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The Natural Course of 3-Cell Function in Nondiabetic

and Diabetic Individuals

The Insulin Resistance Atherosclerosis Study
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Steven M. Haffner'

Data from the UKPDS (U.K. Prospective Diabetes Study)
indicate a continuous decline in -cell function in patients
with type 2 diabetes. We studied longitudinal changes in
B-cell function (follow-up of 5.2 years) in subjects with
normal glucose tolerance (NGT), impaired glucose toler-
ance (IGT), and type 2 diabetes, using acute insulin re-
sponse (AIR) and insulin sensitivity index (S;) from a
frequently sampled intravenous glucose tolerance test
among African-American, Hispanic, and non-Hispanic white
subjects aged 40-69 years. At baseline, decreasing levels
of both S; and AIR (either unadjusted or adjusted for S,)
mirrored deteriorating glucose tolerance status at baseline
and at follow-up. A different pattern was found with re-
spect to longitudinal changes; S; declined in each glucose
tolerance category, ranging from —0.81 x10™*min™'- pU™!
-ml~ ! in NGT at baseline and NGT at follow-up (NGT/NGT)
to —1.06 x10~* in NGT/diabetes, whereas the directional
change in AIR principally determined the glucose tolerance
status at follow-up. In NGT/NGT S, decreased by 35% and
AIR increased by 34%. Results were similar in each of the
three ethnic groups. These data shed light on the natural
course of f3-cell function; over 5.2 years, mean insulin
sensitivity declined in each glucose tolerance category. The
change in AIR, however, principally determined glucose
tolerance status at follow-up; NGT was maintained by a
compensatory increase in insulin secretion. Failure to
increase insulin secretion led to IGT, and a decrease in
insulin secretion led to overt diabetes. This data may have
important implications for the prevention and treatment of
type 2 diabetes. Diabetes 55:1114-1120, 2006
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mpaired insulin secretion and impaired insulin ac-
tion (increased insulin resistance) are the two major
components contributing to the pathophysiology of
type 2 diabetes (1-3); their complex relationship
has been mathematically described as a curvilinear rela-
tionship (4-6). Longitudinal studies indicate that compro-
mised B-cell function is detectable in pre-diabetic
individuals long before the onset of actual type 2 diabetes
(L,7). The natural course of B-cell function over time,
however, is poorly understood, and published data are
scarce. A longitudinal study in Pima Indians highlighted
the importance of declining 3-cell function in individuals
transitioning from normal glucose tolerance (NGT) to
impaired glucose tolerance (IGT) and IGT to diabetes,
respectively (3). In the U.K. Prospective Diabetes Study
(UKPDS), a continuous decline in B-cell function in pa-
tients with type 2 diabetes, irrespective of glucose-lower-
ing treatment, was demonstrated (8). No data on the
natural course of 3-cell function is currently available in a
large population, across different ethnic groups, and using
a direct measure of insulin secretion. Therefore, we stud-
ied longitudinal changes in (-cell function over 5.2 years
by acute insulin response (AIR) relative to insulin sensi-
tivity index (S;), as assessed from a frequently sampled
intravenous glucose tolerance test (FSIGTT) among Afri-
can-American, Hispanic, and non-Hispanic white subjects
in the Insulin Resistance Atherosclerosis Study (IRAS).

RESEARCH DESIGN AND METHODS

The IRAS is a multicenter epidemiological study aiming to explore relation-
ships between insulin resistance, cardiovascular risk factors, and disease
across different ethnic groups and various states of glucose tolerance. A full
description of the design and methods of the IRAS has been published (9). The
IRAS protocol was approved by local institutional review committees, and all
subjects gave informed consent. A total of 1,624 (nondiabetic and diabetic)
individuals participated in the IRAS baseline examination. After an average of
5.2 years (range 4.5-6.6), follow-up examinations were conducted, using the
protocol used at baseline. The response rate was 81%, and those who attended
the follow-up examination were similar to those who did not attend in terms
of ethnicity, sex, baseline glucose tolerance status, and BMI (P > 0.32 for all
comparisons). This report includes data in subjects with NGT, IGT, and type
2 diabetes, who were treated nonpharmacologically only, to avoid confound-
ing of the results by concomitant antidiabetic medication. Cross-sectional
baseline analyses are shown in the overall cohort (n = 1,263 after excluding
219 diabetic subjects being treated pharmacologically and 142 subjects
without data from FSIGTT at baseline). Longitudinal analyses are shown in
791 individuals after further excluding subjects without follow-up FSIGTT
data (n = 376), type 2 diabetic patients on glucose-lowering medication at
follow-up (n = 81), and diabetic subjects whose glucose tolerance status
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TABLE 1
Baseline characteristics
Type 2

NGT P IGT P diabetes
n 665 — 317 — 281
Age (years) 53.8 + 0.3 <0.001 57.1 + 0.5 0.97 57.1 + 0.5
Female (%) 52.8 0.017 60.9 0.21 55.9
BMI (kg/m?) 274 = 0.2 <0.001 304 = 0.3 0.006 31.7 = 0.3
Waist (cm) 88.3 £ 0.5 <0.001 954 + 0.7 <0.001 99.3 = 0.8
Fasting glucose (mg/dl) 95.3 = 0.9 <0.001 103.7 = 1.3 <0.001 1485 + 14
2-h glucose (mg/dl) 1054 = 1.5 <0.001 163.2 = 2.2 <0.001 269.0 = 2.3
Fasting insulin (nU/ml)* 11.6 = 0.3 <0.001 15.6 = 0.6 <0.001 20.2 + 0.8
S; X 107* (min~! - pU ™! - ml~ Hy* 2.13 = 0.06 <0.001 1.05 = 0.06 <0.001 0.46 = 0.04
AIR (pU/ml)* 54.1 * 1.6 <0.001 429 = 1.9 <0.001 244 + 1.1
AIR adjusted for S; (nU/ml)* 65.0 = 1.9 <0.001 389 = 1.6 <0.001 17.6 = 0.8

Data are the means = SE. P values are for test of difference in means of the two adjacent categories. *Log transformed for analysis and back

transformed for presentation.

improved from baseline to follow-up (n 15). Each of the two IRAS
examinations required two visits. Patients were asked before each visit to fast
for 12 h, to abstain from heavy exercise and alcohol for 24 h, and to refrain
from smoking the morning of the examination. Race and ethnicity were
assessed by self-report.

A standard 75-g oral glucose tolerance test (OGTT) was performed, and

diabetes was defined by the OGTT, using World Health Organization criteria,
or by the use of diabetes medication. An FSIGTT (10) with minimal model
analysis (11) was performed to assess insulin sensitivity. Two modifications of
the original protocol were used. An injection of regular insulin, rather than
tolbutamide, was used to ensure adequate plasma insulin levels for the
accurate computation of insulin sensitivity across a broad range of glucose
tolerance. In addition, the reduced sampling protocol (which required 12
rather than 30 plasma samples) was used because of the large number of
subjects. Insulin sensitivity, expressed as the S;, was calculated by mathemat-
ical modeling methods (Minmod, version 3.0 [1994]). AIR was calculated as
the mean plasma insulin concentration at 2 and 4 min after the administration
of glucose. Height, weight, girth, and laboratory measurements were per-
formed using standard methods, as described previously (6).
Statistical analyses. All statistical calculations were performed using SAS
version 8.0. Log-transformed values were used for all measures that appeared
to be more normally distributed with the transformation than without it. In the
case of S;, S; + 1 was log transformed because the logarithm of 0, a valid value
for S, is undefined. In addition, insulin sensitivity and insulin secretion
measures were log transformed to fit models conforming to the established
curvilinear-shaped relationship within each glucose tolerance category. AN-
COVA and ordinary least-squares regression were used to assess the associ-
ations at baseline between glucose tolerance, insulin sensitivity, and insulin
secretion. We also plotted the regression estimates of the associations
between AIR, S;, and glucose tolerance. Interaction terms for glucose toler-
ance and main effect and interaction terms for ethnicity were added to
regression models to test for significant differences. Longitudinal comparisons
were made using ANCOVAs of S;, AIR (both without and with baseline S; as an
additional predictor), and other metabolic measures by baseline and follow-up
glucose tolerance status both pooled and stratified by ethnicity.

RESULTS

Cross-sectional analyses at baseline. At baseline all
metabolic variables shown in Table 1 were significantly
different between the glucose tolerance categories. As
expected, S; was highest in NGT, intermediate in IGT, and
lowest in type 2 diabetes. Both unadjusted AIR and AIR
adjusted for S; showed the same pattern (high in NGT,
intermediate in IGT, and low in type 2 diabetes), and
adjustment for S; slightly accentuated the differences
between glucose tolerance categories.

Relation of S; and AIR stratified by baseline glucose
tolerance status and stratified by ethnicity. Ordinary
least-squares regression with AIR as the dependent vari-
able and S; and glucose tolerance category as independent
variables yielded the following model: AIR R/CS; +
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1)%%% or, equivalently, AIR X (S, + 1)*5° = B, where B =
115.8 if NGT, 69.2 if IGT, and 31.4 if diabetic, R° = 0.30.
The parameter estimate (0.665) for the exponent of S; + 1
(the coefficient of the natural logarithm of S; + 1) was
significantly different from 1 (P < 0.0001). When the 148
subjects with S; = 0 were excluded from the dataset and
log(S;) was substituted for log(S; + 1), the estimated
exponent parameter was 0.384, further from 1.0 (P <
0.001). When added to the initial model, the interaction
between glucose tolerance status and S; was nonsignifi-
cant (P = 0.96 for IGT and P = 0.77 for diabetes). This
indicates that the relation of S; and AIR was not statisti-
cally different across glucose tolerance categories; i.e., the
regression lines for In(AIR) on the y-axis and In(S; + 1) on
the x-axis ran parallel, differing only in intercept (Fig. 1).

The coefficients of ethnic main effect terms were signif-
icant (blacks and Hispanics each P < 0.005), and the
parameter estimates were 3 = 98.1 if NGT, 59.2 if IGT, and
27.2 if diabetic for non-Hispanic white subjects (reference
group); 117.1, 70.7, and 32.5 for black subjects; and 124.7,
75.3, and 34.6 for Hispanic subjects. Ethnic interaction
terms added to the previous model were not significant
(P = 0.67 for blacks and P = 0.40 for Hispanics). These
results indicate that the regression lines within each of the
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FIG. 1. Relation of B-cell function (first-phase insulin response to
intravenous glucose; AIR) and S; in subjects with NGT ( ¢), IGT (A),
and type 2 diabetes (diet only) (H) at baseline. The mean AIR levels
were plotted against mean S; levels in quantiles within each glucose
tolerance category specified so that ~30 subjects were included in each
group.
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change in AIR principally determineq the glucose toler- = g _ EE Slz E Ig % l% tl% E ) ;
ance status at follow-up (arrow pointing upwards for 28 % 55 E «S~EeE|§ 3 |B &
NGT; running parallel or slightly upwards for IGT; and g g S :;\_} = EC’:& E22 |3 § %o
running parallel or downwards for type 2 diabetes). In B = é% o ¥ i58 gg ’SE % ? L
NGT/NGT S, decreased by 35%, and AIR increased by 34%. “E | *23 ZTzzZ3 z
Analyses stratified by baseline and follow-up glucose % @ [ E 5 e § ~ g
tolerance status and by ethnicity. At baseline, African g+ é” lo@® %
Americans and Hispanics had higher AIR and lower S, 22| m - - EF 2
compared with non-Hispanic whites (data not shown, § ..U _é-é ‘g e
previously reported in 11). In longitudinal analyses (Table 3 g L =%
4), a similar pattern emerged within each of the three o & T g
ethnic groups as seen in the overall population (Tables 2 o @ | g
and 3). Statistically significant differences were found for ;‘ ERIE SN S cwowms -
some of the comparisons within strata; relatively low 2N k= obL®N % ?r
numbers of subjects in some of the strata need to be taken sl U 8
into account. Tests for heterogeneity showed that all =R v RE gBEggs e
comparisons were nonsignificant, except for the change of a e < 5
AIR adjusted for the change in S; (P = 0.042). Overall, g A g
these analyses indicate that findings in the overall population s 2 E2 EZ22ZRR < =
are consistent across all three ethnic groups of the IRAS. § =R e %
8 | z
DISCUSSION 5 i g © ; ; g "ﬁ ; — Z |m
. . ) () =
The current study yields several novel findings; we report I N N A E e ‘3 g
1) a curvilinear relationship between S; and AIR as as- R WS SwWReo 2
. . . . o | > oo [SIIEN IEN RO ) o
sessed by a direct measure of insulin resistance, the = ® -
FSIGTT, in a large population; 2) consistency of this z AR %
finding across the three ethnic groups of the IRAS and g 2 o2 99822 g S
across glucose tolerance categories (including type 2 3|8 Bk 38888 5
diabetes); 3) a decline in insulin sensitivity over time; and 2 o e 2
4) a change in AIR, which determined glucose tolerance 2 | ;o —_ g
status after 5.2 years. e of wbRBwo|Ba &
Based on cross-sectional analyses, we found a curvilin- 8 : l‘f |C: l“f : I": lﬁ’ |C: §§
ear relation between S; and AIR in a large population of q@ w o omNOO § o
three ethnic groups across different glucose tolerance cate- g |® Wk WO~
gories, including patients with type 2 diabetes. Because the )
exponent parameter differed significantly from 1, our models T nond &
did not conform exactly to the hyperbolic form (AIR X S; = 05 © S LUINEO
a constant). However, they certainly have the nonlinear = ﬁ: ﬁ: ﬁ: ﬁ: : ﬁ: ﬁ: ﬁ: Q
feature that differences in S; among insulin-sensitive subjects Elp po ocmrmoo ~
are associated with smaller differences in AIR than that Eﬁ O NE oo
among insulin-resistant subjects. Thus, these findings con- 5
firm and extend knowledge from previous studies performed 2 le co olcooco
in healthy nondiabetic subjects (3-6,12). In the current study, g 38 =gy T
the curvilinear relation was seen across all three ethnic o | YR =
groups of the IRAS, irrespective of prevailing differences in .S; ,5; |
and AIR across the three ethnic groups (13). In a previous N PN S ocorro
study, B-cell function (as assessed using the insulinogenic ; =N NbRooelFy R
index from an OGTT, i.e., the increment of insulin over the 2| 'c: '; '; ':3 " '; '; ==
increment of glucose adjusted for homeostasis model assess- g o o viomoio
ment of insulin resistance) was decreased in relation to the £ R
underlying glucose tolerance status in African Americans, g A A
é\lsgm Americans, Caucasians, and Hispanic Americans alike Z § § § § § § E § ~
. = — =
In contrast to the curvilinear relationship, which is 5
based on cross-sectional data, published data on longitu- f; _'o 0 1O o
dinal changes in B-cell function are scarce. Subjects who IR B LLLRE|E g
transitioned from NGT to IGT gained weight and showed a =R o o o N N e A - )
decline in insulin sensitivity and a decline in AIR (3). In the % O ol Y &
same study, transition from IGT to diabetes over time was 2 @
associated with a further increase in body weight; a %ﬁ
further decline in insulin sensitivity and AIR, respectively; = \ ;': IS a
. . . — w HWOoOOoOO | B
as well as an increase in basal (hepatic) glucose output. % o A NMomoo 59
Control subjects, who remained NGT over the entire E I R
observational period, also gained weight, but their AIR LID 52 2LEZS & v
increased with decreasing insulin sensitivity (3). These = S
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findings in a relatively small high—diabetes risk population
(n = 17 Pima Indians who transitioned and n = 31 control
subjects), based on clamp studies, are in line with results
of the present study, as well as findings in 156 nondiabetic
subjects from the U.K., based on an OGTT (15). In this
latter study, impaired pancreatic B-cell glucose sensitivity
as well as whole-body insulin sensitivity predicted deteri-
orating glucose tolerance over 5 years. In the UKPDS,
deterioration of glycemic control in patients with type 2
diabetes was associated with progressive loss of B-cell
function (8). This deterioration of 3-cell function occurred
without substantial change in insulin sensitivity, as deter-
mined by homeostasis model assessment of insulin resis-
tance (16,17). Based on an extrapolation of these findings, it
has been suggested that deterioration in B-cell function may
commence 10-12 years before diabetes is diagnosed (17).

In the present study, we found that over time mean
insulin sensitivity invariably declined but that the change
in AIR differed by baseline/follow-up glucose tolerance
status. The decline in AIR in relation to deteriorating
glucose tolerance status was independent of S; at baseline.
We also found that subjects whose glucose tolerance
status declined over time were those who started with
lower S; or lower AIR. The decline in S; in the IRAS over
time may simply reflect the relation of decreasing S; to
increasing age (18). The magnitude of this decline in the
current population within 5.2 years, however, is striking
(35% in NGT/NGT). In a previous study, S; in elderly men
(57-82 years old) was diminished by 63% compared with
young men (18-36 years old) (18).

The IRAS has two populations at high risk for the
development of type 2 diabetes, namely, Hispanics and
African Americans. Previous data from the IRAS (13)
indicate that both Hispanics and African Americans are
more insulin resistant than non-Hispanic whites, a finding
similar to the data on Pima Indians (3). In a few reports
(19), nonobese African Americans are said to have a
subgroup of insulin-sensitive diabetic subjects. To date no
study has examined progression to diabetes in African
Americans. Data in this report suggest that there is a
marked decrease in insulin secretion associated with the
transition to diabetes in all ethnic groups, including Afri-
can Americans. In addition, the subjects in each ethnic
group increased their insulin resistance, although this
increase did not differentiate between subjects whose
glucose tolerance status did or did not deteriorate.

We would also like to mention potential limitations of
the current report. We express insulin secretion as the
acute rise in insulin concentration in response to an
intravenous glucose load (AIR), reflecting first-phase insu-
lin secretion, at best. Thus, we have no information about
second-phase insulin secretion or other more subtle as-
pects of B-cell function, such as the potentiation of insulin
release by glucose or the pulsatility and oscillation of
insulin secretion. Furthermore, the use of the FSIGTT to
assess insulin sensitivity resulted in subjects whose S;
calculated by the minimal model was 0. This, however, is
unlikely to have affected the current results because 1)
previous analyses indicate that subjects with S; = 0 are
correctly classified as being very insulin resistant (20) and
2) only few subjects (particularly in NGT and IGT) pre-
sented with S; = 0.

In summary, over 5.2 years, mean insulin sensitivity
declined in each glucose tolerance category. The change in
AIR, however, principally determined glucose tolerance
status at follow-up; NGT was maintained by a compensa-
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tory increase in insulin secretion. Failure to increase
insulin secretion led to IGT, and a decrease in insulin
secretion led to overt diabetes. This data may have impor-
tant implications for the prevention and treatment of type
2 diabetes.
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