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1. Introduction

1.1 Metabolic syndrome and olfactory dysfunction

Both metabolic syndrome (MetS) and olfactory dysfunction are highly prevalent
disorders. MetS, a clustering of metabolic components, including abdominal obesity,
elevated glucose and blood pressure levels, as well as dyslipidemia (i.e. low high-
density lipoprotein cholesterol [HDL-C] and hypertriglyceridemia), is a major public
health burden worldwide." Olfactory dysfunction, defined as an absent or reduced sense
of smell, could affect up to one-fourth of the general population.?

In the past decades, several individual components of MetS, i.e. obesity, hypertension,
and hyperglycemia, have been found to be associated with olfactory dysfunction.®*
Consequently, it has been suggested that metabolic disturbance could perturb olfactory
physiology and function. A link between olfaction and metabolic status and circulating
endocrine molecules is corroborated by a wide range of animal studies.>® However, the
association between MetS, as a group of several metabolic disorders, and olfactory
dysfunction has only been evaluated recently in the general human population: Two
studies based on data from the Korean national survey demonstrated that individuals
with MetS more frequently reported olfactory dysfunction compared to those without
MetS.*'® Olfactory dysfunction is an often neglected condition, and less than a quarter of
individuals with smell dysfunction are aware of the impairment until formally tested."’
Therefore, olfactory self-assessment is not a reliable measure to assess olfactory
function compared to objective psychophysical tests.’ To date, it remains unclear how
objectively assessed olfactory function is associated with MetS in the general

population.

1.2 Olfactory function and metabolic syndrome: their link to the brain

Olfactory dysfunction and MetS have both been closely linked with loss of brain function
and neurodegeneration. Accumulating evidence suggests that olfactory impairment is a
prodromal symptom of many neurological and neurodegenerative disorders, including



Alzheimer’s disease and Parkinson’s disease.'"™'* It has also been proposed as a
preclinical marker for cognitive impairment and a predictor of cognitive decline.”™"®
Similarly, an increased risk of cognitive impairment and dementia was observed in
participants with MetS and its components in both cross-sectional and longitudinal
studies.'®? Moreover, insulin resistance, as the central physiopathogenesis of MetS,%
predicted a worse cognitive performance later in life.'>?' Although the fact that metabolic
syndrome and olfactory function are associated with brain function is therefore well

established, the structural basis of these associations is not clear.

Normal olfaction requires a functional olfactory pathway involving several brain
structures.?* The odorants are first detected by the olfactory sensory neurons in the
upper nasal cavity and transduced into action potentials.?® The information from the
activated neurons is then transmitted along the axons to the olfactory bulb, and further
directed to the primary olfactory cortex, which mainly consists of the olfactory tubercle,
piriform cortex, entorhinal cortex, amygdala, and parahippocampus. From the primary
olfactory cortex, the signals project further to several brain regions, including
hippocampus, insula and orbitofrontal cortex.?* The latter is also called secondary
olfactory cortex.

A non-invasive and reliable assessment of brain olfactory structures in humans has
become possible with the development of magnetic resonance imaging (MRI). However,
to date, there is still limited evidence on the relation between olfactory function and its
neuroanatomical correlates. The few studies that reported on the relation between were
mostly small-scale studies, enrolling patients with olfactory disorders, such as chronic
rhinosinusitis, parosmia, anosmia or congenital olfactory impairment.?®*° They reported
that patients with impaired olfactory function had reduced volumes of several odor-
related brain structures, especially olfactory bulb and orbitofrontal cortex, compared to
healthy controls. A few clinic-based studies in healthy volunteers, also reported a
positive correlation of the volumes of olfactory bulb and orbitofrontal cortex with olfactory
function.®™* A recent population-based study found additional brain structures, notably
smaller volumes of entorhinal cortex, hippocampus, as well as several other mesial

temporal lobe structures, to be related with impaired olfaction.'® However, this study only



included 380 dementia-free elderly with a mean age of 78 years. Therefore, it is

unknown if this relationship is present in younger populations.

Compared to olfactory function, the link of MetS with brain structure has received more

attention in the literature. A number of studies have examined the effects of individual

components of MetS on brain structures (see Table 1.1), and showed that indicators of

worse metabolic status were associated with smaller total brain volume (TBV) and global

and several regional gray matter volumes (GMV), while mixed results were found for the

association with white matter volume (WMV).

Table 1.1 Summary of effects of MetS components on brain structures

o0 a Glucose Increased blood - .
(Central) Obesity disturbance pressure Dyslipidemia
TBV TBV| % TBV ™ BV *'* HDL-Ct TBV1*
38,46,47
WMV WMV, 9 or o YRR O WMV— HDL-C1 WMV—®"
Gwvv
-global GM\V/334552 GMV | 37:38:4753.54 GMV | # TCt GMV|%
mean cortical LDL-Ct GMV°®
thickness | HDL-C1 cortical
thickness|®’
- regional gpre)frontall (pre)frontal | *">* (pre)frontal | **®3%*  HDL-C?

6,44,45,52,58,59

temporal | *>>°
insula °%°°
amygdala | °®*°
cingulate | *>%®

parahippocampus,
hippocampus or
medial temporal
lobe—** or |

44,45,52,58,60

temporal |*"4°
cingulate | *"**

no difference, or
smaller volumes of
parahippocampus,
hippocampus or

medial temporal lobe
48 47,55,61,62
—or |

parahippocampus,
hippocampus or
medial temporal
Iobe—>41’62 or l46,60-62

parahippocampus
and temporal
cortext®’

HDL-C1
hippocampus —
or 13

51,65

Abbreviation: TBV, total brain volume; WMV, white matter volume; GMV, gray matter volume;
HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; LDL-C, low-density lipoprotein
cholesterol.
@ (Central) obesity were assessed by waist circumference, waist-to-hip ratio or body mass index.
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Given that metabolic disturbances co-occur frequently, considering MetS as a complex
entity may be essential to gaining a better understanding of its effects on brain
structures. MetS and insulin resistance have been linked with brain structural changes in
MRI studies. However, most of these studies were conducted with patients in a clinical
setting and focused primarily on cerebral micro- or macro-vascular changes, i.e. white
matter hyperintensities, lacunes, or stroke.®®®® Hence, the number of studies assessing
brain morphology in relation to MetS and insulin resistance in the general population is
limited. In addition, most of such studies either included only one or two MRI global
indices of brain structures such as TBV, GMV, WMV, ventricular fraction, and brain

parenchymal fraction,**%%""

or showed an exclusive interest in the medial temporal lobe,
especially the hippocampus.®®®’ To date, a few cohort studies used voxel-wise
morphometry and found that higher insulin resistance or having MetS was associated
with either less GMV or progressive gray matter atrophy in several brain regions,
especially middle and superior temporal cortices.””’* However, those studies were
performed in relatively small groups of individuals, usually confined to a restricted age
range. Therefore, there is a knowledge gap on the specific regional brain structural
alterations in MetS and insulin resistance in the general adult population. Furthermore, it
is still unclear whether and to what extent insulin resistance, as a central feature of

MetS,%® underlies the effects of MetS on brain structure.

1.3 Insulin: linking metabolic syndrome with olfactory dysfunction

MetS has been linked to olfactory dysfunction, yet the underlying mechanisms remain
unclear. Given that insulin is involved in both olfaction and MetS, the question arises as
to whether insulin and its pathological condition, insulin resistance, could offer a
potential explanation. In the following, | will first introduce insulin and its major peripheral
metabolic functions, and then focus on central insulin and discuss its link to olfactory
function and MetS.

Insulin, a peptide produced by B-cells of the pancreas, is a major anabolic hormone
regulating the homeostasis of carbohydrates, lipids and proteins. It facilitates glucose

uptake, while inhibiting gluconeogenesis and glycogenolysis in the liver and skeletal
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muscle.” In adipocytes, insulin promotes the uptake of triglyceride from the blood,
stimulates the synthesis of fatty acid and triglyceride, and suppresses the rate of
lipolysis. It also regulates protein metabolism by increasing the amino acid uptake and
protein synthesis.76 Therefore, impaired function of the insulin under insulin-resistant

” vascular

condition, could induce hyperglycemia and subsequent hyperinsulinaemia,’
disturbance,”®"® dyslipidemia and ectopic lipid deposition,®® and a chronic inflammatory

state,®' thereby contributing to the development of MetS.

The central function of insulin has been recognized only since the ninety seventies and
has not yet been fully characterized.®? The brain is an insulin-sensitive organ. Peripheral
insulin, as the main source of central insulin, crosses the blood-brain barrier via a
saturable transport system - the brain insulin receptor.83 Brain insulin receptors are
widely, though unevenly distributed in the brain, and are mainly located in regions along

the olfactory pathway.?8°

The spatial overlap between insulin receptors and brain olfactory structures suggested a
link between central insulin and olfaction. Subsequent studies found that the delivery of
insulin after intranasal administration follows the olfactory nerves to the olfactory bulb,
and accumulates in the brain.®®®’ In animal studies, it was found that central insulin
signaling decreased odorant-induced electro-physiological activity in olfactory sensory
neurons and modulated the ion channels in the olfactory bulb.”®® Several studies in
humans likewise found an impaired olfactory sensitivity after peripheral or intranasal

insulin administration.®%%°

Brain insulin plays a pivotal role in the maintenance of metabolic homeostasis. The
insulin receptor signaling in the hypothalamus regulates the peripheral metabolic
homeostasis by suppressing hepatic glucose production,®’ promoting adipose tissue
expansion,”? and reducing appetite.®> Brain insulin resistance, which is usually
manifested in MetS as a reduced level of insulin receptor binding and impaired

responsiveness to insulin stimulation,?*%°

impairs this homeostasis regulation and
contributes to energy deficiency, adipose redistribution and impaired control of food
intake. The resulting deteriorated peripheral metabolic condition will further impact

insulin transport to the central nervous system.?®®” Moreover, impaired glucose
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metabolism and reduced adenosine triphosphate (ATP) production under insulin
resistance adversely affect all ATP-dependent processes in the brain, including cellular
homeostasis, membrane permeability, synaptic maintenance and remodeling,*® and thus

potentially influence olfactory function.

Therefore, | hypothesized that MetS, and in particular insulin resistance, could lead to
olfactory dysfunction, possibly through an effect on olfaction-related brain structures.

1.4 The Rhineland Study

The Rhineland study is an ongoing community-based prospective cohort that started
recruitment in March 2016. It enrolls participants aged 30 years and above at baseline
from two geographically defined areas in Bonn, Germany.® Ethical approval of the study
was obtained from the ethics committee of the University of Bonn, Medical Faculty. The
study is carried out in accordance with the recommendations of the International
Conference on Harmonisation Good Clinical Practice (ICH-GCP) standards. Written
informed consent is obtained from each participant in accordance with the Declaration of
Helsinki.

All participants enrolled in the study undergo a comprehensive protocol including
extensive structural and functional brain imaging, detailed metabolic assessments, as
well as olfactory function testing. This allows for the investigation of the relations
between MetS, olfactory function and brain morphology.

Brain imaging

The MRI scans are collected on 3T Siemens MAGNETOM Prisma MRI scanners
(Siemens Healthcare, Erlangen, Germany) equipped with a 80 mT/m gradient system
and a 64-channel head-neck coil.

The standardized acquisition protocol includes a three-dimensional T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) sequence (acquisition time =
6.5 min, repetition time = 2560 ms, inversion time = 1100 ms, flip angle = 7°, field of
view = 256x256 mm, voxel size = 0.8x0.8x0.8 mm?, 224 sagittal slices), '°>'*' and a T2-
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weighted sequence using a sampling perfection with application-optimized contrasts by
using flip angle evolution (SPACE, repetition time = 2800 ms, echo time = 405 ms, field
of view = 256x256 mm, voxel size = 0.8x0.8x0.8 mm?>).

Cortical reconstruction and volumetric segmentation are performed on T1-weighted

images using FreeSurfer version 6.0 (http://surfer.nmr.mgh.harvard.edu/). The volumes

of subfields of the hippocampus are obtained using a separate processing pipeline
implemented in FreeSurfer based on both T1- and T2-weighted scans."*

Assessment of metabolic status

Blood samples are collected after an at least 8-hour fast. Fasting serum insulin (FSI),
triglyceride and HDL-C are measured using standard protocol in the central lab of
University Hospital of Bonn. Fasting plasma glucose (FPG) concentration is measured
on the Nightingale platform (Nightingale Health, Helsinki, Finland)."”® Homeostatic
assessment of insulin resistance (HOMA-IR) is calculated on the basis of fasting values
of glucose and insulin as HOMA-IR = fasting glucose in mmol/L x fasting insulin in mIU/L
/ 22.5.1%* Waist circumference is measured in underwear with a flexible anthropometric
tape (SECA 201) to the nearest millimeter at the midpoint between the last rib and iliac
crest. Blood pressure is measured three times over half an hour with an oscillometric
blood pressure device (OMRON 705 IT) in a semi-recumbent position, and the average
of the second and third measurements is calculated. Participants provide information
regarding any anti-diabetic, anti-hypertensive and lipid-modifying medications used
currently and in the past 12 months.

Olfactory function measurement

Olfactory function is assessed by 12-item “Sniffin’ Sticks” odor identification test (SIT-
12).105 Participants are presented each of twelve felt-tip sticks from the test kit (Burghart
Messtechnik GmbH, Germany) approximately 2 cm from their nose for 3 to 4 seconds
with an at least 20-second interval, and they have to choose one of the four answer
options for each odorant. The sum of the correct responses is calculated as the final
score (range: 0-12).
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Self-reported nasal patency is recorded as “blocked” or “free” and is used as an indicator
of general nasal condition.

1.5 Objectives

The overall goal of my research was to elucidate the relations between metabolic
syndrome, brain structure, in particular olfactory brain structures, and olfactory function

(Figure 1.1). Specifically, | aimed to

1. Assess the association of MetS and insulin resistance with olfactory structures and

function.
2. Elucidate the associations between olfactory structures and olfactory function.

3. Assess the effects of MetS and insulin resistance, as measured by fasting serum
insulin (FSI) and HOMA-IR, on brain structures.

| based my work on data from the first 2000 participants enrolled in the Rhineland Study.
To be able to address the questions regarding involvement of olfactory brain structures, |
first had to develop the tools to measure these. In Chapter 2 | describe the development
of a reliable manual segmentation protocol of the olfactory bulb, which was implemented
in the Rhineland Study. In Chapter 3, | describe the association of MetS and insulin
resistance with olfactory structures and function. In Chapter 4, | firstly examined how
olfactory structures assessed by MRI relate to olfactory function, and then determined to
what extent OBV mediates the association between central olfactory structures and
olfactory dysfunction across the lifespan. In Chapter 5, | assessed the association of
MetS and insulin resistance with brain morphology, as well as the role of insulin
resistance in the MetS-related brain alteration.
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2. Segmentation of the olfactory bulb

INTRODUCTION

The olfactory bulb, as the first relay in the odor pathway, plays an important role in
integrating peripheral and central processing of odor information. It processes afferent
olfactory information from olfactory receptor neurons and passes it to the primary
olfactory cortex.'®

In both animal and human studies, smaller olfactory bulb volume (OBV) has been
associated with a decreased number of cells.’”'°® Hence, it has been suggested that
OBV could potentially be an indicator of olfactory function. In 1989, Suzuki and his
colleagues for the first time described the observation of the olfactory bulb and tract in
human MRL."® From then on, a few studies have reported an association between OBV
as assessed by MRI and olfactory function in both patients with various pathological
conditions, as well as in small series of healthy subjects.®**"1%"2 Thys far, the relation
between OBV and olfactory function has not been evaluated in the general population.

Currently, automated segmentation of the olfactory bulb is not available. Until now, only
manual segmentations have been performed in small-scale studies and mainly based on
anisotropic MRI scans acquired on 1.5 Tesla scanners. Since the olfactory bulb is a tiny
structure in the forebrain, the resolution of the images could potentially have a large
influence on the accuracy of the segmentation. We aimed to develop, validate and
implement a reliable protocol for manual segmentation of the olfactory bulb in the high-
resolution images that we are requiring in the Rhineland Study. These manual
annotations will provide the basis for the further development of an automated
segmentation algorithm.
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METHODS

Subjects

The current work was based on the first 639 participants (enrolled between March 2016
and October 2017) who underwent brain imaging in the Rhineland Study. Among them,
82 participants were excluded due to insufficient imaging quality (n=67), lack of T2-
weighted sequence (n=5), lack of MRI-derived measures from the T1-weighted images
(n=10). Therefore, manual segmentation of left and right OBV was performed on 557
participants.

Manual annotation

Blinded to all other participant information, i.e. outcomes of the olfactory testing and
demographic information, the manual segmentation of the left and right olfactory bulb
was performed on T2-weighted images (details described in Chapter 1.4) using a multi-
view approach (axial, coronal and sagittal) with Freeview, a visualization tool of
FreeSurfer version 6.0. The images were not modified with any pre-processing step
before manual annotation. A fixed window/level of 850/350 was assigned before
labeling.

Figure 2.1 Coronal and sagittal depictions of the annotated olfactory bulb volumes
(OBVs) on T2-weighted images

The left and right OBV are labeled in blue and red, respectively.
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The olfactory bulb is a mostly almond- or spindle-shaped structure symmetrically located
at the base of the forebrain (Figure 2.1). The boundaries of the olfactory bulb were
mainly demarcated based on surrounding cerebrospinal fluid and the underlying
cribriform plate. The abrupt change in diameter at the beginning of the olfactory tract in

axial and sagittal views was used as the marker of the posterior end.**'"

Using a voxel-wise approach, all slices through the olfactory bulb were labeled manually
by an experienced rater (R.L.). Different labels were used for the left and right olfactory
bulb, respectively. OBVs in cubic millimeters (mm?) were calculated by summing up the
total number of labeled voxels and multiplying by voxel size. In cases where the
olfactory bulb was not visible on MRI, OBV was defined as zero. To additionally assess
intra- and inter-rater reliability, 50 scans were randomly chosen for repeated

measurements by the same rater as well as another experienced rater.

Automated segmentation

An automated segmentation method is being developed based on the aforementioned
manual annotations using supervised deep learning approaches. Different 2D and 3D
deep learning models are being implemented on T1- and T2-weighted images.

Statistical analysis

The intra- and inter-rater reliability was evaluated by calculating the intraclass correlation
coefficient (ICC), using a two-way design and based on absolute agreement. In addition,
we used the Dice similarity coefficient (DSC) to assess the absolute agreement between
measures in terms of volume and spatial position."’®> When both A (repeated measure)
and B (initial measure) denote a binary segmentation, the Dice score is defined as: DSC
= 2 |A N B| / (JA|+|B]), where |A| and |B| are the number of elements in each
segmentation, and |A N B| is the number of shared elements. Therefore, a higher DSC

represents a better agreement between segmentations in a voxel-voxel manner.

Pearson correlation coefficient was computed between left and right OBVs. Multivariable
linear regression was used to assess the effect of age and sex on bilateral OBV after
adjustment for the Estimated Total Intracranial Volume (eTIV), an indicator of head size
generated from the FreeSurfer pipeline.
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RESULTS

The manual segmentation was performed in 557 participants (56.9% women) with a
mean (standard deviation, SD) age of 53.7 (13.2) years.

There was good-to-excellent reliability of our manual segmentation method: ICC (95%
confidence intervals [95% CI]) for the left and right OBV was 0.965 (0.960; 0.980) and
0.985 (0.970; 0.992) for intra-rater reliability, and 0.845 (0.703; 0.916) and 0.880 (0.799;
0.930) for inter-rater reliability. The variability as assessed by DSC showed a similar
result: for the left and right OBV intra-rater DSC expressed as mean (SD) was 0.934
(0.052) and 0.940 (0.043), and inter-rater DSC 0.816 (0.068) and 0.824 (0.077).

The OBVs varied over a wide range among participants (left: from O [i.e. aplasia] to
55.30 mm>; right: from 0 to 55.81 mm3), but were relatively consistent within participants
(correlation coefficients [95% CI] between left and right OBVs: 0.867 [0.844 to 0.886]).
Using multivariable linear regression, we observed that both left and right OBV were
larger in men and decreased with increasing age after adjustment for head size
(Difference [95%Cl] in OBV (mm?®) was -0.15 [-0.20, -0.10] per 1-year increase of age
and 2.35 [0.66, 4.05] in men compared to women for the left side, and -0.15 [-0.20, -
0.09] per 1-year increase of age and 2.59 [0.76, 4.42] in men compared to women for
the right side).

An automated segmentation method is under development currently. The DSC of our

current preliminary deep-learning method was similar to inter-rater variability.

DISCUSSION

In this study, we presented a reliable manual segmentation method of the olfactory bulb
for high-resolution (0.8x0.8x0.8 mm?®) T2-weighted images. The method showed good-
to-excellent intra- and inter-rater reliability. The DSC of the preliminary deep-learning

based automated segmentation was comparable to the inter-rater performance.

Our manual segmentation protocol was implemented in a large sample of individuals

from a population-based study with a wide range of age (30 - 87 years). In addition, the
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segmented OBV presented similar characteristics that were reported in another study in
healthy subjects:®® OBVs of both left and right side were larger in men and were
inversely associated with age. Therefore, we consider our manual segmentations
provide robust data to be used in subsequent analyses (Chapter 3 and 4). Moreover,
they provide relevant input data for the further development of automated segmentation
of the olfactory bulb.

Although manual segmentation is always considered as gold standard for volumetric
measures assessed by MR, it is a time-consuming process and relies on the experience
of the rater. Thus, automated segmentation is required, especially for large population-
based longitudinal studies. Our current work on the development of automated method
for olfactory bulb segmentation showed promising initial results. However, achieving
good accuracy of OBV is still challenging due to the location, small-size volume,

inhomogeneous intensity,""®

and interference of neighboring vessels. The development
of a fully automated segmentation method is therefore beyond the scope of the current

thesis.
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3. Metabolic syndrome and insulin resistance in relation to olfactory

structure and function

INTRODUCTION

Olfactory dysfunction, i.e. a diminished ability to identify odors, is a highly prevalent but
relatively understudied condition, which is especially common in the elderly and has
been associated with several neurodegenerative as well as metabolic disorders.?
Olfactory dysfunction has been related to various components of the metabolic
syndrome (MetS), including obesity, diabetes mellitus and hypertension.>* Recent
studies also found a higher prevalence of self-reported olfactory dysfunction in subjects
with MetS.%'° Despite the high prevalence of olfactory dysfunction, less than a quarter of
individuals with smell dysfunction are cognizant of their sensory impairment until formally
tested.”® It is still unknown whether, and to what extent, objectively quantified olfactory
function is associated with either MetS or insulin resistance, its core pathogenic element,
in the general population.

Although a higher prevalence of olfactory dysfunction or a poorer olfactory function was
observed in the presence of MetS and its individual components, the underlying
mechanism remains elusive. Peripheral insulin, as the main source of insulin in the
brain, crosses the blood-brain barrier via brain insulin receptors, which are densely
packed in olfactory brain regions.®*® This spatial overlap, therefore, suggested a link
between insulin and olfaction. Subsequent studies found that central insulin signaling
decreased odorant-induced electro-physiological activity in olfactory sensory neurons

5788 \while attenuated

89,90

and modulated the ion channels in the olfactory bulb in rodents,
smell capacity after short-term hyperinsulineamia was observed in healthy subjects.
It is well known that insulin resistance plays a pivotal role in the pathogenesis of MetS.%*
Therefore, we hypothesized that MetS, and in particular insulin resistance, could lead to
olfactory dysfunction, possibly through an effect on olfaction-related brain structures.

To assess our hypothesis, we aimed to investigate in a population-based cohort the
association of MetS and insulin resistance with olfaction, both structurally and
functionally.
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RESEARCH DESIGN AND METHODS

Study design

The Rhineland Study is an ongoing population-based prospective cohort initiated in
2016 in residents aged 30 years and above in Bonn, Germany.*® Approval to undertake
the study was obtained from the ethics committee of the University of Bonn, Medical
Faculty. The study was carried out in accordance with the recommendations of the
International Conference on Harmonisation (ICH) Good Clinical Practice (GCP)
standards (ICH-GCP). Written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki.

Assessment of metabolic syndrome

Waist circumference was measured with a flexible anthropometric tape (SECA 201) to
the nearest millimeter at the midpoint between the last rib and iliac crest. Blood pressure
was measured three times over half an hour with an oscillometric blood pressure device
(OMRON 705 IT) in a semi-recumbent position, and the second and the third measures
were averaged. Blood samples were collected after an at least 8-hour fast. Fasting
serum insulin (FSI), triglycerides and HDL-C were measured using standard protocol in
the central lab of University Hospital of Bonn. Fasting plasma glucose (FPG)
concentration was measured on the Nightingale platform (Nightingale Health, Helsinki,
Finland).'® Homeostatic assessment of insulin resistance (HOMA-IR) was calculated on
the basis of fasting values of glucose and insulin as HOMA-IR = fasting glucose in
mmol/L x fasting insulin in mIU/L / 22.5."% Participants provided information regarding
any anti-diabetic, anti-hypertensive and lipid-modifying medications used currently and
in the past 12 months.

The presence of MetS was defined in accord with the revised National Cholesterol
Education Program Adult Treatment Panel Ill (NCEP - ATP Ill) criteria''"'"® i.e. 1) waist
circumference 2 102 cm in men and = 88 cm in women, 2) triglyceride = 150 mg/d| or
treatment for hypertriglyceridemia, 3) HDL-C < 40 mg/dl in men and < 50 mg/dl in
women or treatment for reduced HDL-C, 4) systolic and diastolic blood pressure (BP) =

130/85 mmHg or on antihypertensive drug treatment, and 5) fasting plasma glucose
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(FPG) = 100 mg/dl or on drug treatment for elevated glucose. Participants were
diagnosed as having MetS if they fulfilled at least 3 of the 5 criteria.

Assessment of olfactory function

Olfactory function was assessed by 12-item “Sniffin’ Sticks” odor identification test (SIT-
12).105 Participants were presented each of twelve felt-tip sticks from the test kit
(Burghart Messtechnik GmbH, Germany) approximately 2 cm from their nose for 3 to 4
seconds with an at least 20-second interval, and they had to choose one of the four
answer options for each odorant. The sum of the correct responses was calculated as
the final score (range: 0-12). Self-reported nasal patency was recorded as “blocked” or

“free” and was used as an indicator of general nasal condition.

MR acquisition

MRI scans were obtained on 3T Siemens MAGNETOM Prisma MRI scanners (Siemens
Healthcare, Erlangen, Germany) equipped with 64-channel head-neck coils in two
examination sites in Bonn, Germany. A three-dimensional T1-weighted magnetization-
prepared rapid gradient-echo (MPRAGE) sequence (acquisition time = 6.5 min,
repetition time = 2560 ms, inversion time = 1100 ms, flip angle 7°, field of view =
256x256 mm, voxel size = 0.8x0.8x0.8 mm?),'®"%' and a T2-weighted sequence using
a sampling perfection with application-optimized contrasts by using flip angle evolution
(SPACE, repetition time = 2800ms, echo time = 405ms, field of view = 256x256 mm,

voxel size = 0.8x0.8x0.8 mm®) were acquired.

Image Processing

All T1-weighted images were processed wusing FreeSurfer version 6.0

(http://surfer.nmr.mgh.harvard.edu/). Seven regions of interest were selected based on
their known involvement in the olfactory pathway:24 entorhinal cortex, amygdala,
parahippocampal cortex, hippocampus, insular cortex, as well as lateral and medial
orbitofrontal cortex. Manual annotation of bilateral olfactory bulb on T2-weighted images
was performed with Freeview by an experienced rater (R.L.), who was blinded to all
other participant’s information, i.e. outcomes of the olfactory testing and demographic

information. The delineation of the OBV was mainly determined by the surrounding
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cerebrospinal fluid and the underlying cribriform plate. The abrupt change in diameter of
the olfactory bulb was used as the marker of the posterior end.”**""* The volume (mm?)
of the olfactory bulb was calculated based on the total number of labeled voxels. In
cases where the olfactory bulb was absent or could not be detected on the MRI scans,
OBV was defined as zero. Fifty scans were randomly selected for repeated
measurements by the same rater as well as another experienced rater to assess intra-
and inter-rater reliability, respectively. Volumetric measures from the right and left
hemisphere were averaged. The Estimated Total Intracranial Volume (eTIV) generated
by FreeSurfer was used as an indicator of head size. Intra-rater and inter-rater reliability
analyses revealed good to excellent agreement: the intra-class coefficient was 0.976
(95% confidence intervals [95% CI], 0.962 to 0.984) for intra-rater reliability, and 0.862
(95% CI, 0.802 to 0.905) for the inter-rater reliability, respectively.

Study population

The current investigation was based on the first 2000 participants (enrolled between
March 2016 and June 2018) of the Rhineland Study. Of these, a subsample of 1158
participants had brain structural MRI scans. Among them, information for SIT-12, FSI,
HOMA-IR and MetS was available for 1117, 1059, 1019, 995 individuals, respectively.
Therefore, a total of 960 participants had a complete data on SIT-12, MetS, insulin
resistance, MetS and brain MRI. An additional 20 participants were excluded due to the
presence of cerebral infarction or bleeding (n=12), intracranial tumor (n=5) or other
parenchymal congenital or acquired defects (n=3) on brain imaging, leaving 940
participants available for analysis. The participants included in the analyses were
younger, had lower level of insulin resistance, and better metabolic status than those
without complete data (Table 3.1).

Blinded to the outcomes of the odor identification test and demographic information, in
the first 639 participants who had undergone brain imaging (enrolled between March
2016 and October 2017), bilateral olfactory bulb volumes (OBVs) were manually
segmented on T2-weighted images. Eighty-two participants were excluded due to poor
image quality (n=67), lack of T2-weighted scans (n=5) or lack of MRI-derived measures
form T1-weighted images (n = 10). Therefore, OBVs could eventually be estimated in
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557 participants. An additional 130 participants were excluded because of lack of
information on insulin resistance, individual components of MetS and SIT-12 score,
leaving 427 participants for a subsample analysis of the relation between insulin
resistance, MetS and OBV.

Table 3.1 Characteristics of the participants included and excluded in the study

3

Characteristic'? Included Excluded  Adjusted P value
N 940 1060

Age, year 52.3 (13.5)  57.2 (14.3) <0.001
Women, n (%) 530 (56.4) 604 (57.0) 0.823
SIT-12 9.9 (1.5) 9.7 (1.9) 0.697
Nasal patency as “blocked”, n (%) 164 (17.4) 221 (20.8) 0.105
Waist circumference, cm 86.7 (12.4) 89.6 (14.5) <0.001
Triglyceride, mg/dL 111.4(71.9)  115.9(74.9) 0.357
HDL-C, mg/dL 65.6 (18.7) 63.1 (18.4) <0.001
Systolic BP, mmHg 127.7 (15.8) 128.5(17.1) 0.009
Diastolic BP mmHg 77.3 (9.4) 76.6 (9.8) 0.014
FPG, mmol/L 4.0 (0.5) 4.2 (0.9) <0.001
FSI, mIU/L 9.6 (6.1) 10.7 (7.8) 0.007
HOMA-IR, unit 1.8 (1.3) 21(1.9) 0.001

Abbreviations: SIT-12, 12-item “Sniffin’ Sticks” odor identification test; HDL-C, High-density
lipoprotein cholesterol; BP, blood pressure; FPG, fasting plasma glucose; FSI, fasting serum
insulin; HOMA-IR, homeostatic assessment of insulin resistance.

! The characteristic of the participants was expressed as mean (SD) or count (percentage).

2 Missing data in participants included and excluded in the study: SIT-12: 0 vs. 85; nasal
patency: 0 vs. 4; waist circumference: 0 vs. 13; triglyceride and HDL-C: 0 vs. 195; BP: 8 vs. 23;
FPG: 0 vs. 108; FSI: 0 vs. 202; HOMA-IR: 0 vs. 270.

® Age- and sex-adjusted

Statistical analyses

Age- and sex- adjusted intergroup differences were compared using multivariable linear
regression for continuous variables, and logistic regression for categorical variables,
respectively. Separate multivariable linear regression models were used: 1) to assess
the association between MetS and insulin resistance and olfactory brain structures
adjusted for age, sex and head size, and 2) to determine the association between MetS
and insulin resistance and olfactory function adjusted for age, sex, and nasal patency.



26

Continuous and categorical variables are reported as means and standard deviations
(SD) or counts and percentages, respectively. Statistical significance was defined as a
two-tailed P < 0.05. All statistical analyses were performed in R version 3.4.""°

RESULTS

Demographics of the study population

Of the 940 participants, 100 (10.6%) met three or more revised NCEP - ATP Il criteria,
and thereby fulfilled the requirements for a formal MetS diagnosis. Compared to those
without MetS, participants with MetS were older (mean difference [95% CI] = 6.5 [4.0,
9.1] years), more often men (57.5% vs. 47.0%, P = 0.058) and had higher levels of
insulin resistance (age- and sex-adjusted difference [95% CI]: 7.9 [6.7, 9.1] mIU/L for
FSI, and 1.8 [1.5, 2.0] for HOMA-IR). By definition, they scored worse on all the separate
MetS components (age-adjusted difference [95% CI]: 16.6 [14.6, 18.5] cm for waist
circumference, 104.7 [91.7, 117.7] mg/dL for triglyceride levels, -19.5 [-22.7, -16.3]
mg/dL for HDL-C levels, 9.7 [6.9, 12.6] and 5.8 [3.9, 7.7] mmHg for systolic and diastolic
blood pressure, and 0.5 [0.4, 0.6] mmol/L for FPG levels, Table 3.2).

Metabolic syndrome and olfactory structures

The age-, sex- and head size-adjusted associations between MetS, insulin resistance
and volumes of olfactory brain structures are summarized in Table 3.3. Higher levels of
FSI and HOMA-IR and the presence of MetS were associated with smaller volumes of
odor-related brain structures, except for amygdala, parahippocampus and hippocampus.
These associations were most outspoken, and reached statistical significance, for
entorhinal cortex, insula, and lateral and medial orbitofrontal cortex.

Metabolic syndrome and olfactory function

Neither MetS nor insulin resistance was associated with olfactory function as measured
by the SIT-12 (difference [95% CI] in SIT-12 score: 0.04 [-0.26, 0.34] in participants with
MetS compared to those without, -0.04 [-0.14, 0.05] per 1-SD increase of FSI, -0.03 [-
0.12, 0.06] per 1-SD increase of HOMA-IR) after accounting for age, sex and nasal
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patency.

Table 3.2 Characteristics of the study population

Characteristic’ Overall With MetS Without MetS
N 940 100 840
Age, year 52.3 (13.5) 58.1(12.1) 51.6 (13.5)
Women, n (%) 530 (56.4) 47 (47.0) 483 (57.5)
SIT-12 9.9 (1.5) 9.7 (1.4) 10.0 (1.5)
Nasal patency as blocked, n (%) 164 (17.4) 24 (24.0) 140 (16.7)
Waist circumference, cm 86.7 (12.4) 103.5 (10.6) 84.7 (11.1)
Triglyceride, mg/dL 1114 (71.9) 208.9 (110.3) 99.8 (55.5)
HDL-C, mg/dL 65.6 (18.7) 48.0 (11.7) 67.7 (18.3)
Systolic BP, mmHg? 127.7 (15.8) 139.8 (14.2) 126.3 (15.3)
Diastolic BP mmHg? 77.3 (9.4) 83.3(9.7) 76.6 (9.1)
FPG, mmol/L 4.0 (0.5) 4.5 (0.9) 3.9(0.4)
FSI, mIU/L 9.6 (6.1) 16.8 (8.9) 8.8 (6.1)
HOMA-IR, unit 1.8 (1.3) 3.4 (1.9) 1.6 (1.0)

Abbreviations: MetS, metabolic syndrome; SIT-12, 12-item “Sniffin’ Sticks” odor identification
test; HDL-C, High-density lipoprotein cholesterol; BP, blood pressure; FPG, fasting plasma
glucose; FSI, fasting serum insulin; HOMA-IR, homeostatic assessment of insulin resistance.
' The characteristic of the participants was expressed as mean (standard deviation) or count
(percentage).

% There were eight participants (6 without MetS and 2 with MetS) without the measurement of
systolic and diastolic BP.



Table 3.3 The association of MetS and insulin resistance with olfactory brain structures

Standardized volume difference (95% CI) '

OBV ? EC Amy PHC HC IC IOFC mOFC

FSI (per SD) -0.02 -0.06* 0.03 -0.05 0.02 -0.05* -0.04 -0.05*
(-0.11,0.07) (-0.13,-0.00) (-0.02,0.07) (-0.11,0.01) (-0.02, 0.07) (-0.10,-0.01) (-0.08, 0.01) (-0.10, -0.01)

HOMA-IR (per SD) -0.02 -0.07* 0.02 -0.04 0.02 -0.05* -0.04 -0.05*
(-0.12,0.07)  (-0.13,-0.01) (-0.03,0.07) (-0.10,0.01) (-0.02,0.07) (-0.10,-0.01) (-0.08, 0.01) (-0.10, -0.01)

MetS: -0.22 -0.08 0.09 0.12 0.06 -0.16* -0.14* -0.23**
with vs. without ~ (-0.53,0.08)  (-0.28,0.11)  (-0.06, 0.24) (-0.06, 0.31) (-0.09, 0.20) (-0.30, -0.02) (-0.27, 0.00) (-0.37, -0.09)

Abbreviations: FSI, fasting serum insulin; HOMA-IR, homeostatic assessment of insulin resistance; MetS, metabolic syndrome; OBV,
olfactory bulb volume; EC, entorhinal cortex; Amy, Amygdala; PHC, parahippocampal cortex; HC, hippocampus; IC, insular cortex; IOFC,
lateral orbitofrontal cortex; mOFC, medial orbitofrontal cortex.

' Volumetric measures from the right and left hemisphere were averaged and standardized.

%2 The relation between insulin resistance and MetS and OBV was evaluated in a subsample of 427 participants.

* P<0.05; ** P<0.01

8¢
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DISCUSSION

In this cross-sectional analysis of a population-based cohort, we found that MetS and
insulin resistance were associated with several olfactory structures, i.e. entorhinal,
insula, and lateral and medial orbitofrontal cortex, but not with the performance on a
quantitative olfactory function test.

The present study provides a comprehensive examination of the relation between MetS
and insulin resistance and odor-related brain structures, starting from the olfactory bulb,
the first relay of the odor pathway, all the way up to the distal orbitofrontal cortex. We
found that several odor-related brain regions, including the entorhinal cortex, insula, and
lateral and medial orbitofrontal cortex, were smaller in subjects with higher insulin
resistance or MetS. Our findings are in line and extend previous reports describing
associations between the volumes of the insula and particularly the orbitofrontal cortex,
as a part of the prefrontal cortex, and some of the constituting components of MetS,
including obesity, type 2 diabetes mellitus and hypertension, as well as insulin

44,50,54.58,59.73 The gssociation of MetS and insulin resistance with OBV has not

resistance.
been assessed before. We found a pronounced, albeit - presumably because of a
relative small sample size - not statistically significant negative effect of MetS on the

volume of olfactory bulb.

In contrast to reports of a higher prevalence of self-reported olfactory dysfunction in

individuals with MetS in Korean populations,®™

using objective measures of olfactory
function instead of self-reports, we failed to find an association between MetS, insulin
resistance and odor identification function. Since no other studies are available so far in
the European population, we cannot rule out potential population-specific effects.
However, the discrepancy between subjective and objective olfactory dysfunction

2120 \with a

measures has been well-documented in previous epidemiological studies,
generally poor correlation of self-reported olfactory function with results on objective
tests.’?" Therefore, lack of objective, quantitative measures of olfactory function may

underlie previous reports of an association between MetS and olfactory dysfunction.®'°

In the current study, MetS and insulin resistance had different associations with olfactory

structures and functions. Thus, question arises as to how olfactory structures are related
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to olfactory function. No study so far has examined this structural-functional relationship
in olfaction systematically. Several studies suggested that some odor-related structures,
especially OBV and volume of orbitofrontal cortex, was associated with olfactory function

2629111122 a5 well as in the healthy individuals.*'* However, these small-

in patients,
scale studies were mainly enrolled young subjects in a clinical setting. Only recently, a
cohort study showed that impaired olfactory function was related to smaller volumes of
hippocampus and entorhinal cortex in dementia-free elderly.'® Therefore, future studies
should further examine whether and to what extent olfactory brain structures are

associated with olfactory function in the general population across the lifespan.

Strengths of the study include large sample size drawn from a population-based cohort,
a wide range of age, high-resolution MRI scans, and comprehensive data on both
olfactory structures and function. However, the present study also has certain limitations.
First of all, the cross-sectional design limited our inference of causality. In addition, we
used solely odor identification, a subtask of the olfactory testing battery. Compared to
other psychophysical tests, the identification test is widely used due to its practicality,’?®
and the results from the majority of such tests were shown to be correlated with one
another."® However, it is still of interest to have further studies to evaluate olfaction in
MetS and insulin resistance using a more complete olfactory psychophysical test
covering other features, i.e. threshold and discrimination. Moreover, the prevalence of
125-127

the MetS is low (i.e. 10.6%) in our study compared to other studies in the Europe.
Therefore, the replication of our findings in other population-based studies is needed.

In conclusion, in a population-based cohort, we found that MetS and insulin resistance
were associated with several olfactory brain structures, but not with olfactory function.
As the first population-based study to evaluate both olfactory function and its
neuroanatomical correlates in MetS and insulin resistance, our findings shed new light
on the metabolic influence on the olfaction. More evidence from future epidemiological
studies is warranted to better understand the effects of MetS and insulin resistance on
olfaction.
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4. Disentangling the structural components of olfactory dysfunction in

the general population

INTRODUCTION

Olfactory dysfunction, defined as an absent or reduced sense of smell, could affect up to
one-fourth of the adult general population.? It has been associated with age, male sex,
smoking, head trauma and chronic rhinosinusitis,’?® although little is known about its
determinants in relatively young individuals, i.e. those aged less than 50 years.
Importantly, impaired olfactory function is among the earliest signs of many
neurodegenerative disorders, including Alzheimer’s disease and Parkinson’s disease,
and often precedes formal diagnosis by many years."'*'% |t is therefore of importance
to elucidate its neuroanatomical basis as this could provide insights into its underlying
causes, and in addition, facilitate identification of individuals at an increased risk of
developing neurodegenerative conditions later in life.

Olfactory function has been evaluated through various psychophysical tests in both
clinical and research settings, yet structural changes of the olfactory system have
received little study. With the advent of high-field magnetic resonance imaging (MRI), it
is now possible to obtain an objective and reliable assessment of the neuroanatomical
correlates of olfactory function in large groups of individuals. The olfactory bulb, as the
first relay in the olfactory pathway, plays an important role in the integration of peripheral
and central processing of odor information. Following odor deprivation, olfactory bulb
volume (OBV) was shown to decrease substantially, accompanied by marked changes
in central projections to the olfactory bulb.'®”'*® Moreover, previous small-scale studies
found an association between OBV and olfactory dysfunction as assessed by
psychophysical testing in both healthy subjects and patients with various neurological
conditions.***' However, this presumed relation between structure and function has not
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been consistently found in clinical cohorts, ““ nor has it been evaluated in the general

population.
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Recently, impaired odor identification was shown to predict cognitive decline and was
associated with smaller volumes of the hippocampus as well as several other mesial
temporal lobe structures.'® However, it is still unknown whether this relation primarily
reflects impaired central sensorineural processing, peripheral olfactory bulb pathology,
or yet a combination of both. Given the appearance of neuropathological markers —
including neurofibrillary tangles and alpha-synuclein aggregates — in the olfactory region
prior to many other regions, it has been hypothesized that environmental insults might
trigger olfactory bulb damage which then could spread to connected brain regions in a
prion-like manner.'® This hypothesis implies that pathology of olfactory epithelium and
bulb would be the primary mediators of olfactory dysfunction. Alternatively, pathology of
more downstream central olfactory structures may impair correct processing and

identification of sensory information, especially in Alzheimer’s disease.®

In order to gain a better understanding of the neuroanatomical basis of impaired
olfaction, and disentangle the contribution of the different components of the olfactory
pathway structures to its etiology, in the current study we aimed to assess 1) whether,
and to what extent, structural alterations in the olfactory system are related to age-
associated changes in olfactory function, and 2) to what extent OBV mediates the
association between central olfactory structures and olfactory dysfunction across
lifespan.

RESEARCH DESIGN AND METHODS

Study Design

We performed our analysis using baseline data from participants of the Rhineland Study,
an ongoing population-based cohort study initiated in 2016. The study enrolls
participants aged 30 years and above at baseline from Bonn, Germany.”* Each
participant undergoes a comprehensive 7-hour protocol including detailed brain imaging.
Approval to undertake the study was obtained from the ethics committee of the
University of Bonn, Medical Faculty. The study is carried out in accordance with the

recommendations of the International Conference on Harmonization Good Clinical
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Practice standards. We obtained written informed consent from all participants in
accordance with the Declaration of Helsinki.

Image Acquisition

MRI scans were collected on two 3T Siemens MAGNETOM Prisma MRI scanners
(Siemens Healthcare, Erlangen, Germany) equipped with 64-channel head-neck coils in
two examination sites in Bonn. The standardized protocol included a T1-weighted multi-
echo magnetization-prepared rapid gradient-echo (MPRAGE) sequence'®’ with 2D

100

acceleration (acquisition time = 6.5 min, 4 echoes, repetition time =2560 ms,

inversion time = 1100 ms, flip angle = 7°, matrix size = 320x320%x224, voxel size =
0.8x0.8x0.8 mm?®), and a bandwidth-matched T2-weighted 3D Turbo-Spin-Echo (TSE)
sequence using variable flip angles'? (
= 2800ms, echo time = 405ms, turbo factor = 282, matrix size = 320x320%x224, voxel

size = 0.8x0.8x0.8 mm®). Both sequences utilize elliptical sampling’® for faster

SPACE, acquisition time = 5 min, repetition time

acquisition.

Image Processing

All T1-weighted images were processed wusing FreeSurfer version 6.0
(http://surfer.nmr.mgh.harvard.edu/) to derive quantitative volumetric measures. Based
on their known role in the central processing of olfactory information, the entorhinal
cortex, amygdala, parahippocampal cortex, hippocampus, insular cortex, and lateral and
medial orbitofrontal cortex were selected as regions of interest for subsequent
analysis.24 We used the Estimated Total Intracranial Volume (eTIV) generated by
FreeSurfer as proxy for head size.

Left and right OBVs were manually segmented on T2-weighted images using Freeview,
a FreeSurfer visualization tool. The olfactory bulbs are mostly spindle-shaped structures
symmetrically located at the base of the forebrain. The boundaries were demarcated
based on surrounding cerebrospinal fluid and the underlying cribriform plate. The abrupt
change in diameter of the olfactory bulb was used as the marker of the posterior
end."™"* Using a voxel-wise approach, all slices through the olfactory bulb were
labeled manually by an experienced radiologist (R.L.) who was blinded to all other
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participant information. The labeled voxels were summed up to obtain the volume in
cubic millimeters (mm?). In cases where the olfactory bulb could not be detected on the
MRI scan, OBV was defined as zero. Fifty scans were randomly chosen for repeated
measurements by the same rater as well as another experienced rater to assess intra-
and inter-rater reliability, respectively. The intra-class correlation coefficients showed
good-to-excellent agreement: 0.976 (95% confidence intervals [95% CI], 0.962 to 0.984)
for intra-rater reliability, and 0.862 (95% CI, 0.802 to 0.905) for inter-rater reliability,
respectively.

Odor identification

The 12-item “Sniffin’ Sticks” odor identification test (SIT-12) is a widely used screening
test for assessing odor identification ability.’® Each of the twelve felt-tip sticks from the
test kit (Burghart Messtechnik GmbH, Germany) was positioned approximately 2 cm in
front of both nostrils for 3 to 4 seconds. Participants were then asked to choose only one
of the four answer options for each odorant. The time interval between two consecutive
odor presentations was at least 20-seconds. The final score was generated as the total

number of correct answers (range 0-12).

Questionnaire data

Smoking categories were defined as current, former and non-smoker. Nasal patency
was reported as “blocked” or “free”. All smoking and nasal patency information was
based on self-reports.

Study Population

The present study is based on data from the first 2000 participants who were enrolled in
the Rhineland Study between March 2016 and June 2018. Of these, 1915 had valid data
on SIT-12. Blinded to the outcomes of the olfactory testing and demographic
information, OBV was estimated based on bilateral manual segmentation of T2-weighted
images in the first 639 participants (enrolled between March 2016 and October 2017)
who had undergone brain imaging. In the end, 541 participants had complete data on all
MRI-derived measures (including OBV) and SIT-12 and were used for subsequent
analyses (Figure 4.1).
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The first 2000 participants 639 MRI subsample
in the Rhineland Study (2016.03 - 2017.10)
82 Excluded

67 imaging quality

> 5 lack of T2-weighted images

10 lack of MRI-derived measures
from T1-weighted images

\

557 had MRI-derived measures
(including OBV)

| 16 Excluded
16 lack of SIT-12

v \

1915 Available for SIT-12 analysis 541 Available for mediation analysis

Figure 4.1 Selection of study participants in the Rhineland Study

Abbreviations: MRI, magnetic resonance imaging; SIT-12, 12-item “Sniffin’ Sticks” odor

identification test; OBV, olfactory bulb volume.

Statistical analyses

Descriptive data were expressed as mean (standard deviation, SD) or count
(percentage) for continuous or categorical variables, respectively. Intergroup differences
were compared with the Student’s t-test for continuous variables and with the Pearson’s

chi-square test for categorical variables.

We used multivariable linear regression models to 1) examine the relation between
previously reported determinants of odor identification function (age, sex, self-reported
nasal patency and smoking) and SIT-12 score, 2) assess sex differences in OBV while
accounting for age and head-size, 3) assess the associations between volumes of the
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olfactory bulb and central olfactory structures with SIT-12 score while accounting for
age, sex and nasal patency, and 4) assess associations between central olfactory
structures and OBV. For the analyses performed under (3) and (4), the volumes of brain
structures were averaged between left and right side, and head-size adjusted and
normalized to the study population as follows: Volumeagjusted = Volume / eTIV x eTIVmean.

We subsequently assessed whether age modified any of the associations involving brain
structures by testing for interaction effects between age and volumetric brain measures.
In order to visualize the age-moderated association between olfactory structures and
SIT-12, we plotted different regression lines for each tertile of age (i.e. 30-47, 47-59 and
59-87 years). Variance inflation factors were calculated to assess potential multi-
collinearity among independent variables within the model. All model fits were
corroborated by visual inspection of the distributions of the residuals.

To assess to what extent the relation between central olfactory structures and olfactory
function was mediated through the olfactory bulb, we used structural equation modeling
(Figure 4.2)."** First, we performed a classical mediation analysis by constructing
models with the volume of each central olfactory structure as the independent variable,
the OBV as the mediator and the SIT-12 as the outcome variable (Figure 4.2A), while
adjusting for age, sex and nasal patency. Second, because we found that age
moderated the relations between volumes of brain olfactory structures and SIT-12 score
in the multivariable regression analyses, we performed a moderated mediation
analysis'*® by including age as a moderator to the paths directing from central olfactory
structures and OBV to the SIT-12 score (Figure 4.2B), while additionally adjusting for
sex and nasal patency. The 95% Cls of all the (moderated) mediation analysis estimates
are based on non-parametric bias-corrected accelerated bootstrapping with 1000 re-
samplings.

We performed multiple sensitivity analyses to evaluate the robustness of our findings.
First, we repeated the analyses after exclusion of participants with aplasia of the
olfactory bulb. Second, instead of using the average of the bilaterally measured OBV,

we used the left and right OBV separately as the variable of interest. Statistical
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significance was inferred at a two-tailed P < .05. All statistical analyses were performed

in R version 3.4,""° using the ‘lavaan’ package for structural equation modeling.'*

A. Classic mediation analysis B. Moderated mediation analysis
Olfactory bulb Olfactory bulb
volume volume
Age
(moderator)
Volumes of central Olfactory function Volumes of central l Olfactory function
olfactory structures assessed by SIT-12 | | olfactory structures assessed by SIT-12

Figure 4.2 The mediation models

Abbreviation: SIT-12, 12-item “Sniffin’ Sticks” odor identification test

RESULTS

Participant characteristics and olfactory function

Characteristics of the 1915 participants included in the analyses are shown in Table 4.1.
The mean (SD) age was 54.5 (14.0; range: 30-95) years and 1084 (56.6%) were
women. Overall, women had higher SIT-12 scores compared to men (9.9 (1.6) vs. 9.7
(1.8); P = .007), and reported less frequently nasal congestion (14.9% vs. 18.5%; P =
.04). Individuals with MRI-derived measures available were on average slightly younger
than those without brain imaging (53.6 (13.1) vs. 54.9 (14.4) years; P= .05) (Table 4.1).
There were no differences in sex, SIT-12 score, self-reported nasal patency or smoking
status between the two groups (Table 4.1).

The mean (SD) SIT-12 score of the participants in the Rhineland study was 9.8 (1.7).
Ninety-four (4.9%) of them scored six or lower, indicating a high probability of having
severe olfactory dysfunction.'® Compared to the participants who scored = 7, they were
significantly older (69.7 (11.4) vs. 53.7 (13.7) years; P < .001) and more likely to be men
(55.3% vs. 42.8%; P = .02). In general, olfactory function decreased with increasing age
and was worse in men and in those who reported nasal congestion, both in the entire
study sample as well as in the subgroup of participants with MRI-derived measures. We
found no association between smoking and SIT-12 score (Table 4.2). Therefore,

smoking was not included as a covariate in subsequent analyses.
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Table 4.1 Characteristics of the study population

Characteristic All participants With MRI Without MRl P Value'
measures measures
N 1915 541 1374
Age, mean (SD), year 54.5 (14.0) 53.6 (13.1) 54.9 (14.4) .05
Women, No. (%) 1084 (56.6) 306 (56.6) 778 (56.6) >.99
SIT-12 score, mean (SD) 9.8 (1.7) 9.8 (1.7) 9.8 (1.7) .85
Nasal patency as “blocked”, No. (%) 315 (16.4) 88 (16.3) 227 (16.5) .95
Smoking status, No. (%) 33
Current smoker 818 (47.4) 228 (50.2) 590 (46.5)
Former smoker 678 (39.3) 166 (36.6) 512 (40.3)
Non-smoker 228 (13.2) 61 (13.2) 167 (13.2)

Abbreviations: SIT-12, 12-item “Sniffin’ Sticks” odor identification test; MRI, magnetic resonance
imaging

! Group differences between participants with and without MRI-derived measures were
assessed with Student’s t-test for continuous variables, and with Pearson’s chi-square test for
categorical variables.

2 Missing data on smoking status: 177 overall, of whom 87 and 104 in participants with and
without MRI-derived measures (including OBV), respectively.

Olfactory bulb volume

The OBVs varied over a wide range among participants (left: from O [i.e. aplasia] to
55.30 mm?, right: from 0 to 55.81 mm?), but left and right OBV were about equally sized
within each individual (Pearson’s correlation coefficient between left and right OBVs,
0.87; 95% ClI, 0.84 to 0.89; P < .001). Men had larger OBVs than women on both left
(age-adjusted difference, 3.97 mm?®; 95% Cl, 2.62 to 5.31 mm?; P < .001) and right sides
(age-adjusted difference, 3.86 mm?®; 95% CI, 2.40 to 5.31 mm?® P < .001). These
differences became smaller but still statistically significant after accounting for head size
(age- and head-size adjusted difference: left OBV 2.20 mm?®, 95% CI 0.47 to 3.92 mm?®,
P = .01; right OBV: 2.55mm?®, 95% CI| 0.68 to 4.42 mm?®, P = .008). On average, the OBV
was larger on the right than on the left side (mean difference, 1.53 mm?; 95% CI, 1.15 to
1.91 mm?; paired t-test P < .001).



Table 4.2 The association of determinants with olfactory function using multivariable linear regression

Difference (95% CI) in SIT-12 score

With SIT-12 With SIT-12 and smoking With SIT-12 and With SIT-12, MRI-derived
MRI-derived measures measures and smoking
No. of participants 1915 1724 541 454
Age, year -0.04** -0.04** -0.04** -0.04**
(-0.05, -0.04) (-0.05, -0.04) (-0.05, -0.03) (-0.06, -0.03)
Sex: men vs. women -0.20** -0.17* -0.26 -0.24
(-0.34, -0.05) (-0.32, -0.02) (-0.54, 0.02) (-0.55, 0.07)
Nasal patency: -0.21* -0.18 -0.28 -0.30
blocked vs. free (-0.41, -0.02) (-0.39, 0.02) (-0.66, 0.09) (-0.71,0.12)
Smoking status:
former vs. never n/a 0.04 n/a 0.18
(-0.12, 0.20) (-0.16, 0.51)
current vs. never n/a 0.01 n/a 0.06
(-0.22, 0.24) (-0.41, 0.53)

Abbreviations: SIT-12, 12-item “Sniffin’ Sticks” odor identification test; MRI, magnetic resonance imaging; OBV

applicable.
*P<.05 **P<.01

, olfactory bulb volume; n/a, not

6€
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Relation between volumes of olfactory structures and olfactory function

After adjusting for age, sex and nasal patency, OBV was positively associated with
olfactory function (difference in SIT-12 score, 0.51; 95%CI, 0.38 to 0.65; P < .01). No
association was observed of other central olfactory structures with olfactory function
(Table 4.3). However, as illustrated in Figure 4.3, we observed age-dependent
associations between volumes of olfactory bulb, amygdala, parahippocampal cortex,
and hippocampus and SIT-12 score, with each relationship being stronger in older
subjects (P value for interaction between volume and age: 0.02, 0.05, 0.02, and 0.001,
respectively; Table 4.3).
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Figure 4.3 The relation between volumes of olfactory structures and olfactory function
stratified by age

The associations between volumes of olfactory structures and olfactory function assessed by
SIT-12 were modified by age. Lines represent the linear association between volumes of
olfactory structures and SIT-12 score for each tertile of age (i.e. 30-47, 47-59 and 59-87 years),
and the shadow area represents the 95% Cls. Volumetric measures from the right and left side
were averaged, head-size adjusted, and normalized based on the overall 541 subjects.
Abbreviations: SIT-12, 12-item “Sniffin’ Sticks” odor identification test; OBV, olfactory bulb
volume.



Table 4.3 Relation between volumes of olfactory brain structures and SIT-12 score

Difference (95% ClI) in SIT-12 score

Model 1 Model 2
Olfactory brain structures'? volume volume age volume x age
0.51* 0.54** -0.44** 0.17*
Olfactory bulb (0.38, 0.65) (0.41,0.68)  (-0.58, -0.30) (0.03, 0.31)
Central olfactory structures
Entorhinal cortex -0.03 -0.03 -0.57** 0.04
(-0.17,0.11) (-0.17,0.11)  (-0.71, -0.43) (-0.12, 0.19)
Amygdala 0.09 0.06 -0.52** 0.16*
(-0.06, 0.24) (-0.09, 0.21) (-0.67, -0.37) (0.03, 0.29)
Parahippocampal cortex -0.02 -0.04 -0.56** 0.17*
(-0.17, 0.12) (-0.18,0.11)  (-0.70, -0.41) (0.03, 0.31)
Hippocampus 0.04 0.01 -0.51** 0.22**
(-0.12, 0.19) (-0.14,0.16) (-0.67, -0.36) (0.08, 0.35)
Insular cortex -0.05 -0.05 -0.58** -0.01
(-0.19, 0.09) (-0.19, 0.09) (-0.72, -0.44) (-0.14, 0.12)
Lateral orbitofrontal cortex -0.04 -0.04 -0.58** 0.02
(-0.18, 0.10) (-0.18,0.10) (-0.72, -0.44) (-0.12, 0.16)
Medial orbitofrontal cortex 0.03 0.04 -0.57** -0.08
(-0.11,0.17) (-0.10, 0.18)  (-0.71, -0.43) (-0.21, 0.05)

v

Abbreviation: SIT-12, 12-item “Sniffin’ Sticks” odor identification test.

1 Volumetric measures from the right and left side were averaged, head-size adjusted, and normalized.

% Separate multivariable linear regressions were performed for each regional brain volumes with adjustment for age, sex, nasal patency
Model 1: SIT-12 ~ volume + age + sex + nasal patency
Model 2: SIT-12 ~ volume + age + sex + nasal patency + volumexage

* P<0.05; ** P< 0.01
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Relation between volumes of central olfactory structures and OBV

The volumes of the hippocampus and of the insular and medial orbitofrontal cortex were
significantly associated with OBV after accounting for age, sex, and nasal patency
(difference in OBV [per SD]: hippocampus, 0.11; 95% CI, 0.01 to 0.20; insular cortex,
0.12; 95% CI, 0.04 to 0.21; medial orbitofrontal cortex, 0.09; 95% CI, 0.01 to 0.17; Table
4.4). A similar trend was seen for the association between the amygdalar volume and
OBV (difference in OBV [per SD], 0.08; 95% CI, -0.01 to 0.17; P = .08). These
associations were not modified by age (Table 4.4).

Olfactory bulb as the mediator between central olfactory structures and olfactory function

Classical mediation analyses (Figure 4.2A) showed that the association between
volumes of central olfactory structures (i.e. amygdala, hippocampus, insular cortex and
medial orbitofrontal cortex) and odor identification (SIT-12 score) were mediated through
OBV (Table 4.2). In addition, the moderated mediation analyses (Figure 4.2B) showed
that the magnitude of the mediation through OBV was largely dependent on age: The
indirect effect (i.e. the mediation effect through OBV) was consistently larger in older
individuals. A statistically significant age-modified direct effect was only seen for the
association between hippocampal volume and SIT-12 score, with the magnitude of the
association sharply increasing with age (Table 4.5).

Sensitivity analyses

Similar results were obtained for left and right OBVs when analysed separately, and
after exclusion of subjects with olfactory bulb aplasia (data not shown).



Table 4.4 Relation between volumes of central olfactory structures and olfactory bulb volume'

Difference (95% CI) in OBV

Model 1 Model 2
Central olfactory structures? volume volume age volume x age
Entorhinal cortex 0.00 0.00 -0.23** -0.03
(-0.08, 0.09) (-0.08, 0.09) (-0.31, -0.14) (-0.13, 0.06)
Amygdala 0.08 0.08 -0.19** -0.02
(-0.01, 0.17) (-0.01, 0.17) (-0.29, -0.10) (-0.10, 0.06)
Parahippocampal cortex -0.06 -0.06 -0.23** 0.03
(-0.15, 0.03) (-0.15, 0.03) (-0.31, -0.14) (-0.05, 0.12)
Hippocampus 0.11* 0.12* -0.20** -0.07
(0.01, 0.20) (0.02, 0.21) (-0.29, -0.10) (-0.15, 0.01)
Insular cortex 0.12** 0.12** -0.21** 0.01
(0.04, 0.21) (0.04, 0.21) (-0.30, -0.13) (-0.07, 0.08)
Lateral orbitofrontal cortex 0.02 0.03 -0.22** 0.05
(-0.06, 0.11) (-0.06, 0.11) (-0.30, -0.14) (-0.03, 0.13)
Medial orbitofrontal cortex 0.09* 0.10* -0.22** -0.04
(0.01, 0.17) (0.01, 0.18) (-0.30, -0.13) (-0.12, 0.04)

Abbreviations: OBV, olfactory bulb volume.

a7

' Volumetric measures from the right and left side were averaged, head-size adjusted, and normalized.

2 Separate multivariable linear regressions were performed for each regional brain volumes with adjustment for age, sex, nasal patency
Model 1: OBV ~ volume + age + sex + nasal patency
Model 2: OBV ~ volume + age + sex + nasal patency + volumexage

* P<0.05; ** P< 0.01



Table 4.5 Mediation effect of OBV on the association of central olfactory structural volumes with olfactory function

Moderated

Volume'? of Model ** Indirect effect Direct effect Total effect mediation index® OBVxAge®  VolumexAge®
0.039* 0.050 0.089
PRl el 0 (0.001, 0.087) (-0.094,0.213)  (-0.065, 0.269)
Model B 0.042* 0.017 0.059 0.011 0.144 0.151
(0.001, 0.090) (-0.121, 0.182) (-0.095, 0.237) (-0.002, 0.043) (-0.045, 0.332) (0.025, 0.298)
1-SD below mean age 0.031* -0.134 -0.103
(0.003,0.080)  (-0.350, 0.045)  (-0.324, 0.085)
1-SD above mean age 0.053” 0.168 0.221
(0.001, 0.125)  (-0.030, 0.391)  (0.015, 0.445)
Hippocampus Model A 0.054* -0.016 0.038
(0.014,0.107)  (-0.165, 0.138)  (-0.109, 0.201)
Model B 0.059* -0.046 0.013 0.013 0.127 0.237
(0.015,0.114)  (-0.191,0.099)  (-0.128,0.166)  (-0.003, 0.045)  (-0.063, 0.307) (0.105, 0.373)
1-SD below mean age 0.0457 -0.2847 -0.238
(0.011, 0.099) (-0.473,-0.132)  (-0.411, -0.067)
1-SD above mean age 0.072° 0.191 0.263"
(0.020, 0.151)  (-0.013,0.430)  (0.045, 0.514)
Insular cortex Model A 0.065" il e
(0.025,0.124)  (-0.264, 0.035)  (-0.202, 0.096)
Model B 0.069* -0.109 -0.040 0.021 0.169 -0.027
(0.020,0.117)  (-0.242, 0.024)  (-0.180,0.099)  (-0.001,0.043)  (0.033, 0.306) (-0.150, 0.097)
1-SD below mean age 0.048 -0.082 -0.034
(0.008,0.088) (-0.273,0.109)  (-0.226, 0.158)
1-SD above mean age 0.090" -0.136 -0.046
(0.025,0.154)  (-0.307, 0.035)  (-0.227, 0.134)
. . 0.047* -0.018 0.029
Medial orbitofrontal cortex Model A (0.002, 0.109)  (-0.196, 0.139) (-0.150, 0.195)
Model B 0.050* -0.004 0.046 0.016 0.170 -0.068
(0.003,0.113)  (-0.171,0.145)  (-0.128,0.205)  (-0.001,0.048)  (-0.021,0.352) (-0.238, 0.100)
1-SD below mean age 0.034 0.064 0.098
(0.003, 0.098)  (-0.133,0.240)  (-0.112, 0.290)
0.065* -0.071 -0.006

1-SD above mean age

(0.005, 0.150)

(-0.365, 0.174)

(-0.300, 0.238)

Abbreviations: OBV, olfactory bulb volume

' Separate mediation analyses were performed for each regional brain volumes.
2 \Jolumetric measures from the right and left side were averaged, head-size adjusted, and normalized.
* Model A: without age as a moderator; Model B: with age as a moderator.
* The B (95% Cl) of moderated mediation analysis was reported of mean age, and 1-SD below and above the mean age.
®> The moderated mediation index and interaction effects were presented only for Model B
* Statistically significant (95% Cls did not contains 0)

144
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DISCUSSION

In this large-scale population-based cohort of adults aged 30 years and above, we found
a strong association between larger OBV and better odor identification function across
all age groups, independent of other established determinants of olfactory function
including sex, nasal patency and smoking. We also found an age-dependent association
between the volumes of several key central olfactory brain structures (i.e. amygdala,
parahippocampal cortex and hippocampus) and olfactory function that was
predominantly present in older age groups. Importantly, we additionally identified OBV
as a robust mediator of the association between the volumes of amygdala,
hippocampus, insular and medial orbitofrontal cortex and odor function, where the
mediation effect consistently increased with older age.

To the best of our knowledge, this is the first population-based study evaluating the
interconnections between the olfactory bulb and central olfactory structures and odor
identification function simultaneously. Our findings highlight the unique mediatory role of
the olfactory bulb in the odor pathway: OBV was not only consistently associated with
olfactory function and the core components of the central olfactory system across
lifespan, but also largely mediated the association between the volumes of central
olfactory structures and odor function. Unlike other subcortical and cortical brain
structures that have been associated with olfactory function in previous structural and

functional MRI studies, 137138

the olfactory bulb is exclusively dedicated to olfaction. It
receives and processes afferent odor information from olfactory receptor neurons, and
then conveys this information directly to several subcortical and cortical regions without
intermediary synapsing at the level of the thalamus.’®"* Animal studies have also
indicated a top-down neuro-modulatory cortical feedback to the olfactory bulb.™° Thus,
the close and direct link between the olfactory bulb and the other central components of
the olfactory pathway is likely to underlie the strong associations between OBV, volumes

of central olfactory structures and olfactory function.

Accumulating evidence suggests that early deficits in olfactory function are a frequent

hallmark of many neurodegenerative diseases, and may serve both as a preclinical

marker for cognitive impairment and a predictor of the rate of cognitive decline.'®'
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Postmortem studies in patients with Alzheimer's and Parkinson’s disease have
demonstrated the presence of neurofibrillary tangles and alpha-synuclein aggregates,

#1143 and the olfactory bulb."*"** In fact,

respectively, in both central olfactory regions,
the olfactory bulb is among the first regions were these neuropathological changes
occur."#'** Degeneration of olfactory bulb neurons and a lower volume of its glomerular
component have also been reported in Alzheimer's and Parkinson’s disease,'**'%
further corroborated by clinical evidence from imaging studies demonstrating smaller
OBVs in patients compared to healthy controls.'™'*" Interestingly, in our study, OBV
showed a stronger and more consistent relation to olfactory function compared to its
central counterparts in the olfactory pathway and, in addition, largely mediated their
association with olfactory function. Our findings therefore suggest that involvement of
the olfactory bulb is likely to be one of the earliest underlying neuroanatomical
substrates of age-associated olfactory dysfunction. In this light, OBV could thus be a
clinically relevant quantitative marker of olfactory function that may prove useful in the

identification of individuals at an increased risk of neurodegenerative disorders.

After accounting for the apparent indirect effects through the OBV, the direct relation
between the volumes of central olfactory structures and olfactory function was more
complex than previously reported. Notably, the association between hippocampal
volume and olfactory function was strongly modified by age, albeit only in younger adults
a statistically significant direct effect was found between hippocampal volume and odor
identification. We observed a similar age-dependency of the direct effect for the
amygdalar volume. These findings suggest that pathology of central olfactory structures,
especially the hippocampus, in old age may also contribute to disturbed olfactory
function perhaps through impaired odor memory.* Indeed, this age-dependent
association may also explain some discrepancies in previous studies. For example, it
was reported that in non-demented elderly the volumes of the amygdala,

parahippocampal cortex and hippocampus were associated with odor identification,'®"’

while other studies failed to replicate these findings in younger individuals.®*'*®
However, given the relatively large variability of the direct effect estimates, likely due to

their stronger age-dependency, and the cross-sectional design of our study, future



47

longitudinal examinations involving larger groups of subjects across the entire age
spectrum are required for more precise direct effect estimates.

In accordance with previous population-based studies, we found sex differences in odor
identification.'?*'4%"0 |ntriguingly, women outperformed men in odor identification ability,
despite men having slightly larger OBVs even after adjustment for head size. This
discrepancy may partly be due to endocrine differences between the sexes since odor
sensitivity has been reported to vary with fluctuations of sex hormone levels in
women."®! Social behavior and learning efficiency may also play a role as, compared to

12 and had a

men, women both tended to have a higher interest in the sense of smel
larger improvement of their sensitivity to odorants with repeated test exposures.'?
These sex-differences could also have a neuroanatomical basis as women were found
to have a higher number of both neurons and glial cells in their olfactory bulb, even after

4

accounting for olfactory bulb mass,'* underscoring the importance of sex-specific

analyses in olfactory research.

Our study has several potential limitations. First, our analyses were based on cross-
sectional data, limiting assessment of the temporal evolution of the olfactory
structure/function relationships. Nevertheless, as the first large-scale study in the
general population exploring the mutual interconnections between olfactory bulb, central
olfactory structures and odor function, our findings provide a solid foundation for future
longitudinal studies. Second, we used odor identification, a subtask of the complete
olfactory testing battery, as a proxy for olfactory function. Compared to odor threshold
and discrimination methods, testing for odor identification is less time consuming and
more practical in both the general population and clinical settings.123 Moreover, the odor
identification test is extensively validated and widely used as a reliable screening test for
olfactory dysfunction.’®® Third, the sequences of the brain MR scans were not
specifically designed for optimal imaging of the olfactory bulb. However, our T2-weighted
high-resolution images (0.8 X 0.8 X 0.8 mm?®) allowed for reliable and accurate detection
of the olfactory bulb with low intra- and inter-rater variability.

In conclusion, our findings indicate that OBV is independently and robustly associated
with odor identification in the general population and largely mediates the relation
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between volumes of central olfactory structures and olfactory function. Given that
olfactory dysfunction is a common and early feature of many neurodegenerative
diseases, OBV may thus serve as a preclinical quantitative marker for the identification

of individuals at an increased risk for developing these conditions in later life.
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5. Insulin resistance accounts for metabolic syndrome-related

alterations in brain structure

INTRODUCTION

Metabolic syndrome (MetS) is defined as a cluster of interconnected factors, including
abdominal obesity, impaired glucose metabolism, elevated blood pressure and
dyslipidemia. It is associated with an increased risk of cardiovascular diseases, diabetes

mellitus type 2, stroke and dementia,?*'%% "%

and thereby poses a major public health
threat. Although MetS is likely to result from a complex interplay among different
metabolic, vascular and inflammatory pathways, insulin resistance is thought to play an

essential role in its pathogenesis.'*®

MetS and insulin resistance have been associated with changes in brain structure as
assessed by magnetic resonance imaging (MRI). Many studies have focused on
different components of the MetS,?'°%1%% yet the number of studies assessing the
relation between MetS, insulin resistance and brain structural changes in the general
population is limited. Most previous studies concerning MetS and insulin resistance
enrolled patients in a clinical setting and mainly focused on macro- or micro-vascular
changes, i.e. white matter hyperintensities, lacunes or stroke.®®®® The few community-
or population-based studies that investigated the relation between MetS or its
components either utilized relatively rough global volumetric measures such as total
brain volume (TBV), gray matter volume (GMV), white matter volume (WMV) or brain

parenchymal fraction,*®%%""

or exclusively focused on the medial temporal lobe
structures, especially the hippocampus.*®®’ A few cohort studies used voxel-wise
morphometry but these studies included relatively small groups of participants, usually

confined to a restricted age range.’?"*1¢

It is still unclear to what extent the reported effects of MetS on brain structure are due to
insulin resistance per se, or should be regarded as sequelae of its other components
including obesity, dyslipidemia and hypertension. Elucidating this distinction at
population level is important as it would imply a different prioritization of preventive and
therapeutic strategies against the detrimental effects of MetS on the brain.
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We aimed to 7) assess the relation of MetS and insulin resistance — as measured by
fasting serum insulin (FSI) and homeostatic model assessment of insulin resistance
(HOMA-IR) - with structural brain changes, and 2) evaluate to what extent insulin
resistance could account for the pattern of structural brain changes seen in MetS.

RESEARCH DESIGN AND METHODS

Study design
This study is based on participants of the Rhineland Study, an ongoing population-based

prospective cohort initiated in 2016 that enrolls participants aged 30 years and above at
baseline from Bonn, Germany.99 Approval to undertake the study was obtained from the
ethics committee of the University of Bonn, Medical Faculty. The study was carried out
in accordance with the recommendations of the International Conference on
Harmonisation (ICH) Good Clinical Practice (GCP) standards (ICH-GCP). We obtained
written informed consent from all participants in accordance with the Declaration of
Helsinki.

Assessment of metabolic syndrome

Venous blood samples were collected after an overnight fast to determine the lipid,
glucose and insulin levels. Fasting plasma glucose concentration was measured on the
Nightingale platform (Nightingale Health, Helsinki, Finland).'®® FSI, triglyceride and HDL-
C were measured using standard methods at the local clinical chemistry laboratory of
the University Hospital of Bonn. HOMA-IR, which is highly correlated with direct
estimates of insulin resistance as assessed by the hyperinsulinemic-euglycemic clamp
technique,’®® was calculated using the following equation: HOMA-IR = (fasting glucose
in mmol/L x fasting insulin in mIU/L)/22.5.® Waist circumference was measured in
underwear with an anthropometric tape (SECA 201) by a trained technician to the
nearest millimeter halfway between the 12" rib and the iliac crest. Blood pressure was
measured three times with an oscillometric blood pressure device (OMRON 705 IT) in a

semi-recumbent position, and the average of the second and third measurements was
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calculated. The participants were asked to bring the medication that they used currently
or during the last year for registration.

MetS was defined using the revised National Cholesterol Education Program Adult
Treatment Panel Il (NCEP-ATP IlI) criteria.'’”'"® Participants were considered to have
MetS if they met three or more of the following criteria: 1) waist circumference = 102 cm
in men and 2 88 cm in women, 2) triglyceride = 150 mg/dl or treatment for
hypertriglyceridemia, 3) HDL-C < 40 mg/dl in men and < 50 mg/dl in women or treatment
for reduced HDL-C, 4) blood pressure = 130/85 mmHg or on antihypertensive drug
treatment, and 5) FPG = 100 mg/d| or on drug treatment for elevated glucose.

MR acquisition

MRI scans were collected on two 3T Siemens MAGNETOM Prisma MRI scanners
(Siemens Healthcare, Erlangen, Germany) equipped with 64-channel head-neck coils in
two examination sites in Bonn. The standardized protocol included a T1-weighted multi-
echo magnetization-prepared rapid gradient-echo (MPRAGE) sequence'®’ with 2D

100

acceleration (acquisition time = 6.5 min, 4 echoes, repetition time =2560 ms,

inversion time = 1100 ms, flip angle = 7°, matrix size = 320x320%x224, voxel size =
0.8x0.8x0.8 mm?®), and a bandwidth-matched T2-weighted 3D Turbo-Spin-Echo (TSE)
sequence using variable flip angles'? (
= 2800ms, echo time = 405ms, turbo factor = 282, matrix size = 320x320%x224, voxel

size = 0.8x0.8x0.8 mm®). Both sequences utilize elliptical sampling’® for faster

SPACE, acquisition time = 5 min, repetition time

acquisition.

MRI processing

We performed cortical reconstruction and volumetric segmentation with FreeSurfer
image analysis suite version 6.0 (http://surfer.nmr.mgh.harvard.edu/) based on T1-
weighted images.'®® A separate processing pipeline implemented in FreeSurfer based
on T1- and T2-weighted images was used to obtain volumetric segmentation of the
hippocampus and its subfields.'® In this study, we examined global volumetric
measures including TBV, WMV, subcortical and cortical GMV, and mean cortical
thickness, as well as mean volumes of specific subcortical structures, i.e. amygdala,
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hippocampus and its subfields. Each volumetric measure was adjusted for the Estimated
Total Intracranial Volume (eTIV), an indicator of head size generated by FreeSurfer, by

including it as a covariate in the model.

Vertex-wise analysis

The cortical reconstruction of each individual was used for whole brain vertex-wise (i.e.
surface-based) analysis. We resampled the reconstructed brain cortical surface of each
subject onto an average spherical surface through a spherical transformation. The
cortical surface data of each subject was smoothed using a Gaussian kernel of 15-mm
full width at half- maximum. Then, we performed a whole-brain vertex-wise analysis with
a generalized linear model (GLM) 1) to assess the effect of each predictor variable — i.e.
FSI, HOMA-IR and MetS — on cortical thickness with age and sex as covariates, and 2)
to examine to what extent the MetS-related brain structural alteration could be explained
by insulin resistance by additionally adjusting for FSI or HOMA-IR in GLM model of
MetS. We corrected the GLM results for multiple comparisons using a false discovery
rate (FDR) of 0.05,'®* and labeled them using the Desikan-Killiany-Tourville (DKT)
atlas.'®® Only clusters larger than 200 mm? were reported and displayed on FreeSurfer’s

“fsaverage” brain in the results section.

Study population

For the present cross-sectional analysis, we used the data from the first 2000
participants enrolled in the Rhineland Study. In a subsample of 1158 of these subjects
structural MRI scans were available. Participants with MRI scans were younger, had a
lower waist circumference, had higher levels of high-density lipoprotein cholesterol
(HDL-C) but lower levels of fasting plasma glucose (FPG), FSI and HOMA-IR, compared
to those without a scan (Table 5.1). Among the 1158 participants, information for FSI,
HOMA-IR and MetS was available for 1059, 1019, and 995 individuals respectively, with
complete data on insulin resistance as assessed by FSI and HOMA-IR and MetS being
available for 993 participants. Furthermore, 20 participants were excluded due to the
presence of cerebral infarction or bleeding (n=12), intracranial tumor (n=5) or other
parenchymal congenital or acquired defects (n=3) on brain imaging. Therefore, the
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association between MetS, insulin resistance and brain structure were based on data

from the remaining 973 participants.

Statistical analyses

Data are summarized as means (standard deviation, SD) or counts (percentage) for
continuous and categorical variables, respectively. Differences between groups were
compared using Student’s t-test or multivariable linear regression for continuous
variables, or Pearson’s chi-square test for categorical variables. Separate multivariable
linear regression models were used to examine the association between metabolic
syndrome, insulin resistance and brain structural differences with adjustment for age,
sex and head size (only for volumetric measures). Statistical significance was set at a
two-tailed p < 0.05. All statistical analyses were performed using R version 3.4.""°

Table 5.1 Characteristics of participants with and without MRI

Characteristic'? Without MRl With MRI  Adjusted P value®
N 842 1158

Age, year 57.6 (14.5) 52.9(13.6) <0.001
Women, n (%) 472 (56.1) 662 (57.2) 0.653
Waist circumference, cm 90.5 (14.8) 86.6 (12.5) <0.001
Triglyceride, mg/dL 116.5 (75.1) 111.5(72.1) 0.413
HDL-C, mg/dL 62.7 (18.1)  65.6 (18.9) <0.001
Diastolic blood pressure, mmHg  77.0 (9.8) 76.9 (9.5) 0.408
Systolic blood pressure, mmHg  129.1 (17.2) 127.5 (15.9) 0.201
FPG, mmol/L 4.2 (1.0) 4.0 (0.6) <0.001
FSI, mIU/L 10.8 (7.8) 9.7 (6.3) 0.015
HOMA-IR, unit 2.1 (1.9) 1.8 (1.4) 0.004

Abbreviations: HDL-C, High-density lipoprotein cholesterol; FPG, fasting plasma glucose; FSI,
fasting serum insulin; HOMA-IR, homeostasis model assessment of insulin resistance.

' The characteristic was described as mean (SD) for continuous variables.

2 Missing data in participants with and without MRI: waist circumference: 4 vs. 9; triglyceride and
HDL-C: 98 vs. 97; blood pressure: 17 vs. 14; FPG: 58 vs. 50; FSI: 99 vs. 103; HOMA-IR: 139 vs.
131.

® Age- and sex-adjusted

RESULTS
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General characteristics of the study population

Among the 973 participants, there were 354 (36.4%) with one, 159 (16.3%) with two,
and 104 (10.7%) with three or more components of MetS, while 356 (36.6 %) of the
participants had none of the MetS components. Overall, elevated blood pressure and
waist circumference were the two most frequent components of MetS: More than half
(51.0%) of the participants had elevated blood pressure defined as = 130/85 mmHg or
were on antihypertensive drug treatment (43.7% in women and 60.4% in men), and
23.2% (25.8% in women and 19.9% in men) had increased waist circumference. As
shown in Table 5.2, individuals with MetS were on average older (mean difference [95%
Cl]: 6.5 [4.0, 9.0] years), more often male (53.8% vs. 42.1%), and had higher levels of
fasting insulin and HOMA-IR (age- and sex-adjusted difference [95% CI]: 8.2 [7.0, 9.3]
mlU/L for FSI, and 1.8 [1.6, 2.1] unit for HOMA-IR), and a worse metabolic status (age-
and sex-adjusted difference [95% CI]: 16.8 [14.8, 18.7] cm for waist circumference,
104.7 [92.1, 117.3] mg/dL for triglyceride levels, -0.3 [-0.4, -0.3] mg/dL for HDL-C levels,
5.9 [4.0, 7.7] mmHg for diastolic blood pressure, 9.5 [6.6, 12.3] mmHg for systolic blood
pressure, and 0.5 [0.4, 0.6] mmol/L for FPG levels) compared to those without MetS.

Table 5.2 Characteristics of participants with and without MetS

Characteristic’ Overall With MetS  Without MetS
N 973 104 869
Age, year 52.5(13.6) 58.3(12.1) 51.8 (13.6)
Men, n (%) 422 (43.4) 56 (53.8) 366 (42.1)
Waist circumference, cm 86.6 (12.5) 103.7 (10.8) 84.6 (11.1)
Triglyceride, mg/dL 111.1 (71.4) 208.9 (108.1) 99.4 (55.1)
HDL-C, mg/dL 65.7 (18.8) 47.8 (11.6) 67.8 (18.4)

Diastolic blood pressure, mmHg®  77.3 (9.4) 83.3 (9.6) 76.5 (9.1)

Systolic blood pressure, mmHg® 127.9 (15.8) 139.9 (14.0) 126.5 (15.4)

FPG, mmol/L 4.0 (0.6) 4.5 (0.8) 3.9 (0.5)
FSI, mlU/L 9.6 (6.2) 17.1 (9.4) 8.8 (5.1)
HOMA-IR, unit 1.8 (1.3) 3.4 (2.0) 1.6 (1.0)

Abbreviations: MetS, metabolic syndrome; HDL-C, High-density lipoprotein cholesterol; FPG,
fasting plasma glucose; FSI, fasting serum insulin; HOMA-IR, homeostasis model assessment of
insulin resistance.

' The characteristic was described as mean (SD) for continuous variables.

2 Missing data in participants with and without MetS: blood pressure: 2 vs. 7
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Global volumetric measures

The regression-based estimates of the associations of MetS and insulin resistance with
global volumetric brain MRl measures are summarized in Table 5.3. Higher FSI and
HOMA-IR as well as the presence of MetS, were associated with a statistically
significant reduction in cortical GMV and mean cortical thickness, and a statistically non-
significant reduction in TBV. There were no obvious associations between MetS and
insulin resistance indices and subcortical GMV and WMV.

Table 5.3 The association of MetS and insulin resistance with MRI global measures

Difference (95% Cl) in volume (mm?®)" or thickness (mm)?

TBV WMV Subcortical Cortical Mean cortical
GMV GMV thickness
FSI (per SD) -2788 1074 104 -2960*** -0.009**
(-5865, 288) (-906, 3054) (-114,322) (-4483,-1436) (-0.014,-0.003)
HOMA-IR (per SD) -3305 853 109 -3251*** -0.010***
(-6662, 52) (-1309, 3014) (-129, 347) (-4914,-1589) (-0.016, -0.005)
MetS: -7923 1689 108 -9157*** -0.030***

with vs. without  (-16712, 865) (-3969, 7347) (-514, 731) (-13502, -4811) (-0.046, -0.015)

Abbreviations: FSI, fasting serum insulin; HOMA-IR, homeostasis model assessment of insulin
resistance; MetS, metabolic syndrome; TBV, total brain volume; WMV, white matter volume;
GMV, gray matter volume.

' Volumetric measures were adjusted for age, sex and head size assessed by the Estimated
Total Intracranial Volume (eTIV).

2 Mean cortical thickness was adjusted for age and sex.

** P<0.01; *** P<0.001

Volumes of amyqgdala, hippocampus and its subfields

As illustrated in Table 5.4, the degree of insulin resistance as evaluated by FSI and
HOMA-IR and the presence of MetS were neither associated with the total volumes of
the amygdala or the hippocampus, nor with hippocampal subfield volumes after

adjustment for age, sex and head size.



Table 5.4 The association of insulin resistance and MetS with volumes of amygdala, hippocampus and its subfields

Difference (95% Cl) in the volume (mm®)’

Hippocampal subfields
Amygdala |Hippocampus
para Pré | subicuum| CA1 | CA2/3 | CA4 | GC-DG | HATA | fimbria |MOleCUAN| 4y
subiculum|subiculum layer

FSI (per SD) 6.4 14.1 0.3 0.7 0.5 3.6 0.9 0.4 0.9 0.5 -0.1 2.7 3.8
(-5.0,17.7) | (-4.8,33.0) |(-0.5, 1.1)|(-1.5, 2.8)| (-2.5, 3.5) | (-0.9, 8.2) |(-0.9, 2.7)|(-1.1, 1.9)|(-1.1, 2.8)|(-0.1, 1.0)|(-1.4, 1.1)| (-0.6, 6.0) | (-0.5, 8.1)

HOMA-IR (per SD) 4.4 13.6 0.5 0.7 0.4 3.6 0.8 0.5 0.9 0.6 -0.3 2.7 3.3
(-8.0,16.7) | (-7.0,34.3) |(-0.4, 1.3)|(-1.7, 3.1)| (-2.9, 3.6) | (-1.4, 8.5) |(-1.1, 2.8)|(-1.1, 2.1)|(-1.1, 3.0)| (0.0, 1.1) |(-1.6, 1.1)| (-0.9, 6.3) | (-1.4, 7.9)

MetS: 21.3 36.3 1.3 3.2 3.5 6.8 0.8 2.6 3.6 2.1 0.1 3.6 8.7
with vs. without [(-11.1, 563.7)| (-17.7, 90.2) |(-0.9, 3.5)|(-2.9, 9.4)|(-5.1, 12.1)|(-6.2, 19.8)|(-4.3, 5.9)|(-1.7, 6.9)|(-1.8, 9.1)| (0.6, 3.6) |(-3.4, 3.6)|(-5.9, 13.0)|(-3.6, 20.9)

Abbreviations: FSI, fasting serum insulin; HOMA-IR, homeostasis model assessment of insulin resistance; MetS, metabolic syndrome;
CA, Cornu Ammonis; GC-DG: granule cell layer of dentate gyrus; HATA, hippocampal-amygdala-transition-area.
Volumetric measures were adjusted for age, sex and head size assessed by the Estimated Total Intracranial Volume (eTIV).

99
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Vertex-wise cortical thickness analysis

Whole brain vertex-wise associations between FSI, HOMA-IR and MetS and cortical
thickness are summarized in Figure 5.1 and Table 5.5, 5.6 and 5.7. The effects on
cortical thickness of FSI, HOMA-IR and MetS exhibited a very similar pattern: The
largest effect sizes were mainly located in the precentral cortex, transverse and superior
temporal cortex, and the cuneus as well as its neighboring regions. Cortical thickness
was substantially lower in those brain regions in which the effects of FSI, HOMA-IR and
MetS overlapped (mean difference [95% CI] in cortical thickness between estimates in
the overlapping and the non-overlapping regions: -0.0002 [-0.0003, -0.0001] mm for FSI,
-0.0039 [-0.0040, -0.0038] mm for HOMA-IR, and -0.0067 [-0.0068, -0.0065] mm for
MetS). Importantly, there was no independent effect of MetS on cortical thickness when
the estimates were additionally adjusted for insulin resistance, as assessed by either FSI
or HOMA-IR, in the whole brain analysis, i.e. for all brain regions the effect estimates
became statistically non-significant after multiple comparison correction using FDR <
0.05.
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Table 5.5 The association between FSI (per SD) and cortical thickness'*

_ Cluster size _ L, Difference in cortical Talairach
Hemisphere (mm?) Anatomical region thickness (mm) per coordinates
SD increase in FSI X Y Z
Left 5579 postcentral -0.032 -563 -18 32
1428 postcentral -0.032 -53 -18 32
997 superior temporal -0.025 -64 -29 4
809 supramarginal -0.030 -53 -20 30
645 precentral -0.023 -50 -6 8
546 lateral occipital -0.019 -40 -75 -7
524 lingual -0.020 -22 -53 6
491 precentral -0.034 -34 -21 50
400 lingual -0.020 -26 -45 -3
300 paracentral -0.018 -6 -13 47
Right 4375 superior temporal -0.031 34 0 -18
2774 superior temporal -0.031 34 0 -18
481 middle temporal -0.019 48 -13 -15
438 insula -0.029 40 -14 -9
3512 precentral -0.039 35 -19 52
2197 precentral -0.039 35 -19 52
792 caudal middle frontal -0.027 43 4 42
369 paracentral -0.030 5 -23 68
1048 cuneus -0.019 4 -73 26
425 parsopercularis -0.019 50 15 16
416 entorhinal -0.032 23 -14 -25
380 fusiform -0.020 38 -69 -8
297 superior frontal -0.021 8 4 51
223 parstriangularis -0.018 44 23 6

' Regions that survived a cluster-wise correction for multiple comparisons using FDR< 0.05 and
exceeding 200 mm? are reported.

2 Main regions (>10% of the cluster size) in the cluster larger than 2000 mm? were given.

® Regions were labeled using the Desikan-Killiany-Tourville atlas.
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Table 5.6 The association between HOMA-IR (per SD) and cortical thickness'*2

_ Cluster size _ L, Difference in cortical Talairach
Hemisphere (mm?) Anatomical region®  thickness (mm) per SD coordinates
increase in HOMA-IR X Y Z
Left 10127 precentral -0.040 -34 -21 50
2326 precentral -0.040 -34 -21 50
1733 postcentral -0.034 -53 -18 33
1412 superior temporal -0.028 -64 -30 5
1065 supramarginal -0.031 -53 -20 30
1443 lingual -0.022 -22 -53 5
1297 lateral occipital -0.022 -36 -78 -8
672 fusiform -0.023 -29 -40 -15
559 superior temporal -0.032 -36 5 -27
396 lateral occipital -0.018 41 -76 1
279 superior frontal -0.020 20 7 53
274 superior parietal -0.017 -20 -59 47
Right 12717 precentral -0.049 35 -19 51
3139 superior temporal -0.034 33 -1 -20
3115 precentral -0.049 35 -19 51
2849 parahippocampal -0.026 20 -32 -9
974 cuneus -0.023 6 -72 25
573 lingual -0.025 16 -51 -3
500 precuneus -0.020 18 -53 16
430 pericalcarine -0.019 8 -64 15
787 fusiform -0.024 39 69 -8
431 postcentral -0.025 54 -14 36
396 lateral occipital -0.019 44 -70 7
243 middle temporal -0.022 50 -48 10

' Regions that survived a cluster-wise correction for multiple comparisons using FDR< 0.05 and
exceeding 200 mm? are reported.

2 Main regions (>10% of the cluster size) in the cluster larger than 2000 mm? were given.

® Regions were labeled using the Desikan-Killiany-Tourville atlas.
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Table 5.7 The association between MetS and cortical thickness'*?

) ) ] ) Talairach
Hemisphere Clu(sr.:]?rl;zsilze Anatomical region® D'f:re]ifkn::s'sn (cr:rc])rrntl)cal coordinates
X Y Z
Left 11096 postcentral -0.086 -43 -17 18
3546 precentral -0.084 -55 3 31
3049 superior frontal -0.075 -10 33 46
1179 postcentral -0.086 -43 -17 18
4519 transverse temporal -0.082 49 21 7
1414 inferior parietal -0.067 42 -51 37
1367 superior temporal -0.074 52 20 2
957 supramarginal -0.067 -42 -50 36
4048 fusiform -0.083 -40 -70 -8
1439 lateral occipital -0.079 40 -71 -5
1022 middle temporal -0.081 -60 -51 2
818 fusiform -0.083 -40 -70 -8
690 inferior temporal -0.065 -39 62 -2
1904 pericalcarine -0.056 13 -72 6
240 rostral middle frontal -0.045 -39 39 22
208 superior parietal -0.052 -19 -61 52
Right 15132 paracentral -0.095 5 -23 68
3211 precentral -0.095 5 -24 68
1998 superior temporal -0.071 49 5 -16
1625 lingual -0.074 18 -54 -3
1227 fusiform -0.080 44 67 -9
1114 superior frontal -0.063 12 59 -10
548 middle temporal -0.056 64 -24 -10
372 isthmus cingulate -0.049 7 -33 33
341 middle temporal -0.050 45 -60 7
330 superior frontal -0.057 22 4 53
301 supramarginal -0.051 53 -37 42
251 precuneus -0.046 6 -64 36

' Regions that survived a cluster-wise correction for multiple comparisons using FDR< 0.05 and
exceeding 200 mm? are reported.

2 Main regions (>10% of the cluster size) in the cluster larger than 2000 mm? were given.

® Regions were labeled using the Desikan-Killiany-Tourville atlas.



HOMA-IR

MetS:
with vs. without

Overlapping region

Figure 5.1 The relation between insulin resistance, metabolic syndrome and cortical thickness.

Vertex-based whole brain analysis in 973 participants (aged 30 years and above) demonstrated an inverse association
between insulin resistance as represented by fasting serum insulin (FSI) and homeostasis model assessment of insulin
resistance (HOMA-IR) as well as metabolic syndrome (MetS) and cortical thickness in several brain regions. All clusters
that survived statistical significance testing after multiple comparisons correction using FDR <0.05 and were larger than
200 mm2 are illustrated. The color scales indicate the age- and sex-adjusted beta values per standard deviation increase
in FSI or HOMA-IR or between participants with and without MetS.
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DISCUSSION

In this large-scale population-based study, we found that both MetS and insulin
resistance were associated with a reduced cortical GMV and mean cortical thickness but
not with WMV or with volumes of subcortical gray matter structures, including the
amygdala, the hippocampus or its subfields. In addition, by applying vertex-wise whole
brain analysis, we showed that the effects of MetS and insulin resistance on cortical
thickness exhibited a remarkable degree of similarity, with the most pronounced effects
occurring in the precentral cortex, transverse and superior temporal cortex, as well as

the cuneus and its neighboring regions.

A negative association of fasting insulin, HOMA-IR or MetS with global measures of
brain structural integrity, such as TBV and brain parenchymal fraction, has been
described before in relatively small-scaled studies.*®”" However, only few studies
investigated the effects of these metabolic indices on specific brain compartments,
including gray matter, white matter and cortical and subcortical structures in the general
population. Studies in selected cohorts have so far yielded conflicting results: An inverse
relation between HOMA-IR and both GMV and WMV was reported in elderly adults,
while in elderly participants from long-lived families no association was found between
insulin sensitivity or MetS and gray and white matter volumes.®*'®® We found that in the
general population, the presence of MetS as well as higher FSI and HOMA-IR values
are associated with smaller TBV, with the effect being mainly attributable to the influence
on cortical gray matter, either assessed through volume or thickness, rather than on
white matter or subcortical gray matter.

To pinpoint the cortical regions affected by MetS and insulin resistance more precisely,
we applied whole-brain vertex-based morphometry, which demonstrated a considerable
degree of similarity in the spatial patterns of cortical thinning in relation to MetS, FSI and
HOMA-IR. Moreover, the areas in which the effects of MetS and insulin resistance
overlapped - i.e. the precentral cortex, transverse and superior temporal cortex, and
cuneus and its neighboring regions - exhibited the largest reduction of cortical thickness
72,73

and coincided with the regions that have been associated with HOMA-IR previously.
To the best of our knowledge, the present study is the first to assess brain morphology
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in relation to both MetS and insulin resistance simultaneously. Given the substantial
spatial overlap between the effects of MetS and insulin resistance on brain structure, as
well as the fact that no independent effect of MetS remained on cortical thickness after
adjustment for insulin resistance, our findings suggest that insulin resistance is the core

mediator responsible for the central nervous system effects of MetS.

Many studies have indeed found a higher prevalence of deficits in multiple cognitive
domains in subjects with insulin resistance and MetS.?"?2"%" |nterestingly, in our study,
the pattern of cortical thinning associated with both insulin resistance and MetS
approximately corresponded to the regions mainly involved in motor regulation and
auditory and visual information processing. We found no association with structural
changes in areas associated with higher cognitive functions as for example language
processing or executive function. It remains unclear to what extent impairments in other
functions that are required to perform most cognitive tests, including motor dexterity as
well as hearing and visual function, might actually underlie the negative association
between cognitive function and insulin resistance or MetS. The associations between
central motor, auditory or visual processing and insulin resistance and MetS have
received little study, especially in the general population.'®®®® Thus, our findings warrant
further assessment of the role of motor function and auditory and visual processing as
mediators of the well-established association between cognitive function and insulin
resistance and MetS.

Given the high prevalence of cognitive dysfunction in patients with insulin resistance and
MetS, several previous MRI studies have focused on the role of the hippocampus;
however, the ensuing results have been inconsistent. MetS has been associated with
higher hippocampal volume at baseline in patients with multiple-domain mild cognitive
impairment.””® Conversely, in individuals at risk of Alzheimers disease, insulin
resistance was reported to be inversely linked to hippocampal and parahippocampal
volume at baseline as well as progressive atrophy over time.”> However, two other large
population-based cohort studies failed to replicate this association using manually traced
volumetric measures of the hippocampus.’®*®! In the current work, state-of-the-art
automated hippocampal segmentation not only enabled exploration of the association of
insulin resistance and MetS with the overall hippocampal volume, but also allowed for
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further detailed assessment of potential effects on the hippocampal subfields. In accord
with previous population-based studies, we found no association between insulin
resistance or MetS and hippocampal volume. In addition, we extended these findings by
demonstrating that there is also no relation between insulin resistance or MetS and
volumes of hippocampal subfields.

The strengths of this study include its large sample size, the wide age range (i.e. 30 - 95
years), that it is population-based, and the availability of data on both MetS and insulin
resistance. However, our study also has limitations. First, we used cross-sectional
observational data, which limits making inferences regarding the directionality of the
effects between metabolic indices and brain structural measures. Nevertheless, we
consider it unlikely that the cortical thinning induced the metabolic disturbances.
Moreover, we could not assess the effects of the duration of MetS or insulin resistance
on brain structure. Finally, the prevalence of MetS was relative low (i.e. 10.7%) in our

125-127

cohort as compared to previous studies, which may be due to the relatively large

proportion of young adult participants in the Rhineland Study.

In conclusion, we found that both MetS and insulin resistance were linked to reduced
cortical gray matter volume and thickness, especially in regions involved in motor
regulation and auditory and visual signal processing, but not to volumetric changes in
subcortical brain regions or the hippocampal or amygdala area. Furthermore, we found
that the effect of MetS on brain structure was largely accounted for by insulin resistance,
implying that insulin resistance underlies MetS-related cortical brain atrophy. This
suggests that screening for and early intervention on insulin resistance could be a viable

path to preventing brain atrophy related to metabolic syndrome.
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6. General discussion

The objective of this thesis was to gain greater insight in associations between MetS
metabolic syndrome, brain structure -in particular olfactory brain structures-, and
olfactory function. In this chapter, | will summarize and review the main findings, discuss

some methodological considerations and give directions for further research.

To gain a better understanding of how MetS influences olfaction, in Chapter 3 we
assessed the association of MetS and its pathophysiologically major component insulin
resistance, with olfactory structures and function. To this end, | first developed a reliable
manual segmentation protocol of olfactory bulb (Chapter 2), and implemented it in the
Rhineland Study. The manually labeled data was used in the subsequent analyses. In
our population, we observed that MetS and insulin resistance were associated with
volumes of several odor-related brain cortical structures, including entorhinal cortex,
insula, and lateral and medial orbitofrontal cortex. In addition, based on a subsample
with manually segmented OBVs, a negative association between MetS as well as insulin
resistance and OBV was also observed, albeit not statistically significant. Our findings
are in line with and extend previous reports, which described associations of the insula
and particularly the orbitofrontal cortex with some of MetS components and insulin
resistance. *°0°4%85973  Although a higher prevalence of self-reported olfactory
dysfunction was reported in individuals with MetS compared to those without in limited

910 \we failed to find an association between MetS and

population-based studies,
objectively assessed olfactory function. Given that no population-based study so far
investigated the relationship between metabolic syndrome and objective olfactory
function, additional studies are required before a more definitive link can be established.
Moreover, the different associations of MetS and insulin resistance with olfactory
structures and function highlight the importance of a systematic assessment of olfactory

structural-functional relationship in the general population.

Consequently, in Chapter 4, we evaluated the associations of olfactory brain structures

with olfactory function. Olfactory dysfunction is a prodromal manifestation of cognitive

11,13-16

impairment and several neurodegenerative disorders, and several pathological
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proteins, i.e. a-synuclein, hyperphosphorylated tau protein, and neurofilament, are
deposited in the olfactory bulb prior to other central odor-related structures.'?® 42144
Therefore, we further examined the relative contributions of olfactory bulb and central
odor structures to olfactory function. In line with previous small-scale studies,®"33114147
OBV was positively associated with olfactory function assessed by SIT-12 in the general
population. Compared to its central counterparts, the association between OBV and
olfactory function was much stronger and less influenced by aging. More importantly, we
demonstrated a mediatory role of OBV in the association between the volumes of central
olfactory structures and olfactory function, which suggests a likely early involvement of

the olfactory bulb in the olfactory dysfunction.

In Chapter 5, we investigated the association of MetS and insulin resistance with whole-
brain morphology, rather than with predefined region of interests. Although MetS and
insulin resistance has been inversely associated with TBV or brain parenchymal ratio in
cohort studies,**"®"" their effects on specific brain compartments, including white matter,
subcortical and cortical gray matter, remain unclear.®®"?'% |n accordance with previous
findings, we found that the presence of MetS and higher values of FSI and HOMA-IR
were associated with smaller TBV. Additionally, this effect was mainly attributable to
their influence on cortical gray matter, rather than on white matter or subcortical gray
matter. Limited voxel-based MRI studies found that MetS and insulin resistance were
associated with several brain regions, such as superior and middle temporal gyrus,
insula, and prefrontal gyrus.”*"* However, to the best of our knowledge, no population-
based study so far has evaluated brain morphology in relation to both MetS and insulin
resistance simultaneously. In the current work, we compared spatial patterns of cortical
thinning associated with MetS and insulin resistance and observed a remarkable degree
of similarity. Moreover, no significant effect of MetS on cortical thickness was found after
adjustment for either FSI or HOMA-IR. Thus, our findings suggest that insulin resistance
is the underlying factor of MetS-related structural changes in the brain. We also noticed
that the insulin resistance- and MetS-related cortical thinning was located approximately
in regions involved in motor regulation, and auditory and visual processing, which are
three processes commonly involved in cognitive tests. This finding is worthy of further

investigation since MetS is frequently associated with cognitive dysfunction.'®?’
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All the studies described in this thesis are embedded in the Rhineland Study, a
prospective population-based cohort study. By sampling from the population registry of
residents, the study design aims to reflect the distribution of sex, age, and other factors
of a general adult population, thereby enhancing the generalizability of our results.
However, we only used cross-sectional data from the baseline examinations, which
limits the inference of causality. In addition, older participants with a worse health
condition were more likely to be excluded from the MRI study. Olfactory function in our
study relied on a brief version of odor identification test, an established olfactory test that
is widely used.'® Although it was suggested that results from most olfactory

4 a more detailed test of

1

psychophysical tests were correlated with one another,
olfactory function could still improve the evaluation of olfactory function,”" and help
distinguish different involvement of odor-related structures in each subtask.®® In addition,
the overall prevalence of MetS was 12.6% in the first 2000 participants from the
Rhineland study, which is relatively low compared to other studies in Europe.'®'#’ This
may have partly been due to demographic characteristics of the residents in Bonn, and a
relatively large proportion of young adult participants enrolled in the study. It would be

helpful to confirm our findings in other population-based studies.

Our work provides several implications for future studies. We found that MetS and
insulin resistance was associated with several olfactory brain cortical structures but not
with olfactory function. As accumulative evidence from both human and animal studies
has suggested metabolic disturbance could influence the olfactory function,® it would be
of interest to investigate this topic further. Population-based research with a large
sample size, a wide age range, high-resolution MRI scans, a more complete olfactory
test battery, and repeated measurements, is needed to establish the link between MetS
and olfaction both structurally and functionally. We observed a unique intermediary role
of the olfactory bulb in the olfactory pathway. Unlike other central odor-related
structures, the olfactory bulb is exclusively dedicated to olfaction, and is early involved in
several neuropathological processes.'?®'*>% Therefore, more attention should be paid
to this tiny structure in the forebrain, which was hitherto mostly neglected in human MRI
studies, even in studies of olfaction. To ensure a reproducible, reliable and time-efficient

measurement of OBV in a large population-based cohort, an automated segmentation
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method is definitely required. Although our current work on deep-learning method
showed promising results, several issues remain to be addressed: aplasia of the
olfactory bulb, inhomogeneous intensity within the olfactory bulb, and a proper
evaluation of the performance of a deep-learning model, i.e. Dice score and age- and
sex-dependency of OBV shown in the manual segmentation. Further investigation in
longitudinal studies is also needed to confirm the temporal sequence of the involvement
of olfactory structures that has been indicated in animal studies.” The close relation of

MetS with cardio-metabolic diseases and dementia® %6157

emphasizes the importance
of its prevention and monitoring. Our findings suggested that insulin resistance is an
underlying factor of MetS-related brain morphological alteration. Since both FSI and
HOMA-IR are easily accessible, their potential utility should be further evaluated in

future interventional and longitudinal studies.

Although much of this thesis is in terms of the metabolic influence on olfactory function,
we recognize that effects may also exist in the opposite direction. It is thought that

olfactory function affects metabolism through food-related behaviors. Although exposure

to food-cue odors stimulates appetite,’>""3 174,175

176-178

induces neural physiological actions,
and cephalic phase responses, it does not always reflect in actual food intake.'"®
"®1 Therefore, it remains unclear whether and how the olfactory system influences
metabolism. A recent study in mice provides new insights into odor-induced metabolic
activity.® They observed that ablation of olfactory sensory neurons did not alter food
intake, but increased energy expenditure by promoting lipolysis and thermogenesis and
browning of adipose tissue. Furthermore, mice with enhanced smell sensitivity exhibited
increased adiposity, hyperinsulinaemia and insulin resistance. However, since the

182

human olfactory system differs from that of rodents and other mammals, *“ it is unclear

to what extent these observations in mice are relevant for understanding human biology.
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7. Abstract

Both MetS and olfactory dysfunction are highly prevalent disorders, and closely related
to brain function. Although several studies implied a link between several components of
MetS and olfactory dysfunction, it remains unclear how MetS influences olfactory
function. Furthermore, the neuroanatomical basis of neither MetS nor olfactory
dysfunction is well understood in the general population. Therefore, based on the first
2000 participants from the Rhineland Study, a population-based cohort, we aimed to
elucidate the relations between metabolic syndrome, brain structure, and olfactory
function. MetS was defined in accordance with revised criteria of National Cholesterol
Education Program Adult Treatment Panel lll. Brain structures were assessed on high-
resolution T1- and T2-weighted brain images at 3 Tesla. Performance on the 12-item
“Sniffin’ Sticks” odor identification test was used as a proxy of olfactory function. For this
thesis, | first systematically examined the relation of MetS and insulin resistance with
both olfactory brain structures and function. | found that MetS and insulin were
associated with several olfactory brain structures, i.e. entorhinal cortex, insula, and
lateral and medial orbitofrontal cortex, but not with objectively quantified olfactory
function. Subsequently, | further investigated the association between olfactory brain
structures and olfactory function. | found that olfactory bulb volume (OBV) was not only
consistently associated with olfactory function, but also with several central odor-related
structures across all age groups. Moreover, OBV played a mediatory role in the
association between volumes of central olfactory structures and olfactory function.
Finally, | examined the relation between MetS and insulin resistance and brain
morphology using vertex-based analyses. | observed that MetS and insulin resistance
are related with a very similar spatial pattern of brain cortical thinning. Additionally,
insulin resistance accounted for most of the MetS-related brain alterations. In
conclusion, the work described in this thesis provides new evidence for the association
of MetS and insulin resistance with olfaction, and sheds light upon the neuroanatomical
correlates of both olfactory function and MetS.
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