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Abstract

Normal subjects demonstrate the presence of ultradian oscilla-
tions (period 80-150 min) in insulin secretion rate (ISR)
tightly coupled to glucose oscillations of similar period. These
oscillations appear to be a function of the feedback loop linking
glucose and insulin. The present study was undertaken to deter-
mine whether the control by glucose of the ultradian oscilla-
tions in insulin secretion is altered in impaired glucose toler-
ance IGT and in non-insulin-dependent diabetes mellitus
(NIDDM). Patients with NIDDM (n = 7), IGT (n = 4), and
matched nondiabetic controls (n = 5) were studied under three
separate protocols that involved administration of glucose at
either a constant rate of 6 mg/kg per min for 28 h or in one of
two oscillatory patterns at the same overall mean rate. The
amplitude of the oscillations was 33% above and below the
mean infusion rate, and their respective periods were 144 min
(slow oscillatory infusion) or 96 min (rapid oscillatory infu-
sion). Insulin, C-peptide, and glucose were sampled at 10-min
intervals during the last 24 h of each study. ISRs were calcu-
lated by deconvolution of C-peptide levels. Analysis of the data
showed that (a) the tight temporal coupling between glucose
and ISR in the nondiabetic controls was impaired in the IGT
and NIDDM groups as demonstrated by pulse analysis, cross-
correlation analysis, and spectral analysis; (5) the absolute am-
plitude of the ISR pulses progressively declined with the transi-
tion from obesity to IGT to NIDDM; and (c) the absolute am-
plitude of the ISR oscillations failed to increase appropriately
with increasing absolute amplitude of glucose oscillations in the
IGT and NIDDM subjects compared with the control group. In
conclusion, the present study demonstrates that important dy-
namic properties of the feedback loop linking insulin secretion
and glucose are disrupted not only in established NIDDM but
also in conditions where glucose tolerance is only minimally
impaired. Further studies are needed to determine how early in
the course of beta-cell dysfunction this lack of control by glu-
cose of the ultradian oscillations in insulin secretion occurs and
to define more precisely if this phenomenon plays a pathoge-
netic role in the onset of hyperglycemia in genetically suscepti-
ble individuals. (J. Clin. Invest. 1993. 92:262-271.) Key
words: entrainment » feedback loop « glucose ¢ insulin secretion
oscillations ¢ impaired glucose tolerance ¢ non-insulin-depen-
dent diabetes mellitus
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Introduction

During the past 10-15 years, many studies have demonstrated
that insulin secretion is a complex oscillatory process charac-
terized by rapid oscillations with a periodicity of 8-15 min,
which are superimposed on slower (ultradian ) oscillations with
a period of 1.5-2 h (1-9). Both rapid and slow oscillations
have been observed under fasting conditions and during con-
stant glucose infusion. The ultradian oscillations have in addi-
tion been demonstrated during constant enteral nutrition and
following meals. The rapid pulses persist in the isolated per-
fused pancreas (10) and in isolated islets (11) exposed to a
constant glucose concentration, suggesting that they occur inde-
pendently of oscillations in plasma glucose and that they origi-
nate due to intraislet mechanisms. The ultradian oscillations in
insulin secretion are, by contrast, tightly coupled to glucose (6,
8, 9). Studies in normal weight subjects during constant glu-
cose infusion and following meals have demonstrated a high
degree of concomitance between these secretory oscillations
and oscillations in glucose of comparable periodicity. In addi-
tion, the periodicity of the insulin secretory oscillations can be
entrained to the period of an oscillatory glucose infusion (9).
These findings are entirely compatible with the view that the
ultradian oscillations in insulin secretion are a product of the
insulin/glucose feedback mechanism (12, 13).

We have studied the temporal interactions between glucose
and insulin secretion by determining the extent to which ultra-
dian oscillations in insulin secretion can be entrained by exoge-
nous glucose. The concept of entrainment is central to the field
of nonlinear dynamics and has been used in many different
scientific fields, including the study of biological systems (14).
Briefly, if a nonlinear, self-oscillating system is perturbed exoge-
nously with a periodic stimulus, different types of oscillatory
behaviors may emerge, one of which is entrainment. When
entrainment occurs, the oscillation of the system reacts to the
exogenous stimulus by adjusting its period to that of the stimu-
lus. The ability to entrain depends on a number of factors,
including the period of the stimulus compared with the natural
period of the system, the amplitude of the stimulus, the nonlin-
earities of the system, and the strength of the coupling between
the exogenous stimulus and the system.

In non-insulin-dependent diabetes mellitus (NIDDM),'
the oscillatory pattern of 3-cell secretion is disrupted. The per-
sistent, regular rapid oscillations present in normal subjects are
replaced by irregular cycles of shorter duration both in subjects
with established NIDDM and in their first-degree relatives (15,
16). The ultradian oscillations in NIDDM are also more irregu-
lar. In addition, they are of smaller amplitude and the propor-
tion of these oscillations that are concomitant with oscillations

1. Abbreviations used in this paper: BMI, body mass index; IGT, im-
paired glucose tolerance; ISR, insulin secretion rate; NIDDM, non-in-
sulin-dependent diabetes mellitus.



in glucose is much smaller (17, 18). These latter observations
raise the possibility that specific dynamic properties of the feed-
back loop linking glucose and insulin are disrupted in
NIDDM. Such an alteration, if it could be confirmed, might be
indicative of an important early 8-cell abnormality in suscepti-
ble individuals even before the onset of overt hyperglycemia.
The present study was therefore undertaken to determine if the
ability to entrain S-cell secretion was reduced in subjects with
established NIDDM and in patients with early impaired glu-
cose tolerance (IGT) who had not yet developed overt hypergly-
cemia.

Methods

Subjects

Studies were performed in patients with proven NIDDM (n = 7, 6
males, 1 female; 2 Caucasian, 5 Black), impaired glucose tolerance (n
= 4, 2 males, 2 females, 1 Caucasian, 3 Black), and in a group of obese
subjects (n = 5, 4 males, 1 female, 3 Caucasian, 1 Black, | Hispanic)
who had normal glucose tolerance and no family history of diabetes.
The criteria used to determine whether glucose tolerance was normal
or impaired in the respective groups were those of the National Dia-
betes Data Group (19). The mean age, weight, and body mass index
(BMI) of the three groups are demonstrated in Table I. None of the
diabetic patients was receiving insulin therapy at the time of the study.
Oral hypoglycemic agents were discontinued at least 2 wk before the
commencement of the experiments.

All studies were performed in the Clinical Research Center (CRC)
of the University of Chicago. The protocol was approved by the Institu-
tional Review Board, and all subjects gave written informed consent.

Experimental protocol

Subjects were admitted to the CRC after an overnight fast. After a
subject was admitted, an intravenous catheter was inserted into both
forearms, one for glucose infusion and one for blood sampling. Begin-
ning at 0800 hours, glucose was infused intravenously for a period of 28
h, during which time the subjects remained in the recumbent position.
Each study consisted of an initial 4-h period (0800-1200 hours) to
allow a steady state to be achieved following the transient glucose rise
that is associated with the first few hours of initiating a glucose infusion
(8). This was followed by a subsequent period of 24 h (1200-1200
hours) during which time samples were drawn at 10-min intervals for
glucose, insulin, and C-peptide. Lights were dimmed between 2300 and
0700 hours, to allow the subjects to sleep. Potassium (40 meq) was
given orally every 12 h, and subjects were allowed free access to water
but not given any food for the duration of the experiment.

Each subject was studied on at least two occasions under the above
protocol. On each occasion, glucose was administered as a 20% solu-
tion via a computer-controlled pump (Flo-gard 8000 volumetric infu-
sion pump; Travenol Laboratories, Deerfield, IL) following different
patterns. Initially, each subject received a constant glucose infusion ata
rate of 6 mg/kg per min. The subsequent studies involved the adminis-
tration of an oscillatory glucose infusion with periods of 96 min and/or
144 min, these periods having been shown to be 20% shorter and 20%
longer respectively than the endogenous period observed in normal
subjects during constant glucose infusion (9). The software controlling
the glucose infusion was custom written to allow the actual infusion
rate to be recorded so that possible interruptions could be detected.
Each oscillation was shaped as a sine wave and the amplitude was 33%
above and below the mean infusion rate. Subjects received identical
volumes of glucose during each 28-h infusion period.

Analytical methods

Blood samples for insulin measurements were allowed to clot at room
temperature and the serum was stored at —20°C until assayed. Samples
for C-peptide were drawn into tubes at 4°C containing 500 Kallikrein

inhibitor units/ml Trasylol and 1.2 mg/ml EDTA. The plasma was
immediately separated and stored frozen until assayed. Serum insulin
was assayed by a double antibody technique (20). This assay has a
lower limit of sensitivity of 20 pmol/liter, and the average intraassay
coefficient of variation is 8%. Plasma C-peptide immunoreactivity was
measured as previously described (21). The lower limit of sensitivity of
the assay is 0.02 pmol/ml and the intraassay coefficient of variation
averages 6%. Plasma glucose was measured with a glucose analyzer
(model 23A; Yellow Springs Instrument Co., Yellow Springs, OH).
The intraassay coefficient of variation of this method is < 3%.

Data analysis

The relative degree of insulin resistance was evaluated with the Homeo-
stasis Model Assessment (HOMA) method (22), using the mean of 3-4
stressed fasting glucose and insulin levels obtained on different occa-
sions from each subject.

SMOOTHING AND ESTIMATION OF INSULIN SECRETION RATES
The individual glucose, insulin, and C-peptide profiles were smoothed
using a three-point moving average as in previous studies of oscillatory
insulin secretion (1, 6, 9). This procedure strongly dampens all fluctua-
tions shorter than 30 min, allowing a better visualization of slower
oscillations at an expense of a modest reduction in their amplitude. It
also reduces measurement error by a factor of V§ All further calcula-
tions were performed on the smoothed profiles. The smoothed C-pep-
tide curve was used to derive insulin secretion rates by deconvolution
(23). The kinetic parameters used in the deconvolution program were
derived as previously validated and described in detail (24).

PULSE ANALYSIS

To identify significant pulses, each profile was analyzed with ULTRA,
a computer program for pulse detection and quantification (25). The
general principle of this algorithm is the elimination of all peaks for
which either the increment (difference between the peak and the pre-
ceding trough) or the decrement (difference between the peak and the
next trough) does not exceed a certain threshold related to measure-
ment error. This produces a so-called “clean” profile. Extensive simula-
tion studies (25) have indicated that a threshold of twice the intraassay
coefficient of variation generally minimizes both false-positive and
false-negative errors. This threshold was therefore used to identify sig-
nificant pulses of glucose. However, because deconvolution involves
an amplification of measurement error, a more conservative threshold
of three times the intraassay coefficient of variation of C-peptide was
used to quantify pulses of insulin secretion. In this study, pulse analysis
was performed on the profiles smoothed by the three-point moving
average so that the measurement errors were reduced by \5 Thus
peaks of insulin secretion and glucose were considered significant if
their respective increments and decrements exceeded 10.39% (i.e., 3
X 6%/Y3) and 3.46% (2 X 3%/3), respectively. Peaks that did not
meet these threshold criteria were eliminated from the data set using an
iterative process. For each significant pulse, the absolute amplitude was
defined as the difference between the level of the peak and the level of
the preceding trough. Group statistics on pulse amplitudes were based
on medians, rather than means, because of the non-Gaussian nature of
pulse distribution.

Because glucose has a relatively long half-life, changes in produc-
tion and/or utilization may not be reflected as significant peaks in the
glucose concentration curve. We therefore identified all the
“shoulders” in the glucose profiles. To do this, instantaneous deriva-
tives of each individual clean glucose profile were estimated as the slope
of the glucose changes during each sampling interval, and the shoulders
were identified as slopes with an absolute value of zero (i.e., corre-
sponding to the eliminated peaks), preceded and followed by slopes of
the same sign.

ANALYSIS OF THE TEMPORAL ASSOCIATION BETWEEN
OSCILLATIONS OF GLUCOSE AND OSCILLATIONS IN ISR
Pulse-by-pulse analysis of concomitance. Temporal associations be-
tween oscillations in glucose and ISR were quantified by pulse-by-pulse
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analysis of the concomitance. Significant pulses of glucose and insulin
secretion were considered concomitant if their peak values occurred
within 10 min of each other. The concomitance ratio of glucose pulses
with ISR pulses was calculated as the number of concomitant glucose
and ISR pulses divided by the total number of glucose pulses. Con-
versely, the concomitance ratio of ISR pulses with glucose pulses was
calculated as the number of concomitant glucose and ISR pulses di-
vided by the total number of ISR pulses. -

Cross-correlation analysis. For each glucose, insulin, and ISR pro-
file a best-fit curve was calculated using a robust algorithm proposed by
Cleveland (26) with a window of 15 data points. Each profile was then
divided by its corresponding best-fit curve, thereby yielding a de-
trended profile for which diurnal variations were removed. For each
study, coefficients of overall cross-correlation were then calculated be-
tween pairs of detrended profiles (glucose vs. insulin, glucose vs. ISR,
and insulin vs. ISR) at lags of 0, £10, +£20, etc., up to +300 min.
Cross-correlation profiles from different studies were pooled using
Fisher’s z values (27). This procedure allowed the maximal coefficient
of cross-correlation for each glucose infusion protocol and study group
to be identified along with the lag at which this occurred, thus provid-
ing measures of the overall concomitance as well as the corresponding
lag between the ultradian oscillations in glucose, insulin, and ISR.

Spectral analysis. To investigate the temporal nature of the profiles
obtained during glucose infusion, spectral analysis was performed on
each glucose, insulin, and ISR series. The methods are described by
Jenkins and Watts (28). To remove circadian trends, each series was
detrended with the first difference filter, and then spectral estimations
were obtained using a Tukey window with a width of 72 data points.
Each individual spectrum was normalized assuming the total variance
of the series to be 100%. This allowed average values across the three
groups to be statistically compared.

STATISTICAL ANALYSIS

Results are expressed as mean+SEM. Statistical tests were performed
using the Statistical Analysis System (version 6.04 for personal com-
puters; SAS Institute Inc., Cary, NC). Repeated measures analysis of
variance was used to identify overall differences between the three
study groups and the studies using the three different glucose infusion
protocols. Tukey’s studentized range test was used for post-hoc compar-
isons. Differences were considered to be significant if P < 0.05.

Results

Basal levels of plasma glucose, serum insulin, and ISR. The
clinical characteristics and basal laboratory values of the study
groups are recorded in Table 1. All three groups were well
matched for age, weight, and BMI. Fasting glucose and glyco-
hemoglobin concentrations were significantly higher in the dia-
betic patients, while these values were normal in the patients

Table I. Ages, Weight, BMI, Basal Insulin, C-Peptide, Glucose,
and HbA in the Three Study Groups

Control IGT NIDDM

(n=15) (n=4 (n=17
Age (yr) 40.4+4.6 44.5+7.0 46.0+4.7
Wt (kg) 122459  110x11 10610
BMI (kg/m?) 38.4+1.3 38.8+4.4  34.9+25
Insulin (pmol/liter) 172+16.6 128+4" 132+2.8
C-peptide (nmol/liter) 1.06+0.13 0.84+0.08 0.87+0.13
Glucose (mmol/liter) 5.54+0.21 6.11+£0.17 10.3+0.98*
Glycosylated hemoglobin (%) 5.81x0.18 6.05+0.53 10.3+1.1"

with IGT. Although basal glucose levels were slightly higher in
those with IGT compared with the nondiabetic control sub-
jects, the differences were not significant. The differences in the
fasting insulin and C-peptide concentrations were not signifi-
cant at the 5% level. Use of the Homeostasis Model Assessment
(HOMA) method revealed no significant differences in degree
of insulin resistance between the three study groups (control,
8.0+1.4; IGT, 5.2+0.7; NIDDM, 7.9+1.4; P > 0.43).

Mean 24-h levels of plasma glucose, plasma C-peptide,
serum insulin, and ISR. Overall mean concentrations of glu-
cose, insulin, C-peptide, and the insulin secretory rates over the
24-h period during the constant glucose infusion studies are
presented in Table II. In addition, the mean glucose levels and
insulin secretory rates are shown for the oscillatory studies.
Insulin, C-peptide levels, and insulin secretion rates were signif-
icantly lower in the NIDDM patients than in the nondiabetic
controls, and the glucose concentrations in the NIDDM group
were significantly higher than in both the control and IGT
groups. The differences in glucose and insulin secretion rates
between the patients with IGT and controls were not signifi-
cant. The glucose levels and insulin secretion rates did not de-
pend on the mode of glucose infusion. Fig. 1 depicts the mean
insulin secretory rates and glucose levels during all studies. The
mean glucose levels were elevated and insulin secretion rates
were reduced in the subjects with NIDDM compared to con-
trols, with virtually no overlap between the two groups. Pa-
tients with IGT tended to have low insulin secretion rates in
relation to the prevailing glucose concentration, although the
differences in secretion rate did not reach statistical signifi-
cance.

Number and amplitude of oscillations. Representative pro-
files of glucose, insulin and ISR from each of the three study
groups during the constant and oscillatory infusions are demon-
strated in Figs. 2-4. The number and absolute amplitude of the
respective oscillations in each experimental protocol are shown
in Table III and Fig. 5. The number of glucose pulses was simi-

Table II1. Mean Values (+SEM) of Insulin, C-Peptide, Glucose,
and Insulin Secretion during Constant Glucose Infusion

and of Glucose and Insulin Secretion during Oscillatory

Glucose Infusion

Control IGT NIDDM

Constant glucose (n=25) (n=4) (n=17)
Insulin (pmol/liter) 1174145  591+101 397+99*
C-peptide (nmol/liter) 324035  2.4+0.23 1.73+0.17*
Glucose (mmol/liter) 9.2+0.47 10.7+0.91 20.4+1.83"
Insulin secretion

(pmol/m? per min) 426+48 310+26 229+23*
Oscillatory glucose-144 min (n=135) (n=3) (n=6)
Glucose (mmol/liter) 9.0+0.33 11.4+0.74 20.4+2.01
Insulin secretion

(pmol/m? per min) 416+31 345+19 242+26
Oscillatory glucose-96 min (n=15) (n=4) (n=175)
Glucose (mmol/liter) 9.4+0.52 10.3+0.54 19.1x1.91
Insulin secretion

(pmol/m? per min) 416+37 301+44 243+30

* P <0.001; ' P <0.01 vs. control subjects.
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lar in the three groups except for a significant reduction during
constant glucose infusion in the subjects with NIDDM (P
< 0.02). The number of pulses of ISR did not differ in any of
the three groups in any of the three protocols. Two-way analy-
sis of variance for repeated measures showed that the ampli-
tude of glucose oscillations increased during the oscillatory in-
fusion studies, the changes being most marked with a slow
144-min oscillatory period (P < 0.0001). There were no signifi-
cant differences in the amplitude of the glucose oscillations
between the three groups. However, differences in the ampli-
tude of the ISR oscillations were highly significant both be-
tween the groups (P < 0.001) and between the glucose infusion
protocols (P < 0.01), and the group differences were related to
the differences in the infusion protocols (P < 0.002). In the
controls, the increase in amplitude of the glucose oscillations
brought about by the oscillatory glucose infusion protocols was
thus accompanied by a significant increase in the amplitude of
the oscillations in ISR, whereas in both the diabetic and IGT
groups, the amplitude of ISR oscillations did not increase signif-
icantly with the increase in amplitude of the glucose oscilla-
tions (Fig. 5).

Temporal association between oscillations in glucose and
ISR. The temporal association between oscillations in glucose
and ISR was evaluated using three separate approaches: pulse-

by-pulse analysis of concomitance, cross-correlation analysis,
and spectral analysis. Each approach to the analysis of the data
indicated a reduction in the normal tight temporal coupling
between oscillations in glucose and ISR in the NIDDM and
IGT subjects although the significance of the differences varied
depending on the technique.

Pulse-by-pulse analysis of concomitance. The concomi-
tance between individual pulses of glucose and ISR for each
group and protocol are shown in Table III. When the concomi-
tance of pulses in ISR with glucose pulses was examined with
repeated measures two-way analysis of variance, there was a
significant difference between groups (NIDDM significantly
different from IGT and control; P < 0.002) and between glu-
cose infusion protocols (P < 0.0002). Similarly, the percentage
of glucose pulses that was concomitant with an ISR pulse was
significantly different between groups (NIDDM significantly
different from control; P < 0.03), but not between glucose
infusion protocols. In order to determine if these differences
were confirmed with other analytical approaches, cross-corre-
lation and spectral analyses were applied.

Cross-correlation analysis. Fig. 6 illustrates the coefficient
of cross-correlation between glucose and ISR at different lags
for the three groups and the three glucose infusion protocols.
Repeated measures two-way analysis of variance showed that
the maximal coefficient of cross-correlation between glucose
and ISR was different between the three groups (IGT and
NIDDM different from control; P < 0.0001) and between the
three glucose infusion protocols (P < 0.002). Similarly, the
maximal coefficients of cross-correlation between glucose and
insulin were different between the groups (IGT and NIDDM
different from control; P < 0.001) and between the three glu-
cose infusion protocols (P < 0.002). The results for correlation
between ISR and insulin were only significant between the
groups (NIDDM different from control; P < 0.04). In order to
examine which of the three glucose infusion protocols most
clearly brought out group differences, one-way analysis of vari-
ance was performed on data from each glucose infusion study
separately. The 144-min protocol consistently revealed the
most significant differences. In addition to reduced overall
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Figure 2. Profiles of the glucose infusion rate, the glucose and insulin concentrations, and the insulin secretory rates in one representative control
subject. All three studies performed in this subject are shown: constant glucose infusion, left; slow oscillatory infusion, middle; rapid oscillatory
infusion, right. Significant peaks are shown as arrows in the glucose and ISR profiles, and shoulder(s) are shown in the glucose profile obtained
during constant glucose infusion. A few interruptions occurred that were all of short duration (< 2 min), and they did not have any visible

effect upon the glucose profiles.
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Figure 3. Profiles of the glucose infusion rate, the glucose and insulin concentrations, and the insulin secretory rates in one representative IGT
patient. All three studies performed in this patient are shown: constant glucose infusion, left; slow oscillatory infusion, middle; rapid oscillatory
infusion, right. A few interruptions occurred that were all of short duration (< 2 min), and they did not have any visible effect upon the glucose

profiles.

cross-correlation, the NIDDM group also demonstrated a con-
siderably increased lag at which the maximal coefficient was
observed (see Fig. 6). In other words, while the overall coeffi-
cient of cross-correlation between glucose and ISR was greatest
at a lag of zero min in the control and IGT groups for all
glucose infusion protocols, there was a lag in the NIDDM

group which ranged from 15 to 35 min ( peaks of glucose occur- -

ring before peaks of ISR) depending on the glucose infusion
protocol. Similar results were obtained for the cross-correlation
between glucose and insulin.

Spectral analysis. Spectral analysis of the oscillatory pro-
files (Fig. 7) confirmed the existence of peaks in the plasma
glucose spectra in the three study groups at 96 and 144 min,
corresponding to the respective periods of the exogenous infu-
sion. Similar spectral peaks in insulin (not shown) and ISR
were observed in the nondiabetic control subjects. However the
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power of the insulin and ISR spectral peaks was reduced in
both the IGT and NIDDM groups, this reduction being most
marked in the NIDDM group. During the 96-min oscillatory
infusion the normalized power of the ISR spectrum fell from
29.1 in the controls to 13.6 in the subjects with IGT (P
<0.001) and 5.5 (P <0.001) in the subjects with NIDDM.
Correspondingly, the ISR spectra based on the 144-min oscilla-
tory infusions yielded respective powers of 26.2, 5.9, and 3.0 in
each of the three groups (P < 0.001). Similar results were ob-
tained for the insulin spectra. No clear group differences were
detected between the spectra from the constant glucose infu-
sion protocol. Examination of individual spectra also showed
that in a large proportion of the IGT (three of four) and
NIDDM (five of seven) patients, a discrepancy between the
dominant period of ISR and insulin could be detected. In con-
trast, none of the five nondiabetic control subjects exhibited

400 400
20 [VVVVVVVVVVW 2wWVWWWWW
0- 0

GLUCOSE
(mmol/1)
®

ISR
(pmol/min)
88 8 &

INSULIN
(pmol/1)
;

(4
g

Ay
ey

0 240 480 720 960 1200 1440
TIME (min)

234
21 1
19 1
17 1
15 -
1200 4
1000
800 1
600 -
1500
]

1000 -

Wiy,

MJ\\/UV’J\’/\M

500 -

240 480 720 960 1200 1440
TIME (min)

289
26
24
22 4
204
18-
1100 A
900
700-

1500 1

1000

500 -

wﬂ«mﬂw‘“

O 240 480 720 960 1200 1440
TIME (min)

Figure 4. Profiles of the glucose infusion rate, the glucose and insulin concentrations, and the insulin secretory rates in one representative
NIDDM patient. All three studies performed in this patient are shown: constant glucose infusion, left; slow oscillatory infusion, middle; rapid
oscillatory infusion, right. A few interruptions occurred that were all of short duration (< 2 min), and they did not have any visible effect upon
the glucose profiles.
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Table II1. Pulse Analysis of the Glucose and ISR Oscillations

Glucose ISR

% of glucose % of ISR

No. of Absolute pulses with No. of No. of Absolute pulses with
Study Group pulses increment ISR pulses shoulders pulses increment glucose pulses

Constant glucose infusion Control (n = 5) 9.8+0.6 1.10£0.12  61.2+7.9 3.8+0.4 14.6+1.0 334452 40.4+3.8

IGT (n = 4) 8.3+0.9 1.18+0.30 61.3£9.5 3.5+1.5 13.5£1.0 260+68 39.1+£9.9

NIDDM (n=17) 6.7+0.6 1.14+0.11 54.41+9.5 6.0+0.7 12.9+1.2 158+17 28.1+6.1

Oscillatory glucose infusion  Control (n = 5) 10.2+0.2  3.43+0.26  70.5+4.5 — 11.0+0.5 566+91 66.4+2.8
(144 min) IGT (n=3) 10.0+£0.0 3.04+0.23 63.3+£16.7 — 14.3+0.9 248+30 46.0£13.2

NIDDM (n = 6) 9.7+0.2 2.87+0.33 40.9+7.2 — 13.8+0.7 145+13 28.5+5.0

Oscillatory glucose infusion ~ Control (n = 5) 142+0.2  2.47+0.13  80.4+4.0 — 142+04  476+47 80.3+2.7

(96 min) IGT (n = 4) 14.3+0.3 2.07+0.20 61.3£9.5 — 13.0+1.2 292+76 66.1+4.5
NIDDM (n = 5) 13.4+0.2 1.57+0.05 45.8+10.2 — 14.2+1.0 159+17 43.6x10.2

Results of statistical analyses are in the text.

any discrepancy between insulin and ISR. In these individuals,
the largest spectral peak was always observed at the corre-
sponding period of the exogenous glucose infusion. Examples
of individual spectra illustrating these results are shown in
Fig. 8.

Discussion
We have previously demonstrated that in normal volunteers

(9), ultradian oscillations of insulin secretion are present dur-
ing constant intravenous glucose infusion and their period
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changes to assume the period of exogenous pulses of glucose
during exogenous oscillatory glucose infusions. Thus these ul-
tradian oscillations in insulin secretion were completely en-
trainable by exogenous glucose, implying that the inherent
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Figure 7. Mean glucose (- - -) and ISR (——) spectra of the control
subjects (top), IGT patients (middle) and NIDDM patients (bot-
tom). Error bars have been omitted for clarity. Left, middle, and right
columns show the results from the constant, rapid, and slow oscilla-
tory infusion studies, respectively.

properties of the insulin/glucose feedback loop play an impor-
tant role in regulating and generating the oscillations.

The present study was designed to determine if specific dy-
namic abnormalities are present in the feedback loop linking
insulin secretion and glucose in NIDDM during constant and
oscillatory intravenous glucose infusion. Studies were per-
formed in patients with overt NIDDM and matched groups
with impaired and normal glucose tolerance who received intra-
venous glucose infusions either at a constant or oscillatory rate
with a periodicity of 96 or 144 min. In all three groups, oscilla-
tions in glucose and ISR were apparent during constant glucose
infusion. In the group with normal glucose tolerance a tight
temporal coupling was evident between the oscillations of glu-
cose and ISR. In contrast, in patients with IGT and NIDDM,
there was evidence of uncoupling of this relationship between
glucose and ISR and many glucose independent oscillations
were apparent. Alterations in the ultradian oscillations in ISR
have not previously been characterized in subjects with IGT.
The abnormal relationship between oscillations of glucose and
ISR in this particular group, which is similar to that observed in
the NIDDM group, suggests that an uncoupling of the tem-
poral association between ultradian oscillations in glucose and
ISR is an early manifestation of 8-cell dysfunction in NIDDM.

In these studies, evidence for lack of control by glucose of
the ultradian oscillations of ISR was demonstrated using three
different analytical approaches: (a) by analysis of concomi-
tance of the individual pulses of glucose and ISR using the
program ULTRA; (b) by cross-correlation analysis; and (c) by
spectral analysis. Analysis of the concomitance of the individ-
ual pulses demonstrated that even though the total number of
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glucose and ISR pulses in the 24-h profiles was similar between
the groups, a significant reduction in the proportion of pulses
in ISR that was concomitant with pulses in glucose and vice
versa was observed in NIDDM. Cross-correlation analysis re-
vealed a reduction in the overall concomitance between the
ultradian oscillations of glucose, insulin, and ISR, which was
significant for both the IGT and NIDDM groups. The differ-
ences were most significant when the 144-min oscillatory glu-
cose infusion protocol was used. In addition to reduced coeffi-
cients of cross-correlation, this analytical approach also re-
vealed that in the NIDDM group the lag at which the maximal
correlation between oscillations of glucose and insulin and be-
tween oscillations of glucose and ISR occurred was increased in
the NIDDM group. Spectral analysis of the 24-h profiles from
the oscillatory glucose infusion studies confirmed the failure of
glucose to control the periodicity of the ISR oscillations. In the
control subjects, single coinciding peaks representing the pe-
riod of infusion were clearly apparent in both the glucose and
ISR spectra. By contrast, in the subjects with NIDDM and
IGT, although a clear peak representing the period of infusion
was evident in the glucose spectra, the ISR profiles revealed
either a broad spectrum without a clearly dominant period or a
dominant period different from the period of infusion and with
significantly reduced power in comparison to the controls. We
have taken this dissociation between the dominant peaks in the
spectra of glucose and ISR to reflect an underlying defect in the



insulin/glucose feedback mechanism. The results of the spec-
tral analysis go hand in hand with the results shown in Fig. 5,
which illustrate that amplification of the glucose oscillations
results in a similar amplification of the ISR oscillations in the
control group, but not in the IGT and NIDDM groups.

The dissociation between the glucose and ISR oscillations
during the oscillatory infusions in the IGT group in this study
can thus be added to the list of abnormalities in 8-cell function
that have been observed in patients studied in the early stages
of NIDDM. Attenuated insulin responses to oral glucose have
also been described in subjects with IGT who later develop
NIDDM (29-31) and in normoglycemic co-twins of patients
with NIDDM (32), a group with a very high risk of developing
NIDDM. O’Rahilly and co-workers (16) reported alterations
in the rapid oscillations in insulin in first-degree relatives of
patients with NIDDM, and Gerich and co-workers (33) ob-
served delayed attenuated responses to oral glucose in patients
with mild IGT. The relationship between these abnormalities
and the altered ultradian oscillations in the present study is not
known nor has the most sensitive test of early 8-cell dysfunc-
tion been defined. Nevertheless the data from the current study
taken in conjunction with the studies quoted above illustrate
that with the appropriate experimental approaches, intrinsic
defects in the 8 cell may be demonstrable in patients with im-
paired glucose tolerance but normal glycosylated hemoglobin
values.

The precise mechanisms responsible for the loss of entrain-
ment in the IGT and NIDDM groups are not known. However
a model of the interactions between glucose, insulin secretion,
and action recently published by our group (12) may provide
an initial framework with which to address these questions. In
this model, the maintenance of the regular pattern of oscilla-
tory secretion observed in normal subjects was dependent on a
number of factors, the most important of these being the sim-
ple sigmoidal relationship between glucose and insulin secre-
tion, the existence of a time delay in the order of 25-50 min
between the increase in insulin secretion and the suppression of
hepatic glucose production, and the fact that insulin must dif-
fuse into a remote peripheral compartment before stimulating
peripheral glucose utilization. Alterations in the dose-response
relationship between glucose and insulin secretion (34-38),
hepatic resistance to the action of insulin (39-43), or pro-
longed time lags in the periphery due to diminished glucose
disposal (42) could all contribute to the alterations in the dy-
namic interactions between insulin secretion and glucose ob-
served in the IGT and NIDDM groups in this study. To under-
stand fully the lack of entrainment observed in these groups,
however, it may be necessary to modify the model to include
factors other than the insulin/glucose feedback mechanism.

The present study also highlights the systematic change in
B-cell secretory responses as obesity progresses to IGT and ulti-
mately NIDDM. In Table I1, the mean 24-h insulin and C-pep-
tide concentrations as well as the mean insulin secretory rates
in the IGT group are intermediate between those observed in
the obese and NIDDM groups. The data in Table III demon-
strate a progressive decline in the absolute amplitude of the
glucose and ISR pulses with the transition from obesity to IGT
to NIDDM. The similarity in basal insulin and C-peptide levels
between the NIDDM and IGT groups in Table I (both of which
were lower than the corresponding concentrations in the obese
[nondiabetic] subjects) raises the possibility that 8-cell secre-
tory function decreases before the development of severe hyper-

glycemia in NIDDM. This is further illustrated in Fig. 1, de-
picting the relationship between mean glucose concentration
and mean rates of insulin secretion throughout the 24-h study
where the insulin secretory responses in many of the IGT and
NIDDM subjects were not different despite the marked differ-
ences in glucose levels. In this regard, it is also of interest that all
three methods used to analyze the interaction between glucose
and insulin secretion demonstrated abnormalities in the pa-
tients with IGT that were qualitatively similar but less severe
than the defects identified in the subjects with NIDDM. It is
therefore possible that the uncoupling of the ISR and glucose
oscillations is a key factor in the development of glucose intoler-
ance in susceptible individuals.

The lower association observed by both cross-correlation
and spectral analysis between the patterns of insulin and ISR
oscillations in the IGT and NIDDM groups than in the control
group is not readily explained in view of the equimolar secre-
tion of insulin and C-peptide from the 8-cell, which has been
well documented (44-46). In contrast to nondiabetic subjects,
NIDDM patients have elevated levels of proinsulin and of
proinsulin conversion intermediates (split proinsulins), sug-
gesting that the 8-cell in this instance releases immature secre-
tory granules into the circulation (47-52). Since conventional
insulin radioimmunoassays cross-react with proinsulin, it is
also possible that the dissociation observed between insulin
and ISR in the NIDDM and IGT groups can be attributed in
part to oscillating proportions of proinsulin secretion in rela-
tion to the secretion of insulin. Proinsulin concentrations were
not, however, measured in these experiments.

Although B-cell entrainment was preserved in obesity, the
present study raises the possibility that obese subjects may have
subtle abnormalities in B-cell function. Previous studies in
obese individuals quantitating insulin secretion rates and evalu-
ating pulsatility following meals have demonstrated §-cell se-
cretory patterns to be similar to those observed in normal
weight subjects (7, 53). In the present study, detailed analysis
of the proportion of ISR pulses that were concomitant with
pulses in glucose yielded concomitance ratios of 66% and 80%
in the 96 min and 144 min oscillatory infusions, respectively.
This contrasts with concomitance ratios exceeding 90% that
were previously reported for younger, normal weight subjects
(9) studied under identical experimental protocols. The obese
subjects in this study were however older and presumably more
insulin resistant than the normal weight subjects studied previ-
ously. Additional studies are currently under way to determine
if these differences could be due to the different ages of the
subjects, and/or differences in weight and degree of insulin
resistance. In light of the importance of the insulin/glucose
feedback mechanism in controlling the oscillations in nondia-
betic subjects, the notion that insulin resistance may, together
with intrinsic defects in the 8 cell, contribute to alterations in
ultradian oscillations is an intriguing possibility that should be
systematically addressed in future studies.

In conclusion, the present study demonstrates that the insu-
lin/glucose feedback mechanism, which plays an important
role in the regulation and generation of the ultradian oscilla-
tions in nondiabetic subjects, is disrupted in NIDDM and even
in conditions where glucose tolerance is only minimally im-
paired. The resultant uncoupling of the normal tight relation-
ship between glucose and ISR pulses is reflected in a reduction
in the spectral power of the ultradian oscillations of insulin
secretion when oscillatory glucose is administered and in a dis-
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crepancy between the dominant period of the spectra of insulin
secretion and glucose. Similar changes are seen using cross-
correlation analysis and pulse analysis. The dissociation be-
tween the oscillations becomes more severe with the progres-
sion from impaired glucose tolerance to NIDDM. Whether the
abnormal secretory oscillations play a pathogenetic role in the
progression to overt diabetes or whether they are merely reflec-
tive of underlying defects in the 8 cell and peripheral tissues
remains to be determined.
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