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Abstract

Intestinal neuronal dysplasia type B (IND) denotes an increased proportion of hyperplastic
submucosal ganglia, as resolved histochemically in 15 pm-thick frozen sections. IND has been
reported proximal to the aganglionic segment in patients with Hirschsprung disease (HSCR) and is
putatively associated with a higher rate of post-surgical dysmotility. We have developed and
validated histological criteria to diagnose IND-like submucosal ganglion cell hyperplasia (IND-
SH) in paraffin sections, and used the approach to study the incidence and clinical/genetic
associations of IND-SH at the proximal margins of HSCR pull-through resection specimens. Full-
circumference paraffin sections from the proximal margins of 64 HSCR colonic pull-through
specimens and 24 autopsy controls were immunostained for the neuron-specific Hu antigen and
nucleated ganglion cells in each submucosal ganglion were counted. In controls, an age-related
decline in the relative abundance of “giant” ganglia (=7 nucleated Hu+ ganglion cells) was
observed. A conservative diagnostic threshold for IND-SH (control mean + 3 times the standard
deviation) was derived from 15 controls less than 25 weeks of age. No control exceeded this
threshold, whereas in the same age range, IND-SH was observed at the proximal margins in 15%
(7/46) of HSCR resections, up to 15 cm proximal to the aganglionic segment. No significant
correlation was observed between IND-SH and length of or distance from the aganglionic
segment, gender, trisomy 21, RET or SEMA3C/D polymorphisms, or clinical outcome, but
analysis of more patients with better long-term follow-up will be required to clarify the
significance of this histological phenotype.
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INTRODUCTION

Hirschsprung disease (HSCR) is a congenital malformation characterized by absent
myenteric and submucosal ganglion cells in the distal rectum and a variable length of
contiguous bowel. It most commonly presents with intestinal obstruction in the newborn.
Surgical treatment consists of resection of the aganglionic segment of bowel followed by a
pull-through procedure in which anatomically normally innervated (“normoganglionic)
bowel is anastomosed to the distal rectum. Between the aganglionic and normoganglionic
segments is a variable length of neuroanatomically abnormal bowel termed the “transition
zone” (TZ). Accurate delineation and resection of the TZ is considered important because
anastomosis within the TZ (“TZ pull-through™) has been associated with persistent
postoperative obstructive symptoms, and used to justify a redo pull-through surgery [1-4].
Reported histopathologic features of the TZ include partial circumferential aganglionosis
[5-7], myenteric hypoganglionosis [8], hypertrophic submucosal innervation [9], and
intestinal neuronal dysplasia type B (IND) [10].

IND is a histological phenotype of the submucosal enteric neural plexus. It has been
described both as a feature of the TZ and as an isolated disorder clinically resembling
HSCR, but without aganglionosis. Since the first description by Meier-Ruge in 1971 [11],
the diagnostic criteria for IND have continued to evolve. The most consistently invoked
finding has been a disproportionately high percentage of “giant ganglia” within the
submucosal plexuses of the colon. A more recent diagnostic algorithm, described by Meier-
Ruge [12], employs the following: 1) a “giant ganglion” is a ganglion containing 9 or more
nerve cell bodies in a single tissue section, 2) more than 20% of submucosal ganglia must be
giant ganglia, 3) a minimum of 25 submucosal ganglia must be evaluated, and 4) the patient
must be older than 1 year. However, in the context of HSCR, most reported patients with
transition zone IND have been under a year of age, often neonates [3, 4, 13-16].

The diagnosis of IND has been controversial for many reasons, including inconsistencies in
study methodology and lack of appropriate controls. The published diagnostic criteria derive
entirely from analyses of 15 um-thick, frozen cryostat sections, which are enzyme
histochemically stained to highlight neuronal cell bodies [12]. This method of tissue
processing, section thickness, and section staining are not routine, and have not been
adopted by many laboratories. Instead, some pathologists have unjustifiably applied the
same diagnostic criteria to conventional 4-5 um-thick, H&E-stained paraffin sections [3, 14,
17-19]. While establishing the prevalence of giant ganglia is required to diagnose IND,
identification of individual ganglion cells in tissue sections is subjective and very few
studies specify how they were discriminated and counted [18, 20]. Not surprisingly,
Koletzko and colleagues demonstrated a high rate of inter-observer variability among
pathologists with regard to diagnosis of IND [21].
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The original descriptions of IND were based on subjective interpretation of an increased
fraction of giant ganglia [22, 23]. Later, giant ganglia in histochemically stained frozen
sections were defined as 7 or more ganglion cells/ganglion [24, 25] and then as > 8 ganglion
cells/ganglion [26]. These definitions of giant ganglia seem arbitrary, as none of the studies
reported the ranges of ganglion cells per ganglion or the percentages of giant ganglia
observed within their control populations. Kobayashi and colleagues used rectal suction
biopsies obtained from symptomatic patients to exclude HSCR, but which contained
ganglion cells, as “controls” [3]. As discussed by Lumb and Moore [20], biopsies from
symptomatic patients with “low” percentages of giant ganglia are not appropriate controls
and represent a form of selection bias that is prone to misrepresent the association between
large numbers of giant ganglia with the disease phenotype. A variety of other “controls”
have been applied to establish normal data for the distribution of ganglion cells per
submucosal ganglion, each with significant flaws that compromise their validity (Table 1).
Arguably, the best reported control data to date are from the series of autopsied patients
without any history of intestinal dysmotility reported by Coerdt et al [28]. They divided
patients into 4 age groups ranging from premature infants to adults and used the Meier-Ruge
sectioning and staining protocols. However, they pooled data for each age group and failed
to report normal ranges for the percentage of giant ganglia observed, which is necessary to
validate the diagnostic criteria of >10% [25] or >20% giant ganglia [12] for IND. Coerdt and
colleagues did demonstrate that the mean number of giant ganglia decreases with age, which
appears to be the basis for contemporary recommendation that isolated IND should not be
diagnosed before age 1 year [29].

The presence of IND proximal to the aganglionic segment is putatively associated with an
increased incidence of post-pull-through dysmaotility [2, 3, 10, 15, 30, 31]. Using the
diagnostic criteria for isolated IND discussed above, some investigators have reported
transition zone IND (HSCR-associated IND) in up to 75% of HSCR patients [16, 32, 33].
Using a different method to identify giant ganglia, based on 9 autopsy controls, our recent
study of TZ in resections from 15 patients with short-segment HSCR found IND-like
submucosal ganglion cell hyperplasia (IND-SH) in 8 patients [7]. Among all the
neuroanatomical features of TZ, IND-SH was the most common to extend more than 5 cm
proximal to the aganglionic segment, and the most frequent to involve the proximal surgical
margin.

In this study, we refine our method to identify IND-SH using an expanded series of controls
and various validation measures. We apply the approach to large series of full-
circumference, proximal margin sections from surgical resections for HSCR, because
anatomy of the proximal surgical margin is considered a good representation of adjacent
bowel incorporated into the patient’s anastomosis and affords the best opportunity to
diagnose neuroanatomical changes that might lead to a TZ pull-through. The
histopathological results are correlated with available pre- and post-operative clinical
information and the presence/absence of 3 genetic polymorphisms known to contribute to
the heterogeneous genetic basis of HSCR.
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Study population

Paraffin-embedded full-circumference sections and corresponding surgical pathology reports
from 70 HSCR patients were retrieved from the surgical pathology archives of two
institutions. All of the patients had pull-through procedures between 2006 and 2014. Only
full-circumference sections from the proximal margin of the most proximal resection
specimen (primary pull-through or ostomy takedown for two-stage procedure) were used.
The HSCR study population was limited to patients with resection margins in the colon,
which excluded 5 patients with total colonic aganglionosis, as well as 1 patient who had a
separate segment of ganglionic ileum resected (two anastomoses). Full-circumference
sections of large intestine, most commonly from proximal rectum, were obtained from 24
autopsy controls with no history of intestinal dysmotility. The clinical features of the study
patients and controls are presented in Table 2. Multiple sites at different distances from the
anus, along the entire length of the colon, were analyzed from 6 controls, 2 of which were
accrued after most of the data analysis was complete and were only used to study the
percentage of giant ganglia at different points along the colon (see Results). All of the
samples and clinical records were de-identified in accordance with approvals from review
boards at the participating institutions.

Hu immunohistochemical (IHC) staining

Full-circumference, 4-um thick paraffin sections from the proximal surgical margins of each
of the autopsy controls and 64 HSCR specimens were immunostained with an antibody that
recognizes the pan-neuronal marker, Hu C/D (Molecular Probes, Eugene, OR) [34]. An
automated immunostainer (Benchmark XT; Ventana Medical Systems, Tucson, AZ) was
used with the immunostainer’s “standard” conditions (60 minutes, cell conditioner 1) and a
32-minute incubation period with a 1:1250 dilution of the primary antibody. Slides were
counterstained with hematoxylin.

Quantification of submucosal ganglion cells

Formal criteria to identify submucosal ganglia, discriminate individual ganglion cells, and
determine the number of ganglion cells per ganglion were developed cooperatively by two
observers (RK and MS; (Supplemental Table 1). Each observer independently applied these
criteria to determine the number of ganglion cells in every submucosal ganglion in full-
circumference sections from 15 controls and 14 HSCR patients. Ganglion cell counts per
ganglion were recorded sequentially as the observer shifted the microscopic field along the
full-circumference of the tissue section, such that the total number of submucosal ganglia,
number of ganglion cells in each ganglia, and relative distribution of smaller and larger
ganglia around the circumference were recorded.

Intra-observer variability was tested by having a single observer count submucosal ganglia
and nucleated ganglion cells within each ganglion for 5 randomly selected Hu
immunohistochemistry slides on day 1 and again 300 or more days later. To minimize
recognition, the slide labels were masked. Similarly, inter-observer variability was tested by
having two observers independently score the same set of 29 Hu immunostained slides.
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Relative percentage difference (absolute difference between counts divided by mean of two
counts) for ganglion cell counts obtained by two observers or the same observer on two
occasions were calculated to assess inter-observer and intra-observer agreement,
respectively.

Subsequently, a single observer (M.S.) recorded submucosal ganglion cell counts in the Hu-
immunostained full-circumference sections from 24 autopsy controls and 64 HSCR patients.
Slides were coded and shuffled to eliminate potential bias. The control data were used to
establish =7 Hu-positive ganglion cells per ganglion in an individual tissue section as the
definition of a “giant ganglion” for infants less than age 25 weeks (n = 15; see RESULTYS)
and to establish an upper limit of normal for the percentage of giant ganglia in a full-
circumference section, as follows. Percentages of giant ganglia from the control population
under 25 weeks of age were used to calculate an upper limit of normal for the percentage of
giant ganglia based on the mean value + 3 x standard deviation (SD). Data available for this
calculation included percentages from a single site in the colons of 11 controls and multiple
sites (1.5 — 45 cm from the anus) in 4 controls. For controls that were sampled at multiple
sites, a randomly selected section obtained between 10 and 30 cm from the anus was used
(one site per patient) because the length of most of the HSCR specimens was in this range.
IND-SH was defined as a percentage of giant submucosal ganglia above the upper limit of
normal (7.7%; see RESULTS).

Correlations between proximal margin IND-SH and other anatomic (length of aganglionic
segment and distance from proximal margin to aganglionic segment), age, gender, clinical
(post-operative enterocolitis, soiling, chronic constipation), or genetic (trisomy 21, 3
common HSCR-associated polymorphisms in or near the RET and SEMA3C/SEMA3D
genes) variables were investigated. The 3 common polymorphisms were identified in
genome-wide association study of HSCR patients of European ancestry and replicated
independently [35, 36] The prevalence of each of the variables listed was compared between
patients with and without proximal IND-SH using Welch Two Sample T-test, Fisher’s Exact
test, or Permutation Chi-Squared test.

SNP Genotyping Assays

DNA was extracted from ribbons of formalin fixed paraffin embedded (FFPE) tissue using
QIAmp DNA FFPE Tissue kit (Qiagen, Valencia, CA) as per manufacturer’s protocol. 20ng
genomic DNA was used for genotyping each SNP using TagMan Human Pre-Designed
genotyping assays following the manufacturer’s protocol (Applied Biosystems, Grand
Island, NY). The assays IDs are as follows: C_ 16017524 10 (rs2435357),

C__ 26742714 10 (rs2506030), C__30936238_10 (rs12707682). The end-point fluorescence
measurements were performed on a 7900HT Fast Real-Time PCR System (Applied
Biosystems, Grand Island, NY) and analyzed using Sequence Detection System Software v.
2.1 (Applied Biosystems, Grand Island, NY).

Effect of sample size on diagnostic accuracy

The bowel circumference from every control or HSCR section was divided into 8 equal
sectors. The percentage of giant ganglia was calculated for each of the 8 contiguous sectors,
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and the results compared with that obtained from the entire circumference (“gold standard”).
Similarly, percentages of giant ganglia in subsets of sequentially acquired ganglia were
analyzed to identify the largest possible sample with a percentage of giant ganglia sufficient
to produce an erroneous diagnosis. In both of these analyses, diagnosis of IND-SH required
>7.7% giant ganglia (see RESULTS) and was considered inaccurate if a false-positive or
false-negative diagnosis of IND-SH was obtained, as compared with the diagnosis obtained
from all ganglia in the full-circumference.

Measurement of internuclear distances between submucosal ganglion cells

RESULTS

For each of the Hu C/D-immunostained control sections, distances between nuclei in
adjacent ganglion cells in 25 randomly selected submucosal ganglia were measured and
averaged. Digital images of 400x% fields were captured with a Nikon DS camera and
measurements made with digital calipers using Nikon NIS Elements BR 3-2 software. For
each ganglion cell one end of the caliper was placed on its nucleus and distance measured to
the nearest nucleus of an adjacent ganglion cell.

Reproducibility of submucosal ganglion cell counts

An initial study of submucosal ganglion cell counts in 5 Hu-immunostained full-
circumference sections, chosen at random from the controls and HSCR samples,
demonstrated that ganglion cell counts of Hu-immunostained slides, performed by the same
observer, were reproducible. The mean relative percentage difference (RPD) in the number
of ganglion cells per circumference was 9.6+/- 3.5% for observer 1 (MS) and 7.9 +/- 2.9%
for observer 2 (RPK) for counts performed on the same slide set by the same observer more
than 300 days apart (Supplemental Table 2).

Inter-observer reproducibility (mean RPD + se = 26.7 £ 3.81%; n = 29 Hu-immunostained
sections) was poorer than counts obtained by a single observer (Supplemental Table 3). For
27/29 of the samples (93%; sign-test p-value <0.001), observer 1’s total ganglion cell count
was less than that of observer 2 (mean difference = 148.3 + 23.2 ganglion cells; p-value
<0.001). Retrospective co-review suggested that the greatest discrepancies resulted from
different thresholds for nuclear staining and discrimination of individual cell and individual
ganglia boundaries in the Hu-immunostained sections. Except as otherwise stated, all of the
remaining data were collected by observer 1.

Defining a giant ganglion using Hu IHC sections

The number of Hu+ ganglion cell bodies per submucosal ganglion was recorded for every
ganglion in full circumference colon sections from 24 control patients and the proximal
surgical margins of 64 HSCR patients. In each population, a non-linear inverse relationship
was observed between the prevalence of ganglia and number of neurons / ganglion (ganglion
size), with the majority of ganglia (>90%) containing 6 or fewer ganglion cells in any
section (Figure 1). The average percentage of ganglia of given size was fairly similar in
HSCR patients and controls. However, for larger ganglia (i.e., 27, =8, or 29 ganglion cells),
a subset of up to 14 HSCR cases emerged in which the percentage of affected ganglia
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exceeded the control range (Figure 1, inset). Based in part on this empirical distribution, we
defined giant ganglia as those with greater than or equal to 7 ganglion cells. The decision
was influenced by considerations of statistical sensitivity and inter-rater variability, which
increased with higher thresholds (data not shown) because the percentage of giant ganglia in
any given specimen is small and including more ganglia in the definition of giant ganglia
reduces the impact of intra-observer variability in individual ganglion cell counts.

Defining IND-SH based on density of giant ganglia

In order to develop diagnostic criteria for IND-SH, an upper limit of normal for the
percentage of giant ganglia was established using the control data. Two variables — age and
distance from the anus - and their effects on the density of giant ganglia in control patients
were considered in this process. Figure 2 shows the control patients graphed according to
age and % giant ganglia. The percentage of giant submucosal ganglion cells declined with
age, as reported by others [28]. The mean percentage of giant ganglia of control patients <25
weeks (2.36 + 1.85) was significantly greater than that of patients >25 weeks (0.69 + 1.10;
T-test, p = 0.03).

The percentage of giant ganglia is based on counts of nucleated ganglion cells in individual
ganglia in the plane of section, which will decrease as cell soma enlargement and added
neuropil drive neuronal nuclei apart. Therefore, age-related growth of submucosal ganglion
cell bodies and accumulation of intervening neuropil are factors that might reduce calculated
percentages of giant ganglia. To investigate this possibility, mean interganglion cell
distances were compared across different age groups and were found to be significantly
smaller in control patients <25 weeks (11.17 + 2.71 um) compared to controls >25 weeks
(14.26 £ 1.45 pm; T-test, p = 0.002).

The percentage of giant ganglia in our control population declined with age, probably at
least in part due to cell growth and neuropil accumulation. This suggests that lower
threshold values to define IND-SH are likely appropriate for older age groups, for which the
percentage of submucosal ganglia with =7 ganglion cells is likely much lower.
Unfortunately insufficient older controls were present in our series to establish normal
ranges for patients older than 25 weeks. Because of the high likelihood of misclassifying
older patients with proximal margin IND-SH as normal, we excluded controls over 25
weeks when developing our diagnostic criteria for IND-SH and limited our investigation to
only those HSCR patients in the same age group (i.e., 0 — 25 weeks). Thus, 15 controls and
46 HSCR patients constitute the remainder of the study (Table 1).

The percentages of giant ganglia observed in full-circumference sections from the 15
controls under 25 weeks of age ranged from 0 to 6.4% (mean * se = 2.6 £ 0.5). The majority
of the control sections were obtained from the terminal 10 cm of the large intestine.
However, examination of sections taken at multiple sites from 6 controls suggested only a
minor increase in the percentage of giant ganglia with distance from the anus, which equated
linearly to a very gradual increase of 0.06%/cm, p=0.05 (Figure 3). Over the entire length of
the colon, the effect of this trend on the total percentage of giant ganglia was minimal and
the latter never exceeded 6.4% in any control section. An upper limit of normal was defined
as 7.7% based on the percentages of giant ganglia observed in the controls. The normal limit
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was established conservatively using the mean + 3SD (see Methods). This value was based
on control counts by a observer 1 and identical calculations using independent counts of the
same sections by a observer 2 yielded a higher value (mean + 3SD = 8.3%).

Using this approach, the 46 HSCR patients can be segregated into three groups based on the
percentage of giant submucosal ganglia observed at their proximal margins (Figure 4). A
subset of 7 patients (15%, black diamonds in Figure 4) with percentages of giant ganglia
above 7.7% is considered to have IND-SH at their proximal surgical margins. Another group
of 36 (78%, “X” in Figure 4) were within the range of control values and are not considered
to have IND-SH. Percentages of giant ganglia for the remaining 3 (7%, black triangles in
Figure 4) fell in between the highest value observed in controls and 7.7%, and might be
considered “indefinite” for IND-SH. Despite the somewhat arbitrary definition of a giant
ganglion used in this classification scheme, 6 of the 7 IND-SH patients are classified
identically when similar analysis is performed using “mean + 3SD” and =8 ganglion cells
per ganglion as an alternative definition of IND-SH (Figure 4, inset). Furthermore, the same
7 patients were classified as IND-SH by observer 2, using his counts from their proximal
margins and a threshold (mean + 3SD = 8.3%) from his independent analysis of the controls
(Supplemental Figure 1).

Sample size needed to diagnose or exclude IND-SH

Given that our definition of IND-SH is based entirely on the percentage of giant submucosal
ganglia, analysis of an adequate sample of ganglia to reliably diagnose or exclude IND-SH
is important. Full-circumference section counts yielded a generous assessment of
submucosal ganglia [121 (mean) £ 5.53 (SD) ganglia] and were regarded as the diagnostic
gold standard in this study. However, such counts are time-consuming and tedious,
particularly when large numbers of cases have to be evaluated. In order to investigate the
reliability of smaller samples, quantitation of giant ganglia from portions of the
circumferences of control tissue sections were analyzed. In more than a third of control
samples (8/21), at least 50% of the circumference needed to be counted in order to avoid any
possible “false-positive” diagnosis of IND-SH (>7.7% giant ganglia).

An alternative approach is to consider the fewest number of ganglia necessary to count in
order to reliably exclude IND-SH in controls or correctly diagnose IND-SH in HSCR
patients. Again, diagnosis of IND-SH based on all submucosal ganglia in the entire
circumference was regarded as the “gold-standard”. From the recorded counts of the entire
circumference of each section, subsets of sequentially counted ganglia were evaluated to
find the maximum number of ganglia, with a percentage of giant ganglia that produced an
opposite diagnosis (false-negative or false-positive) to that obtained from the entire
circumference. For the control samples, HSCR patients within the control range (“not IND-
SH” group) and those considered “indefinite for HSCR”, the mean (£SD) number of ganglia
needed to avoid a false-positive diagnosis was 37+/-35 (n=15), 55+/-44 (n=36) and 178+/
-22 (n=3) ganglia, respectively. For the 7 patients considered “definite” IND-SH, an
average count of 184+/-95 ganglia prevented a false-negative diagnosis.
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Potential associations with proximal margin IND-SH

More detailed clinical information regarding the 7 patients with IND-SH is provided in
Table 3. 80% of HSCR is short-segment aganglionosis, limited to the rectosigmoid colon
[37]. In our entire series of patients, which excluded total colonic aganglionosis, 55/61
(90%) of patients had aganglionic segments <15 cm (Table 1). Short-segment HSCR has an
increased prevalence in males compared with females, with a ratio of 4:1. Our study
population reflected this as 47/64 (73%) of HSCR patients were males. Among those
patients less than 6 months, no correlation was found with IND-SH and either the length of
the aganglionic segment (Figure 5A) or the distance from the proximal margin to the
aganglionic segment (Figure 5B). Similarly, although all but one of the 7 HSCR patients
with IND-SH at their proximal margins were male, this gender bias was not significantly
different from those without IND-SH (26 males / 13 females; Fisher’s Exact test, p = 0.41).
Surprisingly, the mean distance from the proximal margin to the aganglionic segment was
significantly longer in the IND-SH group (9.6 cm) versus other HSCR patients (6.1 cm) (p =
0.04; Table 4). In one patient, IND-SH was present at the proximal margin despite resection
of 15 cm of ganglionic bowel.

Possible correlations between proximal margin IND-SH and 4 of the most common genetic
alterations observed in HSCR were explored. Trisomy 21 is the most common chromosomal
abnormality associated with HSCR and is reported in 2 — 10 percent of cases in most series
[38]. A higher prevalence of trisomy 21 in this study (18 of 64 patients, 28%) probable
reflects referral patterns to the tertiary care centers involved. Regardless, no difference in the
prevalence of trisomy 21 among the patients under 6 months with IND-SH was found
compared to the similarly aged patients without it (Table 4).

In the context of the complex genetics of HSCR, specific single nucleotide variants of non-
coding sequences in or near RET (rs2435357, rs2506030) and SEMA3D (rs12707682)
appear to be relatively common HSCR susceptibility factors, albeit with incomplete
penetrance [36]. Genotype data was available for 42/46 HSCR patients under age 6 months.
Among 3 single nucleotide polymorphisms associated with HSCR, no obvious correlation
was identified between IND-SH and the prevalence of any individual polymorphism (Table
4) or collective pattern of high-risk alleles (not shown).

DISCUSSION

The incidence of IND is highly discordant across different centers due to significant
variations in laboratory methodology, ganglion cell sampling technique, and interpretation
of histologic features. The diagnostic criteria for IND are based on frozen-section
histochemistry, a specialized approach with limited general utility and inapplicable to
routine formalin-fixed paraffin-based tissue processing. A goal of our investigation was to
develop an efficient and reproducible method for identifying IND-like submucosal ganglion
cell hyperplasia (IND-SH) using methods that are routine in most clinical laboratories.
Paraffin sections, immunostained for the neuron-specific antigen, Hu C/D, and counter-
stained with hematoxylin, satisfied our requirements, in that ganglion cells were easily
identified and quantified with good reproducibility by a single observer. However,
interobserver variability was an issue, as despite the immunostain and formal written criteria
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for neuron identification, submucosal ganglion cell counts from the same sections by two
observers differed significantly. The finding that Hu-based ganglion cell counts by
individual observers are internally consistent, but different from each other, was also
observed in our prior study of myenteric ganglia [8]. This phenomenon almost certainly
reflects observer bias, which we were only able to eliminate by using a single observer to
analyze all of the control and HSCR sections, and basing diagnosis on calculations of an
observer-specific norm for the density of giant ganglia. It is reassuring that although counts
of control sections by a second observer shifted the normal range slightly, the proportion of
giant ganglia in HSCR patients also increased and perfect inter-observer diagnostic
concordance was reached for the subset of HSCR sections that underwent dual analysis. As
a consequence, we are confident that 7 of the 46 HSCR patients less than 25 weeks of age
have an abnormally high percentage of submucosal giant ganglia (IND-SH), but caution that
the quantitative “cut-offs” employed in this research study (7.7% giant ganglia for observer
1, 8.3% giant ganglia for observer 2) must be regarded as observer-specific.

The distinction between IND-SH, as defined in this study, and IND, as defined (and
redefined) by others is important. Although a disproportionately high percentage of giant
submucosal ganglia is the primary diagnostic feature for both IND-SH and IND, the
approaches used to delineate each “entity” differ markedly. Lack of appropriate control data
is one reason for skepticism about IND [20, 39-41]. The current study established a normal
range for the prevalence of giant submucosal ganglia based on controls with no history of
intestinal dysmotility. This is important because the percentage of giant ganglia is the most
important variable for the diagnosis of IND. Surprisingly, prior studies of IND either did not
use appropriately selected controls and/or only reported mean number of ganglion cells per
submucosal ganglion, rather than the percentage of giant ganglia [27, 28, 42, 43]. Collection
of robust control data allowed us to confidently establish observer-specific conservative
upper limits of normal (control mean + 3SD) for the percentage of ganglia, show that the
limit is valid at any site along the length of the colon, and objectively define IND-SH as
values above this limit. Coerdt et al. also showed that the mean number of submucosal
ganglion cells per ganglion was stable at different colonic sites [28], but to the best of our
knowledge, no prior study has addressed the proportion of giant ganglia in this manner.
Since resections for HSCR encompass the terminal rectum and a variable length of
contiguous bowel, diagnostic criteria of IND-SH must be relevant to multiple colonic sites,
if they are to be applied to the proximal margins of HSCR resections.

Patient age is another important variable, and a previous study suggested that mean
submucosal ganglion cell counts decline during the first year of age [28]. This observation
led Meier-Ruge and others to conclude that IND should not be diagnosed in patients less
than 1 year of age, or more conservatively less than 4 years of age [29]. In our series, the
younger controls (25 weeks) had a significantly higher percentage of giant ganglia
compared with older individuals (>25 weeks), with a fairly sharp “drop-off” between birth
and 1 year of age. In part, we found the change probably relates to enlargement of ganglion
cell bodies and intervening neuropil, which increase the distance between ganglion cell
nuclei and reduce the likelihood of encountering as many nucleated ganglion cells in the
same section of a single ganglion. Age-related neuronal degeneration may be another
mechanism, for which we have no direct evidence at present. Regardless, this age-related
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reduction in percentage of giant ganglia indicates that age-matched controls are necessary to
diagnose IND-SH, and the empirically defined thresholds for percent giant ganglia is
probably insensitive beyond 25 weeks. Analysis of large numbers of controls at various ages
may be necessary to devise age-appropriate criteria for IND-SH.

Based on empirically derived and validated criteria for excessive submucosal ganglia, IND-
SH was diagnosed in the proximal margins of 7/46 HSCR patients (15%) in our under 6
month-old cohort. The data probably underestimate the overall prevalence of HSCR-
associated IND-SH, because we examined only proximal resection margins and would not
identify IND-SH confined to more distal ganglionic bowel between the margin and
aganglionic segment. Regardless, our findings substantiate that IND-SH is present in a
significant subset of HSCR resections and exists at the proximal margin. In our series of
patients, the average distance between the proximal margin and the aganglionic segment was
longer on average in patients with IND-SH, up to 15 cm proximal to the aganglionic
segment in one case. In this respect, IND-SH differs from other neuropathologic alterations
(e.g. hypoganglionasis, hypertrophic submucosal nerves) used to define the transition zone
in HSCR, which are often restricted to a distance of <5 cm proximal to the aganglionic
segment [7].

The results independently appear to confirm the existence of HSCR-associated IND, put
forth by others, and raise the question as to whether IND / IND-SH has any genetic or
prognostic significance. The significance of IND at proximal margins is unclear. Some
studies have suggested a negative correlation between IND and clinical outcome [3, 10, 30,
31], while others have reported no significant correlations [16, 44, 45]. We chose to
investigate proximal resection margins because they provide a reasonable representation of
the post-surgical bowel “upstream” to the patient’s anastomosis. However, limited available
outcome data and the relatively small size of our patient cohort, coupled with the genetic,
surgical, and pathological (i.e., length of aganglionic segment) heterogeneity imposed
significant limitations on our ability to identify meaningful associations between proximal
margin IND-SH and other findings. We examined multiple adverse outcomes including
soiling, enterocolitis, need for additional surgery, and chronic constipation, but did not find
any significant correlation. However, long-term follow-up was incomplete for many
patients. While this study is insufficiently powered to detect many potentially relevant
covariates of IND-SH, the diagnostic criteria we’ve developed form a foundation for a larger
multi-institutional investigation of such relationships in the future.

Even if diagnosis of IND-SH were shown to be important, inter-observer discordance poses
a major impediment to widespread use of the approach describe here. Not surprisingly,
similar problems have hampered acceptance of IND diagnosis by the traditional
histochemical approach [45]. Poor agreement of submucosal ganglion cell counts between
observers suggest that either each observer must analyze their own control data and establish
observer-specific criteria to discriminate IND-SH or alternative observer-independent
methods to reliably identify IND-SH must be developed. Sample size is another important
consideration, given the quantitative nature of IND-SH. We found that analysis of small or
medium-sized portions of the circumference or subsets of ganglia were unreliable, in
comparison to analysis of all ganglia around the entire circumference. Unfortunately,

Pediatr Dev Pathol. Author manuscript; available in PMC 2016 March 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swaminathan et al. Page 12

analysis of the entire circumference is time-consuming. Until a less laborious approach with
no significant observer bias is developed, and clinical significance is demonstrated,
diagnosis of IND-SH should probably remain a research activity, not a routine part of HSCR
surgical pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relative abundance of submucosal ganglia of various sizes (ganglion cells per ganglion) in

controls and HSCR patients. The inset shows expansion of the Y-axis for ganglia with =7,
>8, and =9 ganglion cells.
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Relative abundance of giant submucosal ganglia (=7 ganglion cells) versus postnatal age for
controls and HSCR patients. Dashed line indicates boundary at 25 weeks, which was used to
exclude older patients for further analysis as described in the text.
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controls and HSCR cases <25 weeks of age. The dashed horizontal line denotes the upper
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the line (black squares) are considered IND-SH, as opposed to those within the normal range
(gray circles). Patients with values in between the normal range and upper limit of normal
(black triangles) are considered “indefinite”. The inset shows analysis of the same

Pediatr Dev Pathol. Author manuscript; available in PMC 2016 March 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Swaminathan et al.

populations (symbols correspond to classification based on =7 ganglion cells per giant
ganglion) using =8 ganglion cells per ganglion as the definition for giant ganglia.
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Table 3

Possible clinical and genetic covariates with IND-SH!

Aganglionic Segment

IND-SH No IND SH Statistical Test/p
value
Mean Distance between 9.6 6.1 Welch Two-sample T
Proximal Margin and test, p = 0.04
Aganglionic Segment
Mean Length of 9.8 6.7 Welch Two-sample T

test, p = 0.27

Gender Male: 6; Female: 1 Male: 26; Female: 13 Fisher’s Exact test,
p=0.41

Trisomy 21 3Yes/4No 11 Yes/ 28 No Fisher’s Exact test,
p=0.39

Post-Op Complications 1Yes/6 No 11 Yes/ 28 No Fisher’s Exact test,
p=0.66

SNPs3
RET (rs2435357) CC2/CT2/1T1 CC10/CT19/T1T5 Permutation Chi-

Squared test, p=0.82

RET (rs2500603)

AA1/AG2/GG1

AA10/AG18/GG 4

Permutation Chi-
Squared test, p=1.00

SEMAG3D (rs12707682)

CCO/CT4/TT2

CC4/CT19/TT13

Permutation Chi-
Squared test, p=0.85

1For the 46 patients under 6 months of age;

Complications include soiling, constipation, enterocolitis, incontinence, or other signs of dysmotility as noted in clinical records;

Underlined nucleotide indicates allele associated with HSCR susceptibility.
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