on young athletes from the same region
as the patients with CMS studied here also showed no
change in Hbmass values after 5 days at low altitude
(42). These data together indicate that appreciable he-
molysis after moving from high to low altitude remains
questionable.

To the best of our knowledge, only experiential, individual
case observations show changes in [Hb] in patients with CMS
upon decent to low altitude and no data exist on Hbmass
and blood volume. In this study, Hbmass decreases by an av-
erage of 245 g, corresponding to 15.7% of the initial volume,
until the fifth day of postintervention (return to altitude).
There is a mean daily decrease of 0.61% in the first week,
0.84% in the second week, and 0.46% in the third week until
the fifth day after return to altitude, which argues against
substantial hemolysis immediately after descent as assumed
by Rice et al. (23) and supports the data of Klein et al. (41).
The largest contribution to the observed reduction in
Hbmass can be explained by low red cell formation, indi-
cated by the reduction of reticulocyte counts during the stay
at low altitude. Since it takes approximately 5 days for reticu-
locytes to appear in the bloodstream after a hypoxic stimu-
lus, continued decreases in Hbmass at the fifth day after
return to high altitude can also be explained through sus-
tained lower production rate. The extent of the erythrocyte
reduction is reflected in the ferritin concentration, which
increases fivefold at low altitude. The cause of the reduced
erythrocyte production is the 75%–80% reduction in [EPO]
during the entire stay at low altitude due to increased arterial
oxygen availability. This reduction is consistent with data

Table 3. Hematological data, blood volumes, and Qinghai score

Intervention Phase Postintervention Phase

Group Baseline Day 7 Day 14 Day 21 Day þ5 Day þ 14 Day þ28 ANOVA

Hbmass, g LAG��� 1,559 ±288 1,490� ± 240 1,400� ± 178 1,358� ± 182 1,313�� ± 172 1,393� ± 193 1,478� ± 224 Time P < 0.001
group n.s.
interaction P < 0.05

OXG�� 1,568 ±244 1,520� ± 222 1,501� ± 230 1,469�� ± 250 1,506� ± 240 1,500� ± 258 1,525 ± 306
ACZG��� 1,614 ± 336 1,587 ± 314 1,535� ± 293 1,518� ± 303 1,515� ± 310 1,550 ± 309 1,589 ± 330

Red cell volume, mL LAG��� 4,851 ± 923 4,621� ± 754 4,328� ± 544 4,170� ± 578 4,047�� ± 544 4,293� ± 610 4,545� ± 697 Time P < 0.001
group n.s.
interaction P < 0.01

OXG� 4,873 ± 728 4,696 ± 692 4,634� ± 739 4,523� ± 782 4,653� ± 767 4,632 ±803 4,683 ±949
ACZG�� 5,223 ±937 5,127 ± 864 4,931� ± 807 4,860� ± 803 4,893� ± 818 4,989 ± 786 5,149 ±903

Blood volume, mL LAG��� 7,528 ± 1,076 7,452 ± 999 7,262 ±895 7,292 ±823 6,914� ± 797 7,032 ± 738 7,212 ± 842 Time P < 0.01
group n.s.
interaction n.s.

OXG 7,548 ± 1,056 7,467 ± 806 7,377 ± 795 7,267 ± 877 7,390 ±812 7,422 ± 783 7,478 ± 1,099
ACZG 8,042 ± 1,020 7,878 ± 924 7,651 ± 1,025 7,608 ±881 7,763 ± 830 7,826 ±896 7,932 ± 1,014

Plasma volume, mL LAG��� 2,677 ± 393 2,831 ± 387 2,934 ± 454 3,122� ± 371 2,868 ± 429 2,738 ± 332 2,667 ±294 Time P = 0.07
group n.s.
interaction P < 0.01

OXG 2,703 ±524 2,771 ± 426 2,742 ± 303 2,744 ± 383 2,736 ± 435 2,790 ± 484 2,779 ±516
ACZG 2,819 ± 303 2,750 ± 293 2,720 ± 396 2,748 ± 393 2,870 ±249 2,837 ± 291 2,783 ± 328

[Hb], g/dL LAG��� 21.5 ± 1.4 20.8� ± 1.1 20.1�� ± 1.0 19.4�� ± 1.1 19.8�� ± 1.3 20.6� ± 1.2 21.3 ± 1.0 Time P < 0.001
group n.s.
interaction P < 0.01

OXG 21.6 ± 1.6 21.2 ± 1.7 21.1 ± 1.5 21.0 ± 1.8 21.2 ± 2.0 21.0 ± 2.4 21.1 ± 2.2
ACZG 21.8 ± 1.5 21.8 ± 1.5 21.7 ± 1.3 21.7 ± 1.6 21.2� ± 1.6 21.6 ± 1.4 21.8 ± 1.4

[Hct], % LAG��� 66.9 ± 4.6 64.5� ± 3.6 62.2� ± 3.2 59.5�� ± 3.1 61.0�� ± 4.0 63.5� ± 3.9 65.5 ± 3.6 Time P < 0.001
group n.s.
interaction P < 0.001

OXG 67.0 ± 5.1 65.4 ± 5.5 65.2 ± 5.0 64.6 ± 5.7 65.4 ± 6.4 64.8 ± 7.5 65.0 ± 7.1
ACZG� 67.3 ± 4.6 67.5 ± 4.5 67.0 ± 3.9 66.3 ± 5.2 65.3� ± 4.8 66.2 ± 4.1 67.3 ± 4.5

RBC, 106/mL LAG��� 7.15 ± 0.41 6.97 ± 0.39 6.72� ± 0.34 6.43�� ± 0.34 6.59�� ± 0.43 6.86�� ± 0.42 7.08 ±0.38 Time P < 0.001
group n.s.
interaction P < 0.05

OXG 7.32 ±0.52 7.07 ± 0.59 7.06 ±0.54 6.98 ±0.61 7.07 ±0.70 7.00 ±0.81 7.08 ±0.59
ACZG 7.16 ±0.54 7.16 ± 0.57 7.08 ±0.56 7.02 ±0.64 6.90� ± 0.64 7.02 ±0.52 7.16 ± 0.53

Reticulocytes LAG� 1.55 ±0.55 1.28 ± 0.38 1.03� ± 0.35 0.76�� ± 0.38 0.91�� ± 0.46 1.20 ±0.41 1.42 ±0.36 Time n.s.
group P < 0.001
interaction n.s.

OXG 1.65 ±0.68 1.42 ± 0.20 1.68 ±0.41 1.74 ±0.46 1.77 ± 0.52 1.69 ±0.63 1.71 ± 0.64
ACZG 1.48 ±0.51 1.47 ± 0.56 1.57 ±0.39 1.35 ±0.65 1.22� ± 0.65 1.37 ±0.54 1.43 ± 4.41

[EPO], mU/mL LAG�� 43.0 ± 45.2 4.0��� ± 2.0 5.6��� ± 2.6 5.8��� ± 3.2 93.8�� ±85.7 43.5 ± 40.2 37.1 ± 41.7 Time P < 0.01
group n.s.
interaction P < 0.05

OXG�� 19.6 ± 12.7 3.7�� ± 2.5 3.1�� ± 2.2 3.5�� ± 2.0 18.0 ± 11.1 16.7 ± 14.6 18.3 ± 18.0
ACZG�� 20.3 ± 9.3 7.9��� ± 4.2 10.1�� ± 6.2 9.1�� ± 6.5 16.8 ± 6.3 21.3 ± 8.9 23.3 ± 12.4

Ferritin, ng/mL LAG��� 93 ± 73 264�� ± 88 409�� ± 166 487�� ± 227 394� ± 206 211 ± 136 150 ± 120 Time P < 0.001
group P < 0.001
interaction P < 0.001

OXG� 40 ±50 60� ± 61 60� ± 60 63� ± 58 46 ±64 49 ±60 54 ± 71
ACZG�� 67 ± 73 121� ± 108 185� ± 145 170�� ± 133 142�� ± 112 121 ± 141 70 ± 75

Qinghai total score LAG��� 9.2 ± 2.2 2.5��� ± 0.5 4.7�� ± 1.2 3.7�� ± 1.8 5.3� ± 2.3 Time P < 0.001
group n.s.
interaction n.s.

OXG� 9.2 ± 3.6 5.3� ± 2.5 4.5�� ± 1.9 3.7� ± 2.2 5.3 ± 4.0
ACZG�� 9.7 ± 3.8 4.8� ± 1.8 4.3� ± 1.5 5.0� ± 2.3 4.8� ± 2.0

Qinghai clinical
score

LAG�� 6.7 ± 2.9 2.5� ± 0.5 3.7 ± 1.4 2.7� ± 1.5 2.8� ± 1.7 Time P < 0.001
OXG� 6.2 ± 3.6 2.8� ± 1.9 2.0� ± 0.9 1.7� ± 0.8 2.8� ± 3.3 group n.s.
ACZG�� 7.2 ± 3.0 3.3� ± 0.8 2.3�� ± 0.5 3.0� ± 2.0 2.3� ± 1.5 interaction n.s.

Values are means ± SD. LAG, low-altitude group, n = 6; OXG, oxygen group, n = 5; ACZG, acetazolamide group, n = 7. [EPO], erythro-
poietin concentration; [Hb], hemoglobin concentration; Hct, hematocrit, RBC, red blood cell count. Significance of differences from
baseline values or significances of time courses (column “group”): �P < 0.05, ��P < 0.01, ���P < 0.001; n.s., not significant.
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found in healthy high-altitude residents after descent to sea
level (23).

However, the exclusion of hemolysis after descent from
very high altitude cannot be inferred from this study. The
altitude difference in this study was �3,000 m, while the
findings of hemolysis (23), or immediate decrease in Hbmass
(40) were obtained at altitude differences of �4,300 m. In
addition, the marked reduction in Hbmass after 1 wk at low
altitude (�9%) in one subject with highest initial Hbmass
(2,106 g) may be due to partial hemolysis in addition to lower
formation rate.

Using the kinetics the decrease in Hbmass to low altitude,
the time for acclimation of Hbmass can be estimated.
Assuming a linear or exponential decrease in Hbmass, the
average value of healthy lowlanders [740 g (18)] would be
reached after 85–110 days, which could be completely
explained by reduced red cell formation.

Upon return to the high altitude, a transient but signifi-
cant overcompensation of plasma [EPO] occurs, leading to
an increase in reticulocyte counts, however, Hbmass did not
reach baseline values within the postintervention observa-
tion period.

As expected, PV increased at low altitude, with the magni-
tude of change (�450 mL) corresponding to values we found
in young healthy athletes from the same altitude region after
descent to near sea level (42). We hypothesize that the cessa-
tion of hypoxia-induced suppression of the renin-aldosterone
system (43), together with a decrease in atrial natriuretic pep-
tide (44) and an increase in the antidiuretic hormone system
(45), is responsible for the increase in PV. As a result of the
increased PV, the decrease in RCV is almost completely offset,
leaving BV close to baseline values. However, 5 days after
return to altitude, the PV decreases, which may be due to the
hypoxic hormonal influences, such that at this time point BV
is significantly decreased by 610mL.

The change in [Hb] and Hct during the stay at low altitude
and after return to high altitude can be attributed to both the
change in Hbmass and PV. Both factors act synergistically at
low altitude, but immediately after return to high altitude,
the decrease in PV overcompensates for the continued
decrease in Hbmass, leading to increased [Hb] despite low-
ered Hbmass. Determination of [Hb] and Hct alone does
therefore not allow accurate assessment of changes in the
polycythemic status.

Oxygen Supply

Long-term oxygen therapy (LTOT) is well established for
chronic hypoxemia in patients with chronic obstructive pul-
monary disease (COPD) and chronic hypoxemic respiratory
failure. Individuals are prescribed LTOT when PaO2 � 55
mmHg (46). The goal of LTOT is to reduce lethality, improve
quality of life, and exercise capacity.

In the present study, PaO2 determined in the morning was
�45 mmHg and thus met the criterion for use of LTOT. To
complicate matters, sleep-disordered breathing is assumed
to be central to the development of polycythemia at high
altitude (47) and nocturnal hypoxemia is more severe in
patients with CMS than in control subjects (48) leading to
higher erythropoietic activity during the night than in
healthy controls from identical altitude (24).

Therefore, we hypothesized that additional nocturnal oxy-
gen supply could have a significant inhibiting effect on the
rate of erythropoiesis. To the best of our knowledge, the
effects of nocturnal oxygen therapy for patients with CMS
have not been determined. However, in a different approach,
Feng et al. (49) administered oxygen to polycythemic sub-
jects from high altitude (mean [Hb] 19.1 g/dL) for 30 min
daily via a nasal catheter at a flow rate of 2 L/min and found
a slight decrease in [Hb] of 0.5 g/dL.

In our study, both [Hb] and hematocrit tended to be
slightly lower values (�0.6 g/dL, and �2.4%, respectively),

Figure 2. Serum erythropoietin (EPO) concentration (% from baseline
value) during and after 3 wk at low altitude (LAG, n = 6), nocturnal O2-sup-
ply (OXG, n = 5), and acetazolamide administration (ACZG, n = 7). Values
are means ± SD. Significance of differences from baseline values (one-
way ANOVA with repeated measurements and subsequent paired t test
with a correction for multiple measurements) (34): ��P < 0.01, ���P =
0.001.

Figure 3. Serum ferritin concentration during and after 3 wk at low altitude
(LAG, n = 6), nocturnal O2-supply (OXG, n = 5), and acetazolamide adminis-
tration (ACZG, n = 7). Values are means ± SD. Significance of differences
from baseline values (one-way ANOVA with repeated measurements and
subsequent paired t test with a correction for multiple measurements)
(34): �P< 0.05, ��P< 0.01.
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although no significance was reached. However, Hbmass
decreased continuously (up to 100 g) after 3 wk of O2 admin-
istration, which is confirmed by an increase in ferritin con-
centration. These data indicate a moderate effect of LTOT on
Hbmass, but also that relatively small changes in Hbmass
cannot be clearly detected by either [Hb] or Hct as we have
recently demonstrated (18).

The reduction in Hbmass is due to a significant decrease
in [EPO] followed by a lower erythrocyte formation rate.
However, it must be noted that EPOmeasurements were per-
formed in the morning within 2 h after the end of the O2

administration phase. Since EPO in plasma has a half-life of
approximately 3 h, the low concentration after 12 h of almost
normoxic conditions can be explained. However, since [EPO]
increases as early as 2–3 h after the onset of a hypoxic stimu-
lus, we assume that the EPO level had increased again sub-
stantially by the time of the next O2 supplementation.
Unfortunately, we did not perform further measurements in
the diurnal cycle, so we cannot make any statements about
the magnitude of the increase. Due to the likely circadian os-
cillation of [EPO] in the OXG, the effects on Hbmass are con-
siderably smaller than in the LAG, which spent three
continuous weeks under normoxic conditions.

Whereas the continuous stay of the LAG under normoxic
conditions led to PV expansion of �500 mL, the PV
remained constant in the OXG. We postulated that the con-
tinuous alteration of normoxia and hypoxia may lead to
oscillating concentrations of the volume-regulating hor-
mones, however, this phenomenon was not reflected in a
change of the PV.

Acetazolamide

Of the various drug therapy approaches, only the adminis-
tration of acetazolamide (ACZ) has proven successful in the
treatment of patients with CMS (19). To date, three studies
have demonstrated the efficacy of ACZ. First Richalet et al.
(26) showed a 7% decrease in Hct after three weeks of daily
ACZ administration of 250 mg and 500 mg, which was

confirmed in the same magnitude after administration of
250 mg for 6 wk (27), 3 mo, and with a short interruption also
after 6mo (28).

In our study, Hbmass was measured for the first time dur-
ing treatment with ACZ and decreased by �100 g until the
fifth day postintervention (ascension to altitude). This
proves that the decrease in Hct described earlier is due to a
decrease in hemoglobin and not to dilution by a change in
plasma volume as was suggested by Pichon et al. (50) in a
hypoxic rat model. On the opposite, a mild diuretic effect
could counteract the PV increase observed at low altitude
with better oxygenation. However, the tendency toward a
decrease in [Hb] and Hct observed in this study is much
smaller than demonstrated by Richalet et al. (26) after 3 wk
(�0.6 g/dL, and 2.0%, respectively). One possible explana-
tion for this difference is the somewhat greater severity of
the disease in Richalet’s study, as seen in the significantly
higher Qinghai score (22.8 vs. 9.2).

We postulated respiratory stimulation as the underlying
mechanism of the decreased Hbmass. Acetazolamide is a
carbonic anhydrase inhibitor that causes urinary bicarbon-
ate loss, resulting in ametabolic acidosis that stimulates ven-
tilation and increases arterial oxygenation (25). All three
prior studies confirmed response to ACZ administration and
showed a lowered pHwith reactive decreased [HCO�

3 ] as well
as higher arterial PO2 and lower PCO2. In our study, the great-
est effects of ACZ were seen after 1 wk, and were similar in
magnitude as the responses observed after 3 wk of treatment
in previous studies (26–28). Interestingly, no data for SpO2

were previously reported. In this study, despite increased
ventilation, there was no increase in SpO2

. This behavior is
well explained by a rightward shift of the oxygen dissocia-
tion curve under in vivo conditions due to the Bohr effect
(51), as evident from the increase in P50. Consequently, the
better tissue oxygenation resulting from ACZ administration
seems to not be enabled by a higher arterial O2 content, but
rather by a higher PO2 gradient between blood and tissues,
thus better diffusion conditions. As a result of better O2

Figure 4. Relationship obtained by linear regression analysis between changes in hemoglobin concentration ([Hb]) and changes in hemoglobin mass
(Hbmass; A) and changes in plasma volume (B) during and after 3 wk at low altitude (LAG, n = 6), nocturnal O2-supply (OXG, n = 5), and acetazolamide
administration (ACZG, n = 7). Regression equations for the subgroups: (A) LAG y = 0.005x � 0.31, P < 0.001; OXG y = 0.010x þ 0.08, P < 0.002; ACZG
y = 0.003x� 0.07, P< 0.044; (B) LAG y =�0.003x� 0.48; OXG y =�0.004x� 0.29; ACZG y =�0.003x� 0.24, in all cases P< 0.001.
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availability and in agreement with Richalet et al. (26), [EPO]
decreased by �50% throughout the intervention in our
study, resulting in a decrease in reticulocyte count. Themag-
nitude of the ferritin increase was also consistent with the
data in Richalet’s study (26) and confirms the decrease in
erythropoiesis.

Five days after cessation of ACZ treatment, no effects on
acid-base status were detectable, so that Hbmass returned to
baseline values by the end of the observation period.

Qinghai Score

The Qinghai score is the accepted specific clinical marker
of the severity of CMS disease. When moving from lowland
to high altitude, the score does not linearly or immediately
respond to erythrocyte expansion, rather with a latency of
several years, causing increased severity of CMS with time
(29). Similarly, Oberholzer et al. (14) showed only a weak de-
pendence of the disease on [Hb] and Hct, as both patients
with CMS and control subjects without clinical diagnosis had
[Hb] above 21 g/dL at an altitude of 5,050 m. In the present
study, the significant relationship between reduction in
Hbmass and improvement of the Qinghai score indicates a
direct influence of hemoglobin on the expression of disease.
However, the Qinghai score in all three groups also remained
lowered throughout the follow-up period, although Hbmass
in OXG and ACZG had returned to baseline, indicating that
the health status is also improved independently of hemato-
logic status and that not only low altitude but also LTOT and
ACZ are temporarily effective at alleviating CMS severity.

Limitations

The greatest limitations of this study are the small sample
size and the relatively short intervention period. To make
generally valid statements on the success of the respective
intervention, further studies are necessary. A larger number
of subjects and longer intervention period must be per-
formed, especially in the OXG and ACZG.

The subject population consisted predominantly of over-
weight patients, which may have contributed to the expres-
sion of erythrocytosis (52). Although age is not associated
with Hbmass in healthy individuals to our knowledge, it
may be a risk factor in patients with CMS (52) because of pro-
longed exposure to hypoxia (30) and concomitant diseases.
In patients with obesity, adverse effects on respiratory physi-
ology are likely to be one of the causative factors for exces-
sive red cell production (52). However, whether these factors
had an influence on the outcome of the therapies in this
study cannot be assessed because of the small number of
patients. To make a specific statement about the CMS origi-
nally described by Monge (1), the patient population would
need to be further defined.

CMS disease is significantly more common in men than in
women and increases significantly in women only after men-
opause. Since the present study was the first study to deter-
mine Hbmass with different treatment regimens and the
number of participants was small, the measurements were
to be made on as homogeneous a group of patients as possi-
ble, which is whymale subjects were selected.

The response to interventions was highly individualized
and dependent on the severity of disease, among other

factors. For example, the patient with the greatest initial
Hbmass in the LAG (2,106 g) showed the greatest decrease in
[EPO], increase in ferritin, and decrease in Hbmass (Fig. 5).
On the other hand, one patient in the OXG reacted normally
during the intervention period, but continued to reduce
Hbmass after cessation of the nocturnal O2 supply. Therefore,
it would be interesting to identify certain patterns of response
in the respective treatments.

This study raises a number of other questions that remain
to be answered. It would be interesting to investigate
whether sleep behavior changes during each intervention,
possibly eliminating a cause of excessive erythropoiesis (47).

Conclusions

Descent to low altitude (from 3,900 m to 1,050 m) is a fast-
acting measure for the treatment of erythrocytosis in patients
with CMS, reducing Hbmass by 16% within 3 wk. Nighttime
oxygen supplementation and daily acetazolamide administra-
tion are also effective, but reduce Hbmass by only 6%.
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