
chromatosis. Diabetes Care 13:532–534,
1990

11. Singh BM, Grunewald RA, Press M, Mul-
ler BR, Wise PH: Prevalence of amongst
patients with diabetes mellitus. Diabetes
Med 9:730–731, 1992

12. Powell LW, George DK, McDonnell SM,
Kowdley KV: Diagnosis of hemochroma-
tosis. Ann Intern Med 129:925–931, 1998

13. Lynas C: A cheaper and more rapid poly-
merase chain reaction-restriction frag-
ment length polymorphism method for
the detection of the HLA-H gene muta-
tions occurring in hereditary hemochro-
matosis. Blood 90:4235–4236, 1997

14. Mura C, Raguenes O, Ferec C: HFE mu-
tations analysis in 711 hemochromatosis
probands: evidence for S65C implication
in mild form of hemochromatosis. Blood
93:2502–2505, 1999

15. Steiner M, Ocran K, Genschel J, Meier P,
Gerl H, Ventz M, Schneider ML, Buttner
C, Wadowska K, Kerner W, Schuff-
Werner P, Lochs H, Schmidt H: A ho-
mozygous HFE gene splice site mutation
(IVS51 G/A) in a hereditary hemochro-
matosis patient of Vietnamese origin. Gas-
troenterology 122:789–795, 2002

16. Adams PC, Reboussin DM, Barton JC,
McLaren CE, Eckfeldt JH, McLaren GD,
Dawkins FW, Acton RT, Harris EL, Gor-
deuk VR, Leiendecker-Foster C, Speech-
ley M, Snively BM, Holup JL, Thomson E,
Sholinsky P, the Hemochromatosis and
Iron Overload Screening (HEIRS) Study
Research Investigators: Hemochromato-
sis and iron-overload screening in a ra-
cially diverse population. N Engl J Med
352:1769–1778, 2005

17. Phatak PD, Guzman G, Woll JE, Robeson
A, Phelps CE: Cost-effectiveness of
screening for hereditary hemochromato-
sis. Arch Intern Med 154:769–776, 1994

18. Adams PC, Valberg LS: Screening blood
donors for hereditary hemochromatosis:
decision analysis model comparing geno-
typing to phenotyping. Am J Gastroenterol
94:1593–1600, 1999 (see comments)

19. Madsbad S: Prevalence of residual B-cell
function and its metabolic consequences
in type I (insulin-dependent) diabetes.
Diabetologia 24:141–147, 1983

On the Weighted-
Average
Relationship
Between Plasma
Glucose and HbA1c

T ahara and colleagues (1–3) have
reported results of experimental in-
vestigations concluding a relation-

ship between plasma glucose level and
HbA1c (A1C), defined as

H�t� � K�
0

t

W�t � ��G���d�

(Eq. 1)

Their expression for W(s) is

W�s� � �2�T � s�/T2, 0 � s � T

0, s � T
(Eq. 2)

The experimental mean fasting
plasma glucose (MFPG) results reported
in ref. 1 were analytically modeled and
then used to determine the corresponding
mean A1C curve (Eq. 1). Excellent corre-
lation was obtained between experimen-
tal mean A1C and analytical A1C curves.
The specific curve for MFPG is

G�t� � Gs � Gd exp(��t) (Eq. 3)

where � is constant in time but nonethe-
less adjustable to designate different de-
cay rates. The MFPG curve reported in
ref. 1 is found from Eq. 3 for Gs � 6.6, Gd
� 6.2, and � � 1. The related expression
for A1C derived from Eq.1 is

H�t�

2K
� Gs�� t

T� � 0.5� t

T�
2�

� � Gd

�T��1 �
t

T��1 � exp���t��
�

Gd

�2T2�1 � �1 � �t�exp���t��
(Eq. 4)

Values of H(t) versus t obtained using Eq. 4,
with K � 0.75, T � 17 weeks, and � � 1
were subtracted from the mean of patient-
admission A1C values to approximate the
mean A1C curve reported in ref. 1.

Adjusting � to designate different de-
cay rates, as would be the case for patients
using only diet and exercise to control
their plasma glucose levels, it is evident
from Eq. 3 that as � decreases from (say)
� � 1 to � � 0.1, e.g., � � 0.8, 0.4, 0.2,
0.1, a family of G(t) curves will be gener-
ated whose corresponding decay is
slower. Given that 50% of the GHb level
at any time is determined by the plasma
glucose level during the preceding
1-month period, 25% by the plasma glu-
cose level during the 1-month period be-
fore that, and the remaining 25% by the
plasma glucose level during the 2-month
period before the first 2 months (1–3), it
follows that if the plasma glucose curve
decays, the corresponding A1C curve will

also decay. Results reported in ref. 1 con-
firm this, as do results from a study by
Rohlfing et al. (4), where an algebraic re-
lationship between FPG and A1C is
reported.

However, the � curves of A1C deter-
mined from Eq. 4 display a faster decay as
� decreases. This inverted decay suggests
the weighted-average relationship be-
tween plasma glucose and A1C reported
in ref. 1 is questionable. As functions of �,
both plasma glucose and A1C curves
should decay faster as � increases and
slower as � decreases, not one slower and
the other faster (or vice versa).
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On the Weighted-
Average
Relationship
Between Plasma
Glucose and HbA1c

Response to Treviño

D r. Treviño (1) has derived a mathe-
matical formula for HbA1c (A1C)
change in response to exponential

plasma glucose decay. His analysis has
shown a faster decay of A1C associated
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with a slower decay of plasma glucose and
posed a question to the weighted-average
relationship between plasma glucose and
A1C, which we proposed in our previous
study (2). Since his derived formula is
very complicated and the detailed analyt-
ical method is not given, I cannot exactly
reply to his question. However, I propose
here a new physiological model, which
deals with the kinetics of GHb production
in red cells, and explain the relationship
between plasma glucose and A1C.

GHb is not contained in the newly
born red cells, formed every day in pro-
portion to plasma glucose level during red
cell life, and finally removed from blood
together with the end of red cell life. He-
moglobin in the red cells aged 1 day is
therefore glycated during the preceding 1
day, whereas hemoglobin in the red cells
aged 2 days is glycated during the preced-
ing 2 days, and so on. Thus, GHb pro-
duced on the day just before A1C
measurement is contained in the red cells
aged 1 to T days (T is the red cell life
span), whereas GHb produced on the day
2 days before is contained in the red cells
aged 2 to T days. Generally, GHb pro-
duced on the day s days before A1C mea-
surement is contained in the red cells
aged s to T days. This means that the total
amount of GHb produced on the day s
days before A1C measurement is propor-
tional to the volume of the red cells aged s
to T days. In a steady-state condition
where the distribution function of red cell
age is constant, the contributory rate of
the plasma glucose in the day s days be-
fore A1C measurement is proportional to
T�s, and is given by W(s) � 2(T�s)/T2

(0 � s � T), where the coefficient 2/T2 is
a normalization factor.

This result is just the same as in our
previous report (2). Area under the
weight function curve shows contribu-
tory rate of plasma glucose for each pe-
riod. For T � 120 days, 50% of A1C is
determined by the plasma glucose level
during the preceding 35 days, 25% by the
plasma glucose level during 25 days be-
fore this period, and the remaining 25%
by the plasma glucose level during the
2-month period before these periods. The
present model clearly shows the relation-
ship between plasma glucose and A1C.
Introduction of distribution function of
red cell age to this model further enables
analysis of A1C behavior when the red
cell kinetics is disturbed by various phys-
iological or medical conditions.
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Hypoglycemia
Preceding Fatal Car
Collisions

H ypoglycemia significantly impairs
driving performance (1,2), and
driving collisions involving diabetic

individuals are frequently attributed to
hypoglycemia (3). Further, driving mis-
haps are often preceded by frequent mild
symptomatic hypoglycemia while driving
(4). It is reasonable to expect that before a
hypoglycemia-related driving mishap,
drivers with type 1 diabetes may experi-
ence frequent episodes of hypoglycemia.

We recently conducted a study in
which 100 adults and 100 children with
type 1 diabetes were given memory
meters and strips (OneTouch Ultra; Life-
Scan, Milpitas, CA) and asked to record
all blood glucose readings for 6 consecu-
tive months. Tragically, during this study,
two subjects died in vehicular collisions.
Subject A was a 47-year-old male with a
30-year history of type 1 diabetes and an
HbA1c (A1C) of 7.6%. Witnesses reported
that the subject had been swerving out of
his lane, with erratic speed, and was un-
responsive to the honks of other drivers
before crashing into a tree. Subject B was
a 15-year-old male with a 7-year history
of type 1 diabetes and an A1C of 7.0%.
The accident occurred when his ATV
flipped while driving through the woods.

The low blood glucose index (LBGI)
is a composite score reflecting the fre-
quency and extent of low blood glucose
over a month of routine self-monitoring
of blood glucose (5–7). The LBGI ac-
counts for 40–60% of the variance of fu-
ture severe hypoglycemic episodes within
the following 3–6 months (5–7), whereas
A1C accounts for only 6% of the variance

(8). An LBGI of 
5 places an individual at
significantly elevated risk of future severe
hypoglycemic episodes; this represents a
10-fold increase in the occurrence of fu-
ture severe hypoglycemic episodes com-
pared with an LBGI of �2.5 (5–7). The
LBGI can significantly change within 2–4
weeks with changes in diabetes regimen,
while A1C is a more stable measure, tak-
ing 2–3 months to incur a significant
change.

After the second death, we analyzed
memory meter data for subjects’ LBGI.
For the 3 months before these fatalities,
monthly LBGI steadily rose for subject A
from 6.2, to 7.0, to 7.5 and for subject B
from 3.3, to 5.0, to 6.6. During this pe-
riod, subject A reported four episodes of
severe hypoglycemia, while subject B ex-
perienced one episode of severe hypogly-
cemia the week before the collision.

If these individuals had been in-
formed about their elevating risk of future
severe hypoglycemia and given the op-
portunity to reduce this risk, these deaths
may have been avoided. It must be
pointed out that the LBGI is certainly not
specific to driving collisions. Currently,
the LBGI is not available to patients on
any memory meter display program, but
its computation is straightforward and
can be computed on any data spread-
sheet. A less sophisticated and less sensi-
tive alternative is to have patients
compute the percent of blood glucose
readings �3.9 mmol/l. An LBGI �5 is
equal to roughly 
15% of an individual’s
self-monitoring of blood glucose readings
being �3.9 mmol/l. If patients recognize
when they are having frequent low blood
glucose values and take steps to reverse
this, it is possible that some of these tragic
events could be avoided. It is exposure to
frequent hypoglycemia, not low A1C, that
increases the risk of severe hypoglycemic
episodes (5–7).
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