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Background: The diagnosis of congenital hyperinsulinism (CHI) may be hampered by a
plasma (p-) insulin detection limit of 12—18 pmol/L (2-3 mU/L).

Objective: To evaluate the diagnostic performance of a sensitive insulin immunoassay
and to find the optimal p-insulin cut-off for the diagnosis of CHI.

Methods: Diagnostic fasting tests, performed without medication or i.v.-glucose, were
investigated in children with a clinical diagnosis of CHI, or idiopathic ketotic hypoglycemia
(IKH). The CHI diagnosis was either clinical or by the alternative, p-insulin-free criteria;
hypoglycemia plus disease-causing genetic mutations and/or CHI-compatible pancreatic
histopathology. We included diagnostic p-insulin samples with simultaneous p-glucose
<38.2 mmol/L and used a sensitive insulin assay (Cobas e411 immunoassay analyzer;
lower detection limit 1.2 pmol/L; normal range 15.1-147.1 pmol/L). Receiver operating
characteristics area under the curve (ROC AUC) values and optimal cut-offs were analyzed
for the performance of p-insulin to diagnose CHI.

Results: In 61 CHI patients, the median (range) p-insulin was 76.5 (17-644) pmol/L
compared to 1.5 (1.5-7.7) pmol/L in IKH patients (n=15). The ROC AUC was 1.0 for the
diagnosis of CHI defined both by the clinical diagnosis (n=61) and by alternative criteria
(n=57). The optimal p-insulin cut-offs were 12.3 pmol/L, and 10.6 pmol/L, at p-glucose
<8.2 mmol/L (n=61), and <3.0 mmol/L (n=49), respectively.

Conclusions: The sensitive insulin assay performed excellent in diagnosing CHI with
optimal p-insulin cut-offs at 12.3 pmol/L (2.0 mU/L), and 10.6 pmol/L (1.8 mU/L), at p-
glucose <3.2 mmol/L, and <3.0 mmol/L, respectively. A sensitive insulin assay may serve
to simplify the diagnosis of CHI.
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INTRODUCTION

Hyperinsulinemic hypoglycemia (HH) is a heterogeneous
condition with dysregulated secretion of insulin from the -
cells during hypoglycemia. The incidence of the congenital
variant congenital hyperinsulinism (CHI) is approximately
1:30,000-50,000 in populations without founder mutations (1,
2). Although the condition is rare, it is the most common cause
of severe hypoglycemia in neonates and infants.

The clinical manifestations of HH vary from unspecific
hypoglycemic symptoms to loss of consciousness, seizures and
coma (3-5). Neurodevelopmental impairment is seen in 25%-
50% of patients with CHI and 13%-25% of the patients develop
epilepsy, indicating insufficient prompt treatment of the
hypoglycemia (2, 5-7). Mutations in at least 12 different genes
(ABCC8, KCNJ11, GLUDI1, GCK, HADH, SLC16A1, UCP2,
HNF4A, HNF1A, HKI1, PGMI1, and PMM2) have been
identified in non-syndromic HH. Mutations are by far most
common in the B-cell Kxrp-channel genes ABCC8 and KCNJ11,
where loss of function leads to CHI while gain of function leads to
monogenic diabetes (2, 8-10). The main goal in the treatment of
CHI is to maintain a blood glucose level >3.5 mmol/L (>63 mg/
dl) (11), or >3.9 mmol/L (>70 mg/dl) (2), to avoid brain damage.
Treatment modalities include i.v. glucose and glucagon followed
by, primarily, diazoxide, octreotide and long-acting somatostatin
analogues. Restricted pancreatic surgery is indicated in the focal
type, whereas subtotal pancreatectomy may be the ultimate
choice in diffuse CHI if medical therapy fails (12).

The biochemical diagnosis of HH may be troublesome.
Beyond 3 days of age, hypoglycemia may be defined as p-
glucose <2.8 mmol/L (50 mg/dl), <3.0 mmol/L (55 mg/dl) or
<3.3 mmol/L (60 mg/dl), although no single cut-off can define
hypoglycemia with respect to the risk of brain damage (1, 12-14).
As the key element, HH is defined as simultaneous hypoglycemia
and detectable serum or plasma (p-) insulin, ie. >2-3 mU/L
depending on the assay used (7, 15). As the insulin concentration
in up to 20% of CHI patients may be undetectable, supporting
evidence is often necessary to establish the diagnosis. This
includes hypoketonemia, low fatty acids, a high glucose infusion
demand (>8-10 mg/kg/min) to ensure normoglycemia, and an
increased response to i.m. glucagon (10, 15-17).

In other HH disorders, e.g. insulinoma, supporting diagnostic
evidence is the insulin-glucose ratio, or the amended insulin-
glucose ratio, where 1.7 mmol/L is subtracted from the glucose
value (18, 19).

Ketotic hypoglycemia may be idiopathic (IKH) when known
causes to hypoglycemia are excluded, such as CHI, glycogen
storage diseases (GSD), other metabolic diseases, deficiency of
growth hormone, and adrenal insufficiency. IKH is usually less
severe, but more common than CHI in infancy. In IKH, which
typically presents around 6 months of age, p-insulin is adequately
suppressed during hypoglycemia (20, 21). A sensitive assay may,
however, show precise p-insulin concentrations at otherwise
undetectable concentrations in IKH patients.

We aimed to utilize our sensitive immunoassay to determine
the optimal cut-off for p-insulin for the diagnosis of CHI.

PATIENTS AND METHODS
Design and Setting

In a retrospective observational design, we investigated laboratory
values and clinical data in patients with CHI or IKH, admitted to
the International Hyperinsulinism and Hypoglycemia Centre,
Hans Christian Andersen Children’s Hospital at Odense
University Hospital, Denmark. The study complied with the
STARD reporting guidelines for diagnostic studies (22).

Patients

Laboratory data from all patients aged 0-15 years with measurement
of p-insulin in the period February 2013-August 2019 were retrieved
from the hospital’s laboratory information system BCC (CGI,
Kolding, Denmark). Medical records were checked for the presence
of hypoglycemia and related diagnoses. As our department used 3.2
mmol/L as a cut-off for diagnosing hypoglycemia, samples with a
simultaneous p-glucose >3.2 mmol/L at the time of measurement
were excluded, no matter the diagnose of the patient. Exclusion
criteria in samples with p-glucose <3.2 mmol/L were other diagnoses
than CHI or IKH, e.g. diabetes, KH of known cause and uncertain
diagnoses, and age less than 1 week, corrected for gestational age at
time of blood sampling,

The retrospectively validated diagnosis of IKH required
hypoglycemia with simultaneous blood ketones >1.5 mmol/L
and exclusion of known metabolic and hormonal diseases with
hypoglycemia. The clinical diagnosis of CHI was also retrospectively
validated as inappropriately elevated p-insulin during hypoglycemia
in samples from our laboratory and eventual supporting criteria (14,
15). Furthermore, an alternative diagnosis of CHI without the use of
p-insulin was retrospectively established with the following criteria:
hypoketotic hypoglycemia plus disease-causing genetic mutations
and/or diffuse, focal, or atypical pancreatic histopathology
compatible with CHI in surgery-treated patients.

A further exclusion criterion was blood samples obtained
during ongoing medication for hypoglycemia. Samples from
patients with suspicion of residual medication concentrations
due to recent discontinuation were, however, not excluded if p-
insulin was >55 pmol/L during hypoglycemia, as clearly high
values were not anticipated to affect the determination of p-
insulin cut-off values in the diagnosis of CHI.

A patient inclusion flowchart is presented in Figure 1. In the
period studied, a total of 74 CHI and 59 IKH patients were seen
at our institution. Of these, 25 CHI patients and 9 IKH patients
had blood sample p-insulin with a simultaneous p-glucose that did
not meet our inclusion criteria. By cross-checking with a diagnosis-
based database on patients with hypoglycemia, 0 CHI and 36 IKH
patients did not have p-insulin measured with simultaneous central
laboratory p-glucose at our institution. In addition, seven patients
had GSD IXa (ketotic), two had carnitine palmitoyl transferase 1
deficiency, and one had GSD Ia (non-ketotic). Patients with other
hypoglycemia-related diseases, but no recorded hypoglycemia
diagnosis, were not retrieved by our searches.

For the finally included patients, the following data were
obtained from the medical records: the retrospectively validated
diagnosis, age at time of blood sampling, gender, nationality,
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n=2573

P-insulin samples,

P-glucose 23.2 mmol/L, n= 2465
- Obesity, n=1680

- Suspected CHI, n=174
-Suspected IKH, n=79
- Other diagnoses, n=532

n=108

P-glucose <3.2 mmol/L,

Other/uncertain diagnoses, n=17

Corrected age <1week, n=5

n=86

Samples in patients with a
validated diagnosis of CHI or IKH,

CHI diagnosis, but p-insulin
<55 pmol/L during hypoglycemia
and ongoing medication, n= 10

Included samples in
patients with a
validated CHI diagnosis,
n=61

genetic analyses, histopathological analysis, p-glucose, p-insulin,
p-C-peptide, p-proinsulin, blood ketones, fasting duration prior
to blood sampling and medical treatment.

Laboratory Analyses

Since February 2013, p-insulin has been measured at our
institution with a sensitive assay (Cobas e411 immunoassay
analyzer, Roche®) with a limit of detection (LoD) of
1.18 pmol/L (0.2 mU/L), a limit of quantification (LoQ)
of 1.7 pmol/L, and a normal range for fasting adults of 15.1-
147.1 pmol/L. According to the manufacturer, the coefficient of
variation is 1.9-2.0%, when tested for repeatability. The assay
uses a conversion factor of 6.945 when converting insulin values
from mU/L to pmol/L, which disagrees with the biological
activity of insulin which is 6.00 nmol/IU (23, 24). To correct
for this common mistake, we subtracted =15% by multiplying all
p-insulin concentrations reported in pmol/L with 6.00/6.945,
including the normal reference range. Uncorrected data were
given for ease of comparison.

P-proinsulin and p-C-peptide were also measured with Cobas
e411; p-proinsulin with a LoQ of 2 pmol/L and a normal range of
2-23 pmol/L for fasting adults, p-C-peptide with a LoQ of 1
pmol/L and a normal range of 400-1600 pmol/L for fasting
adults. Glucose was measured on plasma from venous blood
samples with Cobas 8000 hexokinase assay analyzer (Roche®)
with a LoD and LoQ of 0.11 mmol/L and a normal range of 2.5-
11 mmol/L for fasting adults. All blood samples were tested for
hemolysis interference. Bedside glucose values, or continuous
glucose monitoring values, were not used in the present study.

Samples in patients with
a validated diagnosis of IKH,
n=15

FIGURE 1 | Patient inclusion flowchart. CHI, congenital hyperinsulinism; IKH, idiopathic ketotic hypoglycemia; p, plasma.

Ethics

The Region of Southern Denmark, Protocol no. 19/7744, and the
Danish Patient Safety Authority, Protocol no. 3-3013-2884/1,
approved the study protocol. Ethic Committee approval was not
relevant according to national regulations, as the study was
observational only.

Statistics

In descriptive statistics, numerical variables were expressed
by median and range, while categorical variables were
expressed in number and percentage. Corresponding
p-values were calculated by Wilcoxon rank-sum (Mann-
Whitney) for numerical variables. Pearson’s chi’-test was
performed for categorical variables. Level of significance
was p<0.05.

Ten samples from patients with IKH had p-insulin <1.7
pmol/L (LoQ). Since values were not expected to be normally
distributed, these samples were arbitrarily assigned a
concentration of 1.5 pmol/L for statistical handling. Likewise,
p-proinsulin concentrations <2 pmol/L (n=12, IKH patients)
were arbitrarily set to 1.5 pmol/L.

In order to determine the optimal cut-off for p-insulin, we
performed receiver operating characteristics (ROC) curves with
determination of area under the curve (AUC). The concordance
probability method by Liu was used to define the optimal cut-off
as the point that maximizes the product of sensitivity and
specificity (25). The 95% confidence intervals were calculated
using bootstrapping and 1,000 replications. All statistical
analyses were performed using STATA 16 (StataCorp, College
Station, Texas).

Frontiers in Endocrinology | www.frontiersin.org 3

February 2021 | Volume 11 | Article 614993


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Siersbaek et al.

Diagnosing Congenital Hyperinsulinism

All included blood samples from the finally included patients
were analyzed in the main analysis. To account for potential
selection bias caused by oversampling, a sensitivity analysis was
performed where only one sample per patient was included. The
highest, or the first, insulin value was included, respectively.

As one single p-glucose cut-off for hypoglycemia in children
cannot be set, an additional analysis was performed on the
subgroup of blood samples with a p-glucose <3.0 mmol/L.
Furthermore, analyses were performed on the subgroup of
CHI patients who could be given an alternative diagnosis of
CHI without the use of p-insulin as a diagnostic criterion.

The insulin-glucose ratio and the amended insulin-glucose
ratio [p-insulin/(p-glucose - 1.7 mmol/L)] were calculated to
evaluate the positive predictive value (PPV) of these supporting
diagnostic parameters in CHI. Normative data are <32.2 pmol/
mmol, and <53.6 pmol/mmol, respectively (18, 19). We
calculated our ratios both without and with the correction
factor 6.00/6.945 for robustness.

RESULTS

Patients and Blood Samples
A total of 61 blood samples from patients with CHI were
obtained from 49 patients. Oversampling occurred for eleven
patients who had two samples and one patient who had three
samples eligible for analyses. Ninety percent of the included
patients with CHI were referred from other countries, Table 1.
More than 93% of the CHI patients (n=57) fulfilled our alternative
diagnostic criteria for CHI, i.e. hypoglycemia with a known disease-
causing CHI mutation and/or CHI verified by histopathological
analysis after pancreatic surgery. The last four samples were
obtained from patients who had no identified mutations and
were managed without pancreatic surgery. All patients with an
alternative diagnosis of CHI were also identified with a clinical
diagnosis of CHI. Three patients were diagnosed with Beckwith-
Wiedemann syndrome and one was diagnosed with Kabuki
syndrome. In the control group, data were available for 14
patients with a total of 15 samples with IKH.

In comparison, the group of patients with CHI were
significantly younger than the IKH control group, median 0.45
vs. 2.8 years, p< 0.0001.

Fasting Tests and Diagnostic Performance
of P-Insulin

Of the 61 included samples from CHI patients, four samples were
included from patients with p-insulin >55 pmol/L during
hypoglycemia despite ongoing treatment with octreotide. In
IKH, two patients received inhalation corticosteroids in non-
systemic doses for asthmatic bronchitis.

The median fasting duration was substantially shorter in the
patients with CHI (0.5 vs. 12.5 h, p<0.0001), Table 2.

In CHI, the median (range) p-insulin concentration at p-
glucose <3.2 mmol/L was 76.5 (17-644.3) pmol/L, compared to
1.5 pmol/L (1.5-7.7) pmol/L in patients diagnosed with IKH, p
<0.0001. No samples from patients with CHI had insulin values

TABLE 1 | Characteristics of patients with CHI or IKH.

CHI IKH p value
Patient numbers (%) 49 (77.8) 14 (22.2)
Blood sample numbers (%)* 61 (80.9) 15 (19.7)
Country of origin, no (%) <0.0001
Denmark 5(10.2) 13 (92.86)
Russia 13 (26.5)
Ukraine 10 (20.4)
Sweden 8 (16.4) 1(7.14)
Kazakhstan 5(10.2)
Belarus 3(6.1)
Portugal 3 (6.1)
Serbia 2 (4.1)
Age, y, median (range) 0.45 (0.02-15) 2.8 (1.5-10) <0.0001
Gender, no (%) 0.0580
Female 27 (65.1) 4 (28.6)
Male 22 (44.9) 10 (71.4)
Type, no (%) -
Transient 1@
Persistent 48 (98)
Genetic cause, no (%)
Katp-channel mutations 37 (75.5)
Other genes 24.1)
No mutations found 9 (18.4) 14 (100)
No data 1@
Histopathological analysis, no (%) <0.0001
Focal 26 (53.1)
Diffuse 12 (24.5)
Atypical (non-focal, non-diffuse) 3(86.1)
No data 8 (16.3) 14 (100)

CHl, congenital hyperinsulinism; IKH, idiopathic ketotic hypoglycemia.
*Eleven CHI patients had two and one patient had three samples eligible for analysis. One
IKH patient had two samples eligible for analysis.

below the normal reference range (15.1-147.1) pmol/L, while all
samples from patients with IKH had p-insulin below normal
range with 10 p-insulin values below LoQ (1.7 pmol/L).

Figure 2 shows the association between p-insulin and p-
glucose for each sample. No inverse correlation between p-
insulin and p-glucose was observed for the CHI samples. The
histological subtypes of CHI showed no distinct distribution
compared to each other. Moreover, samples from patients with
and without Kjrp-channel mutations had the same median
(range) insulin-glucose ratio, 29.20 (7.40-585.73) vs. 35.49
(7.29-500.56) pmol/mmol, p= 0.84.

The ROC curve AUC was 1.0 for the performance of p-insulin
in diagnosing CHI, Figure 3. The optimal cut-off for p-insulin
was 12.3 pmol/L (un-corrected 14.5 pmol/L) at p-glucose <3.2
mmol/L (n=61) with 100% sensitivity and specificity.

When only including samples with p-glucose <3.0 mmol/L
(n=58), the optimal p-insulin cut-off was 10.6 pmol/L
(uncorrected 12.5 pmol/L) with 100% sensitivity and
specificity. There was no difference in the optimal cut-offs
when including CHI patients by use of the alternative (p-
insulin free) diagnosis. To control for oversampling, analyses
with use of one sample from each patient was performed.
Regardless of choosing the highest, or the first, p-insulin from
each patient, the optimal p-insulin cut-off was exactly the same
as in the primary analysis.
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TABLE 2 | Hypoglycemia sampling results in patients with CHI or IKH.

CHI IKH p-value
P-glucose 2.6 (0.6-3.1); 2.8 (2.3-3.1); 0.0150
mmol/L, median (range) n=61 n=15
P-insulin 76.5 (17-644.3); 1.5(1.5-7.7); <0.0001
pmol/L, median (range) n=61 n=15
P-proinsulin 16 (3-200); 1.5 (1.5-7)  <0.0001
pmol/L, median (range) n=58 n=13
P-C-peptide 860 (225-5154); 76 (32-109);  <0.0001
pmol/L, median (range) n=60 n=15
Fast duration 0.5 (0-10); 125 (6-18);  <0.0001
hours, median (range) n=42 n=10
Glucose demand 11.6 (1-28.7); 0 N/A
mg/kg/min., median (range) n=39
Concomitant medical treatment, 4" (6.4) 2" (13.3) N/A
no (%)

*One outlier with p-proinsulin of 189 pmol/L not included.
**All four on octreotide treatment (patients included as p-insulin was >55 pmol/L).
**Both had inhalation corticosteroids in non-systemic dosage.

P-Proinsulin, C-Peptide, and Blood
Ketones

P-proinsulin and p-C-peptide were clearly elevated in the
samples from patients with CHI compared to the patients with
IKH and blood ketones were suppressed in all patients with CHI
and elevated in all patients with IKH, Table 2. The highest
ketone concentration was 0.6 mmol/L in CHI patients with a
clinical or alternative diagnosis of CHL

Insulin-Glucose Ratios

The median (range) insulin-glucose ratio in samples from
patients with CHI (n=61) was 33.4 (76.5-586) pmol/mmol,
Table 3. The PPV for the diagnosis of CHI by a ratio >32.2

+ e+t o+t
+

++ ]

pmol/mmol was 0.508 only. The amended insulin-glucose ratio
was 78.6 (16.4-646) pmol/mmol with a PPV for the diagnosis of
CHI by a ratio >53.6 pmol/mmol of 0.647. By use of corrected
insulin conversion factor, the diagnostic positive predictive value
for the ratios were 0.558, and 0.706, respectively.

The median (range) insulin-glucose ratio for patients with
IKH was 0.5 (0.4-2.5) pmol/mmol; amended insulin-glucose
ratio 1.6 (0.9-5.5) pmol/mmol. All patients with IKH were
therefore identified as having normal ratios, also when using
the conversion factor corrected cut-off.

DISCUSSION

In our setting, the use of a sensitive insulin assay gave a
diagnostic performance of the p-insulin concentration during
hypoglycemia with AUC=1.0 in all ROC-curve analyses and
100% sensitivity and specificity in diagnosing CHI.

Lord et al. (10) and Thorton et al. (14) defined p-insulin cut-
off for the diagnosis of CHI as detectable p-insulin during
hypoglycemia with need of supporting evidence from
additional diagnostic criteria. Ferrara et al. (15) found that
<20% of CHI-patients had undetectable (<2-3 mU/L) insulin
concentrations during hypoglycemia and stated that supporting
biomarkers are needed.

Our study showed that the optimal cut-oft is below the
normal range and below, or at, the threshold of detecting
insulin in most assays. With the sensitive assay, the diagnosis
of CHI could be made exclusively based on p-insulin above cut-
off during hypoglycemia in our data set.

If valid in other settings, the use of a sensitive insulin assay may
have an impact on currently recommended diagnostic procedures

(3 | [ ] A
...
o0 oo m]
e ® & =
(_J .’
.§ [ ]
[ ]
A
* *
. .
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10

1000
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FIGURE 2 | Two-way scatter-plot showing the association between p-insulin and p-glucose, split by IKH and subtypes of CHI. The X-axis is in logarithmic scale. Gray
area indicates the normal insulin reference range 15.1-147.1 pmol/L for normal fasting glucose concentrations. +, IKH; 4 and <, diffuse CHI; ® and O, focal CHI;
A, atypical CHI; [J, CHI with unknown histology. Closed symbols, Katp-channel mutations. Open symbols, no Karp -channel mutations.
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Cut-off: 10.6 pmol/L
95% CI: 6.2-15.1 pmol/L
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S S
z
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8 8
p-glucose <3.2 mmol/L. p-glucose <3.2 mmol/L
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Aroa under ROC curve = 1.0000 Area under ROC curve = 1.0000
8. 84
Cutoff: 10.6 pmol/L e

95% Cl: 4.1-17.1 pmol/L.

075

Area under ROC curve = 1.0000

TABLE 3 | Insulin-glucose ratios in patients with CHI or IKH.

CHI IKH
Simple insulin-glucose ratio 33.4 0.5
pmol/mmol, median (range) (6.5-585.7) (0.4-2.5)
Identified correctly, no/no (%)*
Un-corrected 31/61 (60.8) 15/15 (100)
Corrected (-15%) 34/61 (55.8) 15/15 (100)
Amended insulin-glucose ratio, 78.6 1.6
pmol/mmol, median (range) (16.4-646) (0.9-56.5)
Identified correctly, no/no (%)*
Un-corrected 33/51 (64.7) 15/15 (100)
Corrected (-15%) 36/51 (70.6) 15/15 (100)

*Based on normative references, here given without and with corrected conversion factor
for conversion of p-insulin from mU/L to pmol/L.

which rely on a combination of p-insulin, supportive biomarkers
and inappropriately large glycemic response to im. glucagon.
With the sensitive assay, we were able to investigate p-insulin
even at values below the normal range. None of our CHI patients
had p-insulin below the lower normal value of 15.1 pmol/L (2.52
mUY/L; or 2.17 mU/L without correction factor). The obtainment
of this precise cut-off could be due to our strict exclusion criteria
of ongoing anti-insulin treatment, the strict demand of
simultaneously drawn blood for p-glucose determined by gold
standard methods instead of point-of-care devices, or the
commonly occurring selection bias with a high representation
of severely affected patients in tertiary, national or international
referral centers. The external validity of our findings should be

8 g |
° o
p-glucose <3.0 mmol/L p-glucose <3.0 mmol/L
All samples Alternative diagnosis
8 84
S T T T sy T T T T
0.00 025 050 0.75 1.00 0.00 025 050 075 1.00
1 - Specificity 1 - Specificity

Area under ROC curve = 1.0000

FIGURE 3 | ROC-curves performed for the four predefined groups including cut-offs and 95% Cl. Critical samples of p-insulin when simultaneous p-glucose was
<3.2 mmol/L or <3.0 mmol/L. Alternative diagnosis of CHI was based on p-insulin free criteria.

investigated in other settings before the diagnostic approach to
CHI may be changed.
In routine settings, the conversion factor from mU/L to pmol/
L is 6.945 for insulin. Larsen et al. (23) showed that the Cobas
e411 assay uses a conversion factor that disagrees with the
biological activity of insulin with <15%, concluding that the
correct conversion factor is 6.0. Our ROC AUCs for p-insulin
cut-offs and conclusion on insulin-glucose ratios remained
unchanged whether or not a corrected conversion factor was
used. Clinicians should be aware of the fact that routine insulin
concentrations reported in pmol/L should be corrected.
Measurement of C-peptide and proinsulin did not give
additional information in our setting, but may still be
considered in patients where differentiation between insulin
secretion and insulin production (a high proinsulin: insulin
ratio) is needed, or when exogeneous insulin administration is
suspected (high insulin, low C-peptide and proinsulin) (14).
Cryer et al. (26) found that simple insulin-glucose ratios had
no diagnostic utility in patients with insulinoma. In contrast,
amended insulin-glucose ratios had sensitivity and specificity of
98% in insulinoma (19). In our setting, both the simple and
amended insulin-glucose ratio had a low diagnostic accuracy and
should be considered inadequate as diagnostic tools in CHI.
Blood ketones did not add additional information in the
diagnosis of our CHI patients, where the highest ketone
concentration was 0.6 mmol/L. Rare CHI patients have been
reported with elevated beta-hydroxybutyrate; some without
further explanatory details; some with PGMI-mutations and
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fasting ketotic hypoglycemia but post-prandial hypoketotic CHI;
and others with ketotic hypoglycemia during ongoing diazoxide
treatment (27-29).

Our study included 3% times more patients with CHI than
IKH. This does not reflect in prevalence of the two diseases, as
the majority (90%) of CHI patients were referred from other
countries to our international CHI center. Moreover, not all IKH
patients at our center were included due to missing or
unqualified p-insulin samples.

STRENGTHS AND LIMITATIONS

Strengths of our study included the sensitive insulin assay, the
strict inclusion and exclusion criteria with standardized fasting
tests without medication, the use of gold standard p-glucose
measurement and p-insulin from simultaneously drawn blood
samples, and the robustness of our findings when using different
glucose thresholds, different CHI diagnostic criteria, and
different conversion factors from mU/L to pmol/L for p-insulin.

Limitations included the retrospective and single-center
design, the relatively few IKH control patients, the well-known
age difference between CHI and IKH patients, and potential
selection bias due to a high percentage of referred patients from
other countries.

CONCLUSION

The sensitive insulin assay performed excellent in diagnosing
CHI with a ROC AUC of 1.0. The use of a p-insulin cut-off of

REFERENCES

1. Galcheva S, Al-Khawaga S, Hussain K. Diagnosis and management of
hyperinsulinaemic hypoglycaemia. Best Pract Res Clin Endocrinol Metab
(2018) 32(4):551-73. doi: 10.1016/j.beem.2018.05.014

2. Stanley CA. Perspective on the Genetics and Diagnosis of Congenital
Hyperinsulinism Disorders. ] Clin Endocrinol Metab (2016) 101(3):815-26.
doi: 10.1210/jc.2015-3651

3. de Lonlay P, Fournet JC, Touati G, Groos MS, Martin D, Sevin C, et al.
Heterogeneity of persistent hyperinsulinaemic hypoglycaemia. A series of 175
cases. Eur ] Pediatr (2002) 161(1):37-48. doi: 10.1007/s004310100847

4. Shah P, Rahman SA, Demirbilek H, Guemes M, Hussain K.
Hyperinsulinaemic hypoglycaemia in children and adults. Lancet Diabetes
Endocrinol (2017) 5(9):729-42. doi: 10.1016/52213-8587(16)30323-0

5. Menni F, de Lonlay P, Sevin C, Touati G, Peigne C, Barbier V, et al.
Neurologic outcomes of 90 neonates and infants with persistent
hyperinsulinemic hypoglycemia. Pediatrics (2001) 107(3):476-9. doi:
10.1542/peds.107.3.476

6. Christiansen CD, Petersen H, Nielsen AL, Detlefsen S, Brusgaard K,
Rasmussen L, et al. 18F-DOPA PET/CT and 68Ga-DOTANOC PET/CT
scans as diagnostic tools in focal congenital hyperinsulinism: a blinded
evaluation. Eur J Nucl Med Mol Imaging (2018) 45(2):250-61. doi: 10.1007/
$00259-017-3867-1

7. Meissner T, Mayatepek E. Clinical and genetic heterogeneity in congenital
hyperinsulinism. Eur ] Pediatr (2002) 161(1):6-20. doi: 10.1007/
5004310100850

8. Demirbilek H, Hussain K. Congenital Hyperinsulinism: Diagnosis and
Treatment Update. J Clin Res Pediatr Endocrinol (2017) 9(Suppl 2):69-87.
doi: 10.4274/jcrpe.2017.5007

10.6-12.3 pmol/L during a diagnostic hypoglycemia test may
establish the diagnosis of CHI without further diagnostic testing.
The external validity of our findings should be tested in
other settings.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The Region of Southern Denmark, Protocol no. 19/7744, and the
Danish Patient Safety Authority, Protocol no. 3-3013-2884/1,
approved the study protocol.

AUTHOR CONTRIBUTIONS

HC conceived the idea. JS did the data collection and performed
the analyses. HC and JS wrote the manuscript. All authors
provided critical feedback and helped shape the research,
analysis, and manuscript. All authors contributed to the article
and approved the submitted version.

9. Arya VB, Flanagan SE, Kumaran A, Shield JP, Ellard S, Hussain K, et al.
Clinical and molecular characterisation of hyperinsulinaemic hypoglycaemia
in infants born small-for-gestational age. Arch Dis Child Fetal Neonatal Ed
(2013) 98(4):F356-8. doi: 10.1136/archdischild-2012-302880

10. Lord K, De Leon DD. Hyperinsulinism in the Neonate. Clin Perinatol (2018)
45(1):61-74. doi: 10.1016/j.clp.2017.10.007

11. Hussain K, Blankenstein O, De Lonlay P, Christesen HT. Hyperinsulinaemic
hypoglycaemia: biochemical basis and the importance of maintaining
normoglycaemia during management. Arch Dis Child (2007) 92(7):568-70.
doi: 10.1136/adc.2006.115543

12. Arnoux JB, de LP, Ribeiro MJ, Hussain K, Blankenstein O, Mohnike K, et al.
Congenital hyperinsulinism. Early HumDev (2010) 86(5):287-94. doi:
10.1016/j.earlhumdev.2010.05.003

13. Lord K, De Leon DD. Monogenic hyperinsulinemic hypoglycemia: current
insights into the pathogenesis and management. Int J Pediatr Endocrinol
(2013) 2013(1):3. doi: 10.1186/1687-9856-2013-3

14. Thornton PS, Stanley CA, De Leon DD, Harris D, Haymond MW, Hussain K,
et al. Recommendations from the Pediatric Endocrine Society for Evaluation
and Management of Persistent Hypoglycemia in Neonates, Infants, and
Children. ] Pediatr (2015) 167(2):238-45. doi: 10.1016/j.jpeds.2015.03.057

15. Ferrara C, Patel P, Becker S, Stanley CA, Kelly A. Biomarkers of Insulin for the
Diagnosis of Hyperinsulinemic Hypoglycemia in Infants and Children.
] Pediatr (2016) 168:212-9. doi: 10.1016/j.jpeds.2015.09.045

16. Arya VB, Mohammed Z, Blankenstein O, De Lonlay P, Hussain K.
Hyperinsulinaemic hypoglycaemia. Horm Metab Res (2014) 46(3):157-70.
doi: 10.1055/s-0034-1367063

17. Palladino AA, Bennett M]J, Stanley CA. Hyperinsulinism in infancy and
childhood: when an insulin level is not always enough. Clin Chem (2008)
54(2):256-63. doi: 10.1373/clinchem.2007.098988

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 11 | Article 614993


https://doi.org/10.1016/j.beem.2018.05.014
https://doi.org/10.1210/jc.2015-3651
https://doi.org/10.1007/s004310100847
https://doi.org/10.1016/S2213-8587(16)30323-0
https://doi.org/10.1542/peds.107.3.476
https://doi.org/10.1007/s00259-017-3867-1
https://doi.org/10.1007/s00259-017-3867-1
https://doi.org/10.1007/s004310100850
https://doi.org/10.1007/s004310100850
https://doi.org/10.4274/jcrpe.2017.S007
https://doi.org/10.1136/archdischild-2012-302880
https://doi.org/10.1016/j.clp.2017.10.007
https://doi.org/10.1136/adc.2006.115543
https://doi.org/10.1016/j.earlhumdev.2010.05.003
https://doi.org/10.1186/1687-9856-2013-3
https://doi.org/10.1016/j.jpeds.2015.03.057
https://doi.org/10.1016/j.jpeds.2015.09.045
https://doi.org/10.1055/s-0034-1367063
https://doi.org/10.1373/clinchem.2007.098988
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Siersbaek et al.

Diagnosing Congenital Hyperinsulinism

18.

19.

20.

21.

22.

23.

24.

25.

26.

Dauben L, Simon MC, Strassburger K, Burkart V, Weber KS, Schinner S, et al.
Comparison of the diagnostic accuracy of the current guidelines for detecting
insulinoma. Eur ] Endocrinol (2019) 180(6):381-6. doi: 10.1530/EJE-18-0879
Nauck MA, Meier JJ. Diagnostic accuracy of an “amended” insulin-glucose
ratio for the biochemical diagnosis of insulinomas. Ann Intern Med (2012)
157(11):767-75. doi: 10.7326/0003-4819-157-11-201212040-00004

Daly LP, Osterhoudt KC, Weinzimer SA. Presenting features of idiopathic ketotic
hypoglycemia. ] Ermergency Med (2003) 25(1)39-43. dok: 10.1016/50736-4679(03)00100-8
Brown LM, Corrado MM, van der Ende RM, Derks TG, Chen MA, Siegel S, et al.
Evaluation of glycogen storage disease as a cause of ketotic hypoglycemia in
children. J Inherit Metab Dis (2015) 38(3):489-93. doi: 10.1007/s10545-014-9744-1
Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig L, et al. STARD
2015: An Updated List of Essential Items for Reporting Diagnostic Accuracy Studies.
Clin Chem (2015) 61(12):1446-52. doi: 10.1373/clinchem.2015.246280

Larsen PB, Linneberg A, Hansen T, Friis-Hansen L. Reference intervals for C-
peptide and insulin derived from a general adult Danish population. Clin
Biochem (2017) 50(7-8):408-13. doi: 10.1016/j.clinbiochem.2016.12.004
Knopp JL, Holder-Pearson L, Chase JG. Insulin Units and Conversion Factors:
A Story of Truth, Boots, and Faster Half-Truths. ] Diabetes Sci Technol (2019)
13(3):597-600. doi: 10.1177/1932296818805074

Liu X. Classification accuracy and cut point selection. Stat Med (2012) 31
(23):2676-86. doi: 10.1002/sim.4509

Cryer PE, Axelrod L, Grossman AB, Heller SR, Montori VM, Seaquist ER,
et al. Evaluation and management of adult hypoglycemic disorders: an

27.

28.

29.

Endocrine Society Clinical Practice Guideline. J Clin Endocrinol Metab
(2009) 94(3):709-28. doi: 10.1210/jc.2008-1410

Hussain K. Ketotic hypoglycaemia in children with diazoxide responsive
hyperinsulinism of infancy. Eur J Pediatr (2005) 164(6):387-90. doi: 10.1007/
s00431-005-1654-7

Ackermann AM LC, Freeze HH, Ficicioglu C, Kaestner KH, Stanley CA.
Hypoglycemia due to lower threshold of glucose-stimulated insulin secretion
in phosphoglucomutase 1 deficiency Platform Presentation at: Annual
Meeting of the Pediatric Academic Societies, San Diego, CA, April 25-28, 2015.
Kochar IS, Hussain K. From hyperinsulinaemic hypoglycaemia to ketotic
hypoglycaemia: the range of glucose abnormalities in patients born with
intrauterine growth retardation. Eur ] Pediatr (2007) 166(10):1003-7. doi:
10.1007/s00431-006-0371-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Siersbeek, Larsen, Nybo and Christesen. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 11 | Article 614993


https://doi.org/10.1530/EJE-18-0879
https://doi.org/10.7326/0003-4819-157-11-201212040-00004
https://doi.org/10.1016/S0736-4679(03)00100-8
https://doi.org/10.1007/s10545-014-9744-1
https://doi.org/10.1373/clinchem.2015.246280
https://doi.org/10.1016/j.clinbiochem.2016.12.004
https://doi.org/10.1177/1932296818805074
https://doi.org/10.1002/sim.4509
https://doi.org/10.1210/jc.2008-1410
https://doi.org/10.1007/s00431-005-1654-7
https://doi.org/10.1007/s00431-005-1654-7
https://doi.org/10.1007/s00431-006-0371-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	A Sensitive Plasma Insulin Immunoassay to Establish the Diagnosis of Congenital Hyperinsulinism
	Introduction
	Patients and Methods
	Design and Setting
	Patients
	Laboratory Analyses
	Ethics
	Statistics

	Results
	Patients and Blood Samples
	Fasting Tests and Diagnostic Performance of P-Insulin
	P-Proinsulin, C-Peptide, and Blood Ketones
	Insulin–Glucose Ratios

	Discussion
	Strengths and Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


