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A Mathematical Model for the
Determination of Total Areq
Under Glucose Tolerance and
Other Metabolic Curves

Mary M. Tal, Ms, DD

OBJECTIVE — To develop a mathematical model for the determination of total
areas under curves from various metabolic studies.

RESEARCH DESIGN AND METHODS In Tai’s Model, the total area under a
curve is computed by dividing the area under the curve between two designated
values on the X-axis (abscissas) into small segments (rectangles and triangles) whose
areas can be accurately calculated from their respective geometrical formulas. The
total sum of these individual areas thus Tepresents the total area under the curve,
Validity of the model is established by comparing total areas obtained from this
model to these same areas obtained from graphic method (less than *0.4%). Other
formulas widely applied by researchers under- or overestimated total area under a
metabolic curve by a grear margin.

RESULTS — Tai's model proves to be able to 1) determine total area under a curve
with precision; 2) calculate area with varied shapes that may or may not intercept on
one or both X/Y axes; 3) estimate total area under a curve plotted against varied time
intervals (abscissas), whereas other formulas only allow the same time interval; and
4) compare total areas of metabolic curves produced by different studies.

CONCLUSIONS — The Tai model allows flexibility in experimental conditions, which
means, in the case of the glucose-response curve, samples can be taken with differing time
intervals and total area under the curve can stll be determined with precision.

under a glucose-tolerance or an energy-
expenditure curve (1,2). Three formulas
have been developed by Alder (3), Vec-
chio et al. (4), and Wolever et al. (5) 1o
calculate the total area under a curve.

of metabolic studies has become an
increasingly popular tool for evalu-
ating results from clinical trials as well as
research investigations, such as total area

E stimation of total areas under curves
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However, except for Wolever etal’s

mula, other formulas tend 1o under.
overestimate the total areg under g ets
abolic curve by a large margin. ;

RESEARCH DESIGN AND
METHODS

Tai's mathematical model

Tai's model was developed to correct the
deficiency of under- or Overestimation of
the total area under a metabolic curve,
This formula also allows calculating the
area under a curve with unequal units on 7
the X-axis. The strategy of this mathe.
matical model is to divide the tora] area
under a curve into individual small seg- 4
ments such as squares, rectangles, and .
angles, whose areas can be precisely deter-
mined according “to existing geometric
formulas. The area of the individual seg-
ments are then added to obtain the total
area under the curve. As shown in Fig. 1,
the total area can be expressed as:

Total area = triangle a + rectangle b +
triangle ¢ + rectangle d + triangle e +
rectangle f + triangle g + rectangle h +. ..

If y = height, x = width

Area (square) = x° or y? (x = v);

Area (rectangle) = xy;

Area (riangle) = xy/2

Let X; =x, —x; X, =X3— X,

X5 =, —x3, X, = X5~ Xy

Xn-l =X T X

Towal Area =X, (y, ~ y)) + Xy, +

%Xz 03 =y + Xoy, +

'21‘X3 0s =y + X5y, fis
+2£X4Q’5“}’4)+X4}’4+---- !
+V%Xn-—1(yn_.yn—l)+xn——]yn—l r
=500+ X1y, + Xy, + Xy 4 Xst BB
Xy + Xy, +Xys+ ... F X g

X)) = % X101 +y,) + X, &, +yy Cor
TX03+y) + X Gty 4. ... . oth
Xy Gy +Y)) i Five
If the curve passes the origin, 12Ky 1 vioy
should be added to above formula. If the " here
curve intercepts at y, at the Y-axis, let iam
Xo = X1 = %o, 112[Xo(y, + y,)] should be . indi
added to the above formula: Tai's formulz - mod
applied to different conditions: . oftt
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Figure 1—Total area under the curve is the
sum of individual areas of triangles a, c, e, and g
and rectangles b, d, f, and h.

N o=

Z Xi-1(ic1 + W

(Tai’s formula)

When the curve passes the origin: x, =
Vo=0,X0 =% -0

When the curve intercepts Y-axis at yy:
Xo=%x-0

When the curve neither passes the origin

t  nor intercepts at y-axis: X, = yo = 0

Example using Tai’s model:

Blood glucose determined at six time
periods: (6)
time (ivin) 0 30 60 90 120

Glucose (mg/dl) 95 147 124 111 101
X=x-%=30-0=230;

Xy =60-30 = 30; X, = X5 = 30

ki

1
=5[30(95 + 147) + (147 + 124)

+(124 + 111) + (111 + 101)]
= 14400 mg/dl/120 min

ts of laboratory data from the pre-
> SXperiments of the author are used
or Falculating the total area under a
Ustng the four different formulas as
ted above. The validity of each
- Was verified through comparison
“*otl area obtained from the above

formulas to a standard (true value),
which is obtained by plotting the curve
on graph paper and counting the num-
ber of small units under the curve. The
sum of these units represents the actual
total area under the curve. Results are
presented in Table 1. From Table 1, it is
evident that total area I can not be ob-
tained from Alder’s formula. Total area I1

" has underestimated the total area under a

metabolic curve by a large margin. Total
area III corresponds well (— 6.1%) with
the actual area estimated from the plot
(total area V). However, this formula
only permits a single ¢ value, which means
the time interval has to be the same.

Verification of Tai’s mathematical
model

From Table 1, it is clear that Tai’s for-
mula (total area IV) has the most accu-

Tai

rate estimation of the total area under a
curve. Total area IV agrees extremely
well"with actual total area obtained from
the graph' (+ 0.1%). Because no statisti-
cally significant differences were found
betweeri areas from these two methods,
the validity of Tai’s model can thus be
established.

This formula also permits accu-
rate determination of total area under the
curve when the curve intercepts with
Y-axis, as well as when the curve passes
the origin. Furthermore, in this formula,
values on X-axis do not have to be the
same as the t in Wolever et al.’s formula. It
allows flexibility in experimental condi-
tions, which means, in the case of glucose-
Tesponse curve, samples can be taken with
differing time intervals and the total area
under the curve can stll be determined
with precision. Thus, if different authors
estimate the total area under a curve from

Table 1—Summary of results: (% area: % of total area V)

Total area 1 1 m 5 v \%
Test

Glucose N.A* 480 (3.3%) 13517 (94.3%) 14400 (100.4%) 14337
TEF (SM) N.A* 336 (3.2%) 9588 (92.6%) 10326 (99.8%) 10349
TEF (LM) N.A* 452 (3.2%) 13367 (94.7%) 14163 (100.3) 14115
RMR (L) N.A.* 1157 (3.9%) N.A.¥ 30040 (100.0%) 30047
RMR (O) N.A.* -1636 (4.6%) N.A.T 35733 (100.0%) 35725
Ave (3.6%) (93.9%) (100.1%)

t tests: IV P < 0.005; 1LV NS; IV:V NS

Area I: Alder (3)*; Area II: Vecchio et al. (4);
Area III: Wolever et al. (5);
Area: V: Graphic Method,;

Metabolic studies:

© Testl

Area IV: Tai’

's Model

Blood glucose at six time periods before and after a glucose load: (blood glucose: x,
mg/dl; time interval between tests ¢ = 30 min; obese women: n = 6) (6,

Test II and 111

Thermic effect of food at ten time periods after one large meal (LM: 750 kcal) or six

small meals (SM: 125 kcal)
(TEF: X, 10 ™ 2 keal * min ~ !
Test [V and V

kg ~ ! LBM; t = 30 min; lean women: n = 7) (2)

Resting metabolic rate of lean (L) and obese (O) women:

(RMR: X 10 ~ *kg-min ~ '-kg = ! LBM; L:
min; t, = ts = ts = 30 min) (6)

n=70:n=8;t =t, =20 min; t; = 25

*Nonapplicable because of the irregular shape of the curve.

TNonapplicable because of the uneven time intervals.
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A mathematical model for total area under curves
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D | Petermination of the
Area Under a Curve

n a recent article, Tai (1) describes a
method to determine total area under

aggerately called “Tai’s mathematical
model” is nothing but a simple geometri-
cal formula, well known for many years as
the trapezoidal rule. This classical
method, as well as a series of other ap-
proaches, was reviewed and investigated
by Wagner and Ayres (2) 17 years ago.
i Moreover, the derivation of the trapezoi-
- dal rule is presented in a circumstantial
. way, the final equation called “Tai’s for-
- mula” contains incorrect notations (e.g,
; - X must be ‘X’ with the author’s defini-
e - E tions), and the division into different con-
E ditions of intercept and passing the origin
B s 2bsolutely unnecessary.
4 The validation of the formula by
 means of comparison with a “true value”
b s useless and contains several fallacies.
Tirst, because of the geometrical interpre-
tation of the trapezoidal rule, it is clear
that the expression tends toward the true
&ea under the curve (AUC) if the number
considered curve points increases.
Ce, the adequacy of the trapezoidal
215 dependent on the number of curve
ts and cannot be investigated by a
examples. Second, the AUC valye
Ured graphically by counting the
bers of smal] units under the curve is
€ true AUC value. Like the trapezoi-
le, it is an approximation, which
toward the true value if the units
€. Thus, for comparison, not the
L another approximation was
rd, Students ¢ tests were mis-
ificance tests re generally in-
tools for comparison of two

Ple size vy onlyn =5, resulting

Power, and multiple compar-
€ Made with oy, adjustment.
Vel if the sample size had been
Justmeny for multiple com-

metabolic curves. However, what is ex-.

Measurement (3).In addition,

Ve
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parisons had been made, in principle, ap-
proaches adequate for method compari-
son should have been used (3).

Finally, the term total area under q
curve is used in another sense than it is in
the pharmacokinetic literature. The word
total refers to AUC(0-%), whereas AUC(0-
T), where T is the investigator’s last time
point, is a partial area. Only the latter can
be estimated by means of the trapezoidal
rule; computation of the total AUC(0-00)
requires a mathematical or pharmacoki-
netic model (2). However, “Tai’s mathe-
matical model” is no model, it is an appli-
cation of a simple geometrical rule.

[n conclusion, Tai proposed a
simple, well-known formula exaggerately
as her own mathematical model and pre-
sented it in a circumstantial and faulty
way.

RALF BENDER, PHD

From the Department of Nutrition and Meta-
boli¢’ Diseases, Heinrich-Heine University,”
Dusseldorf, Germany.
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Comments on Tai’s
Mathematic Model

commend Tai (1) for producing a cor-

rect method for calculating the total

area under the curve. It uses the trap-
ezoid rule, a basic geometrical concept,
which is that the area of a trapezoid is the
mean of the length of the rwo parallel
sides times the width. This method has
been used by those of us in the field for
many years and, in my opinion, does not
need a new name. I also have a number of
other problems with her paper. Tai con-
siders that the “true value” for the area
under the curve is obtained by plotting
the curve on graph paper and counting
the squares under the curve. This method
is subject to a number of errors arising from
inaccuracies in plotting the points and lines
and in estimating the area of the portions of
squares that are bisected by lines whose
width is large in relation to the size of the
squares. The trapezoid rule is, in fact, the

-gold standard for calculating areas if the

points are joined by straight lines.

The typographical error in the ex-
ample calculation (which should read: area
= 172[30(95 + 147) + 30(147 + 124) +
30(124 + 111) + 30(111 + 101)] =
14400) is a problem I cannot criticize, In
one of my papers, there are a number of
confusing errors in the section describing
the effects of different ways of calculating the
area under the curve that I was careless
enough not to pick up in proof (2).

However, 1 will criticize her to-
tally inappropriate use of “my” formula to
calculate total area under the curve (3). As
was cleatly stated, my formula is for cal-
culating the incremental area under the
curve above the baseline and does not
give the correct value for the total area.
Therefore, her comparison of the accu-
racy of “her” method with “mine” is 2
completely meaningless exercise. In addi-
tion, to obtain the area she ascribes to my
method (ie., 13,517), she must have
used the "incorrect final term ¢D2/
[2(D+|E])], which, as explained, is only
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substituted for t(D+E)/2 if increment D is
positive and E negative (i.e., below the
baseline) so as to ignore the area below
the baseline. If D<0 and E>0, then the
term becomes tE%/[2(E+|D])]. In her ex-
ample, none of the postprandial points is
less than fasting.

Finally, she says that my method
only permits a single time interval. She is
wrong, in that my method is based on the
trapezoid rule and can be adapted for dif-
ferent time intervals, a point we made in
an earlier and more complete description
of the method (4). However, she is correct
that the sample simplified formula in our
1991 paper (3) is only appropriate for
equal time intervals. We made an error in
assuming that readers would be able to
modify it for different time intervals.
Thus, the formula for the incremental
area under the curve ignoring area below
the baseline, where x,. . x,, are the incre-
ments (i.e., the postprandial values minus
the fasting value), and if all the incre-
ments are positive, is

n

2 tba + x+1)/2

ti=d

where f, is the time interval between the
ith and i+ 1th points. However, if either x;
or X;.; is negative (i.e., below the base-
line), then one of the terms described in
the preceding paragraph is substituted (if
both are negative, then the area between
them is 0).

The lesson here is that calculating
areas under the curve is deceptively diffi-
cult. I fear I may be responsible for con-
tributing to the confusion.

Tuomas M. S. WOLEVER, DM, PHD

From the Department of Nutritional Sciences,
University of Toronto, Toronto, Ontario, Can-
" ada = '

Address correspondence to Thomas M. S.
Wolever, DM, PhD, University of Toronto,
Department of Nutritional Sciences, Fitzger-
ald Building, 150 College Street, Toronto, On-
tario, Canada M5S 1A8.
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Tai’s Formula Is the
Trapezoidal Rule

e were disturbed to read the arti-

cle by M. M. Tai titled “A Math-
ematical Model for the Determi-

nation of Total Area Under Glucose
Tolerance and Other Metabolic Curves”
(1). The author seems to claim “Tai’s for-
mula” as a new method of computing area
under a curve. The formula given is sim-
ply the trapezoidal rule, published in
many beginning calculus texts (for exam-
ple, see Swokowski [2] or Faires and
Faires [3]). Although we do not have a
first reference, it is our understanding
that the trapezoidal rule was known to
Isaac Newton in the 17th century. Fur-
ther, her article omitted any reference to
the magnitude of error of the area approx-
imation when the true curve is unknown, as
is the case for measuring glucose tolerance.
The trapezoidal rule is used in un-
dergraduate calculus courses to illustrate
and develop the calculus of definite inte-
grals. Calculus students begin estimating
area under a known curve by dividing the

x-axis into small intervals and tg
area of the resulting trapezoids,
cise demonstrates that the erpg
area calculation decreases a5 the
the x-axis intervals is decreased. P
integrals are then defined by taki
'limit of the trapezoid’s summation;
x-axis intervals go to zero.
Shortcomings exist with th
ezoidal rule, even if the true cygy
known, that are not mentioned in th
ticle. Modeling a curve by a serieg of
nected line segments will either ove:
underestimate the actual area, depend
on the direction of curvature in the'f
curve. In the case of the glucose tolerancs"
response, the true curve is unknows
even so, the trapezoidal rule is the beg
possible approximation of the area based:
¢n linear ségments given minimal as
sumptions about the true curve. Most
statements of the trapezoidal rule include
the upper bound of the possible error
stated as M(b — a)>/12n?, where M is the E
maximum rate of curvature over the x -
segment, [a, b], and n is the number of
X-axis intervals. E
Tai stated that her “standard (true §

M:Am
ation ¢

and Schr
JD, Fa
NY, R¢

value). . . is obtained by plotting the S delii
curve on graph paper and counting the = es
number of small units under the curve” S

(p. 153). By definition, the sum of the $&"

area of the small units, which she errone-

ously refers to as the “true value,” should SR W hile
be exactly the area found by the trapezoi- SSSURN mode
dal rule. The formula should have been S meta
100% accurate because she defined truth Evalidity, we
to be exactly the sum of the area of the #8n also dese
graph paper trapezoids. Fmot only b

We hope that our comments
mathematics and statistics practitioners
help to clarify the origin of the trapezoida!
rule and its properties as an approxim&
tion of the area under the true curve.

ates of t
and to s

JANE H. MONACO, M5
RANDY L. ANDERSON, P

From the Department of Public Health Sc
ences, Bowman Gray School of Mediciné
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Modeling McizLolic
 Curves

hile not denigrating the Tai
model (1) for the total area under
~metabolic curves, nor denying
ty, we believe the I variate func-
lso deserves to be better known. It
tonly be used to approximate the
e under the curve (AUC) but also
cribe these curves functionally with

10 separate their secretion and
_phases. The formula for this
s :

Y= yo + At

{insulin, C-peptide,  glucose
Hons}, yo is a basal value, t is

12 10 the straight line form of

of their characteristic parame-’

% a,and b are found by simply

(2) In(y — y0) = InA + alnt — bt

in which In(x) represents the natural log-
arithm. By differentiating y with respect to
t, one can find the secretion and clearance
rates as the first and second terms respec-
tively of

(€)
dy/dt = Aat® = le™® — Abt%™™

The total above basal area under the rele-
vant response curve, AUC, is then found
by integrating (1) with respect to ¢ be-
tween the limits of 0 and % to obtain

4 AUC = Al'(a + VA* 1!

in which I'(x) represents the I" function,
values for which are in standard tables (2)
(hence the name of the function).

An example of the use of the I’
variate function in this context may be
found in Shannon et al. (3). The I variate
model does not require seeding with ini-
tial values, nor does it require many sam-
pling times to increase its accuracy.

- A. G. SHANNON, PHD
D. R. OWENS, MD

From the School of Mathematical Science,
University of Technology, Sydney, Australia.

Address correspondence to A. G. Shannon,
PhD, University of Technology, Sydney, P.O.
Box 123, Broadway, New South Wales 2007,
Australia.
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Letters

Reply From Mary Tai

would like to thank all of the readers

who have reviewed and responded to

the publication of Tai’s model. T am
particularly grateful to those who have
confidence in my intention of publishing
and have considered Tai’s model an effec-
tive tool in calculating total area under a
metabolic curve. However, three of the
readers expressed their concerns on the
following issues. My replies are presented
as follows.

To Dr. Bender
The originality of Tai’s model. While a
doctoral candidate working on my disser-
tation at Columbia University in 1981, I
needed to calculate total area under a
curve. During a session with my statistical
advisor, and after examining several alter-
native methods, I worked out the model
in front of him. The concept behind it is
obviously common sense, and one does
not have to consult the trapezoid rule to
figure it out. The trapezoid rule is really
not Nobel Prize material, such as the dou-
ble helix or jumping genes. I also used the
formulas to calculate the areas of a square
or a triangle without knowing whose
rules were being followed. Fortunately, I
do not have to answer that for you.
Why I call it Tai’s model. [ never
thought of publishing the model as a great
discovery or accomplishment; it was not
published until 14 years later, in 1994.
Because of its accuracy and easy applica-
tion, many colleagues at the Obesity Re-
search Center of St Luke’s-Roosevelt Hos-
pital Center and Columbia University
began using it and addressed it as “Tai’s
formula” to distinguish it from-others.
Later, because the investigators were un-
able to cite an unpublished work, I sub-
mitted it for publication at their requests.
Therefore, my name was rubber-stamped
on the model before its publication.
According to Merriam Webster’s
Dictionary, a model can be defined as “a

RY/
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type of design of product;” “a description
used to visualize something that cannot
be directly observed;” or “a system of pos-
tulates, data, and inferences preéented as
2 mathematical description of an enti-
ty. .. .” Evenif Tai’s model were based on
the trapezoid rule concept, according to
the definition of a model, 1 have worked
out a “design” (mathematical expression)
for the “structure units” (individual areas)
on'my own. In other words, 1 have pre-
sented the original concept into a func-
tioning mathematical description that can
be easily observed and applied. Following
the above definition, 1 therefore carefully
named the mathematical description as
Tai’s “model” rather than “formula” to in-
dicate that I have used existing formulas

for small area calculations.

My intention in publishing the
model is therefore to share, rather than to
gain honor or glory with its publication,
because there is none. Many other inves-
tigators probably thought about the same
thing, but maybe they did not bother to
follow up or produce a model (or the
same model). You indicated that I proba-
bly did work this out on my own and I am
grateful for your “probability,” because 1
did indeed do so with a witness present.
Maybe 1 can address the model as my cre-
ation based on fact rather than your
doubtful “probability.” Besides, if  do not
address the model as “Tai’s,” other inves-
tigators who wish to cite it will.

The precision of Tai’s model. Because
Tai’s model is based on the calculations of
individual squares and triangles, its pre-
cision is obviously absolute. You are cor-
rect in saying that 1 have verified the va-
lidity of the formula by comparison with
its approximation, meaning counting
squares.

The size of n. Following the statistical
principle that you consider elementary, it
is correct that n does represent numbers
of data sets. However, in this case, ele-
mental principle simply does not apply.
The hypothesis here is the validity of the
formula. The acceptance or rejection.of
the hypothesis is not based on the find-
ings of each individual data set, as is a

general rule in an experimental study. It
should not be difficult to see that each
data set here represents the findings from
its respective research protocol and an-
swers its individual research questions
rather than answering the validity of Tai's
model. Furthermore, because the same
formula was used for each data-set, the
degree of accuracy on the resultant total
area obtained will be exactly the same for
each set. Therefore, increasing n of the
data set does not increase statistical power
as you suggested.

1 introduced other formulas sim-
ply for the purpose of comparison. Be-
cause the formula cannot be compared
with its approximation and there are lim-
ited formulas available, I decided to
count, because every published curve has

been based on counting squares. 1 aisg®

believe, if one increases the N Tam talking
about, meaning the number of methods,
one can better verify the validity of Tai’s
model.

To Dr. Wolever

After receiving your recent graphic repre-
sentation of your formula, I began to re-
alize that 1 have indeed misunderstood
your formula as some other readers did.
Your incremental area is the area above
the baseline rather than the total area un-
der the curve including the baseline area.
1 apologize for the misapplication of your
unique formula, which I do fully support.
I also acknowledge that you, too, have
indeed used the concept of adding trian-
gles and rectangles in your mathematical
model for the total increment. I also ap-
preciate your idea of weighing, because I
did weigh the total area under an arc and,
as you know, that might be the only way.

To Dr. Anderson and Ms. Monaco

Tai’s model is designed to calculate total
area under a metabolic curve that is plot-
ted by connecting experimental points x;,
y; with straight lines as shown in Fig. 1 in
my article. Because the metabolic curve is
not an arc, the exact area can be calcu-

ot b ~

lated without assumption ap,
mation. If a smooth arc Tepr
true curve, it is obtainable gy
x;,—> and Ax =0, as Ppresented
trapezoid rule or calculus, and it
ally impossible in an experimenta]

tion. : =y
Finally, T would like to - -y

- some typographical errors in my g ‘
On p. 153, the correct fo +‘y Y

should be

Area =

1 n

52 Xi-10i-1 +y
i=1

and in example 1: apezoid

.of the 1

Summi

1 S 2
Area = 530 [(95 + 147) + (147

+124) + ..
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Addendum to
Monaco’s and
Anderson’s Leiter

ai responds that her formula I
based on the sum of the areas ©
small triangles and rectangles and
not based on the sum of the areas of trap”
ezoids (the trapezoidal rule). Asis evident
in the following figure and algebra, the
small triangle and the contiguous recta®”
gle form a trapezoid. The sum of the ar¢?
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L fthe triangle and the rectangle is the area

n and appr
P ofthe trapezoid. Using her notation,

- Yepresents:
ible only wh
sresented in {
5, and it is

. - rangle area + rectangle area
erimental cong

/]

=‘;)_C(}’2"-)'1) +)_C)’1

. 11k€ to co ,:»51}(()'2 -y + 2}’1) ¥y
rs in my artici 2~ | o
correct formgis =§&(YZ +y0)

# 5

= (rapezoid area.

[Ra

i o

E The trapezoid area is the mean of the
k. length of the parallel sides, y, times the
- width. Summing over all trapezoids un-
E der the curve yields the trapezoidal rule,
E- (he expression listed as Tai’s formula in
f Tai's article.

Tai invites readers to “do a small
oblem using any existing geometric
ncept(s) you prefer and without using
geometric concept behind Tai’s for-
mula.” We prefer no other method to the
apezoidal rule; rather, our goal is to
t out that Tai’s formula is the trape-
rule, as shown above.
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Revision of
Improved Mean
Glycemia From

cemia, 33.3 A;. — 86 mg/dl, re-
quires modification to include nor-
mal average glycemic estimates from
normal HbA,s. This formula misleads
physicians into diagnosing chronic hypo-
glycemia for diabetes patients who have
normal HbA,.. Furthermore, new data
from the Diabetes Control and Complica-
tions Trial (DCCT) (2), with more sub-
jects, 1,441 compared with 21, should be
used to refine this average. For these rea-
sons, the following derivation is proposed
to extend the Nathan equation into the
range of normal HbA, . assays. This letter
describes the mathematical basis for an
improved estimate of mean capillary
blood glucose concentration from the
high-performance liquid chromatogra-
phy—assayed HbA,..
The solution for HbA,. from

N athan’s formula (1) for average gly-

‘mean glycemia is assumed to be the Hill

equation (3) from enzyme kinetics. A
theoretical saturation of 100% is assumed
for the maximum HbA,. (note that a
lower saturation will estimate a higher
mean glycemia for the normal). The
Hill equation parameters can be deter-
mined using data points from Santiago
(4) of 210 mg/dl at 9% (DCCT base-
line [21), 150 mg/dl at 7% (DCCT in-
tensive therapy [2]), and 90 mg/dl at 5%
(5). Linear regression applied to a Hill
plot of this data has a correlation coeffi-
cient near one and gives the following
solution:

100(6 )0.741
e =356 + 6o
loo(G_SI')OJ‘ﬂ . ¢

= ———————— %; Gg in mmol/l
629 + Gg&™ <

Letters

Rewriting the equation for mean glycemia
yields '

Note that these equations are
mathematically correct over the ranges of
A, and glycemia. Moreover, the parame-
ters have been optimized for the low and
middle range of A, values typically found
in insulin-dependent diabetes mellitus
(IDDM). For example, a 7% A, gives an
average glycemia of 147 mg/dl, a 9% A,
has a value of 212 mg/dl, and an 11% A,
has the mean glycemia of 287 mg/dl. Fi-
nally, the normal of 5.05% (2) gives a
91.9 mg/dl compared with Nathan’s 82.2
mg/dl.

Figure 1 compares Nathan’s equa-
tion with the Hill solution for average gly-
cemia over the normal and typical IDDM
range of A; . g

In reviewing the DCCT (2) results
for mean glycemia, the seven-point aver- .
age used in this report may generate an
erroneous estimate of average glycemia. -
An example of a hypothetical normal
mean glycemia may clarify this concern.
The glycemic response of this normal will
be 70 mg/dl for 8 h of fasting, a waking
floor of 85 mg/dl for 16 h, and postpran-
dial peaks of 135 mg/dl for three meals
lasting 3 h each (from the start of the meal
until euglycemic, 1.5 h peak from the
start). The prandial excursion is assumed
to be half-sinusoidal, with a mean given
by

1 (= : 2 .
~J Asinxdx = —A;A = 135"
7, T
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