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ciently to explain some of this discordance, we determined RBC life span using a biotin label in 6 people with diabetes
and 6 nondiabetic controls. Mean RBC
age was calculated from the RBC survival
curve for all circulating RBCs and for
labeled RBCs at multiple time points as
they aged. In addition, HbA1c in magnetically isolated labeled RBCs and in
isolated transferrin receptor-positive
reticulocytes was used to determine the
in vivo synthetic rate of HbA1c. The mean

age of circulating RBCs ranged from 39 to
56 days in diabetic subjects and 38 to
60 days in nondiabetic controls. HbA1c
synthesis was linear and correlated with
mean whole blood HbA1c (R2 ⴝ 0.91). The
observed variation in RBC survival was
large enough to cause clinically important differences in HbA1c for a given
mean blood glucose. (Blood. 2008;112:
4284-4291)

Introduction
The hemoglobin A1c (HbA1c) determination used clinically to
evaluate glycemic control depends on 3 factors: (1) the HbA1c in
reticulocytes when they are released from the bone marrow; (2) the
synthetic rate of HbA1c (or Hb glycation rate) as red blood cells
(RBCs) become older, a function of glucose concentration to which
Hb is exposed; and (3) the mean age of RBCs in the circulation.
Blood HbA1c is a mean for RBCs with values that range from very
low for reticulocytes to approximately twice the mean for the oldest
RBCs. The value of HbA1c in transferrin receptor-positive (TfR(⫹))
cells, which are essentially reticulocytes, most probably depends
on the glucose milieu in the marrow a few days preceding release
and could potentially reflect a different rate of glycation compared
with mature RBCs resulting from variations in environment and
glucose transport. The synthetic rate of HbA1c as RBCs age in the
circulation is the variable that should be most directly related to
blood glucose over a defined time period. Its linearity with time is
largely based on a seminal observation with one normal subject and
one subject recovering from erythrocyte aplasia in whom the
appearance of 59Fe in the HbA1c fraction was found to lag behind
the appearance in the HbA fraction and the time course of the
specific activity of 59Fe in the HbA1c fraction was linear.1 The
relationship of synthetic rate to blood glucose and the agreement of
the single subject in vivo kinetics to in vitro kinetics were
established very shortly thereafter.2 However, the invariance of
synthetic rate between persons in the face of potential modifiers has
largely been assumed3 and becomes an issue as ever greater
precision in glycemic control and the identification of more precise
targets for complication prevention are explored. RBC life span,

which determines the duration of exposure of hemoglobin to
glucose, has been assumed to fall within a narrow range in
hematologically normal subjects and thus have no significant effect
on HbA1c.4,5 However, normal RBC life span has been reported to
have a wide range of values regardless of the method used,6-8 and
there are also studies suggesting that RBC life span may depend on
glycemic control, although evidence for this is conflicting.9-13 It is
also possible that heterogeneity in other features of red cell
physiology, such as membrane glucose transport14 and loss of Hb
from older RBCs,15 may influence the relationship between blood
glucose and HbA1c.
A normal RBC progresses through several stages in the
circulation, including a short period as a reticulocyte, a long period
as a mature RBC, and a terminal, senescent state most probably of
short duration.16 Under normal circumstances, all the cells in an age
cohort of human erythroid cells released from the marrow at the
same time go through these stages together.6 However, current cell
labels do not measure the life span of an age cohort, but rather, the
survival of a randomly labeled RBC sample that contains cells of
all ages. For many years 51Cr, which binds tightly but noncovalently to hemoglobin,17-19 has been the standard label for RBC
life span determinations. More recently, biotin has been introduced
as a nonisotopic label that is covalently attached to red cell
membrane proteins and detected by flow cytometry. Initially, Dale
et al20-24 established the biotin method for evaluation of RBC aging
in rabbits, and Russo et al used flow cytometry to demonstrate
normal long-term survival for biotin-labeled RBC (B-RBC) in the
same species.17 Similar studies in mice25 and dogs26 have confirmed
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Although red blood cell (RBC) life span is
a known determinant of percentage hemoglobin A1c (HbA1c), its variation has been
considered insufficient to affect clinical
decisions in hematologically normal
persons. However, an unexplained discordance between HbA1c and other measures of glycemic control can be observed that could be, in part, the result of
differences in RBC life span. To explore
the hypothesis that variation in RBC life
span could alter measured HbA1c suffi-

BLOOD, 15 NOVEMBER 2008 䡠 VOLUME 112, NUMBER 10

Methods
Study subjects
DM subjects (both type 1 and 2) were selected to represent a range of
discordance between HbA1c and serum FA.36 Inclusion criteria were: age
more than or equal to 14 years, either gender, and diabetes maintained at
stable level of control. Exclusion criteria were: baseline serum creatinine
more than 1.5 mg/dL, urine albumin more than 200 g/min (timed collection) or more than 179 g/mg creatinine (spot collection), transaminases
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more than 3 times the upper limit of normal, more than or equal to New
York Heart Association stage III heart failure, hematocrit less than 34%,
reticulocyte count more than 2%, evidence of hemoglobinopathy on high
performance liquid chromatography (HPLC), history of gastrointestinal
blood loss, pregnancy, blood bank donation or transfusion in previous 4
months, uncontrolled thyroid disease, active infection, and an underlying
illness known to be associated with body wasting (eg, malignancies or
tuberculosis). NDM subjects were recruited from the general population
and were hematologically normal, ie, normal blood counts, cellular indices,
and Hb HPLC analysis. The protocol was approved by the University of
Cincinnati Institutional Review Board, and informed consent was obtained
from all subjects in accordance with the Declaration of Helsinki.
HbA1c in TfR(ⴙ) cells
TfR(⫹) reticulocytes were isolated immunomagnetically using anti-TfR
conjugated magnetic beads (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s protocol, except that the cells were passed through 2 magnetic columns in series to achieve a purity of more than 95% as determined
by staining with the reticulocyte marker thiazole orange and flow cytometry. After isolation, the TfR(⫹) cells were washed, lysed, and analyzed by
HPLC for HbA1c.37,38
Measurement of RBC life span
We used an ex vivo biotin label and flow cytometric quantitation to
determine the survival of autologous RBCs.19,39 Approximately 30 mL of
blood was obtained, and up to 10 mL of RBCs was labeled with NHS-biotin
under sterile conditions as previously described39 with no more than 6 hours
elapsing between the initial blood draw and reinfusion. Before reinfusion, a
small aliquot of the labeled RBCs was incubated with streptavidinphycoerythrin and analyzed by flow cytometry to assure that all the cells
were labeled and that there was baseline separation of labeled and unlabeled
cells on the flow cytometric histogram. Another small aliquot was sent for
bacterial culture, which was negative for all subjects. The remaining labeled
RBCs were reinfused through an 18-m blood filter (Hem-O-Nate; Gesco,
San Antonio, TX), and initial postinfusion blood samples were obtained
after 10 minutes, 20 minutes, 2 hours, and 24 hours. Additional blood
samples, were taken after 2 days, one week, 2 weeks, and then at 2-week
intervals (total volume all samples ⬃100 mL) until the fraction of
biotinylated cells fell to less than one-twentieth of the starting fraction.
There was no relationship between the intensity of labeling within the
narrow range achieved and the measured RBC life span, and the 24-hour
loss of labeled RBC was minimal (3.5% ⫾ 3.9%), indicating little RBC
damage during processing. Nevertheless, we used the percentage of labeled
cells at 24 hours as the baseline for calculations. For a typical postinfusionlabeled cell fraction of 0.005 and flow cytometric analysis of 106 cells, there
were approximately 5000 positive cells. At the end of the experiment, there
were approximately 250 positive cells. The false positive background for
this assay is approximately 10 per 106 cells.
Time course of B-RBC HbA1c
For selected postinfusion time points, labeled RBCs were isolated by
streptavidin-coated magnetic beads (Dynal Biotech, Lake Success, NY) as
previously described40 and the HbA1c content determined by HPLC.41
Parallel studies were also performed using another source of magnetic
beads (Miltenyi Biotec) that gave very similar results (not shown). When
plotted against time since reinfusion, the HbA1c values for the labeled
RBCs increased linearly until approximately 90% of the labeled RBCs were
removed from the circulation. We elected to analyze the data up to this point
because it was not clear whether nonlinear HbA1c changes in the last remaining
labeled RBCs (⬍10% of starting value) were artifactual resulting from the
difficulty in isolating a pure population of labeled RBCs after that time.
Analysis of RBC life span
To calculate the mean RBC age at the time of labeling and at subsequent
times after reinfusion, the following analytical sequence was used29: (1) the
fraction of labeled cells after 24 hours was taken as 100%; (2) a straight line
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the utility of B-RBC for in vivo red cell tracking. Cavill et al used
B-RBCs and 51Cr-labeled RBCs to measure red cell mass in 19
human subjects and found no difference between the labels.27
Previous studies from us and others19 have demonstrated the
equivalence of human red cell survival measured with the biotin
and 51Cr labels. The biotin label used in these studies has a number
of advantages compared with the standard 51Cr label, including no
radioactivity, inexpensive and stable reagents, and multiparameter
analysis on a cell-by-cell basis. There is little or no biotin elution as
judged by fluorescence intensity and, in any event, it would have
had no effect on quantitation of the positive cells. The biotin
method is also more precise than the carbon monoxide method for
determining RBC turnover8,28 because the fraction of CO that is
derived from RBCs may be variable.
The biotin label allows the entire RBC life span to be measured,
and the resulting curvilinear survival curves contain the information required to calculate mean RBC age at the time of labeling and
also at subsequent times. In general terms, this analysis is possible
because both the age distribution (and thus the mean age) and the
survival curve of RBCs in the circulation are dependent on the
survival characteristics of an age cohort. Even though age cohort
survival is not measured, the RBC age distribution at the time of
labeling and any subsequent time can be derived from the survival
curve of labeled RBCs27 by adapting a method used to compute
mean age of wild animals in catch-and-release studies.29,30 Of
importance for the studies described here and in contrast to the 51Cr
method, biotin-labeled RBCs can be recovered from the circulation
for analysis of HbA1c.
Given the discordance between HbA1c and other measures of
glycemic control observed in some subjects31-34 and the evidence
for a range of RBC survival in previous studies,9,10,12,35 we sought
to determine whether there is sufficient interindividual variation in
RBC mean age to have an important effect on HbA1c. To maximize
the probability of observing a wide range of life spans in a small
number of subjects, patients with diabetes mellitus (DM) with
discordance between HbA1c and serum fructosamine (FA) were
selected. FA is a measure of glucose control that should be
unaffected by RBC variability.36 We studied DM subjects and
nondiabetic (NDM) controls (1) to determine whether reticulocyte
HbA1c is a significant contributor to intersubject HbA1c variability, (2) to confirm that in vivo Hb glycation rate is constant with
time and quantitate the glycation rate, (3) to examine RBC life span
differences between subjects with and without diabetes, and (4) to
estimate the range of RBC life span among subjects with diabetes. The
starting value for Hb glycation in the circulation was measured in
magnetically isolated TfR(⫹) reticulocytes, a younger subset of the
entire reticulocyte population.37 The rate of Hb glycation was measured
using biotin-labeled RBCs that were magnetically isolated at multiple
time points as they aged in the circulation. RBC survival was determined from the disappearance of biotin-labeled cells and expressed as
mean age of the RBC population at the time of labeling.29,30
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Table 1. Clinical characteristics
Race

Hct (%)

Reticulocytes, %
(normal, 0.5-2.0)

Fructosamine, M
(normal, < 285)

HbA1c, %
(normal, 4.7-6.4)

51

W

51

0.61

273

5.0

55

W

42

1.15

222

5.0

M

40

AA

40

1.55

235

4.6

NDM 4

F

36

W

40

1.27

267

5.4

NDM 5

F

62

W

42

1.35

228

5.8

NDM 6

F

55

W

43

1.35

254

5.4

42.8 ⫾ 4.3

1.2 ⫾ 0.3

240 ⫾ 19

5.2 ⫾ 0.4

ID

Gender

Age, y

NDM 1

M

NDM 2

F

NDM 3

Mean ⫾ SD

DM type

50 ⫾ 10
M

55

2

W

43

1.52

510

14.5

DM 2

M

56

1

W

44

1.34

328

7.3

DM 3

F

51

1

W

38

0.53

282

5.9

DM 4

F

50

1

W

40

1.26*

355

8.1

DM 5

F

40

1

W

41

1.26

231

7.8

DM 6

M

42

2

AA

41

0.98

264

7.6

41.1 ⫾ 2.2

1.1 ⫾ 0.4

264 ⫾ 97

8.5 ⫾ 3.0

Mean ⫾ SD

49.0 ⫾ 6.6

AA indicates African American; and W, white.
*Performed in a different laboratory.

between the final 2 points of the red cell survival curve was extrapolated to
the time axis to give a maximum survival time; (3) a cubic fit of the RBC
survival curve was performed; (4) the death rate as a function of time (first
derivative of the survival curve) was generated; (5) the cell death rate was
used to determine the initial cell age distribution as described29,30; (6) the
initial mean age was calculated from the initial age distribution; and, finally,
(7) the mean age at any postinfusion time, t, was determined using a similar
strategy by recalculating the death rate function and age distribution at each
time t from that time forward.29
In vivo Hb glycation rate determination
The analysis of RBC life span yields a mean RBC age for each point at
which the HbA1c of isolated labeled RBCs was determined (see “In vivo
HbA1c synthesis”), generating a plot of B-RBC HbA1c vs mean cell age. This
plot includes cell ages ranging from the mean RBC age at the time of labeling
(⬃40-60 days) to the mean age of labeled RBCs at the end of the experiment.
Glycation rate was determined as the linear regression slope of this plot.
Glycated hemoglobin assay
HbA1c was measured by an HPLC polyCAT resin column method41 able to
detect an HbA1c peak as low as 0.1% of the HbA peak with the routine
injection containing the equivalent of 0.2 L of packed erythrocytes, with a
coefficient of variation less than 4%. This quantity of cells allowed for
determinations in the TfR(⫹) fraction of cells and the B-RBC fraction for

the HbA1c formation rate. Except for the initial screening HbA1c laboratory tests (Table 1), degree of glycation is expressed as a unitless ratio or
“fraction” calculated from the HPLC chromatogram as (HbA1c/
HbA ⫹ HbA1c) to minimize the impact of other minor peaks.

Results
The study population is described in Table 1. Except in one subject
(DM 1), whose HbA1c fraction rose from 0.113 to 0.146
(⫹ 3.80 ⫻ 10⫺4 HbA1c fraction/day), glycemic control was stable
(⬍⫾ 1 ⫻ 10⫺4 HbA1c fraction/day) during each subject’s data
collection.
HbA1c in TfR(ⴙ) RBCs

HbA1c fraction in TfR(⫹) cells from NDM persons was 0.0074
plus or minus 0.0007 (mean ⫾ SD), in agreement with normal
values reported by Brun et al.37 The corresponding value for DM
subjects was 0.0132 plus or minus 0.0058 (Table 2). Not surprisingly, TfR(⫹) reticulocyte HbA1c correlated with initial whole
blood HbA1c fraction, R2 ⫽ 0.82 (DM and NDM combined,
Figure 1).

Table 2. Biotinylated magnetic bead study results
Mean HbA1c fraction*
(HbA1c/HbAⴙHbA1c)

RBC mean cell age,
days

HbA1c in vivo synthesis rate
Biotinylated RBC slope rate
(fraction/day ⴛ 10ⴚ4)

TfR(ⴙ) cell HbA1c fraction
(HbA1c/HbAⴙHbA1c)

NDM 1

0.052

51.2

6.5

0.0073

NDM 2

0.052

49.8

6.1

0.0074

NDM 3

0.047

38.4

4.8

0.0074

NDM 4

0.054

51.6

7.3

0.0063

NDM 5

0.064

53.8

8.0

0.0074

NDM 6

0.058

59.5

6.2

0.0084

0.055 ⫾ 0.006

50.7 ⫾ 6.9

6.5 ⫾ 1.1

0.007 ⫾ 0.001

DM 1

0.129

52.6

21.4

0.0230

DM 2

0.081

39.4

11.9

0.0085

DM 3

0.056

45.4

5.5

0.0072

DM 4

0.080

44.4

11.5

0.0105

DM 5

0.082

49.3

8.1

0.0152

DM 6

0.089

56.0

10.5

0.0148

0.086 ⫾ 0.024

47.9 ⫾ 6.0

11.5 ⫾ 5.4

0.013 ⫾ 0.006

ID

Mean ⫾ SD

Mean ⫾ SD

HbA1c fraction is shown as the mean of serial determinations at each time point throughout the biotin labeling study.
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Figure 1. Scatter plot of TfR(ⴙ) reticulocyte HbA1c fraction and whole blood
HbA1c fraction. There was a strong correlation of TfR(⫹) reticulocyte HbA1c fraction
to whole blood HbA1c fraction obtained on the day of biotin labeling. (—) represents
regression line; (哹), 95% confidence intervals.

Biotin-labeled RBCs were isolated at selected postinfusion times
with the aid of streptavidin-coated magnetic beads, and their
hemoglobin composition determined by HPLC. Figure 2 shows
representative data for 1 NDM (left) and 1 DM (right) subject in
which the HbA1c fraction is plotted versus the time since
reinfusion. The rate of increase in HbA1c fraction is linear and, as
expected, noticeably greater in the diabetic subject. The HbA1c in
unlabeled cells is plotted as a control and, in the subjects shown,
was essentially constant throughout the period of observation as
previously indicated.
Red cell survival curves and calculated mean RBC age

The individual RBC survivals for NDM (top panel) and DM
subjects (bottom panel) are shown in Figure 3. These plots,
although showing a long, almost linear phase consistent with
previous data, are indeed curvilinear. There is heterogeneity in both
the overall duration of survival and the shapes of the curves. We
chose a cubic fit for the data and used the best fit parameters to
estimate the mean age of the RBCs.29 Although there was
substantial variation among individuals, there was no significant
difference in mean RBC age between groups: 50.7 plus or minus
7.2 days for NDM subjects and 47.9 plus or minus 6.1 days for
diabetic subjects (Table 2, P ⫽ .46). Corresponding ranges for
mean RBC age were 38.4 to 59.5 days and 39.4 to 56.0 days,
respectively.
In vivo HbA1c synthesis

Figure 4 shows HbA1c fraction versus mean RBC age for each
subject. The starting mean age of the labeled RBCs corresponds to
that of all circulating RBCs at the time of labeling and therefore
includes RBCs of all ages. At subsequent time points, the mean
RBC age increases and the age range narrows. Data points appear
only during the second half of the life span because mean RBC age

Figure 2. The in vivo rate of formation of HbA1c. Autologous
RBCs were isolated, labeled with biotin, and then reinfused into
study subjects to track RBC survival and glycation over their life
span. The HbA1c fraction over time after injection in the whole
blood (䡺) and in the biotinylated RBCs (䌤) is shown in 1 subject
without (left panel) and 1 with (right panel) DM.

Figure 3. RBC disappearance in NDM and DM subjects. (Top) NDM subjects;
(bottom) DM subjects. Because RBC disappearance curves were nonlinear, determination of RBC life span as the x-intercept is not the most meaningful approach to
summarizing the exposure of the RBCs to plasma glucose. Mean cell age was
therefore used, computed from the survival curves, fitted to cubic equations
(“Analysis of RBC life span”).

can only be calculated from the time of labeling. The line fitted to
these points was extrapolated to the y intercept for comparison to
the HbA1c fraction values of the TfR(⫹) cells. If the synthesis rate
of HbA1c were linear for the entire life span, then ideally the
y-intercept would coincide with the HbA1c fraction in the TfR(⫹)
cells. However, for 11 subjects, the TfR(⫹) HbA1c was low
relative to the HbA1c predicted by extrapolation and high in a
single subject whose HbA1c was rising during the study. Table 2
summarizes the synthesis rates and TfR(⫹) values. As expected,
linear regression showed a strong relationship between mean blood
HbA1c fraction and glycation rate (Figure 5; R2 ⫽ 0.91).

Discussion
HbA1c has assumed its current role as the “gold standard” for the
estimation of mean glycemic control because it is an integrated
measure that is highly reproducible and relatively easy and
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Figure 5. Relationship of Hb glycation rate to mean HbA1c fraction during the
biotin label study. Glycation rates, determined as the slopes of the regression lines
in Figure 4, were plotted versus the mean of HbA1c fraction values obtained for each
subject over the course of the survival study.

HbA1c synthesis rate

Figure 4. Time course of measured HbA1c fraction versus mean age of
biotinylated RBCs. HbA1c fraction was measured in autologous biotinylated RBCs,
sampled at various times (triangles) after reinfusion in 6 NDM (left) and 6 DM (right)
human subjects. Mean RBC age at sampling was calculated based on the time of
sampling and the measured survival characteristics of each patient as described in
“Analysis of RBC life span.” The initial mean cell age differs among both NDM and DM
subjects resulting from differences in RBC survival. The slope of the biotinylated RBC
HbA1c fraction vs time plot represents the Hb glycation rate. Slopes differ among
subjects and are, in general, greater in the DM subjects. 䡺 represent HbA1c fraction
values in isolated TfR(⫹) cells; (—), regression line; (哹), 95% confidence intervals.

inexpensive to perform. In the clinical setting, HbA1c values are
regarded as virtually synonymous with glycemic control despite
some ongoing limitations, in part related to methods of measurement.42 Yet, mismatches between HbA1c and mean blood glucose
measured by other means are real, common, and relevant to clinical
management.5,31 Depending on the mechanism in a particular
situation, this mismatch may result from alterations in RBC
survival. In an effort to understand this discordance in a quantitative manner at the level of the individual with diabetes, the studies

As previously shown with 59Fe in the A1c Hb peak1 in NDM
subjects, and now demonstrated with HbA1c measurement directly
in both NDM and DM subjects, net in vivo HbA1c synthesis is
constant as mean cell age increases under steady-state physiologic
and pathophysiologic conditions (Figure 4). This supports that the
net glycation reaction in vivo is essentially unidirectional.1,2 If both
glycation and deglycation are occurring simultaneously, there is no
evidence of a complex time course from mean cell age until cells
are removed from the circulation. A deglycating enzyme43 has
recently been identified that acts at lysine, but none has been
reported that acts at the N-terminal glycated amino group.44 The
strong correlation of glycation rate with whole blood HbA1c in the
DM and NDM subjects (Figure 5) provides evidence that the whole
blood determination depends on the integration of glycation rate
throughout the red cell life span. In addition to RBC life span, there
may be other variables that either attenuate or amplify the
discordances between Hb A1c and average plasma glucose.45 For
example, we have proposed heterogeneity in the glucose gradient
across the RBC membrane independent of glycemic control as one
possibility.46,47 Whereas some authors interpret data as indicating
minimal biologic variation in HbA1c between individuals,4 others
have found evidence for more marked differences resulting from
poorly understood genetic factors.48,49 After the elucidation of the
nature of nonenzymatic glycation,50,51 glycation rates have been
shown to be subject to variation between individuals by factors that
are independent of glucose concentration, including pH,32 inorganic phosphate,52 oxidative stress,53 deglycation,43,54 and Schiff
base inhibitors.55 These techniques used here, in combination with
frequent blood glucose sampling, could evaluate the importance of
these factors.
TfR(ⴙ) reticulocyte HbA1c

The HbA1c fraction in isolated TfR(⫹) reticulocytes was consistently lower than predicted by extrapolating the time course of
glycation (Figure 4) to zero time but higher than might be expected
by comparing the circulating life span of the RBC to the duration
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presented here examine for the first time the 3 factors that
determine the amount of HbA1c in the blood: (1) the level of
HbA1c when immature RBCs enter the circulation, (2) the HbA1c
synthetic rate as RBCs age in the circulation, and (3) the average
time period over which Hb is exposed to glucose in the circulation
(RBC mean age). Of particular clinical relevance, RBC mean age
contributes to the intersubject variability in HbA1c fraction independent of the direct effect of glycemic control on HbA1c.
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before RBC precursor release (Figure 1; Table 2). The HbA1c peak
has been reported to be heterogeneous, and mass spectrometry
would be necessary to exclude differences in the composition of
this peak between whole blood, TfR(⫹), and biotinylated cell
preparations as a source of this uncertainty.42,56 Nevertheless,
HbA1c in isolated TfR(⫹) reticuloctes correlated with initial whole
blood HbA1c and was higher in DM subjects compared with NDM.
Given its low value, it is doubtful that variation in reticulocyte
HbA1c has a significant impact on HbA1c interpretation.
RBC life span

The impact of mean red cell age on HbA1c

In this study of 12 DM and NDM subjects, substantial variability of
RBC life span was observed, with mean cell age ranging from

Figure 6. Impact of differences in mean RBC age on measured HbA1c. Three
hypothetical patients with identical glycation rates would be expected to have similar
HbA1c values (in this case 0.086, the average of the 6 DM subjects in our study).
However, variable mean RBC age results in a measured HbA1c that ranges from
lower to higher than expected. This could lead to inappropriate clinical management.

38.4 to 59.5 days representing 20% above and below the mean for
the combined population (49.3 ⫾ 6.3). Based on the mean HbA1c
fraction value (0.086) and the mean RBC age of the DM subjects
(47.9 days) and the average rate of glycation observed in the DM
subjects (0.00115/day; Table 2), it is possible to define a relationship between HbA1c fraction and cell age for the “average”
diabetic patient as:
HbA1c ⫽ 0.00115 ⫻ cell age ⫹ 0.0309.
The intercept is determined mathematically by the other
3 parameters. This relationship is useful in calculating the
impact of assuming that all RBC have the same survival time. It
can be calculated that the HbA1c fraction at 38.4 days would be
0.075, 0.086 at 47.9 days, and 0.099 at 59.5 days. Thus,
3 patients with otherwise identical diabetic control could have
very different HbA1c levels of 0.075 or 0.099 if they happened
to have mean RBC ages of 38.4 and 59.5 days, respectively
(Figure 6). These differences in HbA1c are of a magnitude that
would affect management decisions. An ostensibly acceptable
HbA1c that would not prompt a change in management may
actually be unacceptably high if a shorter RBC survival were
taken into account; and at the other extreme, the measured
HbA1c may correct to one much lower if a longer RBC life span
is considered. In the latter case, inappropriately aggressive
therapy might be instituted, with increased risk for hypoglycemia. Although the number of patients studied thus far is not
sufficient to calculate an accurate population distribution of
mean RBC ages, the data on these 12 patients suggest a range
encompassing 2 SDs of 36 to 62 days, assuming a normal
distribution. Even if RBC life span is a factor in determining
HbA1c levels in only 5% to 10% of people with diabetes, that
amounts to 1 to 2 million people in the United States alone and
many more worldwide.
HbA1c as a surrogate marker for red cell survival in erythrocyte
disease

Although the findings in this study are limited to subjects with
normal hemoglobin, hematocrit, indices, and reticulocyte count,
there are implications for assessment of hematologic disease by
HbA1c. Detection of altered red cell survival was among the early
implications demonstrated when red cell physiology was examined
in relation to HbA1c. Subsequent studies have extended this
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The most important finding from these studies is the heterogeneity in mean RBC age in hematologically normal people both
with and without diabetes. The mean RBC age calculation is
based conceptually on methods29 adapted from analogous
animal tag-and-release studies30 in which the ages of tagged
animals are not known at the time of release. In our case, the
ages of the “tagged” biotin-labeled RBCs at the time of
reinfusion are not known. The mean RBC age is derived from
the mathematical relationship between the disappearance or
“death” rate of the biotin-labeled RBCs and their age distribution. It incorporates information derived from the complete
survival curve of the biotin-labeled RBCs that have variable
initial age. The mean and range of RBC mean age were similar
in DM and NDM subjects. Mean RBC age is the appropriate
RBC survival variable for these studies because, in the absence
of significant bone marrow glycation, it should be the most valid
measure of the duration of Hb exposure to glucose in the
periphery. In this study, the DM subjects with the poorer
glycemic control had the higher mean RBC ages, arguing
against an effect of poor glycemic control on RBC survival.
These results differ from 2 previous reports8,9 but agree with
others.10,12
It is important, in examining these results, to consider the
potential sources of variation. The individual survival curves
appear to be very precise (R2 ⬎ 0.99), and repeated assays at a
given time point agreed closely. The range of biotinylation was
kept as narrow as possible, and there appeared to be no dependence
on the degree of biotinylation within this range. The biotinylation
conditions were chosen to give the lowest level of biotin on the
RBC that was consistent with baseline separation on the flow
cytometer for the entire experiment. Repeated studies on the same
subject were not performed, and it remains to be determined
whether a patient varies significantly within the observed range of
RBC survival.
The 6 subjects with diabetes were selected from a population of
approximately 200 patients followed with frequent HbA1c and
fructosamine measurements. We have previously reported that in a
similar (n ⫽ 153) population with the assumption that both HbA1c
and fructosamine values are at steady state,36 17% had fructosamine predicting HbA1c at least one percentage point below and
23% had fructosamine predicting HbA1c at least one percentage
point above the measured HbA1c and that the direction of deviation
between the 2 was consistent over time.36 However, because the
fraction of HbA1c-fructosamine discordance attributable to RBC
life span variation is not known, it is premature to generalize about
the prevalence in a larger population.
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