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OBJECTIVE

Transient neonatal diabetes mellitus (TNDM) occurs during the 1st year of life and
remits during childhood. We investigated glucose metabolism and socioeduca-
tional outcomes in adults.

RESEARCH DESIGN AND METHODS

We included 27 participants with a history of TNDM currently with (n 5 24) or
without (n5 3) relapse of diabetes and 16 non-TNDMrelatives known to be carriers
of causal genetic defects and currently with (n 5 9) or without (n 5 7) diabetes.
Insulin sensitivity and secretion were assessed by hyperinsulinemic-euglycemic
clamp and arginine-stimulation testing in a subset of 8 TNDM participants and
7 relatives carrying genetic abnormalities, with and without diabetes, compared
with 17 unrelated control subjects without diabetes.

RESULTS

In TNDM participants, age at relapse correlated positively with age at puberty (P5
0.019). Themean insulin secretion rate and acute insulin response to arginine were
significantly lower in TNDMparticipants and relatives of participants with diabetes
than in control subjects (median 4.7 [interquartile range 3.7–5.7] vs. 13.4 [11.8–
16.1] pmol/kg/min, P < 0.0001; and 84.4 [33.0–178.8] vs. 399.6 [222.9–514.9]
mIU/mL,P50.0011), butwerenot different betweenparticipantswithout diabetes
(12.7 [10.4–14.3] pmol/kg/min and 396.3 [303.3–559.3]mIU/mL, respectively) and
control subjects. Socioeducational attainmentwas lower in TNDMparticipants than
in the general population, regardless of diabetes duration.

CONCLUSIONS

Relapse of diabetes occurred earlier in TNDM participants compared with relatives
and was associated with puberty. Both groups had decreased educational attain-
ment, and thosewith diabetes had lower insulin secretion capacity; however, there
was no difference in insulin resistance in adulthood. These forms of diabetes should
be included inmaturity-onset diabetes of the young testing panels, and relatives of
TNDM patients should be screened for underlying defects, as they may be treated
with drugs other than insulin.
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Neonatal diabetes mellitus (NDM) is de-
fined as mild-to-severe hyperglyce-
mia requiring treatment within the 1st
year of life. In the transient form of
NDM (TNMD), diabetes resolves in the
early years of life but usually relapses
later on (1). The two main genetic
abnormalities responsible for TNDM
are 6q24 abnormalities (2) and activat-
ing mutations in genes encoding the
ATP-sensitive potassium (KATP) channel
subunits KCNJ11 (KIR6.2) (3) andABCC8
(SUR1) (4). Less commonly, mutations
in the preproinsulin (INS) gene are in-
volved (5,6).
The metabolic and other phenotypic

features of TNDM during the neonatal
period have been described. In contrast,
few data are available on glucose me-
tabolism during the remission, relapse,
and adulthood (7,8). We reported pre-
viously that relapse rates did not differ
between the 6q24 and KATP groups (1).
No studies have identified factors asso-
ciated with relapse of diabetes. It has
been shown that relatives who were
known carriers of TNDM causal ge-
netic defects may present with TNDM,
late-onset diabetes, or no history of di-
abetes (9). Moreover, in addition to di-
abetes, other features, such as neurological
impairments,maybepresentduringchild-
hood in patients with TNDM, including
those with 6q24 abnormalities (1).
The underlying mechanism of occur-

rence of diabetes is still unknown. Our
objectives here were to investigate the
long-term metabolic outcomes in adults
with a history of TNDM or who were
known carriers of TNDM causal genetic
defects but without a history of TNDM,
the risk factors of relapse or occurrence
of diabetes in adolescence or adulthood,
and the socioeducational attainment of
adults with TNDM and of their non-
TNDM genetic abnormalities–carrying
relatives.

RESEARCH DESIGN AND METHODS

Study Design and Participants
Our cohort of patients with NDM has
been described elsewhere (1). Here, we
performed cross-sectional and retrospec-
tive assessments of long-term outcomes
in those NDM cohort patients who had
history of TNDM and in their adult rela-
tives who were known carriers of causal
genetic defects. We divided the popula-
tion into four groups that were defined as
follows: TNDM participants with and

without relapsing diabetes and genetic
abnormalities–carrying relatives with
and without diabetes at the time of
the study (Fig. 1 and Supplementary Fig.
1). None of the genetic abnormalities–
carrying relatives had experienced TNDM.
TNDM was defined as hyperglycemia re-
quiring treatment before the age of
1 year, followed by a remission of the
diabetes in childhood, defined as normal
glycemic control without treatment. Di-
abetes relapse was defined as the de-
velopment of overt diabetes meeting
World Health Organization criteria after
remission. We included participants who
lived in France and were older than
18 years on 1 June 2016. Participants
gave written informed consent before
inclusion. The study complied with the
Declaration of Helsinki as revised in
2013. The DNA bank and phenotypic
database were reported to French health
authorities in compliance with current
legislation.

Data Collection
We collected data from the cohort da-
tabase. Missing information was sought
by conducting a semistructured ques-
tionnaire during a face-to-face or tele-
phone interview with the participant or
his or her general practitioner or di-
abetologist between 1 September 2013
and 1 June 2016. For each participant, we
recorded the following data: gestational
age, birth weight, and birth length; age
at diabetes onset, glycemia, and age at
insulin withdrawal; age at diabetes re-
lapse and mode of relapse; Tanner pu-
bertal stagewhen available (assessed by
their pediatrician or their pediatric di-
abetologist) and age at menarche for
girls; metabolic parameters (HbA1c, in-
travenous [IV] glucose tolerance test);
anthropometric data; treatmentmodal-
ity and dose at diabetes onset, diabetes
relapse, and last follow-up; treatment
adherence; pregnancies; long-term com-
plications; metabolic and neurological
outcomes; academic history and final
educational attainment; and socioeco-
nomic status. Reference values for ed-
ucational attainment and socioeconomic
status were from two different samples,
one composed of 5,496 individuals born
and living in France, aged 18–30 years,
and included in the 2003 Decennial
Health Survey by the French National
Institute of Statistics and Economic
Studies (10) and the other provided by

the French Ministry of Education, com-
posed of 24,000 children who started
sixthgrade inFrance in1989.Birthweight
and length percentiles were calculated
accordingtoFrenchgrowthcharts(AUDIPOG
[Association des Utilisateurs de Dossiers
Informatisés en Périnatalogie, Obstétrique
et Gynécologie]).

Assessment of Insulin Sensitivity and
Secretion
To differentiate between insulin sensi-
tivity and insulin secretion disorders, a
two-step protocol was conducted at the
Clinical Investigations Unit of the Saint
Louis Teaching Hospital (Paris, France). A
75-g oral glucose tolerance test (OGTT)
wasperformed in TNDMparticipants and
genetic abnormalities–carrying relatives
without diabetes. In participants with di-
abetes (TNDM participants and genetic
abnormalities–carrying relatives), the treat-
ment was discontinued 48 h before the
exploration day, and insulin was infused to
maintain a glycemia ,11 mmol/L during
the night before the test. Then, all partic-
ipants were fasting from 8 P.M.

The first step was a hyperinsulinemic-
euglycemic clamp (11). The second con-
sisted in measuring the maximal insulin
secretion in response to a graded IV
glucose infusion, followed by a bolus of
arginine (glucose ramping) (12). The tests
aredetailed intheSupplementaryData.The
control group consisted of 17 healthy sub-
jects with normal glucose tolerance,
assessed by an OGTT. Their first and
second-degree relatives had no known
history of type2diabetes. Theywerenot
related to our participants and had no
historyof TNDM.All control subjects had
normal findings from a physical examina-
tion and routine laboratory tests. Those
control subjectswerepair-matched to the
participants on age (610 years), sex, and
BMI (63 kg/m2). As a control group, we
did not find anyone with diabetes that
could be pair-matched to the study par-
ticipants on age and BMI.

Percentage body fat mass and fat-
free mass in the subset of 15 TNDM
participants and genetic abnormalities–
carrying relatives were measured by
DEXA (LUNAR iDXA, ME1 200027; GE
Healthcare, Chicago, IL).

Calculations

The insulin secretion rate (ISR) during
glucose ramping was calculated by C-
peptide deconvolution (11) and plotted
against the corresponding mean glucose
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concentration. Mean ISR-40 min was cal-
culated using the ISR values measured
every 5 min during the last 40 min of
glucose ramping. We also determined the
acute insulin response to arginine (AIRArg)
as the mean of the 2- to 5-min plasma
insulin levels minus the basal (prearginine)
plasma insulin levels (13). Insulin-stimulated
glucose disposal rate (M) was calculated
from the glucose infusion rate during the
last 20 min (at 80, 90, and 100 min) of the
glucose clamp after accounting for interin-
dividual differences in glucose space and
was expressed in mg/kg of fat-free mass/
min (14,15).

Genetic Analyses
We assessed changes in the 6q24 locus
and mutations in the KATP-channel sub-
unit (ABCC8 and KCNJ11) and preproin-
sulin genes (INS) known to be associated
with TNDM. DNA was unavailable for
seven TNDM participants, all of whom
were lost to follow-up. Peripheral blood
from TNDM participants and genetic
abnormalities–carrying relatives was

collected on EDTA, and DNA was ex-
tracted using standard procedures. We
tested all TNDM participants and ge-
netic abnormalities–carrying relatives
for 6q24 abnormalities, as previously
described (1). ABCC8, KCNJ11, and INS
were screened for mutations using bi-
directional sequencing of the whole
gene-coding sequence and flanking
intron–exon boundaries (1).

Statistical Analysis
Qualitative data are described as number
(percentage) and quantitative data as
median (interquartile range). We com-
pared the groups with 6q24 abnormal-
ities, KATP channel subunit mutations,
and no identified molecular defects by
using the Kruskal-Wallis test for quan-
titative data and the Fisher exact test for
qualitative data. To compare character-
istics of TNDM participants who were
included in the study and those lost to
follow-up and to compare socioeducational
attainment in our TNDM participants
and in thegeneral population,weapplied

the Wilcoxon test for quantitative data
and the Fisher exact test for qualitative
data. The Pearson test was chosen to
assess correlations. For comparisons of
metabolic results, we used the Kruskal-
Wallis test. If the overall comparison was
significant,weconductedpairwise compar-
isons using the Wilcoxon test. For each
individual, we calculated mean ISR-40 min
as the mean of ISR values measured every
5 min during the last 40 min of glucose
ramping. Results from different patients
are expressed as median (interquartile
range). Values of P , 0.05 were consid-
ered significant.

RESULTS

Participants and Genetic Findings
Among the potential participants, 27with
TNDM and 16 relatives harboring the
same genetic abnormalities were en-
rolled for the study (Fig. 1). We found
no differences in clinical or laboratory
data between the 9 TNDM participants
lost to follow-up and the 27 included

Figure 1—Participant flow diagram. *No genetic abnormalities–carrying relatives had a history of TNDM.

care.diabetesjournals.org Le Bourgeois and Associates 1193

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/6/1191/629914/dc190324.pdf by guest on 19 M
ay 2023

http://care.diabetesjournals.org


(Supplementary Table 1). Genetic ab-
normalities were detected in 22 of 27
TNDM participants (Fig. 1) and in all
genetic abnormalities–carrying rela-
tives (Supplementary Table 2).

Diabetes Relapse in TNDM Participants
and Associated Factors
Of the 27 TNDM participants, 24 (89%)
experienced a diabetes relapse with no
subsequent remission at a median age of
13.8 years (Table 1). The oldest age at
relapse was 45.5 years (KCNJ11 mutation
p.Gln179Lys). Age at menarche was avail-
able for 15 of the 17 females (89%) and
genital Tanner stage for 2 of 7males (38%)
whose diabetes relapsed. Age at relapse
correlated positively with age at puberty
(R25 0.58; P5 0.019). Median time from
menarche to relapse was 0.6 years. BMI
at relapse was available for 19 patients
and was not associated with age at
relapse (R2 5 0.018, P 5 0.94). Details
on themode of diagnosis of the diabetes
relapse were available for 18 TNDM
participants, of whom 8 had polyuria-
polydipsia. No one experienced ketoa-
cidosis during the relapse. The most
common treatment at relapse was sub-
cutaneous insulin alone (n 5 15 [63%])
(Table 1). There was no difference in
characteristics of TNDM participants ac-
cording to genetic etiology (Supplementary
Table 3).
Of the three TNDM participants who

did not have diabetes at the time of the
study, two, aged 18 and 20 years, had
6q24 abnormalities. The remaining
TNDM participant, aged 20 years, had
a KCNJ11 mutation (p.Gln179Lys, pa-
tient 8 in Supplementary Tables 2 and 4)
and had experienced a transient diabetes
relapses of 1.5 years’ duration at 17.3
years of age that was first treated with
insulin (0.06 IU/kg/day) and then glicla-
zide. She stopped all treatment at 18.5
years. She is currently on a balanced diet
and is regularly physically active. Her
HbA1c is 6.1% (43 mmol/mol).
Among participants with current diabe-

tes, when the TNDM group was compared
with the genetic abnormalities–carrying
group, we found that TNDM participants
were younger at diabetes relapse than
were the genetic abnormalities–carrying
relatives at diabetes occurrence (me-
dian 13.8 [interquartile range (IQR) 12.0–
16.0] years vs. 22 [16.0–26.0] years, P 5
0.002). The mode of diagnosis and the
treatment did not differ (Table1).

Insulin Sensitivity and Secretion in
Adulthood
Therewere15participants (8womenand
7 men) who volunteered to undergo an
investigation of insulin sensitivity and se-
cretion as follows: 8 TNDM participants
(53.3%) (6 with current diabetes and 2
without relapse of diabetes) and7 genetic
abnormalities–carrying relatives (46.7%)
(4 with diabetes and 3 without diabetes)
(Table 1 and Supplementary Table 4). Their
medianagewas25(IQR20.5–38)years,and
the median BMI was 20.8 (IQR 19.2–23.3)
kg/m2.

Duringglucose ramping(Table2),mean
ISR was significantly lower in participants
with diabetes compared with those with-
out diabetes (median 4.7 [IQR 3.7–5.7]
vs. 12.7 [10.4–14.3] pmol/kg/min, P 5
0.0047) and with the control subjects
without diabetes (4.7 [3.7–5.7] vs. 13.4
[11.8–16.1] pmol/kg/min, P , 0.0001).

During the arginine stimulation test
(Table 2), AIRArgwas significantly lower in
the individuals with diabetes than in the
control subjects without diabetes (84.4
[33.0–178.8] vs. 399.6 [222.9–514.9]
mIU/mL,P50.0011)butwasnotdifferent
between TNDM participants and genetic
abnormalities–carrying relatives with ver-
sus without diabetes (84.4 [33.0–178.8]
vs. 396.3 [303.3–559.3] mIU/mL, P 5
0.076). Among participants with current
diabetes, when comparing the TNDM
group to the genetic abnormalities–
carrying group, we found no difference in
mean ISR (4.14 [3.08–4.71] vs. 5.13 [3.67–
7.85] pmol/kg/min, P 5 0.3523), AIRArg
(40.88 [21.34–99.80] vs. 57.5 [46.21–
168.60] mIU/mL, P 5 0.47619), and M
value (12.54 [9.99–15.03] vs. 11.94 [10.27–
13.54] mg/kg/min, P5 1) (Supplementary
Table 4). Insulin sensitivity, as measured by
theMvalue,wasnotdifferentacrossgroups.

Metabolic Outcome in TNDM
Participants With Sustained Relapses
and in Their Relatives
TNDM participants (n 5 24) were youn-
ger than genetic abnormalities–carrying
relatives (n 5 16) at the last follow-up
(Table 1). Diabetes duration was shorter
for TNDM participants than for genetic
abnormalities–carrying relatives (median
11.1[IQR5.5–14.9]vs.19.0[6.0–27.0]years,
P 5 0.013). TNDM participants who re-
lapsed had a lower BMI than their genetic
abnormalities–carrying relatives with di-
abetes (20.8 [17.9–22.2] vs. 27.1 [22.5–
28.5] kg/m2, P5 0.009), but their HbA1c

did not differ (7.0% [6.5–8.1] vs. 7.3%
[6.7–8.7], P 5 0.40). Regarding their
treatment, TNDM participants were
more often on insulin therapy alone, at a
median dose of 0.5 IU/kg/day, than their
genetic abnormalities–carrying relatives
(11 of 23 vs. 0 of 9, P 5 0.03). The most
commonly used oral antidiabetes drug
(OAD) was sulfonylureas in both groups
(TNDM participants: n5 8 of 12, relatives:
n5 6 of 7), alone or in dual therapy with
another OAD or insulin.

Data on long-term complications were
available for 14 TNDMparticipants (58%)
with sustained relapses. Their median di-
abetes duration since relapse was 13.7
(6.1–19.5) years, and median HbA1c was
6.6% (6.3–8.1) (49 [45–65] mmol/mol).
Among them, three individuals had reti-
nopathy (stage 1 or 2), including one who
also had chronic kidney disease (glomer-
ular filtration rate 30 mL/min/1.73 m2)
diagnosed during a pregnancy 15 years
after the relapse. No one had neuropathy
based on clinical examination.

Among genetic abnormalities–carrying
relatives, 13 had ABCC8 mutations, 2
had KCNJ11 mutations, and 1 had 6q24
abnormalities (Supplementary Table 2).
Nine relatives (56%) had diabetes, which
was diagnosed at a median age of 22
(16–26) years (Fig. 1). The mode of diag-
nosis of the diabetes was polyuria-poly-
dipsia (n53),hyperglycemiadiagnosedby
routine follow-up testing (n 5 4), and
hyperglycemia diagnosed during pregnan-
cies (n 5 2). No one experienced keto-
acidosis. At the last follow-up, median
diabetes duration was 19 (6–27) years
and median HbA1c was 7.3% (6.7–8.7)
(53 [50–72] mmol/mol); the treatment
was an OAD agent alone (n 5 6 [54%])
or long-acting subcutaneous insulin com-
binedwith anOAD (n5 3 [27%]). TheOAD
was a sulfonylurea in seven relatives with
diabetes (gliclazide, n 5 1; glibenclamide,
n 5 4; and glimepiride, n 5 2). Data on
long-term complications were available for
six relatives, who had a median diabetes
duration of 21 (10.7–31.6) years and a
median HbA1c of 7% (6.7–7.0) (57 [50–53]
mmol/mol). Twohadretinopathy (stage1).
No one had neuropathy or nephropathy.

Socioeducational Attainment in
Adulthood in TNDM Participants
and in Their Genetic Abnormalities–
Carrying Relatives
Of 24 TNDM participants, 8 (33%) had
repeated their first grade because of
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Table 1—Characteristics at diabetes relapse or diagnosis and at last follow up for 27 TNDM participants (with diabetes relapse
or not) and 16 genetic abnormalities–carrying relatives (with diabetes or not)

TNDM participants
Genetic abnormalities–carrying

relatives

P value
TNDM

participants
with and
without
relapse of
diabetes

P value TNDM
participants vs.

genetic
abnormalities–

carrying
relatives,

all with current
diabetes

With relapse With no relapse* With diabetes Without diabetes
(n 5 24) (n 5 3) (n 5 9) (n 5 7)

Genetic abnormalities
6q24 abnormalities, n 9 2 0 1
KATP channel mutations, (KCNJ11

and ABCC8), n 10 1 9 6
No identified molecular defect, n 5 0 0 0

Clinical and biological characteristics of TNDM participants at time of relapse and relatives at time of diabetes diagnosis
Age at relapse/diagnosis, years, n 24/24 9/9
Median (IQR) 13.8 (12.0–16.0) NA 22 (16.0–26.0) NA NA 0.002

Anthropometry
BMI at relapse/diagnosis, n 19/24 NA 1/10 NA NA NA
kg/m2, median (IQR) 18.5 (17.6–21.4)
Z-score, median (IQR) 0.2 (21.1 to 0.7) NA 22 NA NA NA

BMI Z-score . 12, n 1 NA 0 NA NA NA
Age of menarche/male gonadal

stage 2, years, n 17/24 NA 1/10 NA NA NA
Median (IQR) 13.0 (12.0–15.0) NA 15 NA NA NA

Diagnosis, n 18/24 NA 9/9 NA
Polyuria-polydipsia, n 8 NA 3 NA NA 1
Hyperglycemia diagnosed during
Infection†, n (%) 4 (17) NA 0 NA NA 0.55
Follow-up, n (%) 6 (25) NA 4 NA NA 0.40
Pregnancy, n 0 NA 2 NA NA 0.07

Ketoacidosis, n 0 NA 0 NA NA NA
HbA1c, n 15/24 NA 0/9 NA
%, median (IQR) 8.0 (6.5–10.9) NA NA NA NA NA
mmol/mol, median (IQR) 64 (48–96) NA NA NA NA NA

Treatment, n 24/24 NA 8/9 NA
Insulin alone, n 15/24 NA 5/8 NA NA 1
Dose, IU/kg/day, median (IQR) 0.7 (0.4–0.8) NA NA NA

OAD alone, n 8/24 NA 3/8 NA NA 1
Sulfonylurea 6 NA 2 NA
Other 2 NA 1 NA

Combined insulin and OAD, n 1/24 NA 0/8 NA NA 1
Sulfonylurea 1 NA NA NA
Insulin dose, IU/kg/day 0.75 NA NA NA

Clinical and biological characteristics of TNDM participants at last follow-up
Age, years, n 24/24 3/3 9/9 5/7
Median (IQR) 23.3 (20.1–29.3) 19.4 (18.6–19.8)‡ 43.0 (38.4–50.0) 40.0 (37.5–50.2) 0.08 ,0.001

Diabetes duration, years, n 24/24 NA 9/9 NA NA
Median (IQR) 11.1 (5.5–14.9) NA 19.0 (6.0–27.0) NA 0.013

BMI, kg/m2, n 22/24 3/3 7/9 2/7
Median (IQR) 20.8 (17.9–22.2) 19.4 (19.2–19.9)‡ 27.1 (22.5–28.5) 21.2 (19.0–23.3)‡ 0.56 0.009

HbA1c, n 23/24 3/3 8/9 3/7
%, median (IQR) 7.0 (6.5–8.1) 5.3 (5.1–6.1)‡ 7.3 (6.7–8.7) 5.8 (5.7–6.2)‡ 0.01 0.40
mmol/mol, median, (IQR) 53 (48–65) 34 (32–43) 53 (50–72) 40 (39–44)

Treatment, n 23/24 NA 7/9 NA
Insulin alone, n 11 NA 0 NA NA 0.03
Dose, IU/kg/day, median (IQR) 0.50 (0.45–0.65) NA NA NA

OAD alone, n 10 NA 4 NA NA 0.68
One OAD 7 NA 2 NA
Two OADs 3 NA 2 NA
Sulfonylurea 6 NA 3 NA

Continued on p. 1196
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difficulty learning to read (Table 3 and
Supplementary Table 5). This proportion
was significantly higher than in thegeneral
population (7%, P , 0.0001). Six indi-
viduals (25%) reported difficulty with
spatial orientation in childhood.
The proportion of TNDM participants

who completed their secondary education
was significantly lower than in the general
population (29% vs. 12%; P5 0.02). There
weremore TNDMparticipants outside the
labor market than in the general popula-
tion (22% vs. 5%; P 5 0.004).
The educational attainment and so-

cioeconomic status were not statistically
different between TNDM participants
and their relatives (n 5 13). Diabetic
condition did not change educational
attainment and socioeconomic status
(Supplementary Table 5).

CONCLUSIONS

Our study provides the first data on the
long-termmetabolic and socioeducational
outcomes of individuals with TNDM his-
tory and their relatives carrying the same
genetic abnormalities. The genetic defect
does not predict the diabetes relapse in
TNDM participants or the occurrence of
diabetes in relatives. Insulin response to
glucose or to arginine stimuli is not as-
sociated with the underlying genetic de-
fects inadulthood.TNDMparticipantshad
learning difficulties and a lower educa-
tional attainment than the general pop-
ulation. Theywere significantlymoreoften
outside the labor market but did not differ
for other socioeconomic status.
Diabetes relapse was common in our

population of adults with a history of
TNDM, in line with our findings in a pe-
diatric cohort (1). Furthermore,weprovide

the largest cohort with long-term follow-up
duration. A 1995 review described the
outcomes of 32 patients with TNDM, of
whom only 5 were adults. Median follow-
up after diabetes relapse was 3 years.
However, long-term remissions persisting
into the fifth decade have been reported in
our cohort and in another study (2).

Relapse rate is not associated with
genetic subtype (1). In adults, the same
mutation is detected in individuals with
or without diabetes. This led us to hy-
pothesize that relapse is independent of
the underlying genetic abnormalities. The
pathophysiology of relapsing diabetes in
individuals with TNDM history may in-
volve insufficient insulin secretion dem-
onstrated here and by others (16) and
revealed during the insulin resistance
state physiologically associated with pu-
berty. In TNDM individuals, our group
previously demonstrated that during the
first 2 years of diabetes remission, there
was no evidence of fasting insulin resis-
tanceorb-cell dysfunction, althoughb-cell
function may be at the lower extremity of
the normal range (7). At the time of di-
abetesrelapse, theabsenceofketoacidosis
and low insulin requirements are consis-
tent with residual endogenous insulin se-
cretion. On the other hand, low birth
weight is associated with subsequent
insulin resistance (17), and 68% of indi-
vidualswith TNDMhad intrauterine growth
restriction (1). Here, the correlation be-
tween age at diabetes relapse and age at
puberty may be ascribable to higher in-
sulin resistance just before and during
puberty than in younger children (18–20).
In adulthood, this insulin resistance de-
creases in TNDM participants and their
genetic abnormalities–carrying relatives,

as shownbytheir similarMvalues tothose
of control subjects without diabetes.

However, thequestionsof theabsence
of postpubertal remission in TNDM and
the postpubertal occurrence of diabetes
in non-TNDM genetic abnormalities–
carrying relatives remain. It is a known
phenomenon in pregnancy, as 50% of
women with gestational diabetes mel-
litus develop type 2 diabetes within
5 years after pregnancy (21,22). The
mechanism is poorly understood but
might involve interindividual variability
of insulin sensitivity and b-cell mass. In
addition, the impact of glucotoxicity on
b-cell mass cannot be excluded (23,24).
Conceivably, individuals with current di-
abetes (TNDM participants and genetic
abnormalities–carrying relatives) may
have an abnormally small b-cell mass
(25,26). Precise measurement of the
b-cell mass remains challenging in hu-
mans. The combined IV glucose and
arginine stimulus has been proposed
as an indicator of the maximal insulin
secretion capacity reflecting b-cell
mass (27). Thus, our AIRArg results
support a decrease in maximal insulin
secretion capacity to both glucose and
arginine stimuli that reflect low b-cell
mass. Surprisingly, we found a trend
and not a statistical difference in AIRArg
between participants with and without di-
abetes (TNDM participants and genetic
abnormalities–carrying relatives). This
might be due to the small sample size
and to the wide distribution of AIRArg
values of these patients.

Our failure to identify strong factors
associated with diabetes relapse or
occurrence may be ascribable to the
small sample size. Nevertheless, a mild

Table 1—Continued

TNDM participants
Genetic abnormalities–carrying

relatives

P value
TNDM

participants
with and
without
relapse of
diabetes

P value TNDM
participants vs.

genetic
abnormalities–

carrying
relatives,

all with current
diabetes

With relapse With no relapse* With diabetes Without diabetes
(n 5 24) (n 5 3) (n 5 9) (n 5 7)

Combined insulin and OAD, n 2 NA 3 NA NA 0.12
Dose, IU/kg/day, median (IQR) 0.48§ NA 0.15 (0.09–0.20)‡ NA
Sulfonylurea 2 NA 3 NA

NA, not applicable.*Of the threepatientswhodidnot relapse,meanageat the studyof 19years, two (amanandawoman)had6q24abnormalities. The
remaining patient, a woman aged 20 years, had a KCNJ11 mutation (p.Glu179Lys) and had experienced a transient diabetes relapses of 1.5 years’
duration at 17.3 years of age that was first treated with insulin (0.06 IU/kg/day) and then gliclazide. She stopped all treatment at 18.5 years, and she
is currently on a balanced diet and is regularly physically active. †Infections at diagnosis: two patients with vulvar mycosis, one with appendicitis,
and one with sore throat. ‡Because of a small n we choose to use minimum and maximum. §The daily insulin dose was known for one patient.
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deficiency in insulin secretion might
be a predictive factor for diabetes
onset. Among individuals with a genetic
alteration associated with TNDM, those
who do not have diabetes tend to have
a higher insulin secretion than individ-
uals with diabetes.

We and others previously reported
that neurological and neuropsycholog-
ical disorders, including developmental
coordination disorders, were associated
with NDMandweremore commonwith
KATP-channel gene mutations than with
6q24 abnormalities (1,28–30).

In the current study, regardless of the
underlying genetic abnormalities or the
duration of diabetes, TNDMwas associated
with learning difficulties at school. The
reason may be the small sample size.
However, another possibility is that some
cognitive processes may be impaired in

Table 2—Evaluation of insulin sensitivity and secretion in 15 individuals (8 patients with TNDM and 7 genetic abnormalities–
carrying relatives) and 17 control subjects (no history of diabetes and TNDM) by euglycemic-hyperinsulinemic clamp and
glucose ramping

Current diabetes and
genetic abnormalities,

TNDM (n 5 6),
relatives (n 5 4)

No current diabetes
despite genetic
abnormalities,
TNDM (n 5 2),

relatives (n 5 3)§ Control subjects

P value
(overall

comparison)

P value (diabetes
and genetic

abnormalities vs.
control subjects)

P value (diabetes
and genetic

abnormalities vs.
no diabetes despite

genetic
abnormalities)

n 5 10 n 5 5 n 5 17

Mean ISR-40 min*
(pmol/kg/min) 4.7 (3.7–5.7) 12.7 (10.4–14.3) 13.4 (11.8–16.1) 0.0002 ,0.0001 0.0047

AIRArg†
(mIU/mL) 84.4 (33.0–178.8) 396.3 (303.3–559.3) 399.6 (222.9–514.9) 0.0069 0.0011 0.0750

M value‡
(mg/kg/min) 12.5 (9.6–15.1) 14.3 (14.1–16.3) 12.3 (11.8–14.0) 0.281 d d

Data are median (IQR). *The ISR during glucose ramping was calculated by C-peptide deconvolution and plotted against the corresponding mean
glucose concentration. The mean ISR value is the mean of ISR values measured every 5 min during last 40 min of glucose ramping. †The acute insulin
response to arginine was determined as the mean of plasma levels after 2–5 min minus the basal (prearginine) plasma concentration. ‡The M value
measures the insulin-stimulated glucose disposal rate during a hyperinsulinemic-euglycemic clamp, in mg/kg of fat-free mass/min. §The comparison
of participants with no diabetes despite mutations to control subjects with no diabetes showed no significant differences.

Table 3—Socioeducational attainment in patients with TNDM and the general population in France

Patients with TNDM General population
(n 5 27) (n 5 24,000*) P value

Diabetes at last follow-up 24 (89) NA

Data available, n 22 24,000

Repeated a class 16 (67) 15,984 (67) 1
Repeated first grade 8 (33) 1,752 (7) ,0.0001

Education tailored to a disability 3 (13) NC d

Difficulties with learning to read 8 (33) NA d

Difficulties with spatial orientation 6 (25) NA d

Developmental delay, epilepsy, and neonatal diabetes
Severe 0 NA d
Intermediate 2 (8) NA d

Educational attainment, n 24 5,496†
Primary education 2 (8) 506 (9) 1
Intermediate education 6 (25) 1,511 (28) 1
Lower secondary education 7 (29) 649 (12) 0.02
Higher secondary/tertiary education 9 (36) 2,830 (51) 0.4

Socioeconomic status, n 23 5,496
Student 5 (22) 1,544 (28) 0.64
Low-grade professional 8 (35) 2,429 (44) 0.41
Intermediate/high-grade professional 5 (22) 1,270 (23) 1
Outside the labor market 5 (22)‡ 253 (5) 0.004

Data are n (%) unless otherwise indicated. NA, not applicable; NC, not collected. Socioeconomic status was classified as follows: student; occupation
requiring basic skills; occupation requiring a high or intermediate level of education; or unemployed, not economically active, and outside the labor
market. *This sample included the 24,000 French childrenbornon the 5thdayof anymonthwho started sixth grade in France in 1989. †This samplewas
composed of 5,496 individuals born and living in France, aged 18–30 years, and included in the 2003 Decennial Health Survey by the French National
Institute of Statistics and Economic Studies (INSEE). The INSEE classification of socioeconomic statuswas used. Participantswere classifiedbasedon the
highest level of education attained: primary school; intermediate level (did not graduate from high school); lower secondary education (equivalent to
skilled professionals); graduation from high school or further education. ‡We included housewives in this group.
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individuals with TNDM. These data sup-
port the use of sulfonylurea treatment in
TNDM individuals with KCNJ11 or ABCC8
mutations as soon as the slightest im-
pairment in glucose control develops,
because this treatment has been shown
to improve neurological function (29–32).
Moreover, as insulin secretion seems par-
tially impaired at relapse, sulfonylurea
may also be useful in individuals with
6q24 abnormalities (33,34).
Our study has several limitations. The

participants were scattered throughout
the country, and their follow-up was not
standardized. Furthermore, knowledge
about TNDM has improved in recent
years, and data for parameters now
known to be relevant, such as glycemic
balance during remission, were not col-
lected for the older participants. The
high risk of relapse was recognized only
recently, and some individuals may
therefore not have been closely mon-
itored for relapsing diabetes.
Finally, the difference in therapeutic

indications based on genotype is a recent
finding. To improve data collection, we
contacted each participant and the pa-
rents when possible, the pediatricians
who had provided care to the patient,
and the current general practitioner or
diabetologist. If needed, participants were
interviewed at home on several occa-
sions to develop a climate of confidence,
thereby maximizing the proportion of
individuals who consented to the study
and ensuring that they understood all
the questionnaire items. Because the
insulin sensitivity and secretion evalu-
ation was funded by a French institu-
tional grant (ClinicalTrials.gov reg. no.
NCT02072551), we were able to include
only individuals living in France.
The small number of participants is

due to the low incidence of TNDM. The
small numberof TNDMparticipantswith-
out diabetes reflects the very high re-
lapse rate. Some of the nonsignificant
results may be ascribable to insufficient
sample size. Moreover, we were unable
to establish a control group of individuals
with diabetes matched on age and BMI.
This is probably because TNDM partic-
ipants and their relatives carrying the
same genetic abnormalities have a dif-
ferent phenotype from that seen in typ-
ical type 2 diabetes, particularly a low
BMI. Patients with diabetes who are
young and lean should be tested with
maturity-onset diabetes of the young

(MODY) testing panels to have person-
alized medicine for their diabetes.

Our data on the natural history of TNDM
and time of diabetes relapse have impli-
cations for clinical practice. The high re-
lapse rate and absence of identified
predictors of relapse suggest a need for
an HbA1c assay at least every 2 years
throughout childhood and for an HbA1c
assay and OGTT every year throughout
adolescence. During childhood, close
attention should be directed to educa-
tion and neurodevelopmental milestones
in patients with and without diabetes.

Finally, the data reported here should
prove useful for designing prospective
studies of patients and relatives aimed at
assessing glucose metabolism through-
out childhood or adulthood, identifying
predictors of diabetes relapse, collecting
long-term complications, and evaluating
neuropsychological and educational in-
terventions. The question of how to
detect this form of diabetes among
adults with diabetes should be further
investigated.
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15. SimonM-C,Möller-HorigomeA, Strassburger
K, etal.; GermanDiabetes StudyGroup. Correlates
of insulin-stimulated glucose disposal in recent-
onset type 1 and type 2 diabetes. J Clin Endocrinol
Metab 2019;104:2295–2304
16. Valerio G, Franzese A, SalernoM, et al. Beta-
cell dysfunction in classic transient neonatal di-
abetes ischaracterizedby impaired insulin response
to glucose but normal response to glucagon. Di-
abetes Care 2004;27:2405–2408
17. Nobili V, Alisi A, Panera N, Agostoni C. Low
birthweight and catch-up-growth associatedwith
metabolicsyndrome:atenyearsystematic review.
Pediatr Endocrinol Rev 2008;6:241–247
18. Amiel SA, Caprio S, Sherwin RS, Plewe G,
Haymond MW, Tamborlane WV. Insulin resis-
tanceofpuberty: adefect restricted toperipheral
glucose metabolism. J Clin Endocrinol Metab
1991;72:277–282

19. JefferyAN,Metcalf BS,Hosking J, StreeterAJ,
Voss LD, Wilkin TJ. Age before stage: insulin
resistance rises before the onset of puberty:
a 9-year longitudinal study (EarlyBird 26). Di-
abetes Care 2012;35:536–541
20. Hannon TS, Janosky J, Arslanian SA. Longi-
tudinal studyofphysiologic insulin resistanceand
metabolic changes of puberty. Pediatr Res 2006;
60:759–763
21. Bellamy L, Casas J-P, Hingorani AD, Williams
D. Type 2 diabetes mellitus after gestational
diabetes: a systematic review andmeta-analysis.
Lancet 2009;373:1773–1779
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