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Abstract

Background: The pathophysiology of idiopathic intracranial hypertension (IIH), a condition
characterized by raised intracranial pressure, is not well understood.

Objectives: We hypothesized that the hypothalamus might exhibit alterations in patients with
IIH, based on its established association with obesity and the potential role of hormonal and
metabolic factors in IIH.

Design: Retrospective single-center cohort study.

Methods: Thirty-three individuals with IIH and 40 matched healthy individuals were studied,
including levels of the hormones and proteins leptin, adiponectin, ghrelin, insulin, growth/
differentiation factor 15 (GDF15), somatostatin, and melatonin. /n vivo high-resolution
T1-weighted magnetic resonance imaging (MRI) data were analyzed by quantification of
hypothalamic volumes using a well-established segmentation method, separate for the
anterior and the posterior hypothalamic subvolumes. An additional analysis was performed
using age, gender, and BMI-matched subgroups of 20 IIH patients and 20 controls.

Results: The analysis of laboratory values showed significantly increased insulin, leptin,

and melatonin levels for IIH patients in comparison to controls, while adiponectin levels
were decreased in [IH; however, only melatonin level differences could be confirmed in the
analysis with BMI matching. There was no statistical difference in total hypothalamus volumes
between IIH and controls, but the hypothalamic morphology was altered in IIH patients with
a lower volume of the anterior part of the hypothalamus and a higher volume of the posterior
part; these results were identical in the analysis of the BMI-matched groups. The correlation
analyses between hormonal changes and hypothalamic morphology did not achieve significant
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incidence appears related to country-specific
prevalences of obesity, mirroring obesity trends.?
Obese young women in reproductive years are
predominantly affected.? ITH is a condition of
unknown etiology;3 multiple hypotheses regard-
ing the pathophysiology of this disorder have
been presented over the last decades, but there is
no consensus.* Although the pathophysiology
and biochemistry of ITH is poorly understood, a
number of factors are currently thought to con-
tribute, including dysregulation of cerebrospinal
fluid (CSF) dynamics, raised venous sinus pres-
sure and in particular, the striking association
with obesity and female gender have implicated
the potential role of hormonal and metabolic
factors.> In addition, there is evidence that
female ITH patients have a unique signature of
androgen excess, in the light of an impact of
androgens on surrogate markers in CSF secre-
tion.% A recent study in 97 female IIH patients
provided evidence that ITH can be regarded as a
disease of systemic metabolic dysregulation with
an insulin- and leptin-resistant phenotype in
excess of that driven by obesity.”

The hypothalamus plays a crucial role within the
complex cortical-subcortical network for the
homeostatic regulation of energy balance and
metabolic control.® Leptin, produced by fat cells
and in the hypothalamus, is involved in the regu-
lation of food intake, and early data have shown
that a dysregulation of leptin is present in female
ITH patients, independent of the body mass index
(BMI).? In addition, somatostatin, an inhibiting
hormone of the hypothalamus within the cascade
of growth hormones, could improve ITH symp-
toms when applied as a synthetic somatostatin-
analogon.!? In the light of this constellation and
the strong association with obesity in the majority
of patients, an involvement of the hypothalamus
in the pathophysiological processes of ITH was
hypothesized. There is currently no information
available on hypothalamic morphology in patients
with ITH. In order to assess the hypothalamic
structure, we performed an exploratory study
with a magnetic resonance imaging (MRI)-based
analysis of hypothalamic volumes, separated for
its anterior and posterior fractions, in a group of
ITH patients and compared it to healthy controls.

Subjects and methods
In this retrospective single-center cohort study
over 10 years, 33 IIH patients and 40 healthy

controls were included in total. Because the dis-
ease is rare, the sample size is limited to patients
who were admitted to our clinic during the study
period and met inclusion criteria. IIH patients
had to fulfill the standard diagnostic criteria
according to Friedman ez al.!! and their adapta-
tion according to Mollan er al.,! that is, papil-
loedema, elevated lumbar puncture pressure
>25cm CSF, normal findings in neurological
examination and CSF constituents and finally,
neuroimaging with normal brain parenchyma and
exclusion of cerebral venous thrombosis.
Exclusion criteria were the coexistence of any
other neurological, metabolic, or infectious dis-
ease or other medical condition. The spectrum of
clinical symptoms included headache and visual
obscuration or blurred vision.! In 14 patients,
onset of symptoms was a few days to weeks before
the MRI, while in 15 patients, the onset of symp-
toms at the time of the MRI was several months
to years ago. In four patients, no reliable data on
symptom onset were available. Patients under-
went MRI scans at enrolment, together with
standardized clinico-neurological and laboratory
examinations. Any abnormality in MRI beyond
those accepted to be associated with IIH! was an
exclusion criterium. Blood was sampled under
fasting conditions from all subjects, and levels of
the following hormones and proteins were quan-
tified from serum by enzyme-linked immuno-
sorbent assay (ELISA) according to standardized
procedures: leptin, adiponectin, ghrelin, insulin,
growth/differentiation factor 15 (GDF15), soma-
tostatin, and melatonin.

Controls were matched for age and gender. Since
ITH is associated with obesity, two age-, gender-,
and BMI-matched subgroups were selected from
the patients and controls, respectively, and were
analyzed separately (Table 1). None of the BMI-
matched controls had any radiological signs of
IIH.

All participants provided written informed con-
sent for the study protocol according to institu-
tional guidelines which had been approved by the
Ethics Committee of Ulm University, Germany
(reference #159/17).

MRl acquisition and analysis

MRI data were acquired at a clinical 1.5T scan-
ner (Siemens Magnetom Symphony) with a
standard headcoil. Morphological data were
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Table 1. Clinical characteristics of patients with idiopathic intracranial hypertension (IIH) and healthy control

subjects.
IH patients (n = 33) Controls, matched for age and p
gender (n = 40)
Gender 27 f/5m 31f/9m n.s.2
Age, year 35 (27-47); 21-76 31.3(25.3-46.9); 20.7-61.4 n.s.b
BMI, kg/m?2 26.6 (24-34.1); 20-47 23.1(21.3-24.8); 18.4-32.3 <0.001®
Medication -

4X topiramate
2% acetazolamid
1X metformin

Lumbar puncture
pressure

Associated symptoms 26X visual impairment
22X headache

20X papilloedema

2X dizziness

28.5(23.0 - 32.6); 14.0 - 70.0

IIH patients Controls, matched for age, gender, p
(n =20) and BMI
(n =20)
Gender 15f/5m 15f/5m n.s.?
Age, year 35.5 (27.8-46); 21.0-76.0 36.4(27.0-45.6); 20.7-61.8 n.s.b
BMI, kg/m?2 25.3 (24.0-26.7); 20.0-32.9 24.7 (23.6- 26.1); 21.6-32.2 n.s.b
Medication - -

4X topiramate
2X acetazolamid
1X metformin

Lumbar puncture
pressure

Associated symptoms 14X visual impairment
14X headache

10X papilloedema

28.0(19.0 - 32.3); 14.0 - 39.0

BMI, body mass index; IIH, idiopathic intracranial hypertension. Values are given in median (interquartile rangel;
minimum-maximum. Statistical interference between groups was analyzed using 2Fisher’s exact test and ®Wilcoxon-

Mann-Whitney U-test.

obtained wusing high-resolution TI1-weighted
magnetization-prepared gradient echo image
(MPRAGE) sequence (192 sagittal slices, no gap,
1mm?3 isovoxel, TE = 43ms, TR = 2500ms).
The Tensor Imaging Fiber Tracking Software pack-
age,!2 including a volumetric extension package,
was used for the landmark-based volumetric anal-
ysis of the hypothalamus for IIH patients and
controls in a three-step processing pipeline, as
previously described.!3:14 First, a rigid brain nor-
malization preserved the amount of hypothalamic

volume. In a second step, spatial up-sampling
into a study-specific grid ensured coronal slicing
in a common space for all subjects by correcting
for individual-based tilt of the head, followed by
manual delineation of the left- and right-hemi-
spheric hypothalamus. The hypothalamus was
manually delineated using an advanced technique
that was based on procedures described by
Gabery er al.’5 and was described in detail previ-
ously.!? This delineation procedure is robust and
achieves a high level of reproducibility, as
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indicated by an intra- and interrater reliability
analysis with a coefficient of variation <4% for
two raters and an intraclass correlation coefficient
between the two raters of r > 0.9.

To divide the hypothalamus into anterior and
posterior part, the criteria reported by Piguet
et al.1% were used, that is, given its structural com-
plexity and functional specificity, the hypothala-
mus was divided into two equal volumes in the
anterior—posterior axis. Intracranial volume as a
covariate was determined with the Freesurfer
image analysis suite (V.6.0.0; http://surfer.nmr.
mgh. harvard.edu/), and all reported volumes,
that is, the total volume and the volumes for the
anterior and posterior hypothalamus, were cor-
rected for intracranial volume.

Statistics

Statistical group comparisons were performed
using Fisher’s exact test or Wilcoxon—Mann—
Whitney U-test with a Bonferroni-corrected sig-
nificance level of p < 0.004. Pearson correlation
was used to examine associations between
hypothalamic volumes, BMI, and serum levels of
leptin, adiponectin, GDF15, and melatonin.
Spearman correlation was used to examine asso-
ciations between hypothalamic volumes, BMI,
and serum levels of ghrelin and insulin. The
effect size of morphological alterations was calcu-
lated as Cohen’s d which can be interpreted as
very small (d = 0.1), small (d = 0.2), medium
(d = 0.5), large (d = 0.8), very large (d = 1.2),
or huge effect (d = 2.0).17

Results

Clinically, the ITH patient group represented a
classical phenotype with a preponderance of
women and a significantly higher BMI than con-
trols. Nineteen patients (68.5%) had an empty
sella in MRI. The analysis of laboratory values
showed significantly increased insulin, leptin,
and melatonin levels for ITH patients in compar-
ison to healthy controls (Table 2), while adi-
ponectin levels were decreased in ITH patients.
However, the comparison of age, gender, and
BMI-matched subgroups only showed a statisti-
cally significantly decreased level of melatonin in
those patients with IIH (Table 2), while the
other hormone levels did not significantly differ
between the age, gender, and BMI-matched
subgroups.

The total hypothalamic volume was similar in ITH
patients and controls as shown in Figure 1(a).
Although there was no significant difference
between those two groups, there was a tendency
toward enlarged hypothalamus volumes in ITH
patients. The anterior hypothalamus was reduced
in volume in ITH patients (vs controls: —10.9%)
with a large effect size of 0.81. In contrast to this
lower volume, the volume of the posterior hypo-
thalamus was significantly higher in IIH patients
(vs controls: +23.5%) with a very large effect size
of 1.40. The comparison of the age, gender, and
BMI-matched subgroups of patients and healthy
controls [Table 2 and Figure 1(b)] confirmed
these findings by also showing a reduction of the
anterior hypothalamus (with a large effect size of
1.1) and an enlarged volume of the posterior
hypothalamus in patients with IIH (with a very
large effect size of 1.41), while the volume of the
total hypothalamus did not differ.

The correlation analyses between hormonal
serum levels and hypothalamic morphology did
not achieve any significant results. There was also
no significant correlation between all of the ana-
lyzed hormone levels and global, anterior, and
posterior hypothalamic volumes. Regarding clini-
cal parameters, there was also no association of
any morphological or hormonal parameter with
BMI, lumbar puncture pressure, age, or gender.
We found no association between medication
with topiramate or metformin (which was taken
in a subsample of the patients) or presence of an
empty sella and hypothalamic volumes as well as
between either BMI, age, and gender. Regarding
disease duration, there were no differences in
hypothalamic volumes between patients with a
short duration of disease and patients with a
longer duration of disease.

Discussion

Since in ITH, increase of BMI often leads to a
substantial disease progression, and on the con-
trary, weight loss is therapeutic, adipose tissue
might be one of the major players in ITH.!81°
However, the role of the hypothalamus, as a
structure which is crucial in the regulation of the
energy balance, has not been investigated in detail
in the pathogenesis of ITH. In this pilot study, we
hypothesized that, in association with ITH, the
morphology of the hypothalamus might exhibit
changes in the assessment by i vivo MRI, based
on the striking association between IIH and
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Table 2. Biochemical characteristics and results of hypothalamic volumetric analysis of patients with idiopathic intracranial
hypertension (IIH) and healthy control subjects.

IlH patients (n = 33) Controls, matched for age and p
gender (n = 40)
Total hypothalamic volume, mm3 915 (791-968); 681-1197 853 (806-905); 744-969 n.s.
Anterior hypothalamic volume, mm?3 451 (382-485); 261-601 480 (452-514); 415-634 0.002
Posterior hypothalamic volume, mm3 453 (400-491); 335-671 373 (344-403); 287-450 <0.00001
Leptin, ng/ml 32 (14-54); 2-102 9 (4-17); 1-39 <0.001
Adiponectin, pg/ml 10 (6-21); 3-69 20 (13-38); 3-79 0.002
Ghrelin, pg/ml 97 (<min-639); <min-3148 359 (36-869); <min-6347 n.s.
Insulin, plU/ml 23 (10-45); <min-97 7 (3-11); <min-35 <0.001
GDF15, pg/ml 249 (161-431); 81-820 203 (130-254); 75-773 n.s.
Melatonin, ng/ml 372 (297-391); 231-613 274 (241-293); 189-367 <0.001
IlH patients (n = 20) Controls, matched for age, p
gender, and BMI (n = 20)

Total hypothalamic volume, mm3 906 (776-966); 681-1197 850 (811-909); 744-966 n.s.
Anterior hypothalamic volume, mm3 439 (368-466); 261-525 489 (462-508); 421-552 0.003
Posterior hypothalamic volume, mm3 466 (393-511); 340-671 370 (344-403); 300-422 <0.001
Leptin, ng/ml 15 (5-34); 2-78 15.5 (5.7-20); 2-34 n.s.
Adiponectin, pg/ml 10 (6-27); 3-69 16 (10-32); 3-76 n.s.
Ghrelin, pg/ml 229 (<min-983); <min-3148 371 (3-581); <min-6348 n.s.
Insulin, ulU/ml 23 (9-53); <min-97 7 (3-12); <min-300 n.s.
GDF15, pg/ml 249 (210-346); 81-689 216 (148-275); 75-773 n.s.
Melatonin, ng/ml 365 (317-396); 249-497 271 (241-289); 131-350 <0.001

BMI, body mass index; GDF15, growth/differentiation factor 15; IIH, idiopathic intracranial hypertension. Values are given in median (interquartile

range); minimum-maximum. Statistical interference between groups was analyzed using Wilcoxon-Mann-Whitney U-test.

obesity and the potential role of hormonal and
metabolic factors in ITH pathophysiology, includ-
ing those regulated via the hypothalamus.

As a novel extension of the metabolic ITH pheno-
type, this study demonstrated the existence of
structural hypothalamic abnormalities. There was
no statistical difference of hypothalamus size
between ITH and non-ITH control individuals with
respect to global volumes; however, we observed a
lower volume of the anterior part of the hypothala-
mus of about 11% in ITH patients with a higher
volume of the posterior part of about 24%. In

order to control for body weight, a comparison
with controls matching not only for age and gen-
der but also for BMI was performed, and con-
firmed these findings by demonstrating a reduction
of the anterior hypothalamus and an enlarged vol-
ume of the posterior hypothalamus in patients
with ITH. It may be safe to conclude that these
morphological alterations of the hypothalamus
structure are a specific finding associated with
ITH, although not presenting as gross volume
changes, and might be regarded as a cerebral
imaging correlate of pathophysiological processes.
Hypothalamic abnormalities have not been

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

THERAPEUTIC ADVANCES in

Chronic Disease Volume 13
(@) ‘ (b) S
1200 | - 1200 -
1100 - ; 1 1100 - 1
1000 - R 1 1000 s E
4‘.. .7.
900 - B : 1 900 e
. » Fen? " te
° N £ N
£ s00 el R0 - - g 800 oie * * 1
= It 5° [ [ = o N f
g 700} . 1 £ 700 f 1
=2 ¢ =2 -
(=] . o
= 600 - - > 600 o 1
; L ch e 0y
500 | ; @ i, 1 500 T :-ﬁ
3 432 - P Caj
Yo g L * .
400r - F‘jﬁ 1 400+ * S 1
e o i - L
300 - = 1 300 - | -~ 1

200 . . . .
patients controls patients controls patients controls

total anterior posterior
hypothalamus hypothalamus hypothalamus

200 . . . . .
patients controls patients controls patients controls

total anterior posterior
hypothalamus hypothalamus hypothalamus

Figure 1. Alterations in patients with idiopathic intracranial hypertension (IIH] in anterior and posterior
hypothalamus volume: (a) comparison of age- and gender-matched patient and control groups and

(b) comparison of age-, gender-, and body mass index-matched patient and control groups.

Box plots showing the following statistical data: median, the interquartile range and possible outliers.

*p < 0.005; **p < 0.00001.

reported yet in the spectrum of ITH-associated
findings: neuroimaging is required to demonstrate
normal brain parenchyma with no evidence of
structural lesions or cerebral venous sinus throm-
bosis for the diagnosis, while a number of neuro-
imaging features suggestive of IIH have been
reported, including empty sella and alterations of
the optic nerve.l:> With respect to the hypothala-
mus, no consistent structural hypothalamic abnor-
malities have been established in association with
obesity in general, although its involvement in the
functional networks of food intake and energy
metabolism is beyond all doubt.2® A multipara-
metric MRI study demonstrated a relation
between BMI and higher proton diffusivity in the
hypothalamus but also not with hypothalamic
total volume.2! On the contrary, in systemic dis-
eases which are associated with substantial meta-
bolic alterations, body weight loss due to
hypermetabolism, and/or reduced food intake has
been demonstrated to be associated with hypotha-
lamic atrophy, for example, in neurodegenerative
diseases like amyotrophic lateral sclerosis!® or
Huntington’s disease?? and in anorexia nervosa.23
In dementia of the frontotemporal lobar degenera-
tion type, a neurodegenerative disease with symp-
toms of eating disorder, it could be demonstrated
by structural neuroimaging that this disease was
associated with atrophy of the hypothalamus
which was related to eating behavior; this atrophy

was more pronounced posteriorly, that is, in a
hypothalamic region containing nuclei that play a
critical role in regulating food intake behavior.16
Other (diffusion-based) neuroimaging studies in
healthy controls demonstrated abnormalities in
the anterior-superior hypothalamic subregion
which contains the paraventricular nucleus which
is suggested to be involved in inhibitory control of
food intake and energy expenditure.?4 In the light
of these studies, the current result of abnormal
hypothalamic morphology with significantly
higher volumes of the posterior hypothalamus
than controls might indicate to be a correlate of
the involvement in the metabolic control dysregu-
lation. Given that the hypothalamus is anatomi-
cally a small, but functionally differentiated area,?>
the smaller volume of the anterior part which is
involved in inhibitory control of food intake and
the larger posterior part which is involved in regu-
lating food intake behavior!6:24 might mirror the
altered functional state with respect to structure.

In our study, the metabolic phenotype of IITH
could be confirmed with respect to altered hor-
mone levels of leptin, adiponectin, melatonin,
and insulin, in accordance with a recent study on
metabolic determinants of the IIH phenotype.”
Hyperinsulinemia, hyperleptinemia, and low lev-
els of adiponectin suggest general metabolic dys-
balance as part of the adipose tissue—insulin
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resistance circle.2¢ However, in the comparison of
subgroups of IIH and controls also matched for
BMI, this result did not hold, and the hormone
levels did not differ any more except from mela-
tonin levels in ITH. As a consequence, these cor-
relations seem to be based on the BMI differences
only and cannot be considered to be an ITH-
specific effect. For melatonin, which (among
other functions) is suggested to normalize the
expression and secretion of leptin and adiponec-
tin, and therefore is thought to have a beneficial
role in insulin resistance and maybe even obe-
sity,27 we observed higher levels in the ITH cohort
including the comparison with BMI matching,
but its role in ITH needs to be further defined.

Taken together, we found morphological altera-
tions of the hypothalamus in IIH. The observed
hypothalamic atrophy could result from tissue
remodeling in response or in compensation to the
important hormonal changes associated to ITH.
Within the metabolic concepts of ITH, it is dis-
cussed that ITH represents a distinct neurological
manifestation of a phenotype with female andro-
gen excess and male androgen deficiency.!8
Indeed, it is possible that altered androgen metab-
olism, as observed in ITH, contributes directly to
hypothalamic atrophy or indirectly through
altered CSF dynamics. In that context, hypog-
onadism in men is associated with structural
hypothalamic defects,?8:2° and it is possible that
the observed altered androgen metabolism in
women with ITHS contributes to the observed
hypothalamic atrophy. Future studies in IIH
should include hormones of androgen metabo-
lism which was, as a limitation, not done in our
study. Our results cannot directly point to a func-
tional role of the hypothalamus in the IIH-obesity
complex, all the more since they do not indicate if
the altered hypothalamic morphology is a primary
or a secondary phenomenon within the develop-
ment of ITH. The morphological changes could
be secondary to raised intracranial pressure or a
consequence of changes occurring in the pituitary
gland, as it is well understood that patients with
IIH frequently have non-specific intracranial
findings associated with raised intracranial pres-
sure. It seems possible that the metabolic changes
are the consequences of a defect in the central
nervous system (CNS), involving remodeling of
hypothalamic networks, similar to what occurs in
neurodegenerative diseases, but further studies
are required.

If a stronger consideration of hypothalamic
involvement in the therapeutic concepts of ITH,
beyond the approaches with the somatostatin
analogon octreotide,3® might be helpful remains
speculative at this stage. It has, however, to be
considered that — although the therapeutic impact
of weight loss in ITH is clear — the optimal strategy
necessary to induce weight loss is not established
and may be patient specific, as a combination of
the existing approaches (lifestyle and behavioral
interventions, bariatric surgery, and novel thera-
pies such as glucagon-like peptide 1 receptor ago-
nists)3! and further components to be developed
in the future.

The findings should be considered in the context
of several limitations. First, the sample size was
relatively small, but ITH is still regarded as a rare
disorder, although it might be underdiagnosed.32
Second, our imaging approach with T1w struc-
tural data and volumetric analysis of the hypo-
thalamus might only be a first indication of
abnormalities, but cannot address its functional
integration in the pathophysiological concepts.
Third, there were no clinical signs of raised intrac-
ranial pressure among the controls according to
medical history and clinical impression and MRI,
but no ophthalmoscopy or lumbar puncture was
performed in the control subjects. Finally, future
studies will have to use correlational analyses with
fluid hormonal markers like leptin, somatostatin,
and hormones of androgen metabolism together
with advanced structural and functional neuroim-
aging techniques which allow for more detailed
differentiation of hypothalamic subunits and tar-
get the hypothalamic connectivity.20,21,23,33,34

In summary, this volumetric analysis of the
hypothalamus in IIH patients demonstrated
structural abnormalities associated with the
ITH-obesity complex, as an extension of the ITH
metabolic phenotype. The mechanism of hypo-
thalamic changes remains to be explored.
Further studies with higher sample sizes and
longitudinal design are necessary to corroborate
these pilot data, but it might be useful to inte-
grate the hypothalamus into human research
activities and preclinical research in ITH3> to
improve our understanding of the underlying
etiology and the mechanistic concepts in driving
disease pathology in this burdening disease with
the target of effective research programs and
well-designed trials in ITH.
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