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ABSTRACT

Background Neonatal hyperinsulinemic hypogly-
cemia is often resistant to medical therapy and is of-
ten treated with near-total pancreatectomy. However,
the pancreatic lesions may be focal and treatable by
partial pancreatic resection.

Methods We studied 52 neonates with hyperin-
sulinism who were treated surgically. The type and
location of the pancreatic lesions were determined
by preoperative pancreatic catheterization and intra-
operative histologic studies. Partial pancreatectomy
was performed in infants with focal lesions, and
near-total pancreatectomy was performed in those
with diffuse lesions. The postoperative outcome was
determined by measurements of plasma glucose
and glycosylated hemoglobin and by oral glucose-
tolerance tests.

Results Thirty neonates had diffuse beta-cell hy-
perfunction, and 22 had focal adenomatous islet-cell
hyperplasia. Among the latter, the lesions were in
the head of the pancreas in nine, the isthmus in
three, the body in eight, and the tail in two. The clin-
ical manifestations were similar in both groups. The
infants with focal lesions had no symptoms of hypo-
glycemia and had normal preprandial and postpran-
dial plasma glucose and glycosylated hemoglobin
values and normal results on oral glucose-tolerance
tests after partial pancreatectomy (performed in 19
of 22 neonates). By contrast, after near-total pancre-
atectomy, 13 of the patients with diffuse lesions had
persistent hypoglycemia, type 1 diabetes mellitus
developed in 8, and hyperglycemia developed in an-
other 7; overall, only 2 patients with diffuse lesions
had normal plasma glucose concentrations in the
first year after surgery.

Conclusions Among neonates with hyperinsulin-
ism, about half may have focal islet-cell hyperplasia
that can be treated with partial pancreatectomy.
These neonates can be identified through pancreatic
catheterization and intraoperative histologic studies.
(N Engl J Med 1999;340:1169-75.)
©1999, Massachusetts Medical Society.

ONGENITAL hyperinsulinism is charac-
terized by an inappropriate oversecretion
of insulin. It is the most common cause of
recurrent hypoglycemia in neonates'-? and
can cause irreversible brain damage.!3 It is often re-
sistant to medical therapy,* and pancreatectomy is
often necessary to prevent recurrent hypoglyce-
mia.l>8 Neonates with hyperinsulinism may have ei-

ther focal or diffuse abnormalities of the beta cells
of the pancreas.®1#

The focal abnormalities are manifested as ade-
nomatous islet-cell hyperplasia (hereafter called focal
hyperinsulinism). This disorder is associated with
the loss of the maternal allele from chromosome
11p15, leading to unbalanced expression of imprint-
ed genes involved in the control of cell growth; so-
matic reduction to hemizygosity or homozygosity of
a paternally inherited mutation of the gene for the
sulfonylurea receptor type 1 (SUR1I) leads to hyper-
insulinism.!5.16

The diffuse abnormalities are manifested as beta-
cell hyperfunction (hereafter called diffuse hyperin-
sulinism). This condition is a heterogeneous disor-
der involving the gene encoding the sulfonylurea
receptor!?18 or the inward-rectifying potassium chan-
nel (K,,6.2)1920 in recessively inherited hyperinsulin-
ism,2! the glucokinase gene?? or other loci?? in dom-
inantly inherited hyperinsulinism, and the glutamate
dehydrogenase gene?* in cases in which hyperam-
monemia is associated with hyperinsulinism.

The therapeutic outcome in these neonates is heavi-
ly dependent on distinguishing between the two types
of hyperinsulinism. Neonates with diffuse hyperin-
sulinism who are unresponsive to drug or dietary
treatment require near-total pancreatectomy; the risk
of diabetes mellitus in these children later in life is
high.5.25.26 Conversely, neonates with focal hyperin-
sulinism can be treated with partial pancreatectomy®27
if the region of focal adenomatous islet-cell hyper-
plasia can be identified. We describe a series of 52
neonates with hyperinsulinism — 22 with focal hy-
perinsulinism and 30 with diffuse hyperinsulinism.

METHODS

Between 1985 and 1998, we studied 52 neonates referred to
our hospital for pancreatic surgery because of persistent hyperin-
sulinism. All had hypoglycemia both while fasting and postpran-
dially (plasma glucose concentration, <54 mg per deciliter [3.0
mmol per liter]) within 72 hours after birth, with hyperinsuline-
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mia (plasma insulin concentration, >10 uU per milliliter [60
pmol per liter]) and an increase in the plasma glucose concentra-
tion of 50 to 80 mg per deciliter (2.8 to 4.4 mmol per liter) in
response to the subcutanecous or intramuscular administration of
glucagon. All the neonates required the intravenous administra-
tion of glucose at high rates (>10 mg per kilogram of body
weight per minute) to maintain plasma glucose concentrations
above 60 mg per deciliter (3.3 mmol per liter), and hypoglycemia
persisted in all through the first month of life. All the neonates
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Figure 1. Microscopical Sections of the Pancreas from Neo-
nates with Hyperinsulinemic Hypoglycemia.

Panel A shows focal islet-cell abnormalities (focal hyperinsulin-
ism) formed by the confluence of apparently normally organ-
ized islets (2.5 to 7.5 mm in diameter); the exocrine tissue is re-
stricted to the periphery of the pancreatic lobule (hematoxylin
and eosin, X25). Panel B shows a specimen from a neonate
with diffuse hyperinsulinism; there is no obvious abnormality
at this low magnification (hematoxylin and eosin, X25). At a
higher magnification (Panel C), diffuse hyperinsulinism is char-
acterized by large beta cells with abundant cytoplasm and ab-
normally large nuclei (up to 19 um in diameter) within other-
wise normal islets (hematoxylin and eosin, X315). Panel D
shows focal hyperinsulinism outside the focal lesion. The non-
functioning islet has small and normal beta-cell nuclei (hema-
toxylin and eosin, X315). Panel E shows an islet from an infant
with normal glycemic control. The nuclei of normal beta cells
and exocrine cells are an average of 5 to 6 um in diameter (he-
matoxylin and eosin, X315).

were treated with diazoxide (15 mg per kilogram per day orally,
given in three doses), with little benefit in all but three of them,
and therefore central venous feeding for nearly all was required.*
At the time of surgery, 22 of the infants had focal hyperinsulinism
and 30 had diffuse hyperinsulinism, as determined pathologically
(Fig. 1).213.28

Preoperative studies included transhepatic catheterization of
the portal vein and seclective catheterization of the pancreatic
vein while the neonates were under general anesthesia to locate
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Figure 2. Results of Transhepatic Catheterization of the Portal Vein and the Pancreatic Veins in a Neo-
nate with Focal Hyperinsulinism and in a Neonate with Diffuse Hyperinsulinism.

In the neonate with focal hyperinsulinism (Panel A), the plasma insulin concentrations were very high
in the head of the pancreas and moderately high in the drainage vein but low in other areas. In the
neonate with diffuse hyperinsulinism (Panel B), the plasma insulin concentrations were high in many
veins. The upper number in each pair of boxes is the plasma glucose concentration (in milligrams per
deciliter), and the lower number is the plasma insulin concentration (in microunits per liter). To convert
values for plasma glucose to millimoles per liter, multiply by 0.05551; to convert values for plasma in-
sulin to picomoles per liter, multiply by 6.

the sites of insulin hypersecretion.2%3° All drugs were stopped
five days before catheterization, and a continuous intravenous
glucose infusion was given to keep the plasma glucose concen-
tration between 36 and 54 mg per deciliter (2.0 to 3.0 mmol
per liter) during the study. Samples of venous blood were col-
lected from the head, the isthmus, the body, and the tail of the
pancreas for measurements of plasma glucose, insulin, and C pep-

tide.2230 The neonates with focal hyperinsulinism typically had
high plasma insulin and C-peptide concentrations in one or sev-
eral samples from contiguous areas, with low concentrations in
the remaining samples (Fig. 2A). Those with diffuse hyperin-
sulinism had high plasma insulin and C-peptide concentrations
in all samples (Fig. 2B).

The infants who were thought to have focal hyperinsulinism at
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the time of catheterization underwent surgery. The others also
underwent surgery if they had resistance to or could not tolerate
treatment with diazoxide. Tissue samples were collected intraop-
eratively from the head, the isthmus, the body, and the tail of the
pancreas and were immediately examined by conventional micros-
copy.2® The lesions of diffuse hyperinsulinism were characterized
by beta cells with large nuclei and abundant cytoplasm in all pan-
creatic specimens. These infants underwent near-total pancreatec-
tomy. Partial pancreatectomy was performed when the biopsy
specimens showed no abnormal nuclei but did show shrunken cy-
toplasm in the beta cells, producing a pattern of crowded beta
cells.®28 In such cases, additional tissue samples were taken in or-
der to localize the lesion, on the basis of the data obtained from
the pancreatic catheterization. After the pancreas was resected, a
final series of samples was examined to ensure that the surround-
ing pancreatic tissue was normal.

All resected pieces of pancreas were assessed by conventional
microscopy and histomorphometric studies,”!328 and DNA was
extracted in order to characterize the lesions further. We per-
formed DNA analysis of all available resected samples obtained
before 1996 and of all resected samples from neonates with focal
hyperinsulinism who underwent surgery thereafter. The speci-
mens were also analyzed for loss of maternal alleles from chromo-
some 11pl5.151¢ In addition, we searched for mutations in the
first and second domains of the nucleotide-binding fold (NBF1
and NBF2) of the SURI gene!7!8 in samples of peripheral-blood
lymphocytes from all the neonates and their parents.

Plasma glucose was measured before and after feedings before
the infants were discharged from the hospital. Plasma glucose and
glycosylated hemoglobin were measured; in addition, oral glu-
cose-tolerance tests were performed periodically thereafter in 11
of the infants with focal hyperinsulinism and in 15 of those with
diffuse hyperinsulinism. Plasma glucose concentrations of less
than 54 mg per deciliter while the infant was eating a normal diet
and taking no medication were considered to indicate persistent
hypoglycemia. The results of an oral glucose-tolerance test were
considered to be normal when the plasma glucose concentration
was less than 200 mg per deciliter (11.1 mmol per liter) 30 and
60 minutes after glucose ingestion and less than 140 mg per dec-
iliter (7.8 mmol per liter) after 120 minutes.3!

All studies were performed with the written consent of the par-
ents. The results in the two groups were compared with use of
nonparametric Mann-Whitney tests and analysis of variance.

RESULTS
Clinical and Biochemical Characteristics

The clinical and biochemical characteristics of the
neonates in the two groups were similar (Table 1),
with the exception that the mean gestational age was
significantly lower among the neonates with diffuse
hyperinsulinism. The rates of intravenous infusion of
glucose required to maintain plasma glucose con-
centrations higher than 60 mg per deciliter were
similar in the two groups. Only one neonate with
focal hyperinsulinism and two with diffuse hyperin-
sulinism responded to treatment with diazoxide. The
ages of the infants in both groups were similar at the
time of surgery. All but five infants underwent sur-
gery before the age of eight months.

Pancreatic Catheterization

Transhepatic catheterization of the portal and pan-
creatic veins was performed in 45 neonates. Among
the 22 neonates with focal hyperinsulinism, the site
of localized hypersecretion of insulin was identified
in 17, the site could not be identified in 2, and the
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TABLE 1. CLINICAL CHARACTERISTICS OF THE NEONATES
WITH FOCAL OR DIFFUSE HYPERINSULINISM. *

FocaL DIFFUSE
HYPERINSULINISM ~ HYPERINSULINISM
CHARACTERISTIC (N=22) (N=30)
Sex — M/F 7/15 11/19
Cesarean delivery — no. (%) 7 (32) 9 (30)
Birth weight — kg 3.7%0.7 3.7*0.7
Gestational age — wk 39.3x1.3 37.2+2.8%
Birth weight for gestational age 10 (45) 14 (47)
>90th percentile — no. (%)
First symptom of hypoglycemia
— no. (%)}
Seizure 11 (50) 16 (53)
Hypothermia 0 1(3)
Hypotonia 1(5) 1(3)
Loss of consciousness 5(23) 3 (10)
Detected fortuitously 5(23) 9 (30)
Initial plasma glucose — mg/dI§ 18+4 18+4
Plasma insulin — pU/mly 20+11 22+19
Glucose-infusion rate — 16.1£3.7 16.4+3.7
mg,/kg,/min||
Median age at surgery — days** 91 95

*Plus—minus values are means *SD.
1P<0.01.
$Because of rounding, percentages do not total 100.

§Initial plasma glucose is the first measurement of plasma glucose during
an episode of hypoglycemia. To convert values for glucose to millimoles
per liter, multiply by 0.05551.

YPlasma insulin is the mean of all measurements made at a plasma glu-
cose concentration of <54 mg per deciliter (3 mmol per liter), with only
one value used per patient. To convert values for insulin to picomoles per
liter, multiply by 6.

|| Values are the rate of glucose administration (intravenous or oral) need-
ed to maintain plasma glucose concentrations of at least 54 mg per deci-
liter.

**For those who underwent surgery twice, the age at the time of the
first intervention is given.

procedure was not performed in 3 (Table 2). Among
the 30 neonates with diffuse hyperinsulinism, dif-
fuse insulin hypersecretion was identified in 17, lo-
calized insulin hypersecretion was suspected in 7, the
results were inconclusive in 2, and the procedure was
not performed in 4. The seven neonates who did not
undergo catheterization underwent surgery before
the procedure was available for very young neonates
at our hospital or underwent surgery at another hos-
pital before they were referred to us. No infants had
any complications resulting from the catheterization.

Focal Hyperinsulinism

Among the neonates with focal hyperinsulinism,
nine had lesions of focal adenomatous islet-cell hy-
perplasia in the head of the pancreas, three in the
isthmus, eight in the body, and two in the tail (Table
2). The loss of the maternal allele from chromosome
11p15 was sought in 14 lesions and was found in all.
Mutation analysis of the NBF1 and NBF2 domains

Downloaded from www.nejm.org on November 28, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



CLINICAL FEATURES OF 52 NEONATES WITH HYPERINSULINISM

TABLE 2. LOCATION OF LESIONS AS DETERMINED BY PANCREATIC VENOUS
CATHETERIZATION AND HISTOLOGIC EXAMINATION, EXTENT OF PANCREATECTOMY,
AND GENETIC CHARACTERISTICS OF THE 22 NEONATES WITH FOCAL HYPERINSULINISM. *

LocATioN BY EXTENT OF
TREATMENT AND  AGE AT LocATiON BY HistoLoaic PANCREATIC LOH In MUTATION OF
PATIENT NO. SURGERY CATHETERIZATION EXAMINATION RESECTION Lesiont  SUR7 GEne*
Partial pancreatectomy
1 99 days Head Head Head ND None
2 234 days Body Body Body Yes None
3 117 days Tail Tail Tail Yes R1421C§
4 91 days Head Head Head Yes None
5 237 days Body Body Body and tail Yes None
6 91 days Body Body Body and tail  ND None
7 73 days  Unknown Body Body and tail ~ ND ND
8 142 days ~ Unknown Body Body and tail Yes None
9 27 mo Head Head Head ND None
10 36 days Body Body Body and tail ~ ND del4138CGACY
11 139 days Head Head Head Yes None
12 36 days Isthmus Isthmus Isthmus and Yes None
body
13 66 days Body Body Body and tail ND ND
14 84 days Isthmus Isthmus Isthmus and Yes R842G||
body
15 58 days Head Head Head ND ND
16 66 days Head Head Head Yes None
17 69 days Head Head Head Yes R1494W**
18 44 days Isthmus Isthmus Isthmus Yes None
19 99 days Tail Tail Tail Yes ND
Near-total pancreatectomy
20 88 days ND Body Near-total ND ND
21 19 mo ND Head Near-total Yes ND
22 20 mo ND Head Near-total Yes R1494W**

*ND denotes not determined.

TLOH denotes loss of heterozygosity (loss of the maternal allele from chromosome 11p15 in the
focal lesion).

fMutation of SURI gene refers to heterozygous mutations in the NBF1 and NBF2 domains in
peripheral-blood lymphocytes from the patients and their fathers; other exons of the SUR1 gene were
not studied.

§R1421C was a missense mutation due to a C-T transition at position 4261.

{This mutation was a deletion of four nucleotides, CGAC, at positions 4138 to 4141 and the in-
sertion of three nucleotides, GTG.

| This missense mutation was due to a C— G transversion at position 2524.

**This missense mutation was due to a C- T substitution at position 44810.

of the SURI gene in peripheral-blood lymphocytes
was performed on samples from 16 neonates, of
whom 5 had mutations, all of paternal origin.

Nineteen of the 22 infants with focal lesions un-
derwent partial pancreatectomy, and all 19 had lo-
calized lesions. None of them had hypoglycemia,
and all had normal postprandial plasma glucose con-
centrations during the immediate postoperative pe-
riod. All were subsequently able to eat normally, and
none had hypoglycemia, high glycosylated hemo-
globin values, or (among the 11 tested) abnormal
glucose tolerance, and none required further surgery
or any medical treatment during a mean follow-up
period of 3.6 years (range, 0.7 to 8.2).

Three infants with focal hyperinsulinism under-
went near-total pancreatectomy. One underwent sur-
gery before pancreatic catheterization was available.

A small lesion was retrospectively identified in the
body of the pancreas, and the rest of the pancreas
was normal. This child had to be treated with insulin
at the age of nine years because of increasing hyper-
glycemia. The other two infants initially underwent
resection of the body and tail of the pancreas at oth-
er hospitals; we extended the pancreatectomy in each
because of persistent, severe hypoglycemia. In both
children hyperplastic lesions were found in the head
of the pancreas and resected. Both now have no hy-
poglycemia.

Diffuse Hyperinsulinism

The results of histologic testing performed intraop-
eratively revealed diffuse beta-cell hyperfunction, con-
firming the findings on pancreatic catheterization in
17 neonates with diffuse hyperinsulinism and provid-
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ing the basis for the diagnosis in the remaining 13. All
30 underwent near-total pancreatectomy. Six under-
went further pancreatic resection 1 to 10 months after
the first operation because of recurrent severe hypo-
glycemia. These 30 children were followed for a mean
of 4.6 years (range, 0.1 to 13.7). Thirteen had persist-
ent hypoglycemia, including four of the six who had
a second operation. Fight of the 13 were treated with
glucocorticoids or octreotide, but these medications
could be discontinued within three years after sur-
gery, after which hypoglycemia during fasting was
prevented by the nighttime administration of raw
cornstarch. Type 1 diabetes developed in eight chil-
dren; the onset occurred immediately after surgery in
six, at eight years of age in one, and at nine years of
age in one. Seven others had high postprandial plas-
ma glucose concentrations or abnormal results on the
glucose-tolerance test but, as of this writing, have not
required insulin; postprandial hyperglycemia was as-
sociated with preprandial hypoglycemia in five of
these children. Thus, only two children have had no
recurrence of hypoglycemia and no hyperglycemia,
but they underwent surgery less than one year before
this report was written. Nineteen required treatment
for exocrine pancreatic insufficiency.

DISCUSSION

In neonates, hyperinsulinemic hypoglycemia rare-
ly responds to diazoxide, the standard drug used to
treat hyperinsulinism.* Among the 52 neonates in
this study, only 3 had a response to diazoxide. In the
13 years during which we conducted our study, 11
neonates with hyperinsulinemic hypoglycemia were
successfully treated with this drug, and therefore did
not undergo surgery (and thus were not included in
this study). Although octreotide has been used with
some success,’233 pancreatic surgery is often required.
Most surgeons recommend near-total pancreatecto-
my,3>8 but the risk of subsequent diabetes mellitus
is high 52526

The prognosis for some neonates with hyperinsu-
linemia has dramatically improved since it was rec-
ognized that those with focal hyperinsulinism could
be treated effectively with partial pancreatectomy. In
pathological terms, focal hyperinsulinism is a hyper-
plastic adenomatosis that, unlike beta-cell adenoma,
is invisible to the naked eye (i.e., it does not affect
the lobular architecture of the pancreas) and is com-
posed of hyperplastic islets with numerous beta cells
in the center and other types of cells at the periph-
ery. It occurs in neonates rather than in older chil-
dren and adults.?3* Diffuse hyperinsulinism, inappro-
priately referred to as nesidioblastosis, is characterized
by subtle morphologic changes in endocrine cells,
involving the entire pancreas and consisting of hy-
pertrophied insulin cells with large hyperchromatic
nuclei suggestive of functional hyperactivity in an
otherwise histologically normal pancreas.®13
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The surgical treatment of the two disorders differs
greatly. Neonates with diffuse hyperinsulinism re-
quire near-total pancreatectomy, whereas those with
focal hyperinsulinism should be treated with partial
pancreatectomy.®2%2835 Although it became less se-
vere with time, persistent hypoglycemia was present
in many of the infants with diffuse hyperinsulinism
in our study after surgery, and many others had ei-
ther hyperglycemia or overt diabetes. These results,
like those of other studies,!3:5.25.26 indicate that bet-
ter medical treatments are needed for neonates with
diffuse hyperinsulinism. By contrast, the 19 neo-
nates who had focal hyperinsulinism and underwent
partial pancreatectomy had no hypoglycemia after
surgery.

Thus, it is important to look for focal hyperin-
sulinism, because neonates with this disorder can
benefit from partial pancreatectomy. In this series, in
which there was probably no recruitment or referral
bias, 42 percent of the neonates could be treated
with partial pancreatectomy. Most of the neonates
referred to our clinic had conditions that were resist-
ant to medical treatment, but such resistance is char-
acteristic of most cases of neonatal hyperinsulinism.*
The similarity of the symptoms and biochemical find-
ings in the two groups indicates that insulin secre-
tion is similarly disordered in both.

In the absence of any distinctive clinical or bio-
chemical features, all available means should be used
to differentiate between focal and diffuse lesions be-
fore surgery. Factitious hypoglycemia,?¢ hyperinsulin-
ism with hyperammonemia,?* and the carbohydrate-
deficient glycoprotein syndrome (unpublished data)
should be ruled out before complex investigations
are initiated. Children with familial cases are gener-
ally likely to have diffuse hyperinsulinism, whereas
cases involving one of a set of identical twins are
probably focal.!s However, familial cases of hyperin-
sulinism are rare in our experience.

Our findings regarding the molecular changes un-
derlying focal and diffuse hyperinsulinism have raised
the possibility of differentiating the two by molecu-
lar testing. However, the search for mutations of the
SURI and K,,6.2 genes, which would permit differ-
entiation between homozygous and heterozygous
cases, is currently of limited use in clinical practice.
Standard radiologic studies of the pancreas do not
identify small focal lesions. Thus, transhepatic pan-
creatic catheterization and venous sampling are cur-
rently the only preoperative procedures available for
determining the site of focal insulin hypersecre-
tion.2%30 These procedures correctly located the le-
sion in 89 percent of the neonates with focal hyper-
insulinism who underwent catheterization in our
study. This degree of accuracy is crucial in view of
the fact that nine focal lesions were located in the
head of the pancreas, whereas surgeons usually re-
sect pancreatic tissue by first removing the tail and
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body of the pancreas. The two infants who under-
went partial pancreatectomy that was unsuccessful
because the lesions were in the right upper part of
the head of the pancreas are good examples of what
can now be avoided. The data obtained from pan-
creatic catheterization were misinterpreted or not
useful for 35 percent of the neonates with diffuse
hyperinsulinism, and therefore the final decision
about treatment must always be based on the histo-
logic findings obtained intraoperatively.28

In conclusion, hyperinsulinemic hypoglycemia in
neonates is often caused by focal adenomatous islet-
cell hyperplasia. This disorder can be recognized by
transhepatic pancreatic catheterization and intraop-
erative histologic studies and can be treated effec-
tively with partial pancreatectomy, which is effective
and carries little risk of causing diabetes mellitus.
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