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A major side effect of ribavirin (RBV) treatment is anemia. While this anemia is thought to

result from increased RBC turnover, RBC survival has not been determined in subjects

receiving RBV due to the complexity of the techniques commonly used to quantitate RBC

life span. We recently described a simple, rapid, non-invasive technique that utilizes

measurements of alveolar carbon monoxide (CO) concentration to determine RBC sur-

vival. In the present report, this method was employed to assess RBC survival in patients

receiving RBV for hepatitis C. Each of the 31 measurements of RBC survival in 12

subjects with RBV-associated anemia was below the lower limit of normal (77 days),

and the average survival (46 ± 14 days) in these subjects was only about 38% of that of

healthy controls (122 ± 23 days). Five hepatitis C patients not undergoing RBV treatment

had normal RBC survivals (112 ± 17 days). While the mean reticulocyte percentage was

significantly elevated in subjects treated with RBV, 59% of these measurements fell

within the limits of normal. We conclude that RBV-associated anemia consistently is

associated with reduced RBC survival as determined from breath CO measurements and

that this reduced survival frequently is not associated with an elevated reticulocyte

count. Am. J. Hematol. 76:107–113, 2004. Published 2004 Wiley-Liss, Inc.†
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INTRODUCTION

Combined therapy with interferon a (INF) and riba-
virin (RBV) has become the standard form of treatment
for patients with chronic hepatitis C. Ribavirin is a
water-soluble synthetic analogue of guanosine that
exerts its antiviral activity by inhibiting intracellular
phosphorylation reactions [1]. While this activity is
not deleterious to most human cells, erythrocytes
(RBCs) are adversely affected [2–4], and the vast major-
ity of subjects receiving RBV become anemic [5–7].
It is widely assumed that RBV-induced anemia

primarily results from increased RBC turnover [6].
Ribavirin is concentrated in circulating RBCs [8],
causing a relative adenosine triphosphate deficiency
and increased susceptibility to oxidative damage [9].
These events are thought to cause membrane changes
that result in premature removal of cells from the
circulation [9].
Evidence that RBV-induced anemia results from

increased RBC turnover is limited to the observation
that the reticulocyte percentage tends to increase during

RBV therapy [6]. The absence of more direct, quanti-
tative evidence of increased RBC turnover appears to
be attributable to the lack of an easy means of assessing
RBC lifespan in the clinical situation. We recently
described a simple, rapid test that utilizes breath carbon
monoxide (CO) concentration to quantitate RBC sur-
vival [10,11]. In the present study, this technique was
employed to quantitate the influence of RBV therapy
on RBC survival.
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PATIENTS AND METHODS

Subjects

Eighteennon-smokingmale subjects (age 42–65years)
with hepatitis Cwere studied. Thirty-fourmeasurements
ofRBC survivalwere obtained in 13 subjects undergoing
treatment for hepatitis C with 3 million units of inter-
feron a-2b SQ three times aweek and 600–1200mgRBV
PO daily (Schering Plough, Kenilworth, NJ). The 13
subjects had been receiving RBV therapy for 4–34
weeks at the time of study. Survival measurements also
were obtained in five hepatitis C subjects who were not
receiving RBV. The study was approved by the Institu-
tionalReviewBoardof theMinneapolisVAMCandwas
carried out according to the Declaration of Helsinki.
Informed consent was obtained from all subjects.

Alveolar and Atmospheric Gas Sampling

The rationale and the mechanics of the technique
employed to measure alveolar CO have been described
in detail in a previous publication [10]. In brief, immedi-
ately upon awakening in the morning, subjects closed
their nares with a nose pinch, inhaled a normal-size
breath, placed the mouthpiece of a breath collection
apparatus (AlveoSampler, Quintron Instruments, Mil-
waukee,WI) in theirmouth, and sealed their lips around
the mouthpiece. After a timed, 20-sec period of breath-
holding, the subjects exhaled into the collection system,
which automatically discards the first 500 mL (dead
space) and directs subsequent alveolar air into a self-
sealing foil bag. Immediately upon collection of a sec-
ond, duplicate breath sample, the subjects aspirated an
atmospheric sample from the bedroom into a 20-mL
syringe, which was sealed with a stopcock. Samples
were delivered to the laboratory for analysis, either
directly or via the mail. Preliminary studies showed
that the concentration of CO in the foil bag and syringe
decreased by <5% during the up to 2-day period
required for mail delivery.

Gas Analysis

To ensure that alveolar samples were properly col-
lected, breath samples were analyzed for CO2 concen-
tration via an infrared analyzer (CAPSTAR-100,
CWE, Inc., Ardmore, PA). The rare sample that
contained less than 5% CO2 was discarded. The con-
centration of CO in alveolar and atmospheric samples
was determined by gas chromatography using an
instrument equipped with a 400-mL gas sampling
valve, a column (6 ft � 1/8 inch) packed with 5-Å
molecular sieve, and a reduction detector (Trace Ana-
lytical RGD2, Menlo Park, CA). The oven tempera-
ture was 110�C, and nitrogen was used as the carrier
gas (40 mL/min). The CO concentration of the

unknowns was determined via reference to peak
areas of standards of known concentrations. Means
of the results of the duplicate CO measurements of
alveolar air were used in subsequent calculations.

Hematologic Measurements

Hemoglobin values and reticulocyte percentages were
determined via a Coulter GEN-S apparatus. Blood was
analyzed for reticulocyte percentage on 29 of the 34
occasions that CO measurements were obtained.

Calculations

Survival of RBCs based on CO measurements was
calculated from [11]:

RBC life span ¼ ð1Þ
½Hb�(22; 400)(blood volume)(4)

(0:7)(Endogenous PCO)(64; 400)(1; 440)(alveolar ventilation)
;

where 22,400 is the mL of CO/mol; 4 is the number of
moles of heme per mole of Hb; 0.7 is the fraction ofVCO

derived from Hb turnover; endogenous PCO is alveolar
PCO minus atmospheric PCO in ppm, 64,400 is the
molecular weight of Hb; and 1,440 is min/day. Because
blood volume and resting alveolar ventilation vary with
body weight and in subjects with normal pulmonary
function, both have roughly similar magnitudes when
blood volume is expressed as mL and alveolar ventila-
tion as mL/min, these two values cancel out in eq. (1).
When [Hb] is in units of g/mL and endogenous PCO is in
ppm, eq. (1) reduces to the simple expression:

RBC life span (days) ¼ ½Hb� (1;380)
Endogenous PCO

: ð2Þ

Survival of RBCs based on the reticulocyte count was
calculated from:

RBC survival (days) ¼ reticulocyte maturation time

(days)/reticulocyte fraction:
ð3Þ

Reticulocyte maturation time in the circulation of
healthy subjects was calculated from the normal
mean value for RBC survival (120 days) and the
mean reticulocyte fraction observed in healthy sub-
jects (0.0108). Thus

Reticulocyte maturation time ¼ (120 days)� (0:0108)

¼ 1:30 days: ð4Þ

Assuming a normal reticulocyte maturation time, the
RBC survival of an individual can then be calculated
from his/her reticulocyte fraction:
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RBC survival (days) ¼ 1:30/reticulocyte fraction: ð5Þ

All results are expressed as mean ± 1 SD.

RESULTS

Figure 1 plots the RBC life span (calculated from
CO measurements) against the hemoglobin concen-
tration for the 34 observations made in 13 hepatitis C
subjects being treated with INF and RBV as well as
for the five observations obtained in five hepatitis C
subjects who were not receiving RBV. The normal
range of RBC survival previously determined in 40
healthy controls using the breath CO technique [10] is
also indicated. All hemoglobin measurements in 12 of
the 13 RBV treated subjects (non-starred triangles)
were <13.5 g/dL, averaging 11.9 ± 1.1 g/dL. Each of
the 31 measurements of RBC survival obtained in
these 12 subjects was at or below the lower limit of
normal. The mean RBC survival of this group was
46 ± 14 days, 38% of the normal survival, which
averages 122 ± 23 days [10]. One of the 13 RBV-
treated subjects (indicated by triangles with a star in
Fig. 1) had hemoglobin concentrations >14 g/dL on
three separate occasions, and the three measurements
of RBC survival in this subject fell within the normal
range. The five hepatitis C subjects not receiving RBV
each had normal RBC survivals that averaged 112 ±
16 days (see Fig. 1). The correlation coefficient of

hemoglobin concentration versus RBC survival in
RBV-treated subjects was 0.41 (P < 0.02).
Figure 2 shows a plot of reticulocyte percentage

versus hemoglobin concentration measured on 29 occa-
sions in 11 subjects being treated with RBV. The nor-
mal limits for reticulocyte percentage (0.6–2.1%) are
indicated. The reticulocyte counts of these subjects, all
of whom had hemoglobin concentrations <13.5 g/dL
and reduced RBC life spans (measured via CO), aver-
aged 1.88 ± 0.60%. While this value is significantly
greater (P < 0.0001) than the normal mean of 1.08%
for healthy subjects, reticulocyte counts fell within the
normal range for 17 of the 29 observations. The corre-
lation coefficient between reticulocyte percentage and
hemoglobin concentration was 0.12 (P > 0.10).
Figure 3 plots RBC survival calculated from CO

versus RBC survival calculated from the reticulocyte
count. In 26 of 29 measurements, RBC survival deter-
mined from reticulocyte count was greater than the
value calculated from CO measurements. Life span
calculated from reticulocyte fraction averaged 77 ±
28 days versus 46 ± 14 days for the CO-based
measurement (P < 0.0001).

DISCUSSION

Erythrocyte survival seldom is quantitated in sub-
jects with presumed hemolytic anemia due to the com-
plexity of the methodology required for measurement

Fig. 1. Relationship of CO-calculated RBC survival to hemoglobin concentration in hepatitis C subjects. (~) Observations
in RBV-treated hepatitis C subjects. (*~) Three observations in the one hepatitis C subject whose RBC survival was
unaffected by RBV therapy. (.) Hepatitis C patients not receiving RBV. (---) Normal limits (mean ± 2 SD) for RBC survival in
healthy individuals. The correlation coefficient between RBV survival and hemoglobin concentration was 0.41 (P < 0.02).
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of RBC survival. The ‘‘gold standard’’ technique for
quantitating RBC survival requires the administration
of a label that is incorporated into RBCs at the time of
their formation in the bonemarrow. The disappearance
of the tagged cells from the circulation is then moni-
tored, a process that requires a follow-up period of
more than 120 days for subjects with normal survival
[12,13]. The only methodology employed with any fre-
quency in the clinical situation involves labeling of
circulating RBCs (most commonly with 51Cr) and
then following the disappearance of the labeled cells
from the circulation [14,15]. In addition to inaccuracies
resulting from elution of the label, this method requires
repeated venesections over a multi-week period to
obtain a single survival measurement. The complexity,
radioactive exposure, and time commitment of this
technique markedly reduces its clinical utility. As
a result, available evidence that the anemia of RBV-
treated subjects results from rapid turnover of RBCs
consists solely of the demonstration of increased
reticulocyte counts in some subjects [1–3,6,7].
In the present study, measurements of breath CO

concentration were used to measure RBC survival.
Nearly all CO generated in the body is derived from
the a-methene carbon of heme, which is stoichiometri-
cally released as CO when the a-methene bond is
cleaved in the process of converting heme to bilirubin
[16]. The vast majority of heme turnover results from
RBC destruction; thus, the rate of CO production can
be used as a quantitative indicator of RBC turnover

rate. Measurements of expired CO provide a convenient
means of assessing CO production since this gas is
cleared entirely via the lungs [17]. However, breath CO
originating from heme metabolism (endogenous CO)
must be distinguished from CO of environmental origin
(exogenous CO). Initial reports using CO to assess RBC
turnover required that subjects rebreathe into a closed
system for several hours to distinguish exogenous from
endogenous CO [18–20]. In the present study, we util-
ized a simplified technique in which the difference
between theCOconcentration of alveolar air and atmos-
phere was used to quantitate endogenous CO excretion
rate (and RBC survival) [10]. Evidence of the validity of
this technique includes its ability to demonstrate normal
(approximately 120-day) RBC life spans in healthy sub-
jects and reduced RBC life spans in subjects with hemo-
lysis as documented by 51Cr-labeling or fecal bile
pigment measurements [11]. It should be emphasized
that this technique is not applicable to smokers or sub-
jects with impaired pulmonary function.
Multiple measurements obtained in 13 subjects

undergoing RBV therapy showed that 12 of these
subjects consistently had a reduced RBC life span
that averaged 46 days, roughly 40% of the 122-day
life span observed in healthy subjects (P < 0.001)
[10]. Each of these subjects also had a mildly reduced
hemoglobin concentration (<13.5 g/dL), with a mean
value of 11.9 ± 1.09 g/dL. Assuming a normal hemo-
globin concentration of about 15 g/dL for males of
this age group, the mean hemoglobin concentration

Fig. 2. Relationship of reticulocyte % to hemoglobin concentration in RBV-treated hepatitis C subjects. The correlation
coefficient (r = 0.12) was not statistically significant. The dashed lines indicate the normal limits (mean ± 2 SD) for
reticulocyte percentage in healthy individuals.
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of these 12 RBV-treated subjects was reduced by
about 20% as compared to the 60% decrease in
RBC survival. Such a discrepancy is not surprising
because the bone marrow would be expected to
respond to increased RBC turnover with an increased
rate of RBC output. The failure of RBC production
to increase to the extent required to maintain a nor-
mal hemoglobin concentration may reflect a toxic
effect of RBV on erythropoiesis, or a signal inade-
quate to stimulate the requisite RBC output, or bone
marrow inhibition secondary to the concomitant
interferon a therapy.
One of the 13 RBV-treated subjects presented an

interesting anomaly in that his hemoglobin was con-
sistently above 14 g/dL, and each of his three RBC
lifespan measurements were in the normal range. The
initial suspicion was that this subject might not
be receiving RBV (which is self-administered orally
two times a day). However, the patient adamantly

maintained that he was using the drug as directed.
The anomalous resistance of this subject’s erythro-
cytes to the usual deleterious effect of RBV has been
observed in previous reports that found that the occa-
sional patient receiving RBV does not experience a
fall in hemoglobin [1–3]. The physiology underlying
this resistance remains speculative.
In contrast to the consistent reduction in RBC sur-

vival indicated by CO measurements in RBV-treated
subjects, reticulocyte percentages remained within nor-
mal limits in 17 of 29 observations in these subjects.
Thus, while physicians commonly rely on measure-
ments of the reticulocyte count to assess RBC survival,
this test appeared to be relatively insensitive at detect-
ing the low-grade hemolysis of RBV-treated subjects.
In the steady state, where RBC production equals

RBC destruction, the fraction of reticulocytes in the
erythrocyte population relates to RBC survival via
the expression:

Fig. 3. Comparison of CO-based versus reticulocyte-based RBC survival measurements (see text for calculations). The
solid line (—) represents the best fit to the data, while the dashed line (---) is the line of identity. The dotted rectangle
indicates the lower limits of normal for RBC survival (determined from CO measurements). The correlation coefficient
between the two measurements (r = 0.08) was not statistically significant. Note that in 26 of 29 observations, RBC survival
was greater when calculated from the reticulocyte count versus breath CO and that 16 out of 29 survival measurements
calculated from the reticulocyte count fell within the normal limits.
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RBC survival (in days) ¼ reticulocyte maturation
time (days)/reticulocyte
fraction

Thus, the reticulocyte fraction is inversely proportional
to RBC survival and should be an accurate indicator of
survival providing that the reticulocyte fraction can be
accurately measured and the reticulocyte maturation
time is known. Until recently, the reticulocyte fraction
was determined by an observer who hand-counted re-
ticulocytes present in microscopic fields involving, at
most, 1,000 erythrocytes. The limited number of reticu-
locytes counted and human error limited the accuracy
of this technique. The presently employed automated
techniques scan many thousands of erythrocytes and
presumably provide an accurate assessment of reticulo-
cyte percentage.
Since reticulocyte maturation time is not measured,

some assumption concerning this value must be made
when the reticulocyte count is used as an indicator of
the normality of the RBC life span. The common ten-
dency to base the diagnosis of increased RBC turnover
on the finding of a reticulocyte count that exceeds the
upper limit of normal indicates that the clinician tacitly
assumes a ‘‘normal’’ maturation time in the patient with
suspected hemolysis. However, a previous report sug-
gested that reticulocyte maturation time may deviate
from normal, e.g., subjects with severe hemolysis may
have a prolonged maturation time that causes the
reticulocyte percentage to overestimate the severity of
the hemolytic process [21].
The present study appears to be the first to make a

series of near concurrent measurements of reticulocyte
percentage and RBC life span under relatively steady-
state conditions in patients withmild hemolytic anemia.
These measurements provided a unique opportunity to
estimate RBC maturation time in the mild hemolytic
state associated with RBV therapy. If maturation times
were ‘‘normal’’ in RBV-treated subjects, then the RBC
survival calculated from the reticulocyte fraction and
the normal maturation time of 1.3 days [eq. (5)] should
equal the true RBC survival (determined from CO).
However, as shown in Fig. 3, in 26 of 29 observations,
the reticulocyte-based RBC survival was greater than
that calculated from CO. The failure of the reticulocyte
count to rise inversely with the decrease in RBC sur-
vival presumably reflects an abnormally short reticulo-
cyte maturation time in the RBV-treated subjects. For
the RBC life span calculated from the reticulocyte
count to agree with the CO measurement, reticulocyte
maturation time would have to have been about 0.85
days rather than the normal value of 1.30 days. It is not
clear to what extent this putative reduction in reticulo-
cyte maturation time, which contrasts with previous

work suggesting prolonged maturation times in severe
hemolytic states, is peculiar to RBV-associated anemia.
It should be noted that ineffective erythropoiesis

results in release of CO. Thus, the possibility cannot
be excluded that the discrepancy between RBC sur-
vivals determined from reticulocyte percentage versus
CO is explained by RBV-induced ineffective erythro-
poiesis that caused CO to overestimate the turnover
of peripheral RBCs. This seems unlikely given that
the deleterious effect of RBV on RBCs is thought to
result from the accumulation of this drug in circulat-
ing erythrocytes, which causes membrane changes
resulting in premature sequestration [9].

CONCLUSIONS

This study demonstrates that RBV-induced anemia
consistently is associated with reduced RBC survival as
determined from breath CO measurements and this
reduced survival frequently is not associated with an
elevated reticulocyte count. In addition, we believe this
study also illustrates the potential clinical utility of
alveolar CO measurements in the assessment of RBC
lifespan. This simple, non-invasive test requires the
administration of no exogenous material, provides
quantitative information on RBC survival within 24 hr
of ordering the test (as opposed to weeks with the
RBC-tagging methods), and allows for repeated sur-
vival measurements at daily intervals, if so desired.
Unmanipulated breath and atmospheric samples are
injected directly into the gas chromatograph, and the
analytical time is only about 1 min. A drawback of this
methodology is that it is not applicable to smokers or
subjects with impaired pulmonary function.

REFERENCES

1. Patterson JL, Fernandez-Larsson R. Molecular mechanisms of

action of ribavirin. Rev Infect Dis 1990;12:1132–1146.

2. McHutchinson JG, Gordon SC, Schiff ER, et al. Interferon a-2b
alone or in combination with ribavirin as initial treatment of

chronic hepatitis C. N Engl J Med 1998;339:1485–1492.

3. Davis GL, Esteban-Mur R, Rustgi V, et al. Interferon a-2b alone or

in combination with ribavirin for the treatment of relapse of

chronic hepatitis C. International Hepatitis Interventional Therapy

Group. N Engl J Med 1998;339:1493–1499.

4. Fattovich G, Giustina G, Defos F, et al. Morbidity and mortality

in compensated cirrhosis C: a retrospective follow-up study of

384 patients. Gastroenterology 1997;112:463–472.

5. Bodenheimer HC, Lindsay KL, Davis GL, Lewis JH, Thung SN,

Seef LB. Tolerance and efficacy of oral ribavirin treatment of

chronic hepatitis C: a multicenter trial. Hepatology 1997;26:437–477.

6. Di Bisceglie AM, Shindo M, Fong TL, et al. Study of ribavirin

therapy for chronic hepatitis C. Hepatology 1992;16:649–654.

7. Van Vlierbergh H, Delanghe JR, DeVos M, Leroux-Roel G,

BASL Steering Committee. Factors influencing ribavirin-induced

hemolysis. J Hepatol 2001;34(6):911–916.

112 Virtue et al.



8. Laskin OL, Longstreth HJA, Hart CC, et al. Ribavirin disposition

in high-risk patients for acquired immunodeficiency syndrome.

Clin Pharmacol Ther 1987;41:546–555.

9. De Franceschi L, Fattovich G, Turrini F, et al. Hemolytic anemia

induced by ribavirin therapy in patients with chronic hepatitis C

virus infection: role of membrane oxidative damage. Hepatology

2000;31:997–1003.

10. Furne J, Springfield J, Ho S, Levitt MD. Simplification of the end-

alveolar carbon monoxide technique to assess erythrocyte survival.

J Lab Clin Med 2003;142:52–57.

11. Strocchi A, Schwartz S, Ellefson M, Engel RR, Medina A, Levitt

MD. A simple carbon monoxide breath test to estimate erythro-

cyte turnover. J Lab Clin Med 1992;120:392–399.

12. Penner JA. Investigation of erythrocyte turnover with selenium

75-labeled methionine. J Lab Clin Med 1966;67:427–438.

13. Shemin D, Rittenberg D. The life span of the human red blood

cell. J Biol Chem 1946;166:627–636.

14. Ebaugh FJ Jr, Emerson CP, Rose JF. The use of radioactive

chromium 51 as an erythrocyte-tagging agent for the deter-

mination of red cell survival in vivo. J Clin Invest 1953;32:

1260–1276.

15. Ricketts C, Cavil I, Napier JA. The measurement of red cell life-

span using (59)Fe. Br J Hematol 1977;37(3):403–408.

16. Landaw SA, Callahan EW, Schmid R. Catabolism of heme in vivo.

J Clin Invest 1970;49:914–925.

17. Coburn RF, Blakemore WS, Forster RE. Endogenous carbon

monoxide production in man. J Clin Invest 1963;42:1172–1178.

18. Coburn RF, Williams WJ, Kahn SB. Endogenous carbon mon-

oxide production in patients with hemolytic anemia. J Clin Invest

1966;45:460–468.

19. Solanki DL, McCurdy PR, Cuttitta FF, Schechter GP. Hemolysis

in sickle cell disease as measured by endogenous carbon monoxide

production. Am J Clin Pathol 1988;89:221–225.

20. Coltman CA Jr, Dudley GM III. The relationship between endo-

genous carbon monoxide production and total heme mass in

normal and abnormal subjects. Am J Med Sci 1969;258:374–385.

21. Hillman RS, Finch CA. Erythropoiesis: normal and abnormal.

Semin Hematol 1967;4:327–329.

Carbon Monoxide Measured RBC Survival 113


