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ype 1 diabetes (T1D) is often first recognized
when signs and symptoms occur, yet the patho-
genetic development of T1D usually begins years
before that. Pancreatic autoantibodies commonly
become elevated long before diagnosis (1). Although data
indicate that the first-phase insulin response (FPIR) is also
abnormal well before diagnosis (2-5), the development and
progression of metabolic abnormalities had not been well
characterized until the recent performance of T1D prevention
trials (6-8). The unique designs of these trials provided the
opportunity to perform longitudinal studies that have yielded
new insights into metabolic changes that occur during the
progression to T1D. This review will describe what we have
learned about the metabolic natural history of T1D from the
Diabetes Prevention Trial-Type 1 (DPT-1).
A description of DPT-1. DPT-1 included two separate
trials, the parenteral and oral insulin trials (6,7). The objec-
tive of both trials was to delay or prevent the occurrence of
T1D by interfering with the immunologic processes that re-
sult in the disorder. The parenteral insulin trial consisted of
an intervention group that received subcutaneous ultralente
insulin at a dose of 0.125 units/kg twice daily and a control
group that received no insulin. The intervention group was
admitted annually to a unit for 4 days during which a con-
tinuous infusion of recombinant human regular insulin was
administered. The oral insulin trial included an intervention
group, which received a once-daily dose of 7.5 mg recombi-
nant human insulin crystals, and a placebo control group.
In both trials, individuals were required to be nondia-
betic, aged 1-45 years, and first- or second-degree relatives
of T1D patients. Two phases determined further eligibility
for the trials. In the screening phase, the relatives were
tested for islet cell autoantibody (ICA) positivity. Those
positive then participated in a risk assessment phase. This
included an intravenous glucose tolerance test (IVGTT) and
a 2-h oral glucose tolerance test (OGTT). Eligibility for the
parenteral trial was dependent on a 5-year risk estimate
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of >50%. This was based on an abnormal FPIR during the
IVGTT and/or glucose abnormalities during the OGTT. If the
metabolic indexes were normal, there was testing for insulin
autoantibodies. Those positive were considered to have
a 26-50% risk estimate and were deemed eligible for the oral
insulin trial. Participants in both trials were monitored with
2-h OGTTs that were performed at 6-month intervals for the
diagnostic surveillance of T1D. Glucose and C-peptide mea-
surements were obtained fasting and at 30-min intervals.

T1D was diagnosed in most by the OGTT surveillance. If
an OGTT met American Diabetes Association (ADA) cri-
teria for diabetes (fasting glucose =126 mg/dL and/or 2-h
glucose =200 mg/dL), a repeat OGTT was performed un-
less T1D was diagnosed clinically in the interim. If the
diagnosis was confirmed by a second OGTT, the date of the
first diabetic OGTT was considered the date of diagnosis.
Neither the parenteral nor oral insulin interventions had an
overall effect. Characteristics of the DPT-1 participants are
reported in Supplementary Table 1.

The surveillance for T1D in DPT-1 resulted in an earlier
diagnosis than a diagnosis made clinically. A minority of
those diagnosed had presenting signs and symptoms, and
diabetic ketoacidosis was rare (9). Also, the C-peptide levels
at diagnosis in the DPT-1 participants were higher than
those of new-onset T1D patients in other studies (10-13).
Metabolic progression until 6 months before diagnosis.
The metabolic progression to T1D was studied in 22 par-
enteral insulin trial and 32 oral insulin trial participants who
had OGTTs every 6 months from 30 months to 6 months
before diagnosis (10). Glucose levels (fasting glucose, 2-h
glucose, and area under the curve [AUC] glucose) in both
groups tended to increase gradually during that interval (P <
0.001 for slopes of each index from 30 months to 6 months
before diagnosis). The increase in glucose was such that
>80% had abnormal glucose tolerance by 6 months before
diagnosis. Despite the increasing glucose, there was little
change in the C-peptide measures, including fasting
C-peptide, peak C-peptide, and AUC C-peptide. There was
only a small, but significant negative slope (P < 0.05) for the
AUC C-peptide in the oral group. The lack of appreciable
change of those C-peptide measures was somewhat surpris-
ing in view of the increasing glucose and prior data showing
that the FPIR is frequently abnormal well before diagnosis.

Subsequent analyses of C-peptide dynamics during the
OGTT have helped to explain the rather small changes in the
overall C-peptide measures during progression. The 30-0-
min C-peptide difference (+ = 0.50 for correlation with FPIR,
P < 0.001, n = 504) was used in analyses of children aged
<15 years (14). Hereafter, the 30—0-min C-peptide difference
will be referred to as the early C-peptide response.

In a longitudinal analysis of 36 progressors (14) with
normal glucose tolerance at baseline, there was a decreased
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early C-peptide response at least 2 years before the di-
agnosis of T1D. This was especially apparent when the
progressors were compared with 80 nonprogressors (P <
0.01; Fig. 1). (The fasting and 30-min values are reported in
Supplementary Table 2.) In contrast, the late C-peptide
response (the sum of each of the differences of the 30-min
C-peptide value from the 60-, 90-, and 120-min values) was
increased (P < 0.05) 2 years before diagnosis (Fig. 2). Among
the progressors, the early C-peptide response decreased
from baseline to 6 months before diagnosis (P < 0.01),
whereas the late C-peptide response increased in that in-
terval (P < 0.05).

The increased late C-peptide response during the OGTT
was evident in the timing of the peak C-peptide (Fig. 3)
(14). The proportion of progressors whose peak C-peptide
occurred at 120 min increased from 19% at baseline to 56%
at 6 months before diagnosis. Also, the occurrence of the
peak C-peptide at 120 min was higher in the progressors
than in the nonprogressors, even 2 years before diagnosis
(P < 0.05). Consistent with these findings, the timing of the
peak C-peptide was more predictive of T1D (P < 0.001)
than the actual peak C-peptide value (P = 0.028) (14). The
basis for the enhanced late C-peptide response is unclear.
It could well be a reaction to the decreased early insulin
response, but the signals and mechanism for this have not
been delineated.

In an unreported analysis, the timing of the peak insulin
response in progressors was studied using an estimate of
the insulin secretory rate that was calculated from C-
peptide levels (15). In that analysis, individuals were
classified as “early” responders if the peak response oc-
curred within the first 45 min after ingesting glucose or
“late” responders if the response occurred after that time.
In a previous report, only 6% of healthy controls were late
responders and 45% of T1D patients were late responders
(P < 0.001) (16). In applying this classification to the DPT-1
data, a greater proportion of DPT-1 progressors (40%) were
also found to be late responders compared with the healthy
controls (P < 0.001). The frequency of late responders was
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FIG. 1. Shown is the difference in C-peptide levels from 0 to 30 min (the
30-0-min C-peptide difference) according to the times before diagnosis
(36 progressors) or the times before the last visit (80 nonprogressors).
The 30-0-min C-peptide difference was consistently lower in the pro-
gressors than in the nonprogressors. (Mean values are shown for the
times before diagnosis or the last visit. The mean time from baseline to
the last visit was 4.2 years for the nonprogressors; the mean time from
baseline to diagnosis was 3.7 years for the progressors.)
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FIG. 2. Shown is the C-peptide sum after 30 min according to the times
before diagnosis (36 progressors) or the times before the last visit (80
nonprogressors). The values were higher in the progressors from
baseline to 0.5 years. (Mean values are shown for the times before di-
agnosis or the last visit. The mean time from baseline to the last visit
was 4.2 years for the nonprogressors; the mean time from baseline to
diagnosis was 3.7 years for the progressors.)

lower in nonprogressors (22%) but was still greater than
that of the controls (P < 0.05). These findings corroborate
the findings previously presented (14).

The partitioning of C-peptide levels according to the
time after the glucose challenge explains why overall mea-
sures such as AUC C-peptide and peak C-peptide change
little until 6 months before diagnosis. The delayed insulin
response compensates quantitatively for the decreased
early insulin response so that the overall measures do not
reflect the actual extent of abnormal insulin secretion. The
findings pertaining to the timing of secretion were not af-
fected by the interventions because the same trends were
apparent when those untreated were analyzed separately.

Little longitudinal information is available regarding
metabolic changes before the diagnosis of T1D other than
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FIG. 3. Shown are the percentages with the peak C-peptide value at 120
min according to the times before diagnosis (36 progressors) or the
times before the last visit (80 nonprogressors). The percentage of
progressors with a peak C-peptide value at 120 min increased sub-
stantially as the diagnosis approached. In contrast, the nonprogressors
had little change over time. (The mean time from baseline to the last
visit was 4.2 years for the nonprogressors; the mean time from baseline
to diagnosis was 3.7 years for the progressors.)

diabetes.diabetesjournals.org



J.M. SOSENKO AND ASSOCIATES

that derived from DPT-1. In another analysis of DPT-1 data
(17), although appreciable proportions had normal OGTTs
(24%) or normal IVGTTs (22%) 6 months before diagnosis,
the results of both tests were normal in only 3%. In a lon-
gitudinal study (18), 57 siblings of T1D patients were
monitored with serial IVGTTs. When the 17 who developed
T1D (median preclinical period of 29 months) were
compared with the 40 nonprogressors, FPIR values were
lower at baseline and remained lower in the progressors
throughout the study period. The glucose elimination rate
decreased as tests were repeated over time. In a study of
autoantibody-positive children (19), hemoglobin A,. levels
increased during the progression to T1D, and increments
within the normal range were predictive of the diagnosis.
Data from other studies also suggest that impaired insulin
secretion (2-5) and glucose abnormalities (20-22) can occur
years before the onset of T1D.

The perionset period. For analytic purposes, the peri-
onset period was defined as 6 months before diagnosis to
3 months after diagnosis. In an analysis of 115 DPT-1 partic-
ipants (not previously published), more marked metabolic
decompensation was evident between 6 months before di-
agnosis and diagnosis (Table 1). Fasting, 2-h glucose, and
AUC glucose levels increased substantially (P < 0.001 for
all) during this period, and there was a decline in the AUC
C-peptide and the peak C-peptide (P < 0.001 for both). In
contrast, fasting C-peptide levels increased during the 6
months before diagnosis (P < 0.01). Because OGTTs were
not routinely performed between 6 months before diagnosis
and diagnosis, the DPT-1 data cannot be used to discern the
actual pattern of deterioration within that period.

As mentioned above, when an OGTT was in the diabetic
range, a second OGTT was to be performed to confirm the
diagnosis. This provided the opportunity to examine the
metabolic changes that occur in the period immediately
after the diagnosis (23). Among the 63 subjects with a di-
abetic OGTT and a confirmatory diabetic OGTT within
3 months (mean * SD interval, 5.5 * 2.8 weeks), glucose
(Table 2) and C-peptide (Table 3) levels were compared
between the OGTTs. (Those in the parenteral trial in-
tervention group were excluded due to the potential for the
unauthorized use of insulin between the OGTTs.) Glucose
levels were actually similar between the OGTTs in the
fasting state and at 30 min. However, they tended to be
higher in the second OGTT at 60 min and were significantly
higher at 90 (P < 0.01) and 120 (P < 0.001) min. C-peptide

TABLE 1
Glucose (mg/dL) and C-peptide (ng/mL) values of DPT-1 participants
(n = 115) with OGTTs 6 months before diagnosis and at diagnosis

6 months before

diagnosis At diagnosis

Fasting glucose 93 = 13 113 * 29++
2-h glucose 155 + 29 289 + Tl++
AUC glucose/120 min 165 = 23 240 * 48++
Fasting C-peptide 1.16 = 0.72 141 = 1.16+
Peak C-peptide 4.57 = 1.86 3.86 = 2.29++
AUC C-peptide/120 min 344 = 1.42 2.92 = 1.74++
Fasting C-peptide/fasting

glucose 0.013 = 0.008 0.012 = 0.009
AUC C-peptide/AUC

glucose 0.021 = 0.009 0.013 = 0.009++

Data are shown as mean = SD. +P < 0.01. ++P < 0.001 for differ-
ences from 6 months before diagnosis.
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TABLE 2
Glucose (mg/dL) values for first diabetic and confirmatory OGTTs
of DPT-1 participants (n = 63)

Glucose First diabetic OGTT Confirmatory OGTT*
Fasting 106 (91, 115) 107 (98, 119)

30 min 195 (168, 217) 194 (170, 216)

60 min 241 (208, 267) 254 (222, 283)

90 min 2b3 (234, 284) 279 (238, 310)+
120 min 246 (212, 280) 283 (243, 332)++

Data are shown as median (25th, 75th percentiles). *Obtained within 3
months of first diabetic OGTT. +P < 0.01. ++P < 0.001 for difference
from first diabetic OGTT.

levels were significantly lower in the second OGTT at all
times (P < 0.01) except in the fasting state (P = 0.054).

In the same study (23), the decline in overall C-peptide was
more accelerated after diagnosis than within the 6 months
before the diagnosis. Of the 63 who had a confirmatory
OGTT, 55 also had an OGTT approximately 6 months be-
fore diagnosis. The median percentage change of the peak
C-peptide from 6 months before diagnosis to diagnosis
was —14.0% (P = 0.052). The decline from the first diabetic
OGTT to the second diabetic OGTT was greater (—45.7%,
P < 0.001), even though the interval was shorter. The
overall decline from the last nondiabetic OGTT to the sec-
ond diabetic OGTT (mean *+ SD interval, 7.5 *= 1.3 months)
was —23.8% (P < 0.001). Thus, there was already a marked
decline in C-peptide levels by 3 months after diagnosis, even
when the diagnosis was made by OGTT surveillance.

The basis for the more rapid metabolic decline in the
perionset period is not known. However, in another analytic
approach to the DPT-1 data (24), glucose was also found to
increase gradually and then increase more substantially as
the diagnosis approached. Because the more marked in-
crease was just preceded by a decrease in the sensitivity of
the B-cell to glucose, that insensitivity could be a trigger for
the more rapid metabolic decline. Why the 3-cell becomes
insensitive to glucose is not clear; however, the increasing
glucose itself might possibly be a contributor.

Although no other studies have monitored the same
individuals metabolically from before diagnosis to after the
diagnosis of T1D, changes in C-peptide levels after the
clinical diagnosis of T1D have been examined. Such changes
from diagnosis to 1 year after diagnosis have varied from a
decline of ~50% to no decline at all (25-30). These differ-
ences could possibly be related to differences in the pop-
ulations studied, because the amount of residual C-peptide
has been associated with age (31), BMI (31), autoantibody

TABLE 3
C-peptide (ng/mL) values for first diabetic and confirmatory
OGTTs of DPT-1 participants (n = 63)

C-peptide First diabetic OGTT Confirmatory OGTT*
Fasting 1.5 (0.7, 2.1) 1.2 (0.8, 1.7)

30 min 2.6 (1.9, 4.0) 2.2 (1.6, 3.5)+

60 min 3.1 (2.1, 4.5) 2.7 (1.9, 3.8)++
90 min 3.6 (2.3, 5.3) 3.0 (2.1, 4.3)+

120 min 3.5 (2.5, 5.5) 3.2 (2.1, 5.0)+
Peak 3.8 (2.7, 5.9) 3.2 (2.2, 5.0)++

Data are shown as median (25th, 75th percentiles). *Obtained within 3
months of first diabetic OGTT. +P < 0.01. ++P < 0.001 for difference
from first diabetic OGTT.
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positivity (27), genetic factors (32), and the degree of glu-
cose control (25,26).

The findings from the DPT-1 analysis of the change in C-

peptide after diagnosis are not directly comparable with
findings from other studies of C-peptide changes after di-
agnosis because diagnoses were made earlier in DPT-1. As
mentioned above, C-peptide levels were higher at diagnosis
in the DPT-1 cohort compared with other studies of new-
onset T1D patients (10-13). However, the DPT-1 data (23)
suggest the possibility that the relative rate of decline in
C-peptide is greater during the perionset period (from 6
months before diagnosis to 3 months after diagnosis)
than later in the course of T1D.
Excursions among states of glycemia. Dysglycemic
OGTTs (defined as fasting glucose values 100-125 mg/dL;
and/or 30-, 60-, or 90-min glucose values =200 mg/dL; and/
or 120-min glucose values 140-199 mg/dL) were common
before diagnosis (33). The median fractions of dysglycemic
OGTTs were 0.67 in the progressors and 0.13 in the non-
progressors (P < 0.001). The OGTTs in a sizeable number
of progressors varied between the normal and dysglycemic
states. Of 64 progressors who had a dysglycemic OGTT
and then at least two subsequent OGTTs, 33 (52%) reverted
to a normal OGTT that was followed again by a dysglycemic
OGTT. Of 135 progressors who had four or more OGTTs
before diagnosis (34), 30 (22%) had at least two cycles in
which there was a change from a normal OGTT to a dys-
glycemic OGTT. These are likely to be underestimates of
the true frequency of the excursions because more dysgly-
cemia would probably have been detected had OGTTSs been
performed at shorter intervals.

Those 30 individuals with two cycles of change from a
normal OGTT to a dysglycemic OGTT were further ana-
lyzed to better understand metabolic variation within indi-
viduals during the progression to T1D (Fig. 4). Glucose
levels increased significantly from the first “normal” state
to the second “normal” state (P < 0.001). This increase in
glucose within the normal range is consistent with DPT-1
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AUC Glucose (mg/dL/120 min)
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Years Before Diagnosis
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FIG. 4. Shown are excursions between normal glucose tolerance (NGT)
and dysglycemic (DG) states in 30 progressors to T1D. Each point
represents the mean AUC glucose from the OGTTs. The mean time
before diagnosis is shown for the OGTTs. There were significant
increases in the AUC glucose from each of the normal OGTTSs to their
subsequent respective dysglycemic OGTTs. There were also significant
increases from the first normal OGTT to the second normal OGTT, and
from the first dysglycemic OGTT to the second dysglycemic OGTT. (The
dashed lines indicate differences in glucose levels after a return to the
same state of glycemia.) (A high-quality color representation of this
figure is available in the online issue.)
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data that showed even within that range glucose levels are
predictive of T1D (P < 0.001) (35). Figure 4 also indicates
that the glucose levels from the second dysglycemic OGTT
were significantly higher than those from the first dysgly-
cemic OGTT (P < 0.01). Thus, glucose levels appear to in-
crease in a ratcheting pattern with progression to T1D.

Despite the frequency with which dysglycemic OGTTs
normalize, once dysglycemia occurs, the risk for subse-
quent T1D is high, especially in children. Among those aged
<13 years whose OGTTs changed from normal at baseline
to dysglycemic at the 6-month visit, the risk estimate for
T1D at 5 years was 94% (33).

Changes in B-cell function were examined as a possible
explanation for the wide fluctuations between the normal
and dysglycemic states (34). Dysglycemic and normal
OGTT pairs within individuals were selected for an analysis
to examine this possibility. When the normal OGTT pre-
ceded the dysglycemic OGTT (n = 146), the early C-peptide
response was significantly lower in the dysglycemic OGTT
(P < 0.001). In contrast, when the dysglycemic OGTT pre-
ceded the normal OGTT (n = 70), the early C-peptide re-
sponse was higher in the dysglycemic OGTT, although not
significantly. In another pairing, those with a normal OGTT
and a dysglycemic OGTT (n = 98) were selected so that the
average time before diagnosis would be almost the same for
those OGTTs (i.e., synchronized) (34). Comparisons of the
dysglycemic and normal OGTTs that were synchronized
showed the dysglycemic OGTTs actually had higher fasting
(P < 0.05), 90-min (P < 0.05), and 120-min (P < 0.001)
C-peptide values. There was no significant difference in
the early C-peptide response.

Glucose variability was further assessed by studying
OGTTs that fluctuated between the diabetic range and the
nondiabetic range (33). The DPT-1 study design was con-
ducive for such an analysis because OGTTs in the diabetic
range required confirmatory OGTTs (see above). If di-
abetic range OGTTs were followed by nondiabetic range
OGTTs, they were considered to be transient diabetic
OGTTs. Similar to the excursions between the normal and
dysglycemic OGTTs, transient diabetic range OGTTs were
common with progression to T1D. In 60 progressors, a di-
abetic range OGTT was followed by a nondiabetic range
OGTT.

Of the 60 with a transient diabetic range OGTT, the
subsequent nondiabetic OGTT was performed within 3
months in 55. Interestingly, despite the higher glucose
levels in the transient diabetic range OGTT, there were no
significant differences in the C-peptide levels at any time.
In fact, they tended to be higher in the transient diabetic
range OGTT. The early C-peptide response was also similar
between the transient diabetic range OGTT and the subse-
quent nondiabetic OGTT. Among the 55 analyzed above, 38
were eventually diagnosed with T1D by a subsequent OGTT
(34). Glucose levels were higher in the OGTT at diagnosis at
all times (P < 0.01) than in the transient diabetic range
OGTT, whereas C-peptide values were lower at 60, 90, and
120 min (P < 0.01) in the OGTT at diagnosis. The early
C-peptide response was also much lower in the OGTT at
diagnosis (P < 0.01).

Figure 5 shows the early C-peptide response (change
from 0 to 30 min) in relation to the change in glucose from
0 to 30 min in the transient diabetic range OGTT, sub-
sequent nondiabetic range OGTT, and finally, the OGTT at
diagnosis (34). The ratio of the change in C-peptide over
the change in glucose from 0 to 30 min did not differ sig-
nificantly between the transient diabetic range OGTT and
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FIG. 5. Shown are C-peptide responses in relation to glucose responses from 0 to 30 min in the transient diabetic range OGTT (TDOGTT), the
subsequent nondiabetic range OGTT (NDOGTT) within 3 months, and the OGTT at diagnosis (DOGTT) in 38 progressors to T1D. The ratio
of the C-peptide response over the glucose response from 0 to 30 min did not differ significantly between the TDOGTT and the NDOGTT,
but was significantly higher in the TDOGTT and the NDOGTT than in the DOGTT. (Median values are shown.) (A high-quality color

representation of this figure is available in the online issue.)

the nondiabetic range OGTT. However, the ratio was sig-
nificantly lower in the OGTT at diagnosis than in the
transient diabetic range OGTT (P < 0.001) and the non-
diabetic range OGTT (P < 0.01).

In the analyses described above, the early C-peptide re-
sponse did not differ between the dysglycemic OGTT and
the normal OGTT or between the transient diabetic OGTT
and the nondiabetic OGTT. Because glucose variability be-
tween states of glycemia does not appear to depend on the
early C-peptide response, it is possible that the glycemic
fluctuations result from variability in insulin sensitivity.
Changes in insulin sensitivity could lead to greater glucose
variability with progression to T1D because there is a
background of diminished B-cell function. It has been
postulated that insulin sensitivity could be a factor in the
pathogenesis of T1D (36-40). Moreover, the C-peptide
patterns among those who are dysglycemic are not unlike
insulin patterns of adults with impaired glucose tolerance
or diabetes (41,42).

The lack of relation between the glucose excursions and
the early C-peptide response contrasts with the trend of
increasing glucose levels and a decreasing early C-peptide
response during progression. Thus, there could be two fac-
tors that influence glucose levels with progression. Whereas
diminishing 3-cell function could be responsible for the long-
term longitudinal increase in glucose during progression,
changes in insulin sensitivity could be the basis for the more
short-term glucose variability. It is of interest that remissions
in newly diagnosed T1D patients appear to be related to
changes in insulin sensitivity (43,44).

Metabolic progression and the development of a T1D
risk score. The DPT-1 data were used to develop the
DPTRS, a risk score for the prediction of T1D (45). The
components of the DPTRS [log fasting C-peptide, (glucose
sum from 30 to 120 min)/100, (C-peptide sum from 30 to 120
min)/10, age, BMI] are consistent with the observations of
changes in glucose and C-peptide during the progression to
T1D. Thus, the use of the entirety of the glucose range for
prediction, rather than the presence or absence of dysgly-
cemia, is consistent with the increasing glucose within the
normal range that occurs years before diagnosis (10,19).
Also, the use of both the fasting and postchallenge C-peptide
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for prediction is consistent with their differing trends in the
latter stages of progression. Because we observed that BMI
and age were independent contributors to the prediction of
T1D, they were added to the metabolic variables.

The DPTRS has now been validated in a separate

autoantibody-positive cohort, the TrialNet Natural History
Study (46). It was highly accurate, and the occurrence of
T1D according to DPTRS intervals was very similar in the
TrialNet and DPT-1 cohorts. The DPTRS should lead to
a more precisely targeted and efficient selection of partic-
ipants for T1D prevention trials. This will potentially result
in the inclusion of larger numbers of trial participants. More
importantly, the DPTRS should help reduce risk mis-
classification. This would reduce the number of those un-
necessarily exposed to interventions with possible adverse
consequences. If therapeutic interventions that delay T1D
become available clinically, the DPTRS could also be useful
in identifying high-risk individuals for whom treatment
would be appropriate. In addition, the DPTRS could be used
to help assess the efficacy of an intervention.
Clinical implications of the data. The DPT-1 data show
that metabolic deterioration begins well before the di-
agnosis of T1D and that it is progressive. Moreover, it is
apparent that even when the diagnosis is made by OGTT
surveillance, an appreciable percentage of C-peptide is al-
ready lost. Because data suggest that C-peptide preservation
could contribute to a reduction in the complications of T1D
(47,48), and that, as mentioned above, an early diagnosis
can help to prevent diabetic ketoacidosis (9), it is important
to identify those who will inevitably develop clinical T1D as
early in the course of progression as possible. The DPTRS
data suggest that the improved prediction of T1D could ul-
timately evolve into the earlier detection of the disease.

Because metabolic interventions (25,26) have reduced
C-peptide loss in new-onset patients, such interventions
could also possibly be efficacious in the prediabetic state.
The reduction of excursions into the dysglycemic range
during progression by glucose-lowering agents could con-
ceivably help to maintain B-cell function. Insulin sensitizers
might provide particular benefit in view of the possibility
that variations in insulin sensitivity are a basis for the wide
glucose excursions during progression.
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Subject selection in DPT-1 and analytic considerations.
The DPT-1 findings are based on data derived from a se-
lected population of ICA-positive relatives of T1D patients.
Because most T1D cases are sporadic (i.e., no relatives with
T1D) in the clinical setting, it is possible that the DPT-1
findings do not generalize to those individuals. However,
data suggest that nonsporadic and sporadic cases are similar
clinically (11,49) and that autoantibodies confer substantial
risk in relatives of T1D patients (6-8) and in the general
population (50).

There was also some selection for the analyses that are
described. Most of the analyses were longitudinal and fo-
cused on DPT-1 participants who had several OGTTs. Thus, it
is possible that the DPT-1 participants included in the anal-
yses tended to be slower progressors who would have been
more likely to have a greater number of OGTTs. However,
those analyzed still represent a sizable proportion of the
progressors in DPT-1. The longitudinal analyses are advan-
tageous in that interindividual variation is not a concern.

As discussed above, most of the DPT-1 progressors were

diagnosed by glucose surveillance. The analyses look back-
ward from the date of diagnosis; thus, it is important to keep
in mind that metabolic progression is described according to
a time frame for those mostly diagnosed by OGTT surveil-
lance. The picture could be different when the time frame is
before a clinical diagnosis.
Summary and conclusions. The DPT-1 data show (Table
4) that the metabolic progression to T1D commonly begins
at least 2 years before diagnosis. It is characterized by in-
creasing glucose levels with little change in overall C-peptide
levels (as indicated by the AUC C-peptide and the peak
C-peptide) until 6 months before diagnosis. Within 6 months
of diagnosis, the levels of the overall C-peptide measures fall
more markedly, and the decline accelerates even more after
diagnosis. Data suggest that the more rapid decline could be
related to decreased B-cell sensitivity to glucose.

Abnormalities in insulin secretion are evident earlier
when the dynamics of the C-peptide response to oral glu-
cose are considered. The early C-peptide response decrea-
ses and the late C-peptide response increases at least 2 years

TABLE 4
Key aspects of the metabolic progression to T1D

® Glucose levels are increasing at least 2 years before the
diagnosis.

® Despite increasing glucose levels, fasting and overall measures
of Cpeptide (AUC C-peptide and peak C-peptide) change little
until 6 months before diagnosis.

® Overall measures of C-peptide decrease from 6 months before
diagnosis to diagnosis, whereas the fasting Cpeptide increases
in that interval.

® The early C-peptide response to oral glucose is already
decreasing and the late C-peptide response to oral glucose
is already increasing 2 years before diagnosis. These
contrasting trends explain the lack of change in overall
C-peptide measures until 6 months before diagnosis.

® The peak C-peptide is already delayed at least 2 years before
diagnosis. It occurs even later as the diagnosis approaches.

® C-peptide levels decline at a more accelerated rate in the 3
months after diagnosis than in the 6 months before diagnosis.

® Although average glucose levels increase steadily during
progression, there are frequent excursions between states of
glycemia within individuals. Because these excursions do not
appear to be related to changes in B-cell function, they could be
due to changes in insulin sensitivity.
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before diagnosis. Also, the timing of the peak C-peptide is
delayed well before diagnosis.

Against the background of increasing glycemia over
time, there are frequent wide excursions of glucose levels
between states of glycemia with progression. This varia-
bility can be described as a ratcheting pattern. In contrast
with the increasing glucose during progression, the glu-
cose excursions do not appear to be related to the early
C-peptide response. This suggests that changes in insulin
sensitivity could play a role, especially in the context of
impaired B-cell function.

The findings from the metabolic progression analyses
in DPT-1 have provided a basis for the development of
a T1D risk score, the DPTRS, which has been validated
and shown to be highly accurate and robust within an-
other autoantibody-positive cohort, the TrialNet Natural
History Study. The DPTRS has potential utility for accu-
rately identifying individuals at high risk for T1D who
would be appropriate for participating in T1D prevention
trials. If treatments become available clinically, the DPTRS
could also identify high-risk individuals who might benefit
from them.
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