Image interpretation

PET images were interpreted by one of the authors, HN., who is a
board-certified radiologist and has experience of over 6870 PET
studies. By inspection, focal lesions were identified when the local
uptake of ['*FJDOPA was obviously higher than that of the
remaining pancreatic tissue. Conversely, when the uptake was
nearly uniform, the result was considered to represent a diffuse
lesion.

In addition to the simple visual inspection, we also employed an
objective index of ['*F]DOPA uptake termed the ‘Pancreas Per-
centage’. The whole pancreas was first divided into three regions of
interest: the head, body and tail. The standardized uptake value
(SUV) of each region was then measured 30 min after [**F]DOPA
injection. The SUV of the region with the greatest uptake was
defined as 100%. The values for the remaining regions were then
expressed as percentages compared to that of the region with the
greatest uptake. When the Pancreas Percentage of any region was
>70% and the SUV was >25, the region was considered to be a
lesion. For example, when all regions met the criteria, the PET scan
was assumed to show diffuse uptake. Similarly, when a single region
met the criteria, it was considered to represent a single focal region.

Molecular diagnosis

Prior to the PET studies, all patients received a molecular diagnosis
of Kurp channel hyperinsulinism. The methodological details and
part of the results of the mutational analyses have been described
previously.” Briefly, all exons, exon—intron boundaries, and the
promoter region of the Kyrp channel genes, ABCC8 and KCNJ11,
were amplified from genomic DNA and directly sequenced. The
parental origin of each mutation was determined by an analysis of
the parents. Molecular diagnoses of diffuse and possible focal forms
were made on the basis of biallelic and paternally inherited mono-
allelic K 1p channel mutations, respectively.”

Arterial stimulation venous sampling analysis

Arterial stimulation venous sampling (ASVS) analysis was per-
formed under general anaesthesia. All medical treatments were
halted 2 days before examination. During the study, normoglyca-
emia was maintained by glucose infusion. A catheter was placed in
the right hepatic vein for sampling. After selective catheterization
of the superior mesenteric, gastroduodenal, and splenic arteries,
calcium gluconate (0-0125 mmol/kg) was rapidly injected through
the catheter in each selectively catheterized artery. Hepatic venous
blood was obtained before and 30, 60, 90, 120 and 150 s after cal-
cium injection. A positive finding was defined as a twofold increase
in insulin levels in the 30- or 60-s samples (or both) obtained from
the hepatic vein.

Results

The patient profiles and results of the ['*F]DOPA PET analyses,
molecular analyses, ASVS and histological findings are summarized
in Table 1.
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By inspection, four patients were found to have single focal
uptake (patients 4, 5, 6 and 13) and four others were found to have
diffuse uptake (patients 1, 2, 3 and 17). We unexpectedly encoun-
tered difficulties in assigning the other patients as having diffuse or
focal forms. One patient (patient 9) appeared to have no uptake,
while others showed irregular uptakes with a variety of background
uptakes resembling double focal (patients 7, 8 and 10) or irregular
diffuse uptake (patients 11, 12, 14, 15 and 16). Overall, by inspec-
tion, the PET diagnosis was consistent with the molecular diagnosis
in only 7 of 17 patients. Representative results of these PET scans
are shown in Fig. 1.

As it appears that higher background uptake, especially in the
head, makes the interpretation of PET scans more difficult, we
employed an objective index—the Pancreas Percentage—and
reanalysed the PET results. The idea was to smooth out the
irregular background uptake and identify the focal lesion with the
highest uptake, assuming that multiple focal lesions are extremely
rare. Cut-off values were set by taking into account the PET
images of patients with known diffuse lesions. When using the
Pancreas Percentage, the PET diagnosis was more strongly corre-
lated with the molecular diagnosis; it was consistent in 10 of 17
patients.

Pancreatectomy was performed in 12 patients who exhibited
resistance to medical treatment. For patients with paternal muta-
tions, partial resection of the pancreas was attempted using exten-
sive intra-operative biopsies guided by the PET results. In patient
9, who showed no uptake by PET, extreme intensification of PET
signals revealed faint uptake in the head (Fig. 1, f2). During sur-
gery, the corresponding area of the pancreas was repeatedly biop-

- sied, which lead to the identification and resection of a thin lesion

that was 6 mm in diameter.

Postoperative histology revealed that the molecular diagnosis
correctly predicted the histology in all cases. PET diagnosis by
inspection was correct in only 6 of 12 cases, whereas the diagnosis
was correct in 9 of 12 cases when the Pancreas Percentage was used.
Excluding patient 9 whose lesion was initially not visible, two
patients (patients 11 and 12) were incorrectly diagnosed using the
Pancreas Percentage; histology showed that these two patients had
large and somewhat scattered lesions. The diagnosis of the focal
form was made through the identification of a region of the pan-
creas with normal islets. Patient 11 exhibited loss of heterozygosity
according to molecular analysis.”

Discussion

The present study is the first to report the diagnostic accuracy of
["®F]DOPA PET for Asian patients with congenital K,pp channel
hyperinsulinism. Although the number of patients is relatively
small, two important findings were obtained through this study.
First, ["*FIDOPA PET appears to be less effective for localizing
lesions in Asians than that reported by previous studies mainly
from European and North American centres.”*'! Second, the
diagnostic accuracy improved substantially (reaching 75%, 9/12)
when a quantitative index, the Pancreas Percentage, was employed
to analyse the PET results. Three patients were erroneously diag-
nosed using the Pancreas Percentage; one presented with a lesion



4 M. Masue et al.

that was probably smaller and thinner than the detection limits of
this methodology. Otonkoski et al.” report that the smallest focal
lesion detected using ['®F]JDOPA PET is 4 x 5 mm. Likewise,
Hardy et al.'® report that the minimum size of focal adenomatosis
that can be recognized by ['"*F]DOPA PET scans is 6 + 2 mm. In
the present study, the smallest lesion detected was 8 mm (patient

4). The other two patients who were erroneously diagnosed as hav-
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Fig. 1 Representative patterns of ['*F]DOPA
uptake. Maximum intensity projection (a—f1) and
axial image (F2) obtained 30 min after injection. (a,
Patient 4): a single focal uptake in the pancreatic
head with paternal mutation; histologically, it was a
pancreatic head lesion; (b, patient 8): irregular
uptake in the pancreatic head and body with a
paternal mutation; histologically, it was a pancreatic
body lesion (the uptake in the head was false posi-
tive); (c, patient 1): typically diffuse uptake with
biparental mutations; histologically, it was a diffuse
lesion; (d, patient 11): irregular diffuse uptake with
a paternal mutation; histologically, it was a large
focal lesion (the uptake in the pancreatic head was
false positive); (e, patient 12): irregular diffuse
uptake with a paternal mutation; histologically, it
was a large focal lesion; (f1, patient 9): no uptake
with a paternal mutation; histologically, it was a
thin lesion in the pancreatic head; (f2, patient 9):
retrospective axial imaging revealed weak uptake in
the pancreatic head (white arrow). DOPA, dihydr-
oxyphenylalanine.

ing the diffuse form actually had large focal lesions, which are
inherently difficult to differentiate from the diffuse form.

The reason why we observed an increased incidence of irregular
appearances on PET scans remains unclear; one possibility is sim-
ply a lack of experience. The first ['*FJDOPA PET scan for congeni-
tal hyperinsulinism in Japan was performed in 2005. Since then, all
scans in this country have been performed by our group. In spite of

© 2011 Blackwell Publishing Ltd, Clinical Endocrinology
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this, our experience is limited as compared with those of large cen-
tres in the US and in Europe. Furthermore, correct interpretation
might require more experience in this particular imaging tech-
nique, even for experienced nuclear radiologists. The use of the
Pancreas Percentage might counteract this lack of experience.
However, another possibility is the actual biological differences in
this disease in Japanese patients. For unknown reasons, our sub-
jects had a relatively large amount of paternally inherited monoall-
elic mutations as compared with those documented in previous
reports.”® This is not caused by a bias at the level of referral to the
PET studies. Prior to the PET studies, 16 of the 17 patients under-
went a molecular testing in our laboratory which is currently the
only facility routinely offering a molecular diagnosis of this disor-
der in Japan. During the period of this study, we diagnosed five
additional cases of K rp channel hyperinsulinism who did not par-
ticipate in the PET study; only one of them had biallelic mutations,
whereas the other four had paternally inherited monoallelic muta-
tions (data not shown). In addition to the excess of paternally
inherited mutations, it appears that many of the patients presented
with the less severe phenotype. As shown in Table 1, even with
known K,rp channel hyperinsulinism, 5 of 17 patients could be
medically treated and patients who underwent surgery could be
treated by octreotide at least for some time. Only two of the
patients received pancreatectomy within the first 4 months. These
milder phenotypes might be correlated with less clear uptake, mak-
ing PET diagnosis more difficult.

Interestingly, in our series, molecular diagnosis predicted his-
tology most accurately. In contrast to our experience, previous
papers report that some patients with paternally inherited mono-
allelic Kyrp channel mutations have a diffuse histology.>'* This
phenomenon can be partially explained by additional undetected
mutations in the maternal allele."> However, this speculation does
not explain the excess of paternal mutations exhibited by these
patients, which is common in previous reports. As preferential
underdetection of maternally inherited mutations is unlikely,
some of the ‘diffuse’ forms reported in these publications might
actually be large focal lesions with scattered islets, as reported by
Yorifuji et al.”

In summary, in our experience, the diagnostic accuracy of
['®F]DOPA PET for congenital hyperinsulinism in Japanese sub-
jects is not as high as that previously reported for Caucasian
patients. Preoperative diagnosis of this disorder in Asian subjects
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should preferably be performed in combination with other diag-
nostic modalities, especially molecular diagnosis. Nonetheless,
['"®F]DOPA PET is an indispensable methodology that can accu-
rately localize focal lesions in a noninvasive manner. When com-
bined with the Pancreas Percentage, the diagnostic accuracy of
['®F]-fluoro-L-dihydroxyphenylalanine positron emission tomog-
raphy is augmented, even in Japanese subjects.
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Established facts.

- 18F-DOPA PET 1s a useful tool for detecting the localization of the focal form of Karp
channel hyperinsulinism.

- Karp channel hyperinsulinism occasionally resolves itself spontaneously, which has
been attributed to the apoptotic death of abnormal B cells in previous studies.

Novel insights.
Uptake of 18F-DOPA does not always correlate with the insulin-secreting capacity
of B cells.

Spontaneous resolution could be a functional process rather than the result of the

apoptotic death of abnormal P cells.
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Abstract

Background: Positron emission tomography (PET) using 18F-DOPA is a useful tool for
detecting the focal forms of congenital hyperinsulinism. 18F-DOPA is taken up by
aromatic L-amino acid decarboxylase in pancreatic p cells. However, the role of this
enzyme in insulin secretion is unknown.

Subjects and Methods: A Japanese boy who presented with symptomatic
hyperinsulinemic hypoglycemia at the age of 2 days and spontaneous resolution at 1
year 10 months was subjected to mutational analysis and repeated 18F-DOPA PET
scans.

Results: Mutational analysis revealed a paternally-inherited monoallelic mutation,
¢.4186G>T (p.D1396Y), in the ABCC8 gene, and an 18F-DOPA PET scan revealed focal
uptake in the body of the pancreas. The patient was successfully treated with frequent
feeding. A follow-up PET scan revealed virtually identical uptake to that observed
previously. However, in the arterial stimulation-venous sampling procedure, no
significant insulin release was observed. He was placed on a normal diet, and no
hypoglycemia recurrence was observed.

Conclusion: This case demonstrates two important findings. Firstly, the uptake of 18F-
DOPA does not correlate with the insulin-secreting capacity of the lesion. Secondly,
clinical remission could be a functional process not necessarily accompanied by the

apoptotic death of abnormal B cells.
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Introduction

Congenital hyperinsulinism is the most common cause of persistent hypoglycemia in
the neonatal/infantile period. Since severely affected patients often develop profound
neurological sequelae (1, 2), surgical resection of the pancreas is mandated when
medical treatment is not effective. Regarding surgical treatment, it is critically
important to differentiate between the two histological forms of the disorder, the diffuse
and focal forms. To surgically treat the diffuse form, subtotal pancreatectomy is
indicated. However, the result of this procedure is often not satisfactory, and many
patients suffer residual hypoglycemia or develop diabetes mellitus postoperatively (3).
On the contrary, patients with the focal form can be cured by partial resection of the
pancreas without complications (4, 5).

The focal form is known to occur in individuals with a monoallelic, paternally-inherited
mutation in the ABCCS or KCNJ11 gene, which code for the two subunits of the
ATP-sensitive potassium channel (Kare channel) (4). Several diagnostic modalities have
been developed to identify focal lesions preoperatively including mutational analysis,
the arterial stimulation-venous sampling (ASVS) procedure, pancreatic venous blood
sampling (PVS), and positron emission tomography using [18F]-fluoro-L-DOPA
(18F-DOPA PET). Currently, 18F-DOPA PET is becoming the modality of choice due to
its noninvasiveness and accuracy (6-11). However, in this report, we present a patient
with the focal form of congenital hyperinsulinism, in whom disease activity did not
correlate with 18F-DOPA uptake.

Case report

The patient was a Japanese boy born after 39 weeks of uneventful pregnancy with a
birth weight of 3630 g. There was no family history of hypoglycemia or diabetes
mellitus. On day 2, he presented with generalized convulsions accompanied by
hypoglycemia (14 mg/dL, 0.78 mmol/L). A subsequent laboratory examination revealed
hypoglycemia (39 mg/dL, 2.15 mmol/L) in the presence of an elevated serum insulin
level (29.1 p U/mL, 202 pmol/L), and the peak glucose infusion rate to maintain
normoglycemia was 10 mg/kg/min. Otherwise, endocrinological and metabolic screening
did not reveal any abnormalities. A diagnosis of congenital hyperinsulinism was made,
and mutational analysis using DNA extracted from peripheral blood leukocytes
revealed a paternally-inherited heterozygous mutation, ¢.4186G>T (p.D1396Y), in the
ABCC8 gene. Although functional studies were lacking, this mutation appeared to be
pathogenic since it was mnot listed in the dbSNP (build 13.2,
http://www.ncbi.nlm.nih.gov/snp/) and the Japanese SNP (JSNP,
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http://snp.ims.u-tokyo.ac.jp/) databases, and both the SIFT (http://sift.bii.a-star.edu.sg/)
and the PolyPhen-2 (http:/genetics.bwh.harvard.edu/pph/index.html) programs
predicted a detrimental effect of this mutation. In addition, the mutation was not found
in 106 control Japanese subjects (data not shown). No other mutations were identified
in the KCNJ11, GCK, or GLUDI genes. 18F-DOPA PET revealed strong focal uptake in
the body of the pancreas, leading to a diagnosis of the focal form of Karp-channel
hyperinsulinism (Figure, left panels).

Treatment with 15 mg/kg diazoxide was not effective at preventing hypoglycemia.
Since the patient remained free of symptoms due to frequent feeding (10-12 times a day),
despite occasional hypoglycemia (< 40 mg/dL, 2.22 mmol/L), he was treated
conservatively under frequent self-monitoring of blood glucose.

As the patient remained symptom-free, and self-monitored blood glucose had gradually
progressed towards normoglycemia, he underwent a follow-up PET scan at the age of 1
year 10 months. The uptake in the body of the pancreas was virtually identical to that
observed in the previous PET scan (Figure, right panels). To investigate the discrepancy
between the PET results and clinical improvement, an arterial stimulation venous
sampling (ASVS) study was performed, which revealed low basal and stimulated insulin
secretion following calcium infusion into the splenic, gastroduodenal, or superior
mesenteric arteries (Table). Due to these results, he was placed on a normal diet
involving three meals a day, and no further hypoglycemia was observed on frequent
blood glucose monitoring. Blood glucose after 12-hour fast constantly remained within a
range of 76 - 98 mg/dL (4.21-5.44 mmol/L).

Mutational analysis

Mutational analysis was performed as described previously (12). Briefly, all exons and
the exon-intron boundaries of the KCNJ1I, ABCCS, and GCK genes were amplified from
leukocyte genomic DNA. Then, the amplified products were purified using the Wizard PCR
Preps DNA purification system (Promega, WI) and directly sequenced using the BigDye
Terminator ver 3.1 Cycle Sequencing Kit (Applied Biosystems, CA). For the GLUD! gene, only
exons 6-7 (the antenna domain) and 10-12 (the GTP binding domain) were sequenced since the
previously reported mutations were exclusively found in these regions. In addition, deletion
mutations that might not have been detected by the PCR-sequencing strategy described above
were analyzed by multiple ligation dependent probe amplification (MLPA) of all 39 exons of
the ABCCS gene using the SALLSA MLPA kit P117 (MRC Holland, Amsterdam).

Arterial stimulation-venous sampling (ASVS) procedure

86



The ASVS study was performed as described by Abernethy et al. (13). Briefly, a sampling
catheter was inserted from the femoral vein of the infant and placed into the right hepatic vein.
Then, another catheter was inserted from the femoral artery and sequentially placed into the
splenic, gastroduodenal, and the superior mesenteric arteries, and in each artery, calcium
gluconate (0.0125 mmol of calcium per kilogram body weight) diluted in 2 mL of saline were
infused over 10 seconds. Blood samples were collected at 30-second intervals for 150 seconds,

and the concentrations of calcium, insulin, and glucose were determined for each sample.

[18F]-fluoro- L -DOPA positron emission tomography

18F-DOPA PET studies were performed at the PET facility of Kizawa Memorial Hospital, as
described by Ribeiro et al. (10). The scan results were fused with those of a CT scan taken at the
same time in order to localize the focal lesion more accurately. Currently, Kizawa Memorial
Hospital is the only facility in Japan performing 18F-DOPA PET for congenital hyperinsulinism.
All PET results were interpreted by one of the authors, H.N., who is a board certified radiologist
with a personal experience of over 7000 PET studies including 28 with 18F-DOPA.

Discussion

In this paper, we report on a patient with the focal form of congenital hyperinsulinism
whose focal uptake on 18F-DOPA PET remained virtually unchanged despite clinical

remission of hypoglycemia. As the routine clinical practice, the lesion should have been

resected immediately following the first PET scan to avoid the risk of possible brain damage.

For this particular patient, however, we continued the diet therapy until clinical remission. As a

result, this case highlighted two important findings. Firstly, the uptake of 18F-DOPA

does not correlate with the insulin-secreting capacity of the lesion, and secondly, clinical

remission is probably not caused by the apoptotic death of insulin-producing cells.

The diagnostic usefulness of 18F-DOPA PET for congenital hyperinsulinism was first
reported by Ribeiro and Otonkoski for a small number of patients (6, 7). Subsequently,
studies with large numbers of patients in Europe and the United States confirmed its
usefulness for the differentiation and localization of focal lesions (8-11) and so it is
currently widely used for this disorder.

DOPA is taken up by B cells and converted to dopamine by aromatic L-amino acid
decarboxylase (AADC) (8). Although B cells display high AADC activity, the role of this
enzyme in insulin secretion remains obscure. Using a mouse model, Ericson et al.
showed that intravenously injected L-DOPA accumulates within [ cell secretory
granules and inhibits insulin secretion (14). Also in a mouse model, Lindquist et al. (15)

demonstrated that intravenously administered L-DOPA is rapidly converted to

87



dopamine and inhibited glucose-induced insulin secretion from B cells. The inhibition
was reversed with an AADC inhibitor suggesting that dopamine and not DOPA is
responsible for this inhibition (15). On the contrary, de Lonlay et al. demonstrated that
insulin secretion in a patient with congenital hyperinsulinism was not affected by the
administration of an AADC inhibitor (8). An in vitro study using rat INS cells also
suggested that insulin secretion is not affected by AADC inhibitor treatment (8). In
addition, in adult patients with insulinoma, 18F-DOPA PET could not sensitively detect
tumors suggesting that DOPA uptake is not directly related to the insulin secreting
capacity of the cells (16). The fact that DOPA uptake by the focal lesion remained
virtually identical despite clinical resolution also suggests that the role of AADC in
insulin secretion, if any, is relatively small.

It is known that congenital hyperinsulinism is often resolved spontaneously as the
patient grows older. The time to resolution differs from case to case; it occurs most often
between 1-5 years of age but can happen as early as 8 weeks, even in cases of diffuse
form hyperinsulinism caused by biallelic mutations in the Katp channel genes (17). The
mechanism leading to spontaneous resolution remains unclear. The apoptotic death of
insulin-oversecreting B cells has been proposed as a possible mechanism (18, 19).
However, our case showed that, at least in the initial stages, clinical resolution occurs
without the death of the causative B cells. Since our case suggests that abnormal f cells
lose their responsiveness to calcium, this functional-shut down could be caused by a
decrease in the number of functional Kare channels, as is seen in MING cells that have
been chronically treated with sulfonylurea (20). Physiologically, spontaneous resolution
of Karp-channel hyperinsulinism resembles the phenomenon of B cell failure following
prolonged sulfonylurea treatment of patients with diabetes mellitus. Interestingly, it
has been reported that the loss of insulin secretory capacity following prolonged
glibenclamide treatment is initially functional and reversible although the eventual
result is known to be the absolute loss of B cell mass (21). Similar sequence of events
might be operating behind the spontaneous resolution of congenital hyperinsulinism.
Understanding the mechanism of the spontaneous resolution of this condition might

lead to an efficient medical therapy if we could manipulate the process.
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Figure legend

18F-DOPA PET scans taken at 8 months (left) and 1 year 10 months (right). Upper
panels show coronal images of abdominal PET scans and lower panels show fused axial
PET/CT images. The maximal standardized uptake values (SUV) for these lesions were
5.0 (left) and 6.8 (right), respectively.

Liver L : .
Liver

Table Results of the arterial stimulation-venous sampling (ASVS) procedure.

Insulin (uU/mL)
Time (sec) splenic gastroduodenal superior mesenteric
0 6.2 5.0 4.7
30 5.2 5.0 8.2
60 6.9 8.2 5.8
90 7.6 9.9 7.7
120 5.2 7.7 3.7
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