Insulin Secretion in Type 1 Diabetes
Chynna Steele,1 William A. Hagopian,2 Stephen Gitelman,3 Umesh Masharani,3 Melissa Cavaghan,4
Kristina I. Rother,5 David Donaldson,6 David M. Harlan,5 Jeffrey Bluestone,3 and Kevan C. Herold1

Type 1 diabetes, a chronic autoimmune disease, causes
destruction of insulin-producing ␤-cells over a period of
years. Although many markers of the autoimmune process have been described, none can convincingly predict
the rate of disease progression. Moreover, there is
relatively little information about changes in insulin
secretion in individuals with type 1 diabetes over time.
Previous studies document C-peptide at a limited number of time points, often after a nonphysiologic stimulus, and under non–steady-state conditions. Such
methods do not provide qualitative information and may
not reflect physiologic responses. We have studied qualitative and quantitative insulin secretion to a 4-h mixed
meal in 41 patients with newly diagnosed type 1 diabetes and followed the course of this response for 24
months in 20 patients. Newly diagnosed diabetic patients had an average total insulin secretion in response
to a mixed meal that was 52% of that in nondiabetic
control subjects, considerably higher than has been
described previously. In diabetic patients there was a
decline of ␤-cell function at an average rate of 756 ⴞ 132
pmol/month to a final value of 28 ⴞ 8.4% of initial levels
after 2 years. There was a significant correlation between the total insulin secretory response and control
of glucose, measured by HbA1c (P ⴝ 0.003). Two persistent patterns of insulin response were seen depending
on the peak insulin response following the oral meal.
Patients with an early insulin response (i.e., within the
first 45 min after ingestion) to a mixed meal, which was
also seen in 37 of 38 nondiabetic control subjects, had a
significantly accelerated loss of insulin secretion, as
compared with those in whom the insulin response
occurred after this time (P < 0.05), and significantly
greater insulin secretory responses at 18 and 24 months
(P < 0.02). These results, which are the first qualitative
studies of insulin secretion in type 1 diabetes, indicate
that the physiologic metabolic response is greater at
diagnosis than has previously been appreciated, and
that the qualitative insulin secretory response is an
important determinant of the rate of metabolic decom-
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T

ype 1 diabetes is thought to result from the
autoimmune destruction of the insulin-producing pancreatic ␤-cells. The autoimmune response may begin years before the clinical
disease onset (1). Clinical presentation occurs at a threshold of impaired ␤-cell function associated with decreased
␤-cell mass. A study of the pathologic anatomy of the
pancreas from patients soon after clinical presentation
suggested that ⬃10% of normal ␤-cell mass remains (2).
However, studies of C-peptide functional responses to
mixed meals have indicated that the remaining insulin
response is 33% of normal (2,3). Nonetheless, with time, all
individuals with type 1 diabetes are thought to lose insulin
production.
Cross-sectional analyses have indicated that there may
be sustained ␤-cell function, particularly in older individuals, years after onset of type 1 diabetes (4 – 6), but there
are very little prospective data concerning the natural
history of islet loss, and there are no previous studies
utilizing accurate measurements of insulin secretion under
physiologic conditions (4,6,7). This information is important for the design of immune intervention studies since a
subgroup of patients with an attenuated loss of insulin
production may benefit from immune interventions but
may also affect the interpretation of studies. There are
currently no markers that can identify individuals with a
slow versus a more rapid loss of insulin production, but
markers of the process may provide insight into its pathogenesis. Indeed, even in the NOD mouse, a widely studied
animal model of the disease, there is conflicting information about the loss of ␤-cell function. Investigators have
cautioned that measurements of ␤-cell mass may be misleading, because there may be increased ␤-cell proliferation in the prediabetic period, which allows normal ␤-cell
mass to be maintained until it is overwhelmed by the
immune attack (8,9).
In humans, the clinical onset of disease is most often
abrupt, like in the NOD mouse. Unlike the mouse model,
however, patients often enter a clinical remission (i.e.,
honeymoon) of variable duration, which is thought to be
due to improved ␤-cell function. This ␤-cell recovery is
thought to be due to improved blood glucose control upon
commencement of insulin therapy, since hyperglycemia
itself may impair insulin response (10 –12). Moreover, it
was recognized in even the earliest studies that evaluated
insulin secretion in type 1 diabetes that improved secretion is associated with better glucose control, raising an
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Sex
(M/F)

85

Anti-GAD65
autoantibody
positive (%)

65

69

Anti–IA-2
autoantibody
positive (%)

21.8 ⫾ 0.83 (13–30.6)

15.3 ⫾ 1.35 (8–30)

14.8 ⫾ 0.93 (7–30)

6.65 ⫾ 0.37 (4–10)

TABLE 1
Clinical characteristics of subjects at study entry

25/16

85

ND

Age (years)

9/11

ND

5.42 ⫾ .29 (2–10)

Weeks after
diagnosis

0.44 ⫾ 0.05 (0–0.83)

0.46 ⫾ 0.04 (0–1.06)

Insulin dose
(units/kg)

23.4 ⫾ 0.46 (17.1–28.9)

19.9 ⫾ 0.72 (14.8–25.5)

19.7 ⫾ 0.56 (14.4–28.3)

BMI (kg/m2)

0.39 ⫾ 0.02 (0.12–0.97)

0.25 ⫾ 0.05 (0.09–1.14)

0.23 ⫾ 0.03 (0.03–1.14)

Basal C-peptide
(pmol/ml)

1.81 ⫾ 1.11 (0.98–4.64)

0.61 ⫾ 0.06 (0.26–1.30)

0.60 ⫾ 0.04 (0.15–0.30)

Peak C-peptide
(pmol/ml)
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Forty-two patients with new-onset type 1 diabetes were recruited for a
randomized control trial of a non-FcR binding anti-CD3 monoclonal antibody
(30). The patients were between the ages of 7.5 and 30 years and were enrolled
within 10 weeks of diagnosis of type 1 diabetes. One-half of the patients were
randomized to an observation group, and all underwent mixed-meal tolerance
tests (MMTTs) every 6 months. The other patients were treated with the
anti-CD3 mAb, and the effects of this treatment have previously been
published (30,31). All patients had at least one detectable autoantibody
(anti-GAD65 or anti-ICA512) soon after diagnosis. The patients’ diabetes
management was in the hands of their personal physicians. All patients
received at least three injections of short-acting or intermediate-acting insulin
and/or continuous subcutaneous insulin therapy (25%) during the follow-up
period. The goal of therapy for all patients was to achieve glucose control near
normal without severe hypoglycemia.
In addition, 38 healthy individuals without a personal or family history of
diabetes were studied on a single occasion. The clinical characteristics of the

All patients with
type 1
diabetes
(n ⫽ 41)
Patients with
type 1
diabetes
followed for
24 months
(n ⫽ 20)
Nondiabetic
control
subjects
(n ⫽ 38)

RESEARCH DESIGN AND METHODS

Data are means ⫾ SE (range). ND, not determined.

uncertainty about whether the improved glucose control
resulted in improved insulin production or vice versa (3).
Insulin and C-peptide are secreted by the pancreas on an
equimolar basis, but 50% or more of the active hormone,
insulin, is extracted during the first pass through the liver.
Hence, measurement of insulin in the peripheral blood
does not accurately reflect endogenous insulin secretion.
Most studies have approximated insulin secretion with
C-peptide levels measured when fasting, at random, or
following provocation with mixed meals or glucagon (13–
25). While glucagon produces a reliable insulin response, it
does not simulate normal physiology while a mixed meal is
physiological. Furthermore, a single time point for Cpeptide measurement does not provide qualitative information about the insulin response between and within
patients over time (3,21–23,25).
While C-peptide has been widely accepted as a useful
approximation of insulin secretion under steady-state conditions, its measurement may not correctly reflect insulin
secretion under non–steady-state conditions (26,27). Cpeptide concentrations do not change proportionally with
insulin secretory rates (ISRs), as C-peptide is distributed
in intra- and extravascular compartments and its metabolic clearance rate may vary between patients (26 –28). A
long half-life of C-peptide may particularly skew results
over short time intervals, since C-peptide values may
remain elevated while insulin secretion has actually fallen.
Van Cauter et al. (29) have developed standard kinetic
parameters to be used in a two-compartment model to
calculate ISRs from measurements of peripheral C-peptide
levels (deconvolution of C-peptide) (26). This approach
provides both quantitative and qualitative data about endogenous insulin secretion.
We wished to determine the natural history of loss of
insulin secretion in type 1 diabetes and to identify metabolic or other predictors of the progression of the disease,
and elected to study insulin secretion rates with a 4-h
mixed-meal tolerance test in patients with new-onset type
1 diabetes and in healthy control subjects. The results of
our analysis show that within 10 weeks from initial diagnosis, patients with type 1 diabetes have a mixed-meal–
stimulated response that is ⬃50% of that seen in
nondiabetic control subjects, which is far greater than had
been previously thought. In addition, we found that the
insulin secretory pattern in response to the meal, rather
than age, sex, or autoantibodies, correlates most highly
with loss of insulin production over time.

427

428

95.6 ⫾ 6.1 (29–230)

668 ⫾ 45.6 (305–1,832)

patients and normal control subjects are presented in Table 1. The study was
approved by the institutional review boards at Columbia Presbyterian Medical
Center, the National Institute of Diabetes and Digestive and Kidney Diseases,
the University of Utah, and the University of California at San Francisco.
Because of restrictions in enrolling healthy children in research studies, the
normal control subjects were, on average, older than the patients with
diabetes. There was, however, considerable overlap in ages between the two
groups. All patients or their parents provided written informed consent, and
written assent was obtained from minors.
Study design. The patients with diabetes were enrolled on average 5.42 ⫾
0.29 weeks after initial diagnosis, after achieving metabolic stabilization.
Every 6 months an MMTT was performed. Of the 21 patients with diabetes
who were assigned to the observation group, one became pregnant before the
24th month and did not complete the last MMTT. A second patient was lost to
follow-up after 6 months.
For patients with diabetes, the morning and the previous evening’s insulin
dose were withheld before the MMTT. An indwelling catheter was placed, and
samples were collected for fasting glucose and C-peptide as well as HbA1c.
Boost (High Protein) was administered orally at a dose of 6 ml/kg over a 5-min
period. Blood samples were drawn at 15, 30, 60, 90, 120, 150, 180, 210, and 240
min in order to capture the complete pancreatic response to the meal. Control
subjects underwent an MMTT after an overnight fast.
Data analysis. C-peptide levels were measured by radioimmunoassay at the
Diabetes Research and Training Center at the University of Chicago (32). The
assay’s lower limit of detection was 0.03 pmol/ml with intra- and interassay
coefficients of variability of 8 and 11%, respectively. HbA1c levels were
measured using a DCA 2000 (Bayer, Indianapolis, IN) (normal range 4.5–
6.0%). Anti-GADA and anti-ICA512 autoantibodies were measured with radiobinding assays (33).
ISRs were determined by deconvolution of peripheral C-peptide levels
using a two-compartment model of C-peptide kinetics (26). The rate constants
used to describe an individual’s C-peptide kinetics were standard parameters
estimated from the C-peptide decay curves of 200 normal, obese, and diabetic
adults (29). Parameters used accounted for an individual’s age, sex, height,
weight, and diabetic status (29,34). The 0-min values were used to derive the
basal ISR rates.
The total area under the insulin secretory response curve (AUC) was
determined for each study. This is a measure of the total C-peptide or insulin
secretion in picomoles. In addition, the time of peak insulin secretion and
slope of rise to peak ISR were determined. Where indicated, the total AUC was
expressed over time as a fraction of the initial value (i.e., at study enrollment)
to be able to compare values between patients. Insulin secretion was
considered negligible when C-peptide levels were ⱕ0.03 pmol/ml.
Statistical analyses were performed with StatView software (SAS Institute). In the case of missing data (two data points), previous values were
carried forward. All significance tests were performed at the ␣ ⬍0.05 level and
were two-tailed. Correlations were performed by either a regression plot or a
Spearman’s rank correlation test. Means were compared by Student’s t test.
All mean values are expressed ⫾ SE.

RESULTS

Data are means ⫾ SE (range).

86.4 ⫾ 1.2 (75–104)
47,695 ⫾ 2,069 (26,108–81,537)

21.9 ⫾ 1.4 (7.5–45)

184 ⫾ 21.3 (47.94–377.7)
50.4 ⫾ 4.4 (22.3–85.7)
124 ⫾ 8 (84–208)
25,643 ⫾ 2,778 (9,142–52,093)

31.5 ⫾ 4.5 (7.5–75)

172.7 ⫾ 13.6 (30.3–377.7)
50 ⫾ 4.0 (5.2–101)
39 ⫾ 5.0 (7.5–105)
117 ⫾ 5 (70–208)
24,744 ⫾ 1,836 (4,522–52,093)

All patients with type 1 diabetes
(n ⫽ 41)
Patients with type 1 diabetes
followed for 24 months
(n ⫽ 20)
Nondiabetic control subjects
(n ⫽ 38)

Mean fasting blood
glucose (mg/dl)
Mean total insulin secretion
(AUC)

TABLE 2
Insulin responses to mixed meal tolerance test at baseline

Mean ISR peak
time (min)

Basal ISR (pmol)

Peak ISR (pmol)

INSULIN SECRETION IN TYPE 1 DIABETES

Qualitative and quantitative insulin and C-peptide
responses to a mixed meal in patients with type 1
diabetes and normal control subjects. MMTTs were
performed in 42 individuals with type 1 diabetes and 38
healthy control subjects. Of those with type 1 diabetes, 20
did not receive experimental immunotherapy and were
prospectively studied for 2 years, during which time
MMTTs were performed every 6 months. The clinical
characteristics of these patients and the control subjects
are shown in Table 1. Restrictions governing the inclusion
of healthy children in research studies resulted in the
nondiabetic control subjects being older and having a
higher BMI than the patients with type 1 diabetes, but
there was considerable overlap in these parameters.
Figure 1 shows C-peptide and calculated ISRs during the
MMTT. When compared with the C-peptide response, the
ISR curve (ISR values plotted over time) more clearly
delineated periods of increased and decreased secretion
than could be identified by the C-peptide levels alone.
Although we found significant qualitative differences in the
DIABETES, VOL. 53, FEBRUARY 2004
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FIG. 2. Changes in insulin secretory responses over 2 years in patients
with type 1 diabetes. Subjects with diabetes (n ⴝ 20) underwent an
MMTT every 6 months for 2 years. The data points represent the group
mean (ⴞ SE) ISR AUC at each study.
FIG. 1. Insulin secretory responses during the MMTT show qualitative
and quantitative changes over time that cannot be appreciated by
measurement of C-peptide responses alone. Data are shown from a
single representative patient with type 1 diabetes who underwent an
MMTT as described in the RESEARCH DESIGN AND METHODS. C-peptide
levels were measured by radioimmunoassay and ISRs were calculated
as indicated. Because of the half-life of C-peptide and its distribution
in two compartments, peripheral C-peptide levels do not necessarily
reflect insulin secretion.

responses described by C-peptide levels and ISRs, there
was a strong quantitative correlation between these two
analyses (r ⫽ 0.973, P ⬍ 0.0001).
At study entry the mean average insulin secretion total
AUC for diabetic patients was 24,744 ⫾ 1,836 pmol (range
4,522–52,093 pmol), which was 51.9% of the response seen
in nondiabetic control subjects (Table 2). There was
considerable overlap between the responses that were
seen in patients with diabetes and normal subjects: 22 of
42 patients with diabetes had a response within the range
of control subjects (mean ⫾ 2 SD). The basal insulin
response accounted for a greater proportion of the total
insulin response in patients with diabetes than in normal
control subjects. In addition, the impairment in insulin
secretion was more apparent on the peak response than
on basal insulin secretion. Whereas the basal insulin
secretory rate in patients with diabetes was 52% of the
basal insulin secretory rate in nondiabetic control subjects, the peak insulin secretory response in patients with
type 1 diabetes was 26% of the peak secretory rate in
nondiabetic control subjects. The average time of peak
ISR was delayed in the patients with diabetes to 39 ⫾ 5
min (P ⬍ 0.001), and the patients with diabetes took longer
to return to basal levels of ISR over the 240 min of
monitoring: 33% of patients with diabetes had not reached
basal levels after 240 min, whereas 16% in the normal
control group had not reached basal levels by this time.
This delay in responsiveness to glucose is similar to
responses that have been reported in obese patients with
impaired glucose tolerance (35).
Changes in insulin secretory responses over time.
The mean total insulin AUC values and the fraction of the
starting value were calculated at each point of study (Fig.
2). The slope of the line describing the change in ISR AUC
was calculated. On average, there was a loss of insulin
secretion over time that averaged 756 ⫾ 132 pmol/month
in patients with type 1 diabetes. The average AUC was
70 ⫾ 6.8% (range 25–145%) 6 months after diagnosis, 48 ⫾
9.1% (range 0 –107%) 12 months after diagnosis, 41 ⫾ 8.8%
(range 0 –103%) 18 months after diagnosis, and 28.3 ⫾ 8.7%
DIABETES, VOL. 53, FEBRUARY 2004

(range 0 –124%) 24 months after diagnosis, all relative to
the response at study entry. All patients had detectable
levels of insulin secretion until at least 6 months after
study enrollment, but some patients lost detectable Cpeptide (i.e., ⬍0.03 pmol/ml) over time: by month 12, 20%,
by month 18, 25%, and by month 24, 47% of patients had
C-peptide levels that fell below the lower limit of detection
(0.03 pmol/ml). Once C-peptide levels were undetectable,
secretory responses could not be determined.
Not all patients showed a persistent decline in ␤-cell
function on all of the serial studies. Of 78 follow-up
studies, 8 showed ISR AUCs that were greater than tests of
the same individual at study entry. The improved studies
occurred in 5 of 21 patients (see below).
Relationship between ISRs and glucose control. All
patients received clinical care from their endocrinologists
and were managed with diet and intensive use of insulin.
Approximately 25% of patients used an insulin pump.
Consistent with earlier studies, there was a significant
correlation between the insulin secretory response and the
level of glucose control, reflected by HbA1c (r ⫽ 0.401, P ⫽
0.003) (Fig. 3) (3). Similarly, the units of insulin used per
day were negatively correlated with insulin total AUC (r ⫽
⫺0.583, P ⬍ 0.008).
Previous studies have suggested that younger patients
(i.e., ⬍12 years) with type 1 diabetes lose their insulin
secretory capacity faster than older (i.e., ⬎12 years)

FIG. 3. The quantitative insulin secretory response during the MMTT is
inversely related to glucose control, reflected by HbA1c level. The
HbA1c and ISR AUC is plotted at each study after study entry in
subjects who were prospectively studied over 2 years (at 6, 12, 18, and
24 months). There was a significant inverse correlation between the
two measures (r ⴝ 0.401, P ⴝ 0.003)
429
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FIG. 4. Insulin secretory reserve is greater at older ages of presentation of type 1 diabetes, but the decline in insulin secretion is not age related.
A: The insulin secretory response (AUC) during an MMTT at diagnosis is plotted as a function of age of diagnosis in patients who were
prospectively followed for 2 years (r ⴝ 0.539, P ⴝ 0.012). B: The slope describing the change in the insulin secretory response over time was
plotted as a function of age. These two indexes were not significantly correlated.

patients. Our analysis showed a positive association between age of diagnosis and the ISR AUC (Fig. 4A), but
there was no apparent relationship between age and the
slope of ISR decline (Fig. 4B), or in BMI. The diagnosis of
type 1 diabetes had been confirmed by the finding of
detectable autoantibodies in all of the patients. We found
no relationship between the presence or absence of antiGAD autoantibodies and the ISR response. We did, however, observe that there was a trend for higher ISR
responses in individuals who were ICA512-positive at 0
and 6 months (P ⬍ 0.03).
Patterns of insulin secretion to a mixed meal in
patients with type 1 diabetes and normal control
subjects. By calculating insulin secretory rates, we identified two meal-induced insulin secretory patterns (Fig. 5A
and B).
●

Early insulin response present: Some individuals demonstrated a rapid increase of ISR, defined as the peak
ISR rate occurring within 45 min of the ingestion of the
meal, and a slower rate of decline afterward. In some
cases there was another peak of insulin production later
during the 4-h test, but if the maximal response was
before 45 min, they were considered to be in the
early-response group.

●

Delayed insulin response: Others with type 1 diabetes
had a peak response that occurred later, at 45 min or
later after consuming the mixed meal, with a more
symmetric distribution of ISR before and after the peak.
Sixty-two percent (26 of 42) of patients with type 1
diabetes showed an early insulin response, and 38% of
patients showed a delayed insulin response. In the
normal control subjects, 94% had an early insulin response and 2 of 38 had a delayed response (P ⫽ 0.004).
In patients with diabetes followed for 2 years, 14 had an
early and 6 had a delayed insulin response.

The pattern of insulin secretory response observed in
the first two studies (at diagnosis and at 6 months) were
generally stable over the course of 2 years in the 21
patients who were not drug treated and prospectively
studied over 2 years. With time, the reduction in the AUC
that occurred was reflected by a decrease in the amplitude
of the ISRs, but not by a change in the pattern of the
response (Fig. 5A and B). Two of the patients originally
found to have a delayed response on the initial study after
diagnosis were later found to have an early response that
persisted at all of the follow-up studies and were classified
as “early responders” in the analysis. The pattern of insulin
response was not associated with BMI, fasting glucose, the

FIG. 5. A and B: Two patterns of insulin secretion to an MMTT are seen in patients with type 1 diabetes. Two patterns of insulin secretion in
response to the mixed meal were observed, based on the presence of an early response to insulin. The data are from two individuals studied every
6 months over 2 years (at study entry [f], 6 months [䉬], 12 months [䡺], 18 months [夝], and 24 months [䉫])
430
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FIG. 6. Patients with an early insulin response during the MMTT have
a more rapid decline in insulin secretion over time. The patients who
were prospectively studied over 2 years were divided into groups
depending on whether the peak insulin secretory response to the mixed
meal was early (i.e., within the first 45 min after ingestion, n ⴝ 14) or
late (45 min or later, n ⴝ 6). The insulin secretory AUC for each group
(ⴞ SE) is plotted over time. The pattern of secretory response was a
significant determinant of the loss of insulin secretion over the 2 years
(P < 0.03 by repeated-measures ANOVA). *P < 0.02.

duration of diabetes, or the absolute AUC response at
study entry.
The pattern of insulin secretory response within the
first 6 months after diagnosis of diabetes predicts the
rate of loss of insulin secretion. The pattern of the
insulin response curve predicted the decline of insulin
secretion over the 2-year follow-up period (P ⬍ 0.03 by
repeated-measures ANOVA). The decline in insulin secretory response was significantly less in individuals with a
delayed insulin response (336 ⫾ 186 pmol/month) compared with those with an early response (936 ⫾ 150, P ⬍
0.05) (Fig. 6). At 24 months, patients with an early Cpeptide response had total responses that were 14.0 ⫾
6.4% of the response at study entry, whereas patients with
a delayed response had a total response that was 61.8 ⫾
19.7% of the response at study entry (P ⬍ 0.01).
DISCUSSION

We have studied insulin responses to the physiologic
stimulus of a mixed meal in healthy control subjects and
patients with new-onset type 1 diabetes and have followed
the changes in these responses over 2 years of diabetes. As
such, ours is the first study of insulin secretory dynamics
in patients with type 1 diabetes. Although the total insulin
secretory response (i.e., the AUC of the ISR) and C-peptide
responses were highly correlated, qualitative characteristics of the pancreatic response were not captured by
C-peptide values. Therefore, we calculated ISRs during a
4-h MMTT. Our analysis used techniques that were developed by Polonsky and colleagues (29,35,36) using a twocompartment model with standard kinetic parameters.
These techniques have previously been used for studies of
patients with type 2 diabetes, obesity, and in obese children.
Our data show that patients with type 1 diabetes have a
significant insulin secretion reserve at onset of disease: on
average, the response to the mixed meal was 52% of the
response of nondiabetic control subjects. In fact, over half
of subjects with type 1 diabetes had responses that were
within the mean ⫾ 2 SD of the responses of the nondiabetic individuals. Previous studies that have reported
greater impairment in insulin secretion may have been
affected by factors such as glucose toxicity and insulin
resistance at the time of diagnosis (8,10,11). In contrast,
our patients had all achieved metabolic stabilization before evaluation. Moreover, prior estimates were based on
DIABETES, VOL. 53, FEBRUARY 2004

C-peptide measurements in a limited number of subjects.
By calculating the ISRs, we were able to fully capture the
response, which might otherwise be under- or overestimated by C-peptide levels alone under non–steady-state
conditions. Our finding is surprising since it has generally
been believed that the residual ␤-cell mass present at the
time of diagnosis of type 1 diabetes is marginal, and in fact,
many have questioned the value of interventions at the
time of diagnosis because there is little ␤-cell mass to
preserve. However, our findings would indicate that substantial insulin reserve could be maintained with successful interventions at that time. A successful intervention to
maintain insulin secretion would have important clinical
implications, since the insulin response to a mixed meal
was positively associated with HbA1c levels. We believe
that the cause of the improved glycemia control was the
improved insulin secretion rather than vice versa, as
suggested by previous studies (4). We recognize that
glucose control per se may affect insulin secretion, although the duration of this effect is not clear (6,37). Other
studies have found that the level of insulin production is
an important determinant of glucose control. In the Diabetes Control and Complications Trial (DCCT), stimulated
C-peptide levels ⬎0.2 pmol/ml were associated with improved HbA1c levels and any detectable insulin reserve
was associated with reduced rates of disease complications including hypoglycemia (4,38). The responses we
measured to a mixed meal do not necessarily reflect the
full insulin secretory reserve that is lost. In fact, our
finding of greater impairment of peak compared with basal
insulin secretory responses would suggest that a maximal
insulin stimulus, such as with a hyperglycemic clamp, may
show a greater loss than we have seen. Nonetheless, in the
setting of physiologic stimuli, the insulin response in
patients at the time of diagnosis of type 1 diabetes is about
half of normal levels.
In patients with type 1 diabetes, the response to the
MMTT declined, on average, 756 pmol/month. Improvements in responses were uncommon and were not sustained over time. Thus, the appearance of a clinical
“honeymoon” more likely reflects a correction of the
factors precipitating the presentation of diabetes rather
than an actual increase in insulin production, although it is
still possible that transient increases (i.e., lasting ⬍6
months after diagnosis) could have occurred but were
missed. While all patients had detectable levels of Cpeptide even after 6 months, close to half of the subjects
had levels of C-peptide that were undetectable by 2 years
after diagnosis. It has previously been suggested that older
patients with type 1 diabetes (⬎12 years) have a slower
rate of decline in insulin production than younger patients
(18,21,23,39). Previous cross-sectional studies, for example from the DCCT, support this notion (4). However, our
prospective analysis showed that the slope of the decline
is not related to age, at least between the ages of 7 and 30.
We did not have the opportunity to study individuals with
latent autoimmune diabetes of adults (LADA), but other
studies of this group have suggested that the decrease in
insulin production in this group is similar to younger
patients (40). Instead, we found that the total insulin
response at presentation is positively associated with age.
The fact that the rate of decline in insulin production is
431
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similar at different ages suggests that factors leading to
clinical presentation rather than the natural history of the
disease differ between younger and older patients. We also
found a relationship between the presence of ICA512
autoantibodies in the first 6 months after diagnosis and
decline in insulin secretion. A relationship between autoantibodies and residual insulin production and the natural
history of the disease has been described by some, but not
all, previous studies (13,17,41). The association that we
identified did not, however, predict residual insulin production with longer follow-up.
By analyzing insulin secretory responses in patients
with type 1 diabetes, we identified two patterns to the
mixed meal. The majority of individuals with diabetes had
an early insulin response that reached a peak secretory
rate within 45 min of ingesting the meal. This was also the
predominant pattern of response in normal control subjects. In other patients the insulin secretory response was
delayed, with peak insulin secretory rates occurring at 45
min and later after ingesting the meal. The basis for the
different responses is under investigation; the response
curve may be affected by factors including gut hormones,
protein in the mixed meal, and other secretagogues that
may differentially affect subpopulations of ␤-cells, which
are more or less susceptible to immune destruction. The
fact that a delayed response is more common in patients
with type 1 diabetes than in the normal control subjects
suggests it is acquired as part of the disease process, but
the pattern of response was generally consistent over a
follow-up period of 2 years. This suggests an intrinsic
feature of the ␤-cell population, possibly reflecting differences in subpopulations of ␤-cells between individuals.
Rorsman et al. (42) and Grodsky (43) have shown that the
two different response phases of insulin release are mediated by two different populations of secretory granules,
and early and later release of insulin are from separate
compartments of stored insulin. The striking finding was
that there were significant differences in the loss of ␤-cell
function over time between individuals with these two
patterns of response—patients with type 1 diabetes who
had an early response lost insulin secretory responses
more rapidly than those who had a delayed response. The
ISR AUCs were not significantly different (P ⫽ 0.47) at
study entry, but the rate of loss of insulin secretion and the
fractional AUCs (ISR AUC at 24 months/ISR AUC at study
entry) were different after 24 months (P ⬍ 0.03 and ⬍0.01).
One possible explanation for this is that cells with a
predominance of early released granules may be more
vulnerable to autoimmune attack than those with the
late-release granules. Physiologically or functionally different ␤-cells may express different islet antigens or have
different susceptibilities to cell death. Equally likely is that
the chronic autoimmune response may lead to “selection”
of ␤-cell subpopulations, characterized by the late response to the mixed meal, that are more resistant to the
autoimmune attack. Such cells may be selected during
periods of regeneration of ␤-cells, as has been described in
the NOD mouse, before disease presentation (8).
Our finding of differences in disease progression in type
1 diabetes has implications for the design of intervention
trials in these patients. It is noteworthy that our evaluation
of the 20 patients who were enrolled in our previously
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reported hOKT3␥1(Ala-Ala) trial had a distribution of
insulin responses (13 early, 8 late) that was identical to the
untreated subjects from that trial (30). Nonetheless, in
trials involving small numbers of subjects, the differences
between individuals could have a strong effect on the
outcome.
In summary, we have characterized the insulin secretory
dynamics of patients with recent onset type 1 diabetes. We
found that there is considerably greater insulin secretory
capacity at the time of diagnosis of type 1 diabetes than
had been previously appreciated. By virtue of the association between ISRs and glycemia control, our results
indicate that measurement of insulin secretion is a valid
end point for studies of this disease. Calculation of insulin
secretion in response to a MMTT identified two patterns of
response among individuals with type 1 diabetes, based on
the timing of peak insulin secretion to the mixed meal. The
pattern of response was not random but instead was
consistently seen in the majority of individuals studied for
2 years. Moreover, the pattern of response was predictive
of the progression of disease. Thus, studies of insulin
secretory response in patients with type 1 diabetes may
provide insights into disease mechanisms and have important implications for the design of clinical trials.
ACKNOWLEDGMENTS

This study was supported by grants DK20595, R01DK57846,
M01 RR00645, U19AI46132, M01RR01271, and P60DK20595
from the National Institutes of Health and by Special Grant
4-1999-711 and Center Grant 4-1999-841 from the Juvenile
Diabetes Research Foundation.
REFERENCES
1. Gorsuch AN, Spencer KM, Lister J, McNally JM, Dean BM, Bottazzo GF,
Cudworth AG: Evidence for a long prediabetic period in type I (insulindependent) diabetes mellitus. Lancet 2:1363–1365, 1981
2. Gepts W: Pathologic anatomy of the pancreas in juvenile diabetes mellitus.
Diabetes 14:619 – 633, 1965
3. Faber OK, Binder C: B-cell function and blood glucose control in insulin
dependent diabetics within the first month of insulin treatment. Diabetologia 13:263–268, 1977
4. Effects of age, duration and treatment of insulin-dependent diabetes
mellitus on residual beta-cell function: observations during eligibility
testing for the Diabetes Control and Complications Trial (DCCT). The
DCCT Research Group. J Endocrinol Metab 65:30 –36, 1987
5. The Diabetes Control and Complications Trial Research Group: The effect
of intensive treatment of diabetes on the development and progression of
long-term complications in insulin-dependent diabetes mellitus. N Engl
J Med 329:977–986, 1993
6. The Diabetes Control and Complications Trial Research Group: Effect of
intensive therapy on residual beta-cell function in patients with type 1
diabetes in the Diabetes Control and Complications Trial. Ann Intern Med
128:517–523, 1998
7. Gumpel RC: Intensive therapy preserves insulin secretion. Ann Intern Med
129:913–914, 1998
8. Sreenan S, Pick AJ, Levisetti M, Baldwin AC, Pugh W, Polonsky KS:
Increased ␤-cell proliferation and reduced mass before diabetes onset in
the nonobese diabetic mouse. Diabetes 48:989 –996, 1999
9. Shimada A, Charlton B, Taylor-Edwards C, Fathman CG: ␤-Cell destruction
may be a late consequence of the autoimmune process in nonobese
diabetic mice. Diabetes 45:1063–1067, 1996
10. Rossetti L, Giaccari A, DeFronzo RA: Glucose toxicity. Diabetes Care
13:610 – 630, 1990
11. Yki-Jarvinen H: Glucose toxicity. Endocr Rev 13:415– 431, 1992
12. Unger RH, Grundy S: Hyperglycaemia as an inducer as well as a consequence of impaired islet cell function and insulin resistance: implications
for the management of diabetes. Diabetologia 28:119 –121, 1985
13. Sabbah E, Savola K, Kulmala P, Veijola R, Vahasalo P, Karjalainen J,
Akerblom HK, Knip M: Diabetes-associated autoantibodies in relation to
DIABETES, VOL. 53, FEBRUARY 2004

C. STEELE AND ASSOCIATES

clinical characteristics and natural course in children with newly diagnosed type 1 diabetes. The Childhood Diabetes In Finland Study Group. J
Endocrinol Metab 84:1534 –1539, 1999
14. Torn C, Landin-Olsson M, Lernmark A, Palmer JP, Arnqvist HJ, Blohme G,
Lithner F, Littorin B, Nystrom L, Schersten B, Sundkvist G, Wibell L,
Ostman J: Prognostic factors for the course of beta cell function in
autoimmune diabetes. J Endocrinol Metab 85:4619 – 4623, 2000
15. Decochez K, Keymeulen B, Somers G, Dorchy H, De Leeuw IH, Mathieu C,
Rottiers R, Winnock F, ver Elst K, Weets I, Kaufman L, Pipeleers DG: Use
of an islet cell antibody assay to identify type 1 diabetic patients with rapid
decrease in C-peptide levels after clinical onset. Belgian Diabetes Registry.
Diabetes Care 23:1072–1078, 2000
16. Hramiak IM, Dupre J, Finegood DT: Determinants of clinical remission in
recent-onset IDDM. Diabetes Care 16:125–132, 1993
17. Martin S, Pawlowski B, Greulich B, Ziegler AG, Mandrup-Poulsen T,
Mahon J: Natural course of remission in IDDM during 1st yr after
diagnosis. Diabetes Care 15:66 –74, 1992
18. Bonfanti R, Bazzigaluppi E, Calori G, Riva MC, Viscardi M, Bognetti E,
Meschi F, Bosi E, Chiumello G, Bonifacio E: Parameters associated with
residual insulin secretion during the first year of disease in children and
adolescents with type 1 diabetes mellitus. Diabet Med 15:844 – 850, 1998
19. Zamaklar M, Jotic A, Lalic N, Lalic K, Rajkovic N, Milicic T: Relation
between course of disease in type 1 diabetes and islet cell antibodies. Ann
N Y Acad Sci 958:251–253, 2002
20. Bonfanti R, Bognetti E, Meschi F, Brunelli A, Riva MC, Pastore MR, Calori
G, Chiumello G: Residual beta-cell function and spontaneous clinical
remission in type 1 diabetes mellitus: the role of puberty. Acta Diabetol
35:91–95, 1998
21. Snorgaard O, Lassen LH, Binder C: Homogeneity in pattern of decline of
beta-cell function in IDDM: prospective study of 204 consecutive cases
followed for 7.4 yr. Diabetes Care 15:1009 –1013, 1992
22. Sochett E, Daneman D: Relationship of insulin autoantibodies to presentation and early course of IDDM in children. Diabetes Care 12:517–523,
1989
23. Wallensteen M, Dahlquist G, Persson B, Landin-Olsson M, Lernmark A,
Sundkvist G, Thalme B: Factors influencing the magnitude, duration, and
rate of fall of B-cell function in type 1 (insulin-dependent) diabetic children
followed for two years from their clinical diagnosis. Diabetologia 31:664 –
669, 1988
24. Madsbad S, Krarup T, Regeur L, Faber OK, Binder C: Insulin secretory
reserve in insulin dependent patients at time of diagnosis and the first 180
days of insulin treatment. Acta Endocrinol (Copenh) 95:359 –363, 1980
25. Schiffrin A, Suissa S, Weitzner G, Poussier P, Lalla D: Factors predicting
course of beta-cell function in IDDM. Diabetes Care 15:997–1001, 1992
26. Polonsky KS, Licinio-Paixao J, Given BD, Pugh W, Rue P, Galloway J,
Karrison T, Frank B: Use of biosynthetic human C-peptide in the measurement of insulin secretion rates in normal volunteers and type I diabetic
patients. J Clin Invest 77:98 –105, 1986
27. Polonsky K, Frank B, Pugh W, Addis A, Karrison T, Meier P, Tager H,
Rubenstein A: The limitations to and valid use of C-peptide as a marker of
the secretion of insulin. Diabetes 35:379 –386, 1986
28. Eaton RP, Allen RC, Schade DS, Erickson KM, Standefer J: Prehepatic

DIABETES, VOL. 53, FEBRUARY 2004

insulin production in man: kinetic analysis using peripheral connecting
peptide behavior. J Endocrinol Metab 51:520 –528, 1980
29. Van Cauter E, Mestrez F, Sturis J, Polonsky KS: Estimation of insulin
secretion rates from C-peptide levels: comparison of individual and
standard kinetic parameters for C-peptide clearance. Diabetes 41:368 –377,
1992
30. Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, Donaldson
D, Gitelman SE, Harlan DM, Xu D, Zivin RA, Bluestone JA: Anti-CD3
monoclonal antibody in new-onset type 1 diabetes mellitus. N Engl J Med
346:1692–1698, 2002
31. Herold KC, Burton JB, Francois F, Poumian-Ruiz E, Glandt M, Bluestone
JA: Activation of human T cells by FcR nonbinding anti-CD3 mAb,
hOKT3␥1(Ala-Ala). J Clin Invest 111:409 – 418, 2003
32. Faber OK, Binder C, Markussen J, Heding LG, Naithani VK, Kuzuya H, Blix
P, Horwitz DL, Rubenstein AH: Characterization of seven C-peptide
antisera. Diabetes 27 (Suppl. 1):170 –177, 1978
33. Woo W, LaGasse JM, Zhou Z, Patel R, Palmer JP, Campus H, Hagopian WA:
A novel high-throughput method for accurate, rapid, and economical
measurement of multiple type 1 diabetes autoantibodies. J Immunol
Methods 244:91–103, 2000
34. Heptulla RA, Tamborlane WV, Cavaghan M, Bronson M, Limb C, Ma YZ,
Sherwin RS, Caprio S: Augmentation of alimentary insulin secretion
despite similar gastric inhibitory peptide (GIP) responses in juvenile
obesity. Pediatr Res 47:628 – 633, 2000
35. Ehrmann DA, Breda E, Cavaghan MK, Bajramovic S, Imperial J, Toffolo G,
Cobelli C, Polonsky KS: Insulin secretory responses to rising and falling
glucose concentrations are delayed in subjects with impaired glucose
tolerance. Diabetologia 45:509 –517, 2002
36. Polonsky KS, Given BD, Hirsch LJ, Tillil H, Shapiro ET, Beebe C, Frank BH,
Galloway JA, Van Cauter E: Abnormal patterns of insulin secretion in
non-insulin-dependent diabetes mellitus. N Engl J Med 318:1231–1239,
1988
37. Madsbad S, Krarup T, Regeur L, Faber OK, Binder C: Effect of strict blood
glucose control on residual B-cell function in insulin-dependent diabetics.
Diabetologia 20:530 –534, 1981
38. Steffes MW, Sibley S, Jackson M, Thomas W: ␤-Cell function and the
development of diabetes-related complications in the Diabetes Control and
Complications Trial. Diabetes Care 26:832– 836, 2003
39. Altuntas Y: A mathematical model for pattern of change in beta-cell reserve
and factors affecting residual reserve within the first 2 years of type 1
diabetes. J Endocrinol Invest 25:987–992, 2002
40. Landin-Olsson M: Latent autoimmune diabetes in adults. Ann N Y Acad Sci
958:112–116, 2002
41. Jaeger C, Allendorfer J, Hatziagelaki E, Dyrberg T, Bergis KH, Federlin K,
Bretzel RG: Persistent GAD 65 antibodies in longstanding IDDM are not
associated with residual beta-cell function, neuropathy or HLA-DR status.
Horm Metab Res 29:510 –515, 1997
42. Rorsman P, Eliasson L, Renstrom E, Gromada J, Barg S, Gopel S: The cell
physiology of biphasic insulin secretion. News Physiol Sci 15:72–77, 2000
43. Grodsky GM: A threshold distribution hypothesis for packet storage of
insulin and its mathematical modeling. J Clin Invest 51:2047–2059, 1972

433

