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Oxygen Reverses Deficits of Cognitive Function and
Memory and Increased Heart Rate Induced by Acute
Severe Isovolemic Anemia
Richard B. Weiskopf, M.D.,* John Feiner, M.D.,† Harriet W. Hopf, M.D.,‡ Maurene K. Viele, M.D.,§
Jessica J. Watson, M.A.,� Joel H. Kramer, Psy.D.,# Rachel Ho, B.S.,** Pearl Toy, M.D.††

Background: Erythrocytes are transfused to improve oxygen
delivery and prevent or treat inadequate oxygenation of tissues.
Acute isovolemic anemia subtly slows human data processing
and degrades memory, increases heart rate, and decreases
self-assessed energy level. Erythrocyte transfusion is effica-
cious in reversing these effects of acute anemia. We tested the
hypothesis that increasing arterial oxygen pressure (PaO2)
to 350 mmHg or greater would supply sufficient oxygen to
be equivalent to augmenting hemoglobin concentration by
2–3 g/dl and thus reverse the effects of acute anemia.

Methods: Thirty-one healthy volunteers, aged 28 � 4 yr (mean
� SD), were tested with verbal memory and standard, com-
puterized neuropsychologic tests before and twice after
acute isovolemic reduction of their hemoglobin concentration
to 5.7 � 0.3 g/dl. Two sets of tests were performed in random-
ized order at the lower hemoglobin concentration: with the
volunteer breathing room air or oxygen. The subject and those
administering the tests and recording the results were unaware
which gas was administered. As an additional control for dura-
tion of the experiment, 10 of these volunteers also completed
the same tests on a separate day, without alteration of hemo-
globin concentration, at times of the day similar to those on
the experimental day. Heart rate, mean arterial blood pres-
sure, and self-assessed sense of energy were recorded at the
time of each test.

Results: Reaction time for digit-symbol substitution test
increased, delayed memory was degraded, mean arterial pres-
sure and energy level decreased, and heart rate increased at a
hemoglobin concentration of 5.7 g/dl (all P < 0.05). Increasing
PaO2 to 406 � 47 mmHg reversed the digit-symbol substitution
test result and the delayed memory changes to values not dif-
ferent from those at the baseline hemoglobin concentration of
12.7 � 1.0 g/dl, and decreased heart rate (P < 0.05). However,
mean arterial pressure and energy level changes were not al-
tered with increased PaO2 during acute anemia.

Conclusion: The authors confirmed that acute isovolemic ane-
mia subtly slows human reaction time, degrades memory, in-

creases heart rate, and decreases energy level. The findings of
this study support the hypothesis that increasing PaO2 to
350 mmHg or greater by breathing oxygen reverses all of these
effects of acute anemia except for decreased energy.

ERYTHROCYTES are transfused to improve oxygen de-
livery and thus prevent imminent development of or
treat inadequate oxygenation of tissues. The value of
critical oxygen delivery varies among species.1–3 Few
data in humans have demonstrated the hemoglobin con-
centration or oxygen delivery that is inadequate to meet
oxygen demand. Van Woerkens et al.4 found the critical
oxygen delivery in an anesthetized 84-yr-old man to be
4.9 ml O2 · kg�1 · min�1, which occurred at a hemoglo-
bin concentration of 4 g/dl. We were unable to detect
systemic evidence of inadequate oxygen delivery in 32
unmedicated healthy people when their hemoglobin
concentration was acutely (while maintaining isovol-
emia) decreased to 5 g/dl, with an oxygen delivery of
10.7 ml O2 · kg�1 · min�1.5 Further reduction of oxygen
delivery to 7.3 ml O2 · kg�1 · min�1 in a subset of eight
of these unmedicated people also did not produce sys-
temic evidence of inadequate oxygen delivery.6

However, absence of systemic evidence of inadequate
oxygen delivery does not necessarily fully assess oxygen-
ation of specific organs or tissues. Decreased oxygen
consumption or increased lactate production of individ-
ual tissues or organs may be too small to be detected by
analyses of systemic measures. We hypothesized that
central nervous system function might degrade at hemo-
globin concentrations higher than that associated with
systemic critical oxygen delivery. Consequently, more
recently we examined the effects of acute isovolemic
anemia on cognitive function and memory and found
no changes at a hemoglobin concentration of 7 g/dl
and subtle deficits at hemoglobin concentrations of 6
and 5 g/dl that were reversible with erythrocyte trans-
fusion.7 At these hemoglobin concentrations in unmedi-
cated humans, cardiac output increases, but not suffi-
ciently to completely compensate for the decreased
arterial oxygen content.5 We hypothesized that having
the subject breathe oxygen would increase oxygen con-
tent at these low hemoglobin concentrations by an
amount approximately equivalent to increasing the he-
moglobin concentration by 2–3 g/dl, and thus suffi-
ciently compensate for the acute anemia to reverse the
previously observed deficits.

* Professor, Departments of Anesthesia and Physiology, and Investigator, Car-
diovascular Research Institute. † Associate Professor, Department of Anesthe-
sia. ‡ Associate Professor, Departments of Anesthesia and Surgery. § Associate
Professor, ** Research Associate, †† Professor, Department of Laboratory Medi-
cine. � Senior Statistician, Department of Laboratory Medicine; current posi-
tion: Biostatistician, PPD Development, Morrisville, North Carolina. # Associate
Clinical Professor, Department of Psychiatry.

Received from the Departments of Anesthesia, Physiology, Laboratory Medi-
cine, Psychiatry, Surgery, and The Cardiovascular Research Institute, University
of California, San Francisco, California. Submitted for publication April 5, 2001.
Accepted for publication December 6, 2001. Supported in part by grant No.
1 P50 HL54476 from the National Heart, Lung and Blood Institute, National
Institutes of Health, Bethesda, Maryland. These studies were conducted in part in
the General Clinical Research Center, Moffitt Hospital, University of California,
San Francisco, with funds provided by grant No. 5 MO1 RR-00079 from the
National Center for Research Resources, National Institutes of Health, Bethesda,
Maryland.

Address reprint requests to Dr. Weiskopf: Department of Anesthesia, Univer-
sity of California, San Francisco, 521 Parnassus Avenue, San Francisco, California
94143-0648. Address electronic mail to: weiskopf@anesthesia.ucsf.edu. Individ-
ual article reprints may be purchased through the Journal Web site,
www.anesthesiology.org.

Anesthesiology, V 96, No 4, Apr 2002 871

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/96/4/871/333990/0000542-200204000-00014.pdf by guest on 19 M
ay 2023



Methods

After obtaining approval of the institutional review
board at the University of California (San Francisco, CA)
and informed consent, we studied 31 paid volunteers
who were without cardiovascular, pulmonary, or he-
patic disease, did not smoke, were not taking any med-
ications, and weighed less than 80 kg. The weight re-
quirement was imposed to avoid excessively long
experimental days, with potentially increased effects of
time, owing to the need to remove large quantities of
blood to achieve the desired hemoglobin concentration.
A minimum of 80% correct responses for each of the
nonverbal cognitive tests (see Cognitive Tests) was re-
quired for participation in the study.

To test our hypothesis that breathing oxygen would
improve the deficits of acute anemia, we produced acute
severe isovolemic anemia in 31 volunteers. A radial arte-
rial and two peripheral venous cannulas were inserted in
each subject using local anesthesia. After insertion of the
cannulas, subjects rested for 30 min before measure-
ment of variables. The neurobehavioral and memory
tests (see below) were performed with the subject in a
semisitting position before removal of any blood and
twice after producing isovolemic anemia to a blood
hemoglobin concentration of 5.5–6.0 g/dl by removal of
450 ml blood into CPDA-1 collections bags (Baxter
Healthcare Corp., Deerfield, IL). Removal of each 450 ml
blood required approximately 10–15 min. Simultaneous
with blood withdrawal, 5% human serum albumin (Bax-
ter Healthcare, Glendale, CA) and the subject’s own
platelet-rich plasma (after separation from the erythro-
cytes of the removed blood) were infused intravenously
in quantities 17 � 8% (mean � SD) greater than that of
the removed blood to maintain isovolemia.5 For all test
periods, each subject was fitted with a breathing mask
through which either room air or oxygen was supplied
at a flow rate of 15 l/min. Tests at the baseline hemoglo-
bin concentration were conducted with the volunteer
breathing room air. Two tests were performed at the
nadir hemoglobin concentration of 5.5–6.0 g/dl, one
with the volunteer breathing room air, the other with
the volunteer breathing oxygen. The order of the tests
was randomly allocated, and the subject and those ad-
ministering the tests and recording the results were
unaware which gas was administered. A 5-min equilibra-
tion period was allowed while the subject breathed the
test gas before the cognitive tests were performed. Ar-
terial blood gases and pH and blood pressure were mea-
sured at each test period. Each subject used a 10-cm
visual analog scale to assess their energy level at each
time point. After conclusion of the tests, all withdrawn
erythrocytes were returned to each volunteer during the
succeeding 12 h.

To verify the cognitive function results previously re-
ported by enabling direct comparison of the results of

this study with our previous findings, 10 of the 31
volunteers were also studied on a separate second day,
separated by at least 1 week from the study day. These
volunteers were chosen based on logistic consider-
ations: compatibility of their schedule with those of the
research team. This “control” day was sometimes before
and sometimes after the hemodilution day. On this “con-
trol” day, the procedures were identical to those on the
study day, except that an arterial cannula was not in-
serted, and acute anemia was not produced. Intravenous
cannulas were inserted, and tests were performed at
times equivalent to those performed on the study day
when acute anemia was produced. Blood pressure on
the “control” day was measured by oscillometry (A/S3;
Datex, Helsinki, Finland).

Cognitive Tests
Speed and accuracy of information processing and

recent verbal memory were assessed at each time point.
Speed of information processing was assessed with two
tests selected from the NES-2 battery (NES2, v 4.6; Neu-
robehavioral Systems Inc., Winchester, MA): a horizontal
addition test and the digit–symbol substitution test
(DSST). These tests were presented with a computer and
a 14-inch monitor positioned approximately 75 cm from
the subject. Subjects responded using a keyboard placed
in their laps. For each reaction time task, subjects were
asked to respond as quickly as they could without mak-
ing mistakes. These tests were administered twice each
on each day of testing, before insertion of intravenous
cannulas, and twice before the first test day to familiarize
subjects with the procedures and minimize postbaseline
increments in performance caused by practice effects.
These computerized tests have been described previous-
ly.7 The horizontal addition task consists of a horizontal
row of three single-digit numbers that the subject was
required to add and type the answer. The range of digits
presented was restricted such that their sum was 11 or
more. Each test consisted of 36 trials with an intertrial
interval of 50 ms. Tests remained on the screen until the
subject responded. In the DSST, subjects were shown
nine symbol–digit pairs at the top of the screen. A test
set of the nine symbols was presented in the center of
the screen in a scrambled order. Subjects were required
to press the digits on the keyboard corresponding to the
symbol in the test set. There were one practice set and
five test sets of symbol–digit pairs.

Memory was evaluated as described previously,7 using
immediate and delayed free recall of a 15-item word list
modeled after the Auditory Verbal Learning Test.8 We
used published lists that have good alternate-form reli-
ability.8 The order of the lists was randomized. Each list
was not used more than once for each subject. In each
testing session, the list was read to the subject once, and
the subject was asked immediately to recall as many of
the words as possible. Ten minutes after the initial learn-
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ing trial, subjects were again asked to recall as many of
the words as possible without having heard the list
again. The dependent variable for the immediate and
delayed recall trials was the number of words not
recalled.

Data Analysis and Statistics
The number of volunteers to be studied was deter-

mined a priori by a power analysis, using data for the
DSST from our previous study,7 an estimate of the po-
tential effect of breathing oxygen, with a two-sided � �
0.05 and a power of 80% to detect a 20% increase in
reaction time and a 10% increase in words not recalled
(memory test).

Data are presented as mean � SD. Each cognitive test
was analyzed separately. Reaction time for a testing
session was measured as the median of all correct reac-
tion times (for the horizontal addition test) or of all
reaction times (for the DSST). Errors were measured as
the percent of trials that were incorrect. The Shapiro-
Wilk test was used to test for normal distribution of the
results.9 Paired comparisons were performed within-day
for baseline, 5–6 g/dl hemoglobin breathing room air,
and 5–6 g/dl hemoglobin breathing oxygen; and be-
tween study and control days by the Student paired
t test; or if the data were not normally distributed, by
Wilcoxon signed-rank test. The effect of order of breath-
ing of oxygen or room air at 5.7 g/dl hemoglobin was
tested by the Mann–Whitney test. Statistical significance
was accepted at P � 0.05 for all tests.

To confirm each of the aforementioned statistical tests,
we used repeated-measures models that provide overall
tests of main effects and interactions. For analysis of
reaction times from each cognitive test, we fit a linear
model for repeated measures using SAS Proc Mixed (SAS
version 8, 1999; SAS Institute, Cary, NC) with a random
person effect to account for the within-subject correla-
tion. The model was fit using the natural logarithm of the
reaction times to make them more closely fit a normal
distribution. For analysis of errors from each cognitive
test, we used a logistic regression model for repeated
measures with a random person effect, using SAS Proc
Nlmixed (SAS version 8, 1999; SAS Institute). The fixed
effects for both types of models were study type (he-
modilution vs. control), condition (baseline, 5–6 g/dl
hemoglobin breathing room air, 5–6 g/dl hemoglobin
breathing oxygen), and an interaction between study
type and condition.

Results

The volunteers were aged 28.4 � 3.8 yr (mean � SD),
were 1.70 � 0.09 m tall, and weighed 64.4 � 9.5 kg.
There were 21 women and 10 men. Values for the tests
of cognitive function and memory at the initial hemoglo-

bin concentration are shown in table 1. Hemoglobin
concentration before hemodilution was 12.7 � 1.0 g/dl,
and was 5.7 � 0.3 g/dl when tested after hemodilution
breathing room air and 5.7 � 0.3 g/dl when breathing
oxygen. Breathing oxygen at hemoglobin concentration
of 5.7 g/dl increased arterial oxygen pressure (PaO2) to
406 � 47 mmHg (P � 0.001; table 2). Arterial carbon
dioxide pressure (PaCO2) was slightly lower (P � 0.001)
and arterial pH slightly higher (P � 0.001) at the low
hemoglobin concentration when the volunteers
breathed oxygen in comparison to when they breathed
room air (table 2). The order of test gas (oxygen or room
air) did not affect the results.

Tests of Cognitive Function
Reduction of hemoglobin concentration or administra-

tion of oxygen did not alter the error rate for either test,
except at one time: an increase in errors for horizontal
addition on the control day at the time equivalent to that
for hemoglobin concentration of 5.7 g/dl when the vol-
unteers breathed room air compared with the time
equivalent to the baseline test (P � 0.025). Reduction
of hemoglobin concentration of the 31 volunteers to
5.7 g/dl when breathing room air increased the reaction
time (P � 0.05) for the DSST (fig. 1A). Breathing oxygen
improved the DSST reaction time (P � 0.02) to a value
not different from that at the baseline hemoglobin con-
centration of 12.7 g/dl (P � 0.96; fig. 1A). Comparison of
the data from the 10 volunteers between the experimen-
tal and control days confirmed these findings (fig. 1B).
Reduction of hemoglobin concentration of the 31 volun-
teers to 5.7 g/dl when breathing room air or oxygen
similarly (P � 0.15) decreased the reaction time (P �
0.05) for the horizontal addition test. The analysis that
provided an attempt at correction for incorrect answers
yielded similar results. However, when comparing the

Table 1. Test Values at Initial Hemoglobin Concentration of
12.7 g/dL

Variable Mean SD

Horizontal addition (s) 2.54 0.56
DSST (s) 1.96 0.32
Immediate memory (% not recalled) 44.7 14.4
Delayed memory (% not recalled) 57.0 16.7

DSST � Digit-Symbol Substitution Test; SD � standard deviation.

Table 2. Arterial Blood Gas and pH Values

Variable Hb � 12.7
Hb � 5.7
(Oxygen) Hb � 5.7 (RA)

PaO2 (mmHg) 104 � 16 406 � 47 108 � 12
PaCO2 (mmHg) 39.2 � 3.8 36.5 � 4.2 38.6 � 4.8
pHa (units) 7.40 � 0.03 7.46 � 0.03 7.45 � 0.03
Base-excess (mEq/l) 0.4 � 1.6 3.1 � 1.8 3.2 � 1.6

Hb � hemoglobin; RA � room air; PaO2 � arterial partial pressure of oxygen;
PaCO2 � arterial partial pressure of carbon dioxide.
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data from the 10 volunteers between the experimental
and control days, there was no effect of acute anemia
on the reaction time of the horizontal addition test
(P � 0.4).

Tests of Memory
Reduction of hemoglobin concentration to 5.7 g/dl did

not alter immediate memory (P � 0.4), nor did breathing
oxygen at the low hemoglobin concentration alter im-
mediate memory (P � 0.8). When comparing the data
from the 10 volunteers between the experimental and
control days, delayed memory was degraded at a hemo-
globin concentration 5.7 g/dl when breathing room air
in comparison to the test at hemoglobin concentration
of 12.7 g/dl (P � 0.05; fig. 2). Breathing oxygen im-
proved delayed memory at hemoglobin concentration
5.7 g/dl in comparison with breathing room air (P �
0.01; fig. 2) to a value not different from that at hemo-
globin concentration 12.7 g/dl.

Reduction of hemoglobin concentration from 12.7 to
5.7 g/dl when the volunteers breathed room air de-
creased mean arterial blood pressure from 82.8 � 8.9 to
73.4 � 8.7 mmHg (P � 0.0002; fig. 3) and increased
heart rate from 67.7 � 11.5 to 90.5 � 10.7 beats/min
(P � 0.0001; fig. 3). Breathing oxygen at the low hemo-
globin concentration did not change mean arterial pres-
sure (P � 0.95) but significantly decreased heart rate to
82 � 10 beats/min (P � 0.0001; fig. 3).

The subject’s self-rated sense of energy declined when
breathing room air at a hemoglobin concentration of
5.7 g/dl (P � 0.001; fig. 4). Breathing oxygen did not
change this value (P � 0.3). Examining the data from the
10 volunteers who were also studied on a control day
produced similar results.

The repeated-measures models confirmed the above
statistical analyses.

Discussion

We confirmed our previous finding that acute isov-
olemic anemia subtly slows human reaction time and
degrades memory,7 increases heart rate,5 and decreases
self-assessed energy level.10 In the previous studies we
showed that transfusion of erythrocytes is efficacious in
reversing the effects of acute anemia on reaction time
and memory7 and sense of energy.10 We have now
shown that increasing oxygen delivery by another
means, by increasing PaO2 to approximately 400 mmHg
by breathing oxygen, is similarly efficacious for reversing
the effects of acute anemia on reaction time, memory,
and heart rate, but not perceived energy level.

In our previous study we found that the effects of
acute anemia were readily reversed by transfusing eryth-
rocytes and increasing the hemoglobin concentration to
7 g/dl. In formulating our hypothesis for this study, we

Fig. 2. Comparison of delayed memory data from the 10 volun-
teers who were studied on hemodilution and control days.
Delayed memory was degraded at hemoglobin concentration of
5.7 g/dl when breathing room air, but not oxygen, compared
with delayed memory at hemoglobin concentration of 12.7 g/dl.
#P < 0.05 for comparison of the difference between experimen-
tal and control days for the difference between the value at the
hemoglobin concentration of 5.7 g/dl and the baseline hemo-
globin concentration of 12.7 g/dl. *P < 0.01 for comparison of
the difference between experimental and control days for the
difference when breathing room air compared with when
breathing oxygen. Data are mean � SD, n � 10.

Fig. 1. (A) Reaction time for the digit–symbol substitution test
(DSST) increased at hemoglobin concentration of 5.7 g/dl when
breathing room air (o) compared with the reaction time at
hemoglobin concentration of 12.7 g/dl (p; #P < 0.05). Increas-
ing PaO2 to 406 mmHg by breathing oxygen (z) decreased the
reaction time (*P < 0.02 vs. breathing room air at hemoglobin
5.7 g/dl) to a value not different from that at hemoglobin con-
centration of 12.7 g/dl (P � 0.96). Data are mean � SD. Hemodi-
lution data are from 31 volunteers, and control data are from 10
volunteers. (B) Comparison of DSST data from the 10 volunteers
who were studied on hemodilution and control days. Reaction
time increased at hemoglobin concentration of 5.7 g/dl when
breathing room air, but not oxygen, compared with the reac-
tion time at hemoglobin concentration of 12.7 g/dl. *P < 0.05
for comparison of the difference between experimental and
control days for the difference between the value at the hemo-
globin concentration of 5.7 g/dl and the baseline hemoglobin
concentration of 12.7 g/dl. Data are mean � SD, n � 10.
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reasoned that increasing PaO2 to values of 350 mmHg or
more should provide an amount of oxygen equivalent to
augmenting hemoglobin concentration by more than
2 g/dl. This would increase the “effective hemoglobin
concentration” from a value of 5.5–6 g/dl to at least
7 g/dl. Based on preliminary data we anticipated that
breathing oxygen would increase the volunteer’s PaO2 to
approximately 350 mmHg. The difference in the amount
of oxygen dissolved in plasma at a partial pressure of
oxygen of 350 mmHg compared with 100 mmHg is 0.78
volumes of oxygen/dl (vol%) {(350 � 100) · 0.0031}.
Mixed-venous oxyhemoglobin saturation in similar vol-
unteers at a similar hemoglobin concentration was 74%,
with a PaO2 of 37 mmHg.5 Each gram of hemoglobin
releases 0.32 vol% oxygen when the arterial oxygen
saturation of 98% is decreased to the mixed-venous ox-
ygen saturation of 74% {1.34 · (0.98 � 0.74)}. The
amount of oxygen supplied by the plasma of the volun-
teers breathing room air was only 0.21 vol% {(104 �
37 mmHg) · 0.0031}. The volunteers’ PaO2 when breath-

ing oxygen was 406 mmHg. The difference between the
dissolved oxygen at PaO2 406 mmHg and that at the
measured value of 104 mmHg when the volunteers
breathed room air is 0.94 vol% {(406 � 104 mmHg) ·
0.0031}, a value equivalent to the amount of oxygen
released by 2.94 g/dl (0.94/0.32) of hemoglobin when
blood passes from the arterial to the venous circulation.
Hyperoxia caused by breathing oxygen might have re-
duced cardiac output. However, we did not measure
cardiac output, nor are we aware of such data in unmedi-
cated humans breathing oxygen while severely anemic.
Our previous data indicate that, for the hemoglobin
concentration range of 6–8 g/dl, cardiac output de-
creases approximately 5% for each gram of hemoglobin
increase, without a change in oxygen consumption.5

Performing calculations similar to those above and in-
cluding these effects, we estimated that producing a
PaO2 of 406 mmHg during severe anemia would produce
a mixed-venous PO2 of approximately 50 mmHg, result-
ing in a hemoglobin equivalence of 2.78 g/dl when
breathing oxygen during severe anemia.

Fig. 4. (A) Self-assessed energy level decreased at hemoglobin
concentration of 5.7 g/dl when breathing room air (o; #P <
0.0001) or oxygen (z; #P < 0.0001) compared with the self-
assessed energy level at a hemoglobin concentration of
12.7 g/dl (p). Increasing PaO2 to 406 mmHg by breathing oxy-
gen (z) did not alter the self-assessed energy level at a hemo-
globin concentration of 5.7 g/dl (P > 0.3). Data are mean � SD.
Hemodilution data are from 31 volunteers, and control data are
from 10 volunteers. (B) Comparison of self-assessed energy
level data from the 10 volunteers who were studied on hemodi-
lution and control days. Self-assessed energy level decreased at
hemoglobin concentration of 5.7 g/dl when breathing room air
or oxygen compared with that at hemoglobin concentration of
12.7 g/dl. #P < 0.0001 for comparison of the difference between
experimental and control days for the difference between the
value at the hemoglobin concentration of 5.7 g/dl and the base-
line hemoglobin concentration of 12.7 g/dl. Data are mean �
SD, n � 10.

Fig. 3. (A) Heart rate increased at hemoglobin concentration of
5.7 g/dl when breathing room air (o; #P < 0.0001) compared
with the heart rate at a hemoglobin concentration of 12.7 g/dl
(p). Breathing oxygen at a hemoglobin concentration of
5.7 g/dl decreased heart rate (z; *P < 0.0001) compared with
breathing room air, to a value that remained different from
baseline (#P < 0.0001). Heart rate did not change on the control
day. Data are mean � SD. Hemodilution data are from 31 vol-
unteers, and control data are from 10 volunteers. (B) Mean
arterial blood pressure (MAP) decreased at a hemoglobin con-
centration of 5.7 g/dl when breathing room air (o; #P � 0.0002)
or oxygen (z; #P < 0.015) compared with the MAP at a hemo-
globin concentration of 12.7 g/dl (p). MAP did not differ at a
hemoglobin concentration of 5.7 g/dl when breathing room air
versus oxygen (P > 0.9). MAP did not change on the control
day. Data are mean � SD. Hemodilution data are from 31 vol-
unteers, and control data are from 10 volunteers.
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Inasmuch as we previously found that acute reduction
of hemoglobin concentration to 7 g/dl had no effect on
the tests of information processing or memory,7 we
hypothesized that breathing oxygen at a hemoglobin
concentration of approximately 5.5–6 g/dl would re-
verse any deficits found at that hemoglobin concentra-
tion when breathing room air and provide results not
different from those at the baseline hemoglobin
concentration.

Our hypothesis that increasing PaO2 to 350 mmHg or
more would reverse the effects of acute severe anemia
(hemoglobin concentration of 5.7 g/dl) on cognitive
function and memory was supported by the results of
the DSST and delayed memory test.

In the current study, the reaction time of the test of
horizontal addition was not slowed at a hemoglobin
concentration of 5.7 g/dl, and thus it was not possible to
demonstrate an effect of breathing oxygen. However,
in our earlier study, the horizontal addition reaction
time did slow at hemoglobin concentrations of 5.1 and
6.0 g/dl. The utility of the use of the reaction time of this
test depends on a constant error rate for all test condi-
tions. Unfortunately, our results are confounded by an
unexpected, substantial, several-fold increase in errors of
horizontal addition when the volunteers were tested
during the control time equivalent to the time of “acute
anemia.” The increased error rate makes problematic an
analysis of the test of reaction time for horizontal
addition.

The immediate memory test was not degraded in the
current study at a hemoglobin concentration of 5.7 �
0.3 g/dl, and thus demonstration of an effect of oxygen
was not possible. In our earlier study, immediate mem-
ory was degraded at a hemoglobin concentration of
5.1 � 0.2 g/dl but not at 6.0 � 0.2 g/dl.7 Thus, the
current results extend those of our earlier study and
suggest that the threshold for degradation of this test by
acute isovolemic anemia is at a hemoglobin concentra-
tion between 5.1 and 5.7 g/dl, which is lower than the
threshold for degradation of the test of delayed memory.

Acute anemia decreases perceived energy level.10 The
decrease of self-assessed energy level in the current
study was similar to that found in our earlier report.10

However, unlike the tests of cognitive function and
memory, breathing oxygen with a resultant substantial
increase in PaO2 had no effect on self-assessed energy
level. Self-assessed energy level remained at a low level
in comparison with the value at the baseline hemoglobin
of 12.7 g/dl. In our earlier study, when the hemoglobin
concentration of similar volunteers was increased from
5.1 to 7.2 g/dl by the erythrocyte transfusion, self-as-
sessed energy level was improved to a value not different
from that when the hemoglobin concentration was
7.2 g/dl during the production of acute anemia. It would
appear that there may be a difference in the mechanism
of production of the subjective sensation of fatigue and

the objective measurements of reaction time and mem-
ory. Alternatively, it is possible that reversal of the de-
creased perceived energy level may require a longer
period of time than the 10–15 min that our volunteers
breathed oxygen during severe anemia.

Acute isovolemic anemia in unmedicated humans in-
creases heart rate, ventricular stroke volume, and cardiac
index, and decreases mean arterial blood pressure.5 The
heart rate and mean arterial pressure measured during
acute isovolemic anemia at a hemoglobin concentration
of 5.7 g/dl in this study are consistent with those de-
scribed previously.5 In unmedicated humans, heart rate
is an inversely linear function of hemoglobin concentra-
tion, increasing 4 beats/min for each 1-g/dl decrease of
hemoglobin concentration.5 In the current study, the
decrease in heart rate from 91 to 82 beats/min when
oxygen was breathed at a hemoglobin concentration of
5.7 g/dl is consistent with the decrease expected if the
effect of oxygen were equivalent to approximately
2–3 g/dl of hemoglobin,5 and is also similar to the re-
cently reported heart rate during acute isovolemic ane-
mia at a hemoglobin concentration of 8.6 g/dl.11

The viscosity of blood with a hematocrit of 40% is
approximately more than twice that of plasma and more
than three times that of water. Decreasing the erythro-
cyte concentration decreases blood viscosity. The de-
creased mean arterial pressure noted with anemia is
consistent with the relation between pressure and vis-
cosity as described by Poiseuille.12 However, the math-
ematical relation cannot be exactly applied to the circu-
lation because of many factors, including nonuniform
pulsatile blood velocity and the Fahraeus-Lindqvist effect
(change of blood viscosity with change of velocity).
Nevertheless, the lack of an effect of oxygen on mean
arterial pressure during acute anemia is in keeping with
the finding that the decreased mean arterial pressure is a
result of decreased blood viscosity13 rather than a direct
effect of inadequate oxygen content or delivery.

Our results have potential clinical implications. Post-
operative tachycardia is associated with increased myo-
cardial ischemia.14,15 If some or all of the tachycardia is
caused by decreased arterial oxygen content, then in
patients with coronary artery disease, myocardial isch-
emia could result from both the increased oxygen de-
mand and decreased myocardial perfusion time imposed
by the increased heart rate, and the decreased oxygen
supply imposed by decreased oxygen content. Normal
coronary arteries can dilate several-fold in response to
acute anemia, maintaining normal myocardial oxygen-
ation in conscious healthy dogs at hemoglobin concen-
trations of 5 g/dl.16 However, in the presence of coro-
nary artery stenosis, myocardial ischemia occurs at a
higher hemoglobin concentration than it does in the
absence of stenoses.17 Administration of a �-adrenergic
antagonist decreases postoperative myocardial isch-
emia,18 presumably by a heart rate–induced decreased
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oxygen demand, and perhaps by decreased oxygen de-
mand resulting from myocardial contractility as well.
Oxygen may also have a salutory effect in a more general
surgical population. Administration of oxygen to pa-
tients after abdominal surgery modestly increased arte-
rial oxyhemoglobin saturation from 96 to 99% and de-
creased heart rate.19 The 3% increase in arterial oxygen
saturation found by Rosenberg-Adamsen et al.19 in post-
operative patients given oxygen would have added an
amount of hemoglobin-bound oxygen equivalent to that
carried by approximately 0.4 g/dl of hemoglobin. This
would account for a heart rate decrease of approxi-
mately half the 3-beats/min decrease noted in that study.
The remainder of the decrease could have been a result
of the added oxygen dissolved in the plasma. However,
the PaO2 and hemoglobin concentration of those pa-
tients were not reported.

In summary, we found that improving arterial oxygen
content by administration of oxygen is as efficacious as
transfusion of erythrocytes in reversing the subtle cog-
nitive function and memory deficits created by acute
severe isovolemic anemia (hemoglobin concentration of
5.7 g/dl) in unmedicated humans.
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