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ABSTRACT

Fibromyalgia syndrome (FMS), chronic fatigue syndrome (CFS), and obesity are
complicated medical disorders with little known etiologies. The purpose of this
research is to characterize FMS, CFS, and obesity by studying the variations in
hormonal secretion patterns, timings, amplitudes, the number of underlying pulses,
as well as infusion and clearance rates of hormones such as cortisol, and leptin.
Employing a physiological state-space model with plausible constraints, we esti-
mate the hormonal secretory events and the physiological system parameters (i.e.,
infusion and clearance rates). The first outcome of our research shows that the
clearance rate of cortisol is lower in FMS patients as compared to their matched
healthy individuals based on a simplified cortisol secretion model. Moreover, the
number, magnitude, and the energy levels of cortisol secretory events are lower in
FMS patients. During early morning hours, the magnitude and the energy lev-
els of the cortisol secretory events are higher in CFS patients. Due to the lower
cortisol clearance rate, there is a higher accumulation of cortisol in FMS patients
as compared to their matched healthy subjects. As the FMS patients accumulate
higher cortisol residues, internal inhibitory feedback regulates the hormonal secre-
tory events. Therefore, the FMS patients show a lower number, magnitude, and the
energy levels of hormonal secretory events. Though CFS patients have the same
number of secretory events, the secretion quantity is lower during early morning
hours. When we compare the results for CFS patients against FMS patients, we
observe different cortisol alteration patterns. In the second part of this thesis, we
propose a simplified minimal leptin secretion model and study the correlation be-
tween estimated parameters of leptin and cortisol. The hunger hormone leptin and
stress hormone cortisol are closely associated with obesity. Traditionally, a leptin-

cortisol antagonism is observed in obese patients. We also observe a leptin-cortisol
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antagonism when we compare the reconstructed leptin and cortisol levels, hence,
further validating the model. The proposed model can potentially be employed to
study leptin variations in obese patients against their matched healthy subjects.
Characterizing CFS, FMS, and obesity based on the hormonal alterations will help

us develop effective methods for treating these disorders.
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1 Introduction

1.1 General Overview of Chronic Fatigue Syndrome, Fibromyalgia

Syndrome, and Obesity

Until a few decades ago, the human race underwent many difficulties due to epi-
demics of communicable diseases such as tuberculosis, plague, and cholera [61, 77,
89]. Today, we are facing a COVID-19 pandemic [87]. Such communicable diseases
spread at a very rapid rate and the symptoms are much more visible, therefore, are
studied extensively [19, 45]. Although, there are a lot of studies on communicable
diseases, there are still a class group of diseases called non-communicable diseases
that needs rigorous study. Non-communicable diseases include heart diseases, obe-
sity, and chronic illness. According to a 2018 study, non-communicable diseases
result in 41 million people each year, equivalent to 71% of deaths worldwide [72].
Also, there is increasing association between communicable and non-communicable
diseases [45]. It is observed that obese patients are more vulnerable to contract
Corona virus disease (COVID-19), but further research is necessary. The number
of patients diagnosed with conditions such as obesity, fibromyalgia, and chronic fa-
tigue syndromes is increasing day by day [50, 62]. Many such non-communicable
diseases have been linked to hormonal dysregulation [20, 37]. In this research, we
therefore intend to study hormonal dysregulation in syndromes such as fibromyalgia,
chronic fatigue, and obesity. We attempt to investigate potential underlying causes

by studying various hormones related to these syndromes [36].



1.1.1 Fibromyalgia and Chronic Fatigue Syndromes-Background

Fibromyalgia Syndrome (FMS), also known as fibrositis syndrome, is a complex
medical condition characterized by widespread musculoskeletal pain accompanied
by tenderness at 11 or more out of the 18 specific tender points [100]. Chronic Fa-
tigue Syndrome (CFS) is defined by the Centers for Disease Control and Prevention
(CDC) as a complex condition characterized by prolonged disabling fatigue [35].
CFS and FMS each affect approximately 2% of people worldwide [78, 99]. FMS and
CF'S are more prevalent in females than in males [12, 21]|. The prevalence of FMS in-
creases with age and is highest in 60-79 age group [21]. For CFS, two distinct peaks
were observed for age groups between 10-19 and 30-39 years, being true for both
genders [12]. Different symptoms associated with FMS include anxiety, difficulty
sleeping, pain, tender points, fatigue, depression, morning stiffness and decreased
cognitive function, while those associated with CF'S include headaches, sore throats,
fever, muscle aches and joint pain [59, 63, 99]. The etiologies (i.e., causes) of both
these syndromes are unknown. Since they have overlapping symptoms, it becomes
difficult to characterize them [1]. Currently, CFS and FMS patients are given med-
ications to reduce the discomfort caused by symptoms [43]. There is no known cure
for these syndromes [51, 95]. By isolating the cause and designing an approach to
distinguish between the syndromes, one may potentially develop approaches to treat
them. Widespread pain is the most common symptom in FMS and CFS patients
[21]. Since pain and fatigue are types of physiological stress, they are often linked to
the stress hormone, cortisol [21]. We, therefore, propose an investigation of cortisol
behavior in FMS and CFS patients.

Traditional approaches study and compare the serum cortisol levels by comparing

the averages or the levels directly. Klerman et al. [53] found no variations in the



circadian rhythm followed by serum cortisol levels in FMS patients compared to
healthy controls. On the contrary, Riva et al. [79] observed that the FMS patients
show cortisol deficiency [26]. These differences in studies can be due to variations
in the experimental procedures, like steps taken to minimize responses to factors
such as light, sleep, medication, or presence of other secondary syndromes such as
CFS. Unlike FMS, most studies reported hypocortisolism in CFS patients [21, 69].
Every individual has a distinct cortisol secretion pattern [15]. Traditional studies
analyze cortisol data by averaging the cortisol patterns of different individuals, which
could lead to the loss of some vital information. To avoid the loss of such critical
information, we propose to consider each subject’s cortisol pattern independently

using a system-theoretic approach.

1.1.2 Obesity-Background

Another non-communicable condition nowadays, especially in United States,
with a high prevalence rate is obesity. Obesity dubbed the “Global Epidemic” by
the World Health Organization, is said to cause or aggravate various other health
problems, worsening one’s life expectancy [68, 71]. The prevalence of obesity is
increasing worldwide at an alarming rate. Estimates show that 4% of the world
population is obese [47]. Different studies suggest different approaches for treating
obesity, such as a low-calorie diet, therapy, and surgery [24, 93]. These pathogenic
(treating factors which cause a condition) approaches are often used to treat the
condition, but a salutogenic (i.e., factors supporting human health and well-being)
model may be more effective as both a preventive and remedial measure [71]. Very
few studies have been done to identify the cause behind obesity [10, 48, 88]. Identi-

fying the hormones and tissues responsible for causing obesity will potentially help



us to prevent and cure the conditions. Obesity is often linked to hormones such as
cortisol, leptin, ghrelin, and insulin [40]. Since, obesity is very closely associated
with the polypeptide hormone, leptin [17, 48, 60], and the glucocorticoid hormone,
cortisol [13, 67], studying them will prove vital in designing an approach to treating

it. This model can be further generalized to include other hormones.

1.2 Thesis Outline

In this research, we study hormones such as cortisol and leptin based on their
pulsatile nature. Cortisol secretion and variations are the result of hormonal pulses
induced by the Hypothalamic-Pituitary-Adrenal (HPA) axis [30]. Similarly, leptin
variations are induced by adipose tissue [10]. This research was conducted in two

parts:

1. The first part is dedicated to studying the cortisol dynamics and variations in

FMS and CFS patients against their matched healthy subjects.

2. The second part is dedicated to studying both the leptin-cortisol dynamics in

obese patients and understanding the correlation.

1.2.1 Characterization of Cortisol Dysregulation in Fibromyalgia and

Chronic Fatigue Syndromes

As the first step in understanding the etiology of CFS and FMS, we propose to
analyze the cortisol response in both patients and healthy control subjects. Healthy
control subjects with normal physiology have a cortisol response with variations due
to circadian modulation of the amplitude of secretory events and ultradian modu-
lation of the timing of secretory events [92]. We use the model and deconvolution

algorithm developed by Faghih et al. [27, 28, 29, 30, 33] to investigate cortisol levels



in both adrenal glands and serum. The approach allows us to estimate the ampli-
tude, number and timing of hormonal secretary events along with the physiological
parameters. The sparsity characteristic of the hormone pulses underlying cortisol
release is exploited to recover the timings and the amplitudes of hormone pulses us-
ing compressed sensing [29]. A coordinate descent approach is used to estimate the
cortisol secretory events and model parameters [29, 30]. Similar to [29], we use gen-
eralized cross-validation to find the number of pulses such that there is a balance
between the sparsity level and residual error. The estimated hormonal secretory
events and model parameters are then used to compare the cortisol variations in

patients and matched healthy subjects.

1.2.2 Characterization of Leptin and Cortisol Dynamics in Obese Pa-

tients

To study the leptin-glucocorticoid behaviour in obese patients, we propose to
observe the underlying pulses and estimate the physiological infusion and clearance
rates in the system. The identification of a dynamic system model for leptin con-
centration over time makes it possible to recover the number of leptin pulses. It
further allows us to recover information about the pulse amplitudes and intervals
of occurrence from collected subject data. The system identification for leptin in
this research is based on the method for deconvolution of cortisol levels mentioned
above [29]. The leptin and cortisol pulses are considered to be sparse signals due to
the limited number of secretory events that occur each day. A better understanding
of the behavior of leptin in the body can be obtained through the signal and pulse
recovery techniques that we use in this research. Determining a system model for

the relationship between leptin and cortisol concentrations provides us with a more



comprehensive understanding of the biological system’s true behavior. This model
can provide insight into the effects of the relationship of the hormones on weight

gain.

1.3 Scientific Significance

In the first part of the research, we study the underlying pulses resulting in
cortisol secretion and the physiological parameters such as infusion rate by the
adrenal glands, clearance rate by the liver. Understanding these parameters will
not only help us to gain insight into the possible etiology of CFS and FMS but also
to distinguish between them. Previous studies characterized FMS and CFS based
on symptoms, but due to overlapping symptoms, this approach maybe misleading.
Characterization of FMS and CFS based on cortisol secretion may help us design
a more promising approach as well as help us to unveil their etiologies. Based on
the results, if hypocortisolism or hypercortisolism, is observed in these syndromes,
medications such as Mifepristone and Benzodiazepine may be used to inhibit cortisol
secretion [42, 73]. Another possible approach may be to regulate the energy levels
in hypercortisolism by employing a wearable brain machine interface architecture
[11].

Similarly for obesity, our goal is to understand the leptin-glucocortcoid behavior
by understanding the underlying pulses and other physiological parameters such as
infusion rate by adipose tissue and clearance rate by the renal system. Leptin was
successfully discovered in 1994 [2], so it is a new hormone when compared to other
hormones such as cortisol, ACTH, and insulin. Very few studies exist which investi-
gate both cortisol and leptin behavior. Previous studies either investigate leptin or

cortisol individually, however, did not include investigation of the underlying pulses



resulting in the secretion. The leptin model proposed in this part of the research, is
minimal and more simplified as compared to the previously proposed models. This
leptin model can be further used to study leptin behaviour in obese patients against
their matched healthy subjects.

Obtaining the pulses coming from the brain and hypothalamus-pituitary-adrenal
axis is a challenge. The approach mentioned in this research, can help us to esti-
mate these underlying pulses. This research can be further generalized to study
ACTH, cortisol and leptin behavior in other syndromes such as Thyroid, and Ad-
dison disease. Exploiting the pulsatile nature of these hormones and understanding
the behavior we can relate these syndromes to the HPA axis, thus obtain the root
cause and devise a treatment for them. Moreover, it will further help us to under-
stand the role of hypothalamus and other neural activities responsible for causing

the syndromes.



2 Characterization of Cortisol Dysregulation in Fibromyal-

gia and Chronic Fatigue Syndromes

2.1 An Overview of Fibromyalgia Syndrome, Chronic Fatigue Syn-

drome, and the System-Theoretic Approach

Fibromyalgia syndrome (FMS) or fibrositis syndrome, is a complicated medical
condition characterized by widespread musculoskeletal pain in combination with
tenderness at 11 or more out of the 18 specific tender points [100]. It is 7 times more
prevalent in females than in males [53]. Symptoms associated with FMS include
anxiety, difficulty sleeping, pain and tender points, fatigue, depression, morning
stiffness, and decreased cognitive function. On the other hand, another chronic
pain condition called chronic fatigue syndrome (CFS) is defined by the Centers for
Disease Control and Prevention as a complex condition characterized by prolonged
disabling fatigue [35]. Similar to FMS, CFS is also two times more prevalent in
females than in males [16]. The symptoms associated with CFS are headaches, sore
throats, fever, muscle aches, and joint pain [59, 63].

The most common symptom shared by FMS and CFS patients is widespread
pain [63]. Despite similar symptoms, there are certain differences between these
syndromes. For example, a regulated Ribonucleic Acid (RNA) pathway known as
the 2-5A /RNase L pathway contributes to the anti-tumor and anti-viral activities
of interferons [83]. An abnormal 2-5A synthetase/RNase L pathway has been seen

in CFS patients but not in FMS patients [70]. Furthermore, Meeus et al. [63]

This paper was presented in part at the proceedings of the IEEE Engineering in Medicine and
Biology Society Conference [76]. Chapter adopted from Pednekar, Divesh Deepak, et al. ” Charac-
terization of Cortisol Dysregulation in Fibromyalgia and Chronic Fatigue Syndromes: A State-Space
Approach.” IEEE Transactions on Biomedical Engineering (2020).



reports the differences between the patterns of brain function activity of FMS and
CFS patients. Variations in cortisol secretory patterns can result from persistent
stimulation of physiological stress responses [9]. Since FMS and CFS patients are
more likely to suffer from such physiological stress, they might have altered cortisol
levels as compared to their matched healthy individuals. Therefore, in this research,
we believe that understanding cortisol patterns in both these syndromes may be a
vital factor to understand and characterize FMS, in both presence or absence of CFS,

and could result in the generation of testable hypotheses about causal mechanisms.
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Figure 1: An Overview of the System-Theoretic Approach. (A) shows the
cortisol secretion & regulation model. (B) shows the overall approach
used in this study.

Cortisol is a very important glucocorticoid in humans to regulate stress and
sleep-wake cycle [74]. The hypothalamus-pituitary-adrenal (HPA) axis connects
the central nervous system to the endocrine system. Across all age and gender
groups, an individual’s physiological stress responses can induce significant HPA
axis responses [55]. Figure 1-A shows the cortisol secretion & regulation model. The
secretion of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP)

from the hypothalamus results in HPA axis activity. This activity further triggers



the secretion of adrenocorticotropic hormone (ACTH) from the pituitary, resulting
in the secretion of glucocorticoids. A negative feedback mechanism prevents the
overproduction of serum cortisol [32]. Figure 1-A shows a pictorial depicition of the
cortisol secretion and regualtion model.

The central idea of this research is to categorize CFS and FMS based on the es-
timated underlying pulses and the cortisol infusion and clearance rate. We further
perform statistical analysis on these estimated pulses and rates. Traditional ap-
proaches study and compare the serum cortisol levels by comparing the averages or
the levels directly. Klerman et al. [53] found no variations in the circadian rhythm
followed by serum cortisol levels in FMS patients compared to healthy controls.
On the contrary, Riva et al. [79] observed that the FMS patients show cortisol defi-
ciency [26]. These differences in studies can be due to variations in the experimental
procedures, like steps taken to minimize responses to factors such as light, sleep,
medication, or presence of other secondary syndromes such as CFS. Unlike FMS,
most studies reported hypocortisolism in CFS patients [21, 69]. Every individual has
a distinct cortisol secretion pattern [15]. Traditional studies analyze cortisol data by
averaging the cortisol patterns of different individuals, which could lead to the loss of
some vital information. To avoid the loss of such critical information, we propose to
consider each subject’s cortisol pattern independently using a system-theoretic ap-
proach. Since we use a state-space model based on the human physiology, it is easier
to identify the possible tissues, or organs responsible in causing the syndromes.

Figure 1-B shows a pictorial representation of the overall approach used in this
research. A state-space model with physiological constraints is designed. A co-

ordinate descent approach is then used to estimate the secretion events and the

10



physiological parameters. A statistical analysis is done on the estimations to cate-
gorize CFS from FMS. In this research, we study the etiologies of FMS and/or CFS
based on the underlying pulses and the physiological parameters. Understanding
the underlying pulses and physiological parameters using a state-space model based
on human physiology, allows us to take a closer look and observe which human tissue
or organ is responsible in causing the syndromes. These underlying pulses are esti-
mates of the signals arriving from the HPA-axis. The physiological parameters are
estimates of the cortisol infusion rate by the adrenal glands and the cortisol clearance
rate by the liver. As the first step in characterizing FMS and/or CFS, we analyze
the cortisol response in both patients and healthy control subjects. Aschbacher et
al. [6, 10] used a differential model to predict the rate of change in the future level
of cortisol as a function of time and the current levels of cortisol and ACTH, to
characterize the FMS and/or CFS patients. The diurnal variations in blood cortisol
levels are a result of three factors as shown by the physiological evidence of human
subjects: the timings of hormonal secretory events undergoing ultradian modula-
tion, the amplitudes of these events undergoing circadian alteration, and the cortisol
infusion rate into blood by the adrenal glands and the cortisol clearance rate by the
liver [15]. Brown et al. [15] proposed a stochastic model based on the diurnal
cortisol patterns to explain cortisol secretion process. State-space modelling and
sparse deconvolution to understand pulsatile physiological signals including cortisol
levels have been investigated in [3, 4, 5, 27, 28, 29, 30, 33, 96]. With physiologically
plausible constraints, the model leads to a tractable optimization problem to esti-
mate the amplitude, number, and time of hormonal secretory events along with the
model parameters. In this framework, the sparsity characteristic of the hormone

pulses is utilized to recover the timings and the amplitudes of hormone pulses. A
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coordinate-descent approach is used to estimate the cortisol secretory events and
model parameters.

In this study, we use a similar model and approach with generalized cross-
validation to find the number of pulses such that there is a balance between the
sparsity level and residual error. The estimated hormonal secretory events and
model parameters are then used to compare various aspects of cortisol secretion in
patients against their matched healthy subjects. The circadian rhythm dynamics
of the patients is compared against the healthy individuals by formulating an opti-
mization problem. The physiological model parameters and the different norms of
hormonal secretory events of patients are compared against their matched healthy
individuals using statistical testing analysis. Since CFS and FMS might have dif-
ferent sources of dysregulations in cortisol patterns, a comparison directly amongst
them would not be appropriate, therefore, in this study we first compare FMS
and/or CFS against their healthy matched subject and then compare the results.
As the state-space model used in this research is based on the human physiology,
statistically analysing the estimated underlying pulses, infusion, and clearance rates
may potentially help us to locate possible tissues or organs responsible to cause the

syndrome.

2.2 Methods

2.2.1 Experiment: Cortisol Serum Measurements in Healthy and Dis-

eased Population

In this research, we use the serum cortisol level data of the FMS and/or CFS
patients, and their matched control subjects to understand if cortisol plays any role

in causing FMS [21]. All patients were recruited from clinics in the University of

12



Michigan Medical Center. Diagnoses were done using the 1990 American College
of Rheumatology Criteria and the 1988 Center for Disease Control and Prevention,
respectively [21]. All subjects are within an age range of 18 to 65 years. Other
than FMS and/or CFS, they have no other reported significant medical disorder.
As mentioned in the introduction, FMS and CFS is more prevalent in females,
therefore, the dataset in [21] contains only females. Control subjects and patients
were matched according to their age and menstrual status.

All subjects were admitted the evening prior to having blood samples drawn to
get them accustomed to the conditions. The 24-hour cortisol level measurement
was started at 9 a.m. The dataset includes 72 subjects (36 age-matched healthy
control subjects and 36 patients) [21]. Informed consent was obtained from healthy
subjects and patients based on the approval by the institutional review board of the
University of Michigan. Detailed description of the experiment is provided in [21].
In this study, we analyze data from 31 subject pairs (patients and their healthy
control subjects), out of which 3 pairs are patients with FMS only, 15 subject pairs
are patients suffering from both FMS and CFS, and 13 subject pairs are suffering
from CFS only. For the premise of this study, we do not consider 5 subject pairs, for
which the data was highly corrupted in either the patients or the matched healthy

subjects.

2.2.2 Cortisol Model Formulation for Healthy and Diseased Population

Faghih et al. [29] utilizes the sparse nature of hormonal secretory events and
other physiological constraints along with a state-space model to estimate the am-
plitude and timings of the secretory events as well as the physiological system pa-

rameters. Their model is based on the stochastic differential equation model of
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diurnal cortisol patterns in [15]. The rate of change of cortisol concentration in the
adrenal glands is equivalent to the difference between the cortisol synthesis rate and
the infusion rate of cortisol from the adrenal glands into the blood. Similarly, the
rate of change of cortisol concentration in the blood is equivalent to the difference
between the cortisol infusion rate by the adrenal glands and the cortisol clearance
rate by the liver [15]. We use the cortisol secretion dynamics model in [29] which is

represented as

da:l (t)

e —¢171(t) + u(t) (Adrenal Glands) (1)

and
dx?(t) = ¢ t) — t S 2
5 = Sn(t) = daa(t) (Serum) (2)

where x1(t) is the concentration of cortisol in adrenal glands and x5(t) is the con-
centration of cortisol in serum, ¢1 and ¢9 are the model parameters which represent
the cortisol infusion rate from the adrenal glands into the blood and the cortisol
clearance rate by the liver, respectively. The clearance rate here is different from
the way biologists explain phenomenon such as clearance through functional in vitro
assays or in vivo tests. Input w(t) represents the hormonal pulses resulting in se-
cretion of cortisol, i.e. u(t) = Z;V: 14;0(t — 7;) where ¢; represents the hormone
pulse amplitude initiated at time 7;; ¢; is a positive value when there is a hormone
pulse and zero if there is no hormone pulse. We assume that the hormonal secre-
tory events occur at integer minutes, i.e., there are 1440 distinct locations for the
occurrence of hormone pulses in 24-hour (N = 1440) [29]. Every 10 minutes the

blood was collected, for M samples (M = 144). The output, which refers to the
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measurement, is presented as

yt; = z2(ti) + vy, (3)

where y;, and v, represent the observed cortisol level in the serum and the error of
measurement, respectively. We consider that the initial condition of concentration
of the cortisol in adrenal glands and serum as zero and yg, respectively. The system

can be expressed as

Yy = Aypyo + Bpu+v (4)
' '
where y = [ytw Ytao " Ytiom ] y Ap = | ay, an, - Gtiom ] » By =
i ! i
|:bt10 btrg -+ Dty :| U= |: a q2 - 4N :| U= |:Ut1o Utag " Vtiom :| ’
/
¢ = [@ 2 ] s ay, = e % and by, = [ (e — 7)o (em¢2limD)
—¢1(=1)y ... é1 —¢2 _ o9 !
e~ 1=l s (e =) 0 0].
N—i

2.2.3 Cortisol Parameter Estimation

To estimate the model parameters, we assume that the cortisol infusion rate
from adrenal glands is at least four times the cortisol clearance rate by liver (i.e.,
4¢2 < ¢1) [29]. Previous studies in [15, 92] suggest that there are 15 to 22 cortisol
secretory events (i.e., 15 < ||ullo < 22,u > Onx1) in 24 hours. We can therefore
assume cortisol secretory events are sparse and state this optimization problem as

. 1 2
min Jy(¢, u) = Sy — Agyo — Boullz + Al[ulf; ()

u>0nx1
R¢p<03x1

where R =
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The regularization parameter, i.e., A is selected such that the sparsity level of u re-
mains within the physiologically plausible range. The [,-norm is chosen an approxi-
mation for the lp-norm, i.e, the number of non-zero elements in u (0 < p < 2). This
problem can be solved using a deconvolution algorithm, which uses the coordinate-

descent approach until we achieve convergence. We iterate between

umth — argmin J)\((b(m)a u) (6)
u20N><1
and
¢(m+1) _ argmin J’)\((;')7 u(m"rl)) (7)
R¢p<03x1

To obtain good estimates for u and ¢ we use the initialization algorithm pro-
vided in 2.2.4. Equation (16) shows an optimization problem, which is a sparse
recovery problem and can be solved using a variant of the Iterative Re-weighted
Least Square algorithm called FOCal Under-determined System Solver (FOCUSS)
[41]. FOCUSS+ [66] is an extension of the FOCUSS algorithm which solves for non-
negative solutions while constraining the maximum number of non-zero elements in
u. The maximum sparsity for u is constrained at n (where n is 22 for healthy indi-
viduals and since we are unaware of the maximum sparsity for patients, we relax the
constraint on the number of pulses to 30. The regularization parameter is set using
generalized cross validation. When we obtained the estimate, we observed that for
all the patients the pulses were between the range given for healthy subjects, i.e,
15 to 22 pulses. Hence, we gradually decreased the constraints on the problem. We
gradually decrease the upper bound on the number of pulses to 25 for the patients,

to be less conservative). The initialization algorithm uses FOCUSS+ to obtain good
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initializations. Although we obtain an estimate for ¢ and u by iteratively solving for
it, we need to find a good estimate for A such that there is a balanced trade-off be-
tween A\ and the sparsity of u. The Generalized Cross-Validation (GCV) technique
is used to find a good estimate for the regularization parameter [39]. FOCUSS+
algorithm and GCV technique are further provided in the supplementary material.

Figure 2 shows the flowchart for deconvolution algorithm.

Initialize u®, ¢° using
initialization algorithm

[P
Iz
Set ¢ = ¢™1; using GCV-FOCUSS+, solve for u™
by initializing the optimization problem in (6) at u™ =1
4
Set u = u™; using Interior Point Method, solve for ¢p™
by initializing the optimization problem in (7) at ¢p™ 1

Until Convergence

True
End

osTe]

Figure 2: Flowchart of Deconvolution Algorithm [29].

2.2.4 Sparse Recovery with Iterative Re-weighted Least Square Ap-

proach: (FOCal Under-determined System Solver)

FOCUSS+ [66] is an extension of the FOCUSS algorithm [41] which solves for
non-negative solutions. FOCUSS+ allows us to maintain the maximum sparsity
of u. This algorithm uses a heuristic approach to update the A\. By updating A
iteratively until it reaches maximum regularization Aj,.x, We can maintain the trade-
off between residual error and sparsity. The residual error ||yg — Byul|| reduces with

every iteration.
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Initialize w randomly on [0,1],

andlet @® = [w w/4],i=1

¥

Set ¢ = ¢™1; using FOCUSSH, solve for u™ by
initializing the optimization problem in (2) at a vector|

of all ones
sl
¥ =R
&

Setu = u™; using u™ Interior Point Method,
solve for ¢™ by initializing the optimization
problem in (3) at ¢p™*

— 0

True
End

Figure 3: Flowchart of Initialization Algorithm [29].

Initialize
l=0,
lmax = 50

Ty,

20 = (1
[Ioll,

-1
u®V = FOBY (B 4FVBL +201) y, |

as[e

Select the largest n
elements of u*+1
and set rest to zero

Until Convergence

Figure 4: Flowchart of FOCUSS+ [66].
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Initialize [l = 0

v —
| Fu(l) = diag(|u}| p)|

-1
D = RVBG (B "By + A1) v,

l T
=) ST

False

A+ = argmin G (1)
0<A<10

Until Convergence

True

as[e

A

Figure 5: Flowchart of GCV-FOCUSS+ [104].

FOCUSS+ takes about 10 to 50 iterations to converge [66]. The initialization
algorithm uses FOCUSS+ to obtain good initializations. FOCUSS+ algorithm is
also provided in the supplementary material. Although we obtain an estimate for ¢
and u by iteratively solving for it, we need to find a good estimate for A such that
there is a balanced trade-off between A\ and the sparsity of u. The GCV technique
is used to find a good estimate for the regularization parameter [39]. GCV function

is given as

GO = L||(1-Bg F" B} (B F{) BL+AO 1) yg)|?
" (trace(1-By F) BY (ByFY) BT +A0I)~1))2

where F, is diag(|u;|?>7P), [ refers to the estimated values at ['' iteration of FO-
CUSS+ algorithm, and L is the number of data points. The combination of GCV
technique and FOCUSS+ allows us to find a reasonable choice for A, which further
helps us to filter out noise to solve for u [29, 104]. The GCV function is used for

this purpose. Figure 5 shows the flowchart for GCV-FOCUSS+.
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2.2.5 Analysis of Circadian Rhythms

The circadian rhythm of an individual is the process that regulates the sleep and
wake cycle and repeats itself every 24 hours [53]. As cortisol secretion pattern is also
regulated by the circadian rhythm, we analyze the circadian rhythm of the secretion
pattern by examining the upper and lower envelopes of the cortisol time series.
The timings and amplitudes of the hormonal secretory events vary throughout the
day. We assume that the amplitude variations are due to the circadian rhythm
with periods of 12 and 24h [32], and the assumption is only considering the most
significant release. Therefore, we formulate the upper and lower envelopes as a sum

of two significant harmonics similar to [31]. It is given as

Hy(t;) = hya + hy2sin(wt; /N) + hy 3 cos(wti/N) + hy 4 sin(2wt; /N)

+ hy 5 cos(2wt; /N) (8)
where w = 27, t; € (0,T] and ¢ € {low,up}, hy = hpi hgo hys hpa hysl|-

To find the upper and lower envelope of the cortisol data, we formulate two opti-

mization problems for estimating the coefficients in (8).

The optimization formulation for the lower envelope is given as

I’{llnHy - Dh’low”% s.t. Dhlow < Yy (9)
low

Similarly, the optimization formulation for the upper envelope is given as

r}l;linHy — Dhyyll3 st. Dhy, >y (10)
up
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where,

=1|d; dy ds da d5},d1=[1 1 1 - 1],,
dy = _ sin(2nt19/N) sin(27wtoo/N) -+ sin(2wtion/N) /,
ds = - cos(2mt19/N) cos(27mteg/N) -+ cos(2mtions/N) ]/,
dy = _ sin(4nti0/N) sin(dntae/N) -+ sin(4dwtionr/N) — /,
and ds = | cos(4mtig/N) cos(4mty/N) -+ cos(4mtign/N) ]/

We can further express (8) as

h¢(tz) = A¢71 + Awg sin(wti/N + 9¢71)

=+ Aw’g sin(2wti/N + 91/,72) (11)

_1/h
where, Awl = hwl, Awg = ”h?/;,Q + hi’g, Awg = 1/h12p,4 + h?ﬁﬁ’ (9#,71 = tan 1(%)

and 6y 9 = tan_l(%).

We solve the optimization problems in (9) and (10) using the interior point method.

2.3 Results

Figure 6 shows the comparison between the measured serum cortisol and recon-
structed serum cortisol levels of patients and healthy matched control subjects for

two subject pairs. Each subject’s subplot consists of:

1. The black diamonds in the upper plot of Figure 6 represent the measured
cortisol level obtained from blood samples. After deconvolution, we obtain
the reconstructed signal (black curve) obtained from hormone secretion pulses

u.

2. The central plot of Figure 6 shows the hormone secretion pulses u (black
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Figure 6: Comparison between Deconvolved Experimental Twenty-Four-
Hour Cortisol Levels in Matched Subject Pairs consisting of a
Healthy Control Subject and a Patient.

vertical lines), reconstructed from estimated amplitudes and timings obtained
using deconvolution. The number of estimated hormone secretion events for
all subjects are within physiologically plausible ranges with a square of the

multiple correlation coefficient (R?) above 0.80.

. Lastly, the lower plot of Figure 6 shows the quantile-quantile plot of the model
residuals for both patients and matched healthy subjects. Slight deviations
from the straight line are observed for the extreme values of residuals in the
quantile-quantile plots for some patients. We explain this in detail in the

discussion section. The residuals follow a straight line in the quantile-quantile

plots of the healthy subjects.

Using the optimization formulation in (9) and (10), we obtain the upper and
lower envelopes of the estimated cortisol pattern for both the patient and its matched

healthy subject as shown in Figure 7.
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