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Context: The olfactory phenotype in patients with idiopathic hypogonadotropic hypogonadism
(IHH) ranges from complete anosmia (Kallmann syndrome) to normosmia (normosmic IHH). How-
ever, the true prevalence of intermediary olfactory phenotypes (hyposmia) in IHH patients has not
yet been assessed, and systematic correlations with anatomical and genetic abnormalities have not
been reported.

Objective: The objective of this study was to evaluate olfactory function in a large IHH cohort and
correlate these findings with olfactory magnetic resonance imaging (MRI) and underlying genetic
etiology.

Design and Setting: We conducted a cross-sectional case-control study at an academic referral
center.

Patients: A total of 286 IHH patients (201 males and 85 females) and 2183 healthy historic controls
(1011 males and 1172 females) were studied.

Main Outcome Measures: We measured olfactory function using the University of Pennsylvania
Smell Identification Test; in 208 subjects, the genetic etiology of IHH was ascertained by DNA
sequencing; in a minor subset [39 of 286 subjects (13%)], olfactory structures were determined by
MRI.

Results: In the IHH cohort, 31.5% were anosmic, 33.6% were hyposmic, and 34.9% were normos-
mic. Most hyposmic (seven of 11) subjects with MRI data exhibited olfactory structure abnormal-
ities. Of hyposmic subjects, 39.5% harbored mutations in genes involved in either GnRH neuronal
migration or GnRH secretion.

Conclusions: IHH subjects display a broad spectrum of olfactory function, with a significant hy-
posmic phenotype in nearly one third of subjects. The hyposmic subjects harbor mutationsin genes
affecting GnRH neuronal migration and its secretion, suggesting a pathophysiological overlap
between Kallmann syndrome and normosmic IHH. Accurate olfactory phenotyping in IHH subjects
will inform the pathophysiology of this condition and guide genetic testing. (J Clin Endocrinol
Metab 97: E136-E144, 2012)
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ulsatile secretion of GnRH from the hypothalamus ini-
P tiates the release of the two pituitary gonadotropins,
LH and FSH. Idiopathic hypogonadotropic hypogonad-
ism (IHH) is a rare but prismatic human disease that is
characterized by frank hypogonadism with low or inap-
propriately normal gonadotropin levels in the absence of
any anatomic abnormality of their hypothalamo-pitu-
itary-gonadal axis. The pathophysiological defect in these
patients is an isolated defect in GnRH secretion/action,
and the hypothalamo-pituitary-gonadal axis can be re-
stored in most cases by a physiological regimen of exog-
enous GnRH (1).

Kallmann syndrome (KS) refers to the congenital form
of THH that is characteristically associated with anosmia
(absence of sense of smell) (2). This unique pathophysio-
logical association between IHH and impaired olfaction
results from a defect in the shared developmental origins
of both the GnRH and olfactory neurons (3). Both neu-
rons originate from a hitherto undefined stem cell popu-
lation within the embryonic olfactory placode and upon
fate specification, the resulting GnRH neurons migrate on
a structural scaffold provided by the olfactory axons be-
fore entering the central nervous system through the
cribriform plate. Upon entering the central nervous sys-
tem, while the olfactory axons synapse in the olfactory
bulb, the GnRH neurons migrate further to reach the me-
diobasal hypothalamus where they form a functional net-
work to initiate pulsatile GnRH secretion.

Developmental abnormalities in this migratory journey
like those demonstrated with the deletion of the KAL1
gene result in KS (4, 5). Recently, the fibroblast growth
factor (FGF) signaling pathway genes (FGF8 and FGFR1)
(6-8), PROK2 signaling pathway genes (PROK2 and
PROKR2)(9-13),and CHD7 (14) have joined the KAL1
gene as genetic pathways that have an identical neurode-
velopmental function and cause KS in humans. In con-
trast, IHH also occurs in subjects with a normal sense of
smell [normosmic IHH (nIHH)] wherein their GnRH de-
ficiency is secondary to impaired function of genes that
govern the neuroendocrine function of GnRH neurons
(15-20). Intriguingly, mutations in some genes (e.g. FGF8/
FGFR1/PROK2/PROKR2/CHD?7) have an overlapping
function and can be seen in both KS and nIHH subjects (8,
11, 14, 21).

Olfactory function is a unique prism that can be used to
understand the pathophysiological basis of both KS and
nIHH. Previously, quantitative olfactory function testing
and/or detailed radiological evaluation of the olfactory
bulb/tract have been used to assess the olfactory pheno-
typic spectrum in IHH subjects (22-27). Some studies
have also specifically examined the olfactory phenotypes
in genetically well-characterized subjects (13, 22, 28,29).

jcem.endojournals.org E137

In some of these studies, olfactory function was found to
be binary: either anosmic or normosmic, suggesting an
“all-or-none” phenomenon (23, 24). In other studies, a
broader spectrum including an intermediary hyposmic
phenotype (reduced but not complete absence sense of
smell) was recognized (6, 22, 25, 27, 29). However, the
true prevalence of the intermediary hyposmic phenotype
remains unknown. Moreover, many of the above studies
involved small cohorts of IHH subjects, and their full ge-
netic spectrum was not analyzed. Hence, by accurate and
quantifiable olfactory phenotyping of a large cohort of
IHH subjects and by relating olfactory function with an-
atomic studies of the olfactory system by magnetic reso-
nance imaging (MRI) and with the underlying genetic eti-
ologies, the pathophysiological role of the genes/pathways
that underlie GnRH neuronal ontogeny can be ascer-
tained. Therefore, by using a standardized and well-vali-
dated 40-item University of Pennsylvania Smell Identifi-
cation Test (UPSIT) (30), this study determined: 1) the
spectrum of olfactory function in a large cohort of IHH
subjects; 2) the correlation between these abnormalities
with high resolution MRI in a subset; and 3) the genetic
etiology across the full spectrum of olfactory function.

Patients and Methods

Patient population

The IHH population was comprised of 286 consented sub-
jects (201 males and 85 females; age range, 18—54 yr) studied at
the Reproductive Endocrine Unit of Massachusetts General Hos-
pital (Boston, MA). Ciriteria for diagnosis of IHH included: 1)
current age of at least 18 yr; 2) clinical signs or symptoms of
hypogonadism; 3) in men, serum testosterone levels below 100
ng/dl; and in women, primary amenorrhea and estradiol levels
below 20 pg/ml in the presence of low or normal gonadotropins;
4) otherwise normal biochemical tests of anterior pituitary func-
tion and ferritin concentrations; and 5) normal imaging (MRI or
computed tomography scan) of the hypothalamic and pituitary
area. Patients were compared with an age- and gender-matched
control population (2183 subjects; 1011 males and 1172 fe-
males) comprised of healthy subjects who had previously been
administered the 40-item UPSIT test at the Smell and Taste Cen-
ter of the University of Pennsylvania (30). Data from this pop-
ulation forms the basis of the UPSIT normative ranges that are
used in the assessment and classification of olfactory function as
described in the UPSIT manual (31).

Olfactory function assessment

Before quantitative smell test evaluation, all IHH subjects
were asked to self-report their own olfactory function as good,
reduced, or no sense of smell. Subjects were asked to refrain from
performing the test if they had an acute nasal infection. The
olfactory function of both the IHH cohort and the age- and
gender-matched controls was then evaluated using the 40-item
UPSIT smell identification test. Subjects in the IHH cohort were
administered the UPSIT between the years 1995 and 2010,
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whereas the control groups consisted of historic controls used to
validate the UPSIT. The UPSIT is a microencapsulated odor
“scratch and sniff” test that is extensively validated, easy to use,
and a highly reproducible test of olfactory function that corre-
lates highly with other olfactory tests including odor detection
thresholds (30). Each subject’s UPSIT score was then interpreted
using the age- and sex-related normative classification system
described in the UPSIT manual: anosmia (scores =18 for both
sexes); hyposmia (scores of 19-33 for males and 19-34 for fe-
males); or normosmia (scores of 34—40 for males and 35-40 for
females) (31). Because smoking history was not uniformly ob-
tained in all subjects, both current and ex-smokers were included
in the analysis. Olfactory function of the IHH subjects was com-
pared with the age- and gender-matched cohort of normative
subjects using raw UPSIT scores and percentiles. To control for
cross-cultural variation of smell identification, every 40-item
UPSIT was rescored using the 12-item cross-cultural test (30).
When the 12- and 40-item scores were discordant, individual
medical records were reexamined, and subjects with potential
cultural bias were excluded before inclusion into the study. Of
the 286 THH subjects, a subset of 39 subjects had detailed MRI
of their brain that allowed optimal evaluation of the olfactory
system as described previously (32). The presence of at least one
of the following abnormalities in the neuroradiology report was
considered as abnormal olfactory structural development: 1) ab-
sent or hypoplastic olfactory bulbs; 2) absent or hypoplastic ol-
factory sulci; or 3) absent or hypoplastic olfactory tracts.

Genetic analysis

In 208 of the 286 participating IHH subjects, using genomic
DNA, the exonic and proximal intronic (at least 15 bp from
splice sites) DNA sequences of 12 genes implicated in the etiology
of isolated GnRH deficiency were amplified by PCR and deter-
mined by direct sequencing as described previously (33). These
genesare KAL1 (anosmin-1, MIM:308700), GNRH1 (GnRH 1,
MIM: 152760), GNRHR (GnRH receptor, MIM: 138850),
KISS1 (KISS-1 metastin, MIM: 603286), KISS1R (KISS1 recep-
tor, MIM: 604161), NELF (nasal embryonic LHRH factor,
MIM: 608137), FGF8 (fibroblast growth factor 8, MIM:
600483), FGFR1 (FGF receptor 1, MIM: 136350), PROK2
(prokineticin 2, MIM: 607002), PROKR2 (prokineticin recep-
tor 2, MIM: 607212), TAC3 (tachykinin 3, MIM: 162330), and
TAC3R (tachykinin receptor 3, MIM: 162332). All sequence
variations were found on both DNA strands and were confirmed
in a separate PCR. The significance of each rare sequence variant
(minor allele frequency <1% in control population) was ascer-
tained either based on previously published iz vitro functional
studies (7, 8,11, 17, 33-36) or, if no functional study existed for
a specific gene (e.g. KAL1), in silico prediction methods (Poly-
Phen-2 and SIFT) were used to assess functionality as described
previously (33). Only functionally detrimental variants (includ-
ing splice variants) confirmed in either iz vitro functional studies
or in both in silico methods were included in the analysis. The
genetic results of some of the patients in this study have been
reported previously (33), whereas sequencing of the additional
genes not reported previously were specifically performed for
this study in these subjects.

Statistical analysis
A x> test was used to determine statistical significance of
comparisons with P values < 0.05 considered to be significant.
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Results

IHH subjects exhibit a bimodal spectrum of
olfactory deficits including a previously
underappreciated intermediary hyposmic
phenotype

Both male and female IHH subjects showed a bimodal
spectrum of distribution of their 40-item UPSIT scores,
whereas the control population showed a unimodal score
distribution, skewed heavily toward normosmia (Fig. 1, A
and B). IHH patients were found to differ significantly in
their olfactory function when compared with the control
population [anosmia, 90 of 286 (31.5%) vs. 11 of 2183
(0.5%) subjects; hyposmia, 96 of 286 (33.6%) vs. 234 of
2183 (10.7%) subjects; and normosmia, 100 0f 286 (34.9%)
vs. 1938 0£ 2183 (88.8 %) subjects; P < 0.01; data are shown
as IHH vs. control subjects, respectively] (Fig. 1, C and D).

Anosmic and hyposmic subjects display
neuroanatomical abnormalities of the olfactory
structures

Of the 39 patients in whom MRI of the olfactory system
were available, 14 were anosmic, 11 were hyposmic, and
14 were normosmic. All anosmic subjects showed one or
more abnormalities in their olfactory structures, and seven
of 11 hyposmic subjects showed at least one abnormality
in their olfactory structures. Of the normosmic subjects,
13 of 14 had completely normal structures, whereas one
normosmic subject showed a hypoplastic left olfactory
bulb. These results are summarized in Table 1.

Self-reported olfactory assessment grossly
underestimates the true olfactory deficit in IHH
subjects

Of the 286 THH subjects, 285 subjects made self-
assessments of their olfactory function before taking the
40-item UPSIT. Of these, 48 0f 285 (16.8 %) reported hav-
ing no sense of smell, 87 0f 285 (30.5%) claimed a reduced
sense of smell, and 150 of 285 (52.7%) reported a good
sense of smell (Fig. 2A). Of the 48 subjects that reported
to have no smell, all tested as anosmic on the 40-item
UPSIT (Fig. 2B). Of the subjects who reported to have
some preserved sense of smell on their self-assessments
(i.e. good or reduced smell), 43 of 237 (18.1%) were ac-
tually anosmic, 93 of 237 (39.2%) were hyposmic, and
101 of 237 (42.7%) proved to be normosmic (Fig. 2C).

Olfactory percentile scores: majority of IHH
subjects show olfactory deficit

Age- and gender-adjusted percentile values derived from
normative control data (30) showed that the olfactory func-
tion of IHH subjects was significantly skewed toward the
lower centile ranges (47.6% =S5th centile; 45.1% > 5th <
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FIG. 1. UPSIT scores in IHH and control subjects. A, The distribution of raw UPSIT scores of male subjects (IHH and controls); B, distribution of raw
UPSIT scores of female subjects (IHH and controls); C, UPSIT ratings of all IHH subjects (males and females); D, UPSIT ratings of all control subjects

(males and females).

50th centile; 7.3% > 50th centile) compared with the age-
and sex-matched normal population, whose data were used
to define the expected normal centiles (Fig. 3).

IHH subjects show overlap of genetic defects
across the entire olfactory spectrum

Of the 208 subjects tested for mutations in 12 genes,
rare protein-altering variants in a single gene (mono-

TABLE 1. UPSIT ratings stratified by MRI appearances
of olfactory structures

Anosmia Hyposmia Normosmia
UPSIT rating n=14) (m=1) (n = 14)
No. of subjects with 14 7 1 (hypoplastic
one or more left bulb)
olfactory
structure
abnormalities
No. of subjects with 0 4 13

normal olfactory
bulbs and sulci

genic variants) were found in 30.3% of the patients
tested. Of the monogenic variants, 82.5% were heterozy-
gous (monoallelic), and 17.5 % were homozygous or com-
pound heterozygous (biallelic, including KAL1 hemizy-
gous patients). Oligogenic changes (mutations in two or
more genes) were seen in 5.8%, whereas the remaining
63.9% did not harbor mutations in any of the 12 genes
tested. Rare sequence variants were found in comparable
frequencies across the olfactory function spectrum (anos-
mic subjects, 26.5%; hyposmic subjects, 39.5 %; normos-
mic subjects, 37.3%; P = 0.25). The olfactory phenotypes
of the patients harboring monogenic and oligogenic mu-
tations are shown in Fig. 4.

Genetic mutations and their olfactory phenotypes
The olfactory phenotypes of subjects with genetic mu-
tations are shown in Table 2. Two male subjects with
hemizygous KAL1 variants were anosmic, whereas one
female IHH subject harboring a heterozygous KAL1 mu-
tation was hyposmic (UPSIT score, 32/50; 6th centile for
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age). All PROKR2 variants in this study were monoallelic
and were associated with normosmia and anosmia as pre-
viously published (13, 37). In the FGF signaling pathway,
two subjects with monoallelic FGF8 variants were both
hyposmic, whereas monoallelic FGFR1 variants were seen
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FIG. 3. IHH centile-derived data as mapped vs. age- and gender-
matched normative population. Histogram showing percentage of all
IHH subjects (black bars) lying within respective age- and gender-
matched centiles of olfactory function (centile values calculated from
Ref. 30). The percentage of control subjects lying within each defined
centile range is shown by the red dotted line.

across the full olfactory function spectrum. Biallelic
FGFR1 variants were associated with hyposmia and nor-
mosmia. All GNRH1 and TACR3 variants were mono-
allelic, and all of them exhibited normosmia. In contrast,
monoallelicand biallelic mutationsin GNRHR and TAC3
were associated with normosmia and hyposmia (Table 2).
All KISS1 and KISS1R variants were monoallelic and were
associated with both hyposmia and normosmia. Hypos-
mia was seen in subjects with monogenic variants in al-
most all genes studied (KAL1, FGFR1, FGF8, GNRHR,
TAC3,KISS1,and KISS1R). The gene-gene interactions in
the oligogenic group are shown in Fig. 4. No subjects with
monogenic PROK2 or NELF variants were seen in this
study.

Discussion

Although some studies in IHH subjects have documented
a broad spectrum of olfactory deficits including interme-
diary hyposmic phenotypes (6,22,25,27,29), a few stud-
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FIG. 4. Olfactory phenotype of IHH subjects harboring monogenic and oligogenic mutations.
Number of IHH subjects with protein altering mutations in each gene are shown with their
respective olfactory function as determined by UPSIT (anosmic, red; hyposmic, yellow;
normosmic, green). The genes are arranged on the x-axis and are divided using vertical dotted
lines to represent genes previously linked only to KS (KAL1, NELF); genes previously linked to
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subjects with oligogenic changes and the individual genes with protein-altering variants found
within each olfactory phenotype.

ies have supported a binary olfactory phenotype [anosmia
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mediary hyposmic phenotype. This sur-
prising finding suggests either that
these patients harbor a oliogogenic
“second hit” (33) that contributes to
the hyposmia or that neuroendocrine
genes may have hitherto unrecognized
neurodevelopmental roles in addition to
their known roles in regulating GnRH
secretion.

Traditionally, KS and nIHH have
been considered to be distinct clinical
entities, with KS subjects representing a
neurodevelopmental phenotype with a
primary defect in GnRH neuronal mi-
gration, whereas nIHH subjects repre-
sent a pure neuroendocrine defect in
GnRH secretion/action. Indeed, most
genes identified in subjects with KS
have been shown to play a predominant
GnRH migratory role (KAL1, NELF,
PROK2/PROKR2, FGFS/FGFRI1) (38),
whereas genes identified in nTHH sub-
jects have been shown to primarily

(KS) or normosmia (nIHH)], with a bimodal distribution
of smell test scores (23, 24). The current study confirms a
bimodal distribution of UPSIT scores in IHH subjects but,
in addition, confirms a broader spectrum of olfactory def-
icits and reveals a higher prevalence of intermediary hy-
posmic phenotype than previously appreciated. Nearly
one third of IHH subjects were hyposmic, and of the hy-
posmic subjects in whom olfactory MRI was available,
seven of 11 subjects demonstrated abnormal olfactory
structures, confirming a GnRH/olfactory neurodevelop-
mental basis for their smell defect. Mutations in most
genes, including genes previously thought to primarily
regulate GnRH secretion, were associated with the inter-

affect neuroendocrine regulation of GnRH secretion/ac-
tion (GNRH1, GNRHR, TAC3, TACR3, KISS1R) (17,
18, 20, 34). However, over the last decade, mutations in
genessuchas FGFR1, FGF8, PROK2,and PROKR2 have
been shown to be associated with both KS and nTHH sub-
jects (11, 13, 21), suggesting that the pathophysiological
basis of KS and nIHH may indeed overlap. The hyposmic
subjects in this study harbored mutations in both KS- and
nIHH-related genes. This observation strongly supports a
shared pathophysiological basis between KS and nIHH
phenotypes. This notion is further supported by the ob-
servation in this study that when the UPSIT scores in IHH
subjects are expressed in age- and gender-adjusted cen-

TABLE 2. Olfactory phenotype of monoallelic and biallelic genetic mutations in a single gene (monogenic changes)

Olfactory phenotype (no. of subjects)

Genes?®

Subjects with monoallelic mutations

Subjects with biallelic mutations

KALT (n = 3; 1.4%)
PROKR2 (n = 9; 4.3%)
FGF8 (n = 2; 1%)
FGFR1 (n = 27; 13%)

Hyposmic (1)°
Anosmic (2), normosmic (7)
Hyposmic (2)

GNRHR (n = 7; 3.4%) Hyposmic (2), normosmic (1)
GNRHT (n = 2; 1%) Normosmic (2)

TAC3 (n = 2; 1%) Normosmic (1)

TACR3 (n = 7; 3.4%) Normosmic (7)

KISST (n = 2; 1%) Hyposmic (2)

KISSTR (n = 2; 1%) Hyposmic (1), normosmic (1)

Anosmic (5), hyposmic (14), normosmic (4)

Anosmic (2)°

Hyposmic (2), normosmic (2)
Hyposmic (1), normosmic (3)

Hyposmic (1)

2 No mutations in PROK2 or NELF were seen in this study.
5 Monoallelic female subject.
€ Hemizygous KALT changes.
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tiles, the centile ranges of olfactory function in the entire
IHH cohort were significantly skewed toward the lowest
centiles, hinting that olfactory defects may indeed exist in
a large majority of these subjects (Fig. 3). This observation
also suggests that compared with a simple UPSIT score-
based olfactory function assessment, a centile-based eval-
uation of olfactory function may offer higher statistical
certitude for classification of olfactory function and can
identify subtle olfactory dysfunction in THH subjects.
These observations are also in keeping with a previous
report by Hudson et al. (24), who showed that the olfac-
tory function scores of apparently normosmic subjects lay
within the lower end of the normal ranges for control
subjects, arguing for a subtle olfactory abnormality within
this subset. Likewise, Vogl et al. (26) also demonstrated
that a small percentage of apparently nTHH subjects had
abnormal olfactory bulbs and their smell tests were in the
lower range of the normal distribution.

The presence of a hyposmic phenotype in subjects har-
boring mutations in the KAL1/PROK2/FGF signaling
pathway is not unexpected, given their known effects on
GnRH neuronal migration. However, the precise mecha-
nism(s) of hyposmia occurring in subjects carrying muta-
tions in nIHH-associated genes in this study (GNRHR,
KI8S1, KISS1R, and TAC3) remains unclear. It is possible
that these hyposmic subjects may harbor additional un-
identified neurodevelopmental gene mutations that confer
the impaired olfactory phenotype. Alternatively, it is pos-
sible that a hyposmic UPSIT test per se may not necessarily
indicate an underlying neurodevelopmental defect and
that hyposmia may be related to local nasal factors. How-
ever, subjects with active nasal infection were asked to
refrain from testing, and in those hyposmic subjects on
whom we obtained additional olfactory assessment with
MRI, the majority (seven of 11) showed neuroanatomical
abnormalities in the olfactory system arguing for an in-
trinsic neurodevelopmental abnormality. Similarly, in a
recent study (27), olfactory structural abnormalities were
present in KS subjects who were hyposmic (by UPSIT),
confirming that hyposmia per se is indicative of a patho-
physiological defect in GnRH neuronal migration. Fi-
nally, it can be hypothesized that the nITHH-related neu-
roendocrine genes may directly impair olfactory function.
However, studies of murine knockouts of these genes have
not revealed any gross olfactory defects in these animals.
So far, quantitative olfactory function has not been re-
ported in these knockout animals. Of the hyposmic sub-
jects who harbored mutation in the nTHH-related genes,
only a minority (two of seven subjects) carried biallelic
changes (one each in GNRHR and TAC3) (Table 2). Al-
though it is intriguing that hyposmia was seen in these two
subjects, a direct neurodevelopmental role for these genes
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cannot be implied unless more subjects with biallelic
changes in the nIHH-related genes are shown to have im-
paired olfactory function. Taken together, oligogenicity is
the most plausible reason for the hyposmic phenotype seen
in IHH subjects harboring nIHH-gene mutations, and any
direct neurodevelopmental role for the nIHH-related
genes requires further evaluation.

Most clinicians frequently rely on patients’ self-assess-
ment to determine whether an THH subject has KS or
nIHH. In the current study, self-assessment is shown to be
an inaccurate measure of olfactory function because
nearly 50% of subjects who self-reported to have some
preserved sense of smell were found to be either anosmic
or hyposmic upon formal UPSIT evaluation. In contrast,
when GnRH-deficient subjects self-reported no sense of
smell, a subsequent 40-item UPSIT was uniformly abnor-
mal (UPSIT score =18). Thus, a self-report of anosmia is
a reliable estimate of olfactory function, but in those IHH
subjects reporting preserved sense of smell, a standardized
method for assessing olfactory function should be admin-
istered for accurate olfactory phenotypic ascertainment.
Similar lack of accuracy of self-reported olfaction has been
shown in other clinical syndromes (39) as well as in the
normal population (40).

In the last two decades, our understanding of the mo-
lecular basis of THH has been greatly advanced by genetic
studies in THH subjects. However, with the increasing
number of genes linked to IHH, targeted genetic testing
will be needed to minimize cost and improve efficiency. It
is already known that nonreproductive phenotyping of
IHH subjects can guide appropriate genetic testing (e.g.
renal agenesis and KALT gene screening) (38). Likewise,
the findings in this study indicate that accurate olfactory
phenotyping may also guide targeted genetic screening in
IHH subjects. Specifically, in subjects with either self-
reported anosmia or anosmia by UPSIT, genetic screening
can be targeted primarily to traditional neurodevelopmen-
tal genes. However, in both hyposmic and normosmic sub-
jects, a more comprehensive genetic screening will be re-
quired. The presence of nIHH-related genes in hyposmic
subjects indicates that more neurodevelopmental genes re-
main to be discovered, and given that oligogenicity is
highly likely in these subjects, appropriate genetic coun-
seling will also be required for such subjects.

A few limitations of this study need to be considered.
The 40-item UPSIT is an odor identification test and does
not test olfactory threshold. However, the 40-item UPSIT
is highly correlated with traditional odor detection thresh-
old tests and hence reflects the true olfactory ability (30).
The olfactory function of the control subjects in this study
was obtained from UPSIT tests done several years ago, and
hence subtle changes in UPSIT odors and their recognition
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may have changed since that time. For example, some
persons today are unfamiliar with previously used odors
such as turpentine or motor oil. However, even if such
effects entered into the present data, our finding of a siz-
able hyposmic group would not be negated given the num-
ber and distribution of the involved cases. High-resolution
MRI images of the olfactory bulbs and tracts were only
available in a limited subset of the IHH cohort. Nonethe-
less, in the limited number of MRI images that were avail-
able, the presence of olfactory abnormalities in the hypos-
mic subjects confirmed the neuroanatomical defect in
these subjects. Mutations in the gene CHD7 have recently
been implicated in IHH and are a relatively common genetic
cause of IHH (14). However, this gene was not sequenced in
this study due to high sequencing costs given its large size.
Because CHD7 is thought to play a key neurodevelopmental
role in olfactory/GnRH neuronal development (14), the clin-
ical spectrum olfactory phenotypes of subjects with CHD7
mutations will certainly need evaluation in future studies.
Finally, the genetic etiology of nearly 60% of IHH subjects
is still unknown, and hence an oligogenic interaction
may partly or fully explain the genetic findings seen in
the hyposmic subjects. With the falling sequencing
costs, future studies will be able to address the role of
oligogenicity on the various olfactory phenotypes.

In summary, this study demonstrates that olfactory
function in IHH subjects encompasses a broad spectrum
ranging from anosmia to normosmia with a significant
intermediary hyposmic phenotype. Hyposmic subjects
display olfactory structural abnormalities and harbor mu-
tations in both neurodevelopmental and neuroendocrine
genes, suggesting a pathophysiological overlap between
the KS and nIHH phenotypes. Correlation of olfactory
function with the genetic etiology in subjects with isolated
GnRH deficiency will improve our understanding of the
GnRH neuronal ontogeny and potentially guide targeted
genetic testing in this condition.
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