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Abstract— Fibromyalgia Syndrome (FMS) and Chronic Fa-
tigue Syndrome (CFS) are complex medical conditions with sim-
ilar symptoms such as anxiety, fatigue, depression, headaches,
muscle aches and joint pain. The etiology of both these
syndromes is unknown. The objective of this study is to
characterize FMS, both in the presence and in the absence
of CFS, by analyzing variations in cortisol secretion patterns,
timings, amplitudes, and the number of the underlying pulses
as well as infusion and clearance rates. The comparison
is performed against matched healthy control subjects. We
estimate the hormonal secretory events by deconvolving cortisol
data using a two-step coordinate descent approach. The first
step implements a sparse recovery approach to infer the
amplitudes and the timings of the cortisol secretion events
from limited cortisol hormone data. The main advantage of
this method is estimating the cortisol secretory events using
a system theoretic approach. The second step is to estimate
the physiological system parameters (i.e. infusion and clearance
rates). This approach has been verified on healthy individuals
previously. Our results show that the clearance rate of cortisol
by the liver is relatively lower in patients as compared to
the matched healthy individuals. This suggests that there is
a relatively higher accumulation of serum cortisol in patients
when compared to matched healthy subjects.

I. INTRODUCTION

Fibromyalgia Syndrome (FMS), also known as fibrositis
syndrome, is a complex medical condition characterized
by widespread musculoskeletal pain in combination with
tenderness at 11 or more out of the 18 specific tender
points [1]. It affects about 2% of the population and is more
common in females than in males [2]. The prevalence of
this syndrome increases with age and is highest in 60-79 age
group. Chronic Fatigue Syndrome (CFS) is defined by the
Centers for Disease Control and Prevention (CDC) as a com-
plex condition characterized by prolonged disabling fatigue
[3]. Similar to FMS, CFES is also more prevalent in females
(75.4% of all CFS patients are females) than in males [4].
Bakken et al. [4] observed two distinct peaks for age groups
between 10-19 and 30-39 years, being true for both genders.
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Different symptoms associated with FMS include anxiety,
difficulty sleeping, pain, tender points, fatigue, depression,
morning stiffness and decreased cognitive function, while
those associated with CFS include headaches, sore throats,
fever, muscle aches and joint pain [5], [2], [6].

Widespread musculoskeletal pain is the most common
symptom that patients with CFS and FMS share [5]. Per-
sistent stimulation of psychological stress responses have
the potential to affect systemic cortisol secretion over time
[71, [8]. As FMS and CFS patients are more prone to such
psychological stress, they might have altered cortisol levels
as compared to healthy individuals. Therefore, in this study,
we hypothesize that understanding cortisol patterns in both
these syndromes may be a crucial factor in characterizing
FMS and CFS in order to generate testable hypotheses about
causal mechanisms. An individual’s response to psychologi-
cal stress induces significant hypothalamic-pituitary-adrenal
(HPA) axis responses across all ages and genders [9]. HPA
axis activity is accomplished by the secretion of corticotropin
releasing hormone (CRH) and arginine vasopressin (AVP)
from the hypothalamus. This triggers the secretion of adreno-
corticotropic hormone (ACTH) from the pituitary, which
finally simulates the secretion of glucocorticoids (cortisol is
a type of glucocorticoid) [10]. A negative feedback mech-
anism prevents cortisol overproduction [11]. If there is any
dysfunction with the above mechanism, the person is more
likely to develop CFS and/or FMS.

Various hypotheses have been investigated concerning cor-
tisol levels in FMS. Klerman et al. [12], found no differences
in the circadian variation of serum cortisol levels in patients
with FMS compared to healthy controls. On the contrary,
Riva et al. [13] state that FMS is associated with hypocorti-
solism. These differences can be due to variations in exper-
imental procedures such as the steps taken to minimize re-
sponses to environmental stimuli (e.g. light, rest, medication)
or the presence of secondary syndromes such as CFS. For
CFS though, most studies suggest lower serum cortisol levels
[14], [15]. As a result, an investigation of cortisol patterns
becomes essential for a better characterization of FMS and
CFS. Cortisol patterns are highly influenced by the circadian
rhythm of an individual [16]. Since different individuals have
distinctive circadian rhythms, the cortisol patterns of different
individuals are, therefore, distinct. Traditionally, in analyzing
cortisol data, an average of the cortisol patterns of different
individuals is considered; this could lead to the loss of some



critical information in cortisol data. To avoid such cases in
this study, we plan to consider each subject’s cortisol pattern
separately using a system theoretic approach.

As the first step in understanding the etiology of these syn-
dromes, we analyze the cortisol response in both patients and
healthy control subjects. Healthy control subjects with nor-
mal physiology have a cortisol response with variations due
to circadian modulation of the amplitude of secretory events
and ultradian modulation of the timing of secretory events
[16]. Circadian rhythm of every organism depends on various
factors such as body temperature, exposure to light, diet and
posture [17]. Since cortisol secretary events are a function
of the circadian rhythm [16], and each individual has a
distinct circadian rhythm, we consider every patient’s serum
cortisol response separately. The studies in [18] and [19]
use mathematical modeling to understand HPA behavior and
to characterize FMS patients [18]. Physiological evidence
from investigation of human subjects shows that the diurnal
variations in blood cortisol levels are a result of three factors:
(D) ultradian modulation of the timings of hormonal secretory
events; (II) circadian alteration of the amplitudes of these
events; and (III) infusion rate of cortisol into blood by the
adrenal glands and clearance rate of cortisol by the liver [20].
We use the model and deconvolution algorithm provided
by Faghih et al. [21], [22], [23], [24], [25] to investigate
cortisol levels in both adrenal glands and serum, as it also
allows us to estimate the amplitude, number and timing of
hormonal secretary events along with the model parameters.
According to this algorithm, the sparsity characteristic of the
hormone pulses is exploited to recover the timings and the
amplitudes of hormone pulses using compressed sensing. A
coordinate descent approach is used to estimate the cortisol
secretory events and model parameters. Similar to [21], we
use 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 the cortisol
variations in patients and matched healthy subjects.

II. METHODS
A. Dataset

In this study, we use the serum cortisol level data of
the patients suffering from FMS only or both FMS and
CFS, and their matched healthy control subjects [14]. All
subjects are between 18-65 years of age. They have no
significant medical conditions other than FMS or both FMS
and CFS. As mentioned earlier in the introduction, FMS is
more prevalent in females, therefore, the FMS dataset in [14]
contains only measurements from female subjects. Healthy
control subjects and patients were matched according to their
age and menstrual status.

This study was carried out in a controlled environment.
The subjects were familiarized to the study environment at
least two months prior to the commencement of the study.
The subjects were acquainted with the blood transfusion
process to lower any disturbances in their circadian rhythm
during the study. All subjects were admitted the evening prior

to taking samples. The 24-hour cortisol level measurements
started at 9 a.m. The sleep period of all subjects was between
11 p.m. to 8 a.m. Blood samples (2.8 ml) were collected ev-
ery 10 minutes for the next 24 hours. Duplicate serum ACTH
samples were quantified using a dual-immunoradiometric
assay and the serum cortisol concentrations were measured
by radioimmunoassay. The data includes 72 subjects (36
age-matched healthy control subjects and 36 patients) [14].
Informed consent was obtained from healthy subjects and
patients based on the approval by the institutional review
board of the University of Michigan. In this research, we
consider the cortisol data of patients suffering from FMS
only and from both FMS and CFS. Here, we study 8 subject
pairs, out of which 3 pairs have patients with FMS only and
the other 5 subject pairs have patients suffering from both
FMS and CFS.

B. Model Formulation

According to Faghih er al. [21], the sparse nature of
the hormonal secretory events and other physiological con-
straints make it possible to recover and estimate the am-
plitudes and timings of the secretory events as well as
the physiological system parameters. The rate of change of
cortisol concentration in the adrenal glands is equal to the
difference between the rate of cortisol synthesis and the
infusion rate of cortisol into the blood from the adrenal
glands. Similarly, the rate of change of cortisol concentration
in the blood is equal to the difference between the cortisol
infusion rate from the adrenal glands into the blood and the
rate at which the liver clears cortisol [20]. We use the cortisol
secretion dynamics model in [21] which is represented as
follows:

dac;t(t) = —¢rz1(t) + u(t) (Adrenal Glands) (1)
d%p = p171(t) — Pawa(t) (Serum) - (2)

where x7(t) is the cortisol concentration in the adrenal
glands, z3(t) is the serum cortisol concentration, and ¢, and
¢- are model parameters which represent the infusion rate
of cortisol from the adrenal glands into the blood and the
clearance rate of cortisol by the liver (clearance rate here
differs from the way biologists assess phenomena such as
clearance through functional in vitro assays or in vivo tests),
respectively. The input u(t) represents the hormone pulses
that result in cortisol secretion, i.e. u(t) = Z;V:l q;6(t — 1)
where ¢; represents the amplitude of a hormone pulse
initiated at time 7;; g; is a positive value where there is
a hormone pulse and zero if there is no hormone pulse.
We assume that the hormone pulses may occur at integer
minutes, i.e., there are 1440 different locations for the
occurrence of hormone pulses in 24 hours (N = 1440) [21].
Blood was collected every 10 minutes, for M samples (M
= 144). The output which refers to the measurement is
represented as follows:

Y, = xQ(ti) + vt (3)
where 1, and v, represent the observed serum cortisol level



and the measurement error in the i sample, respectively.

Considering that the initial condition of the cortisol concen-
tration in the adrenal glands and blood are zero (due to de
novo cortisol synthesis) and yg, respectively, the system can
be represented as,

Yy =Agpyo + Bpu + v 4)
’ ’
where y = [ Ytio  Ytao Ytrom ] @ /: [ b1 P2 ] s
A¢ - [ Aty at20 Atyon } , By f
[ btyo  btag btiom ] , U = [ f]l q2 Iy ] )
v = [ Ut Uty Utionm ] , Qg = ) e~ %2t
and by, = [¢1 —¢2 (e¢2l - e¢11) ¢1¢—1 2(6@(171) -
ehr(i=1)) ... G (g2 —efr) 0 ... 0]’
1—¢2 —_——
N—i

C. Estimation

To estimate the model parameters, we assume that the
infusion rate of cortisol from the adrenal glands is at least
four times the clearance rate of cortisol by the liver (i.e.,
4¢9 < ¢1) [21]. Also, previous studies suggest that there are
15 to 22 secretory events (i.e., 15 < ||ullp < 22,4 > 0)in
24 hours [20], [16]. We can therefore state this optimization
problem as,

min Ji (¢, u) = *Ily Agyo—Bgul|l3+ A [ullp (5)
R¢<s
where —1 4 0
R: —1 0 s S = 0 .
0 -1 0

A is the regularization parameter. A\ can be chosen in such
a way that the sparsity level of u is within the physiologi-
cally plausible range. Using a coordinate descent approach
this problem can be solved using the following steps until
convergence is achieved:

ultD = argmin Jx (¢, u) (6)
(k+1) _ in J (k+1) 7
¢ arg min Jx(¢,u®D) @)

The optimization problem in (6) is a sparse recovery problem
and can be solved efficiently using an Iterative Re-weighted
Least Square (IRLS) approach. A variant of the IRLS
algorithm is the FOCal Under-determined System Solver
(FOCUSS) [26]. We use FOCUSS+ [27], an extension of the
FOCUSS algorithm, which solves for non-negative solutions.
The combination of the Generalized Cross-Validation (GCV)
technique and FOCUSS+ enables us to find a reasonable
choice for A which further helps us to filter out noise to
solve for u [21], [28].

The algorithm is as follows:

Algorithm 1 Deconvolution Algorithm

1: Initialize ¢° by sampling a uniform random variable z
on [0,1] and let q‘bO—[z z].

2. for r=1,2,3, 30do

3: Set ¢ equal to qb ; using FOCUSS+ [27], solve
for 4™ by initializing the optimization problem in (6) at
a vector of all ones

4: Set w equal to u”; using the interior point method,
solve for ¢" by initializing the optimization problem in
(7) at p" 1

5: end for

6: Initialize @® and @° by setting them equal to @” and
@", respectively

7: while until convergence do

8: Set ¢ equal to ¢™1; using GCV-FOCUSS+ [21],
solve for 4™ by initializing the optimization problem
(6) at ™1

9: Set u equal to «™; using the interior point method,
solve for ¢™ by initializing the optimization problem in
(7) at g™ 1

10: end while

11: Repeat the above steps for several initializations and set
the estimated model parameter ¢ and input @ equal to
values that minimize Jy in (5).

0

After we estimate the model parameter ¢ and cortisol
pulses u, we analyze the estimated data. Analysis for phase
difference included the study of the upper and lower en-
velopes of the cortisol data. The upper and lower envelopes
are harmonic in nature because of the circadian rhythm of
cortisol secretion and can be written as a sum of significant
harmonics [29] as:

ho (ti) = o1 + by 2 sin(wt; /N) + hy 3 cos(wti/N)
+ hy.asin(2wt; /N) + hy 5 cos(2wt; /N) (8)

where w = 27 and ¢ € {low,up}. We formulate two
optimization problems for estimating the coefficients in (8)
to find the upper and lower envelopes of the cortisol data.

For the lower envelope, the optimization formulation is given

as
I’IllIlHy Dhyoy |3 s.t.

Riow

Dhiow <y )

For the upper envelope, the optimization formulation is given
as

rﬂ:}?”f’! — Dhyl[3 st. Dhyy >y (10)
where, h¢ = [hw’l hwﬁg hw’g hw,4 hw ]
D=[d dy d3 dy ds].dy=[1 1 1 1],
dy = [ sin(2nt19/N)  sin(27tag/N) sin(2nt10pr /N) ]/,
d; = [ cos(2mt19/N)  cos(2mta/N) cos(2mt1op /N) ],,
dy = [ sin(4ntyo/N) sin(4ntyg/N) sin(4nt1opr /IN) ],
and ds = [ cos(4wt1g/N) cos(4mtzg/N) cos(4mtions/N) }

We can further express (8) as:

h¢(ti) = A¢_y1 + Ad,’g Sin(wti/N + 9,/,71)

+ Awg sin(2wt7;/]\7 + 91/;72) (1 1)



where, Aw}l = hw}l, Ad)’2 = ‘/hfb,2+h12b,3’ Awﬁg
VR R s Oy = tanT1(322) and 6y, =

hy
—1/hy,
tan (hii)

III. RESULTS

Figure 1 shows the comparison between the measured and
reconstructed serum cortisol levels of patients and corre-
sponding matched healthy subjects. It shows the estimated
amplitudes and timings of hormonal secretory events, for
both patients and matched healthy subjects. The amplitude
variations of the pulses are demonstrated by the circadian
rhythm of underlying cortisol release, and the variations
in the timings are due to the ultradian rhythm [20]. The
black diamonds in Figure 1 represent the measured cortisol
level obtained from blood samples. After deconvolution we
obtain the hormone secretion pulses w (blue vertical lines in
Figure 1), which are used to obtain the reconstructed signal
(red curve in Figure 1). 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 0.86.

TABLE I: The Estimated Model Parameters for Patients
and Matched Healthy Control Subjects.

Subject Healthy Patient
¢1 (min~1) | ¢o (min~1) | ¢1 (min~1) | B (min—1)
1 0.2687 0.0097 0.1833 0.0097
2 0.1655 0.0133 0.1909 0.0104
3 0.2178 0.0066 0.3681 0.0044
4 0.1968 0.0083 0.2282 0.0065
5 0.1477 0.0103 0.2394 0.0072
6 0.2767 0.0073 0.2727 0.0069
7 0.1482 0.0048 0.1042 0.0066
8 0.1397 0.0076 0.00981 0.0074

Table I shows the estimated model parameters obtained
from deconvolution of experimental cortisol measurements.
The model parameters obtained are the serum cortisol infu-
sion rate (¢1) and the clearance rate (¢2).

Figure 2 shows the upper and lower envelopes of the
cortisol pattern of both a healthy subject and a patient using
the optimization formulation in (9) and (10), respectively.

Figure 3 shows the sample distribution of the paired
differences of the clearance rate of cortisol by liver in the left
box-plot. The median for this box-plot is greater than zero.
Performing Wilcoxon signed-rank test on the ¢ — ghaient
sample distribution revealed that the differences between the
clearance rates of the healthy control subjects and patients
have median difference significantly greater than zero using
a one tailed test (p = 0.0294).

Additionally, Figure 3 shows the sample distribution of the
paired differences of the hormonal secretion events during
sleep in the central box-plot respectively. The median for this
box-plot is greater than zero. Similarly a Wilcoxon signed-
rank test on the sample distribution the number of pulses for
healthy subjects and patients during the sleep cycle revealed

that the median difference is significantly greater than zero
using a one tailed test ( p = 0.0364).

Lastly,the right box-plot in Figure 3 shows the sample
distribution of the paired differences of the phase change
in the upper envelope for the healthy subjects and patients
(ie. Hﬂg?llthy — 6h0'1™) illustrated in Figure 2. The median for
this box-plot is greater than zero. Similar to earlier cases,
Wilcoxon signed-rank test on the phase differences of the
lower harmonics of upper envelope between healthy controls
and patients (Qgﬁlhy — Ohoi™) revealed that the sample
distribution of phase differences have median significantly
greater than zero using a one tailed test (p = 0.0391).

IV. DISCUSSION

A complete model for description of cortisol variations
must include all intrinsic parameters such as forward and
backward linkages between the hypothalamus, anterior pi-
tuitary, adrenal gland, and liver as well as extrinsic factors
like stress, sleep, light and food. A simultaneous study of
all these events is challenging in humans. Therefore, Brown
et al. [20] suggest that a minimal model can be devised
for healthy individuals and patients. The model used in
[21] is based on the stochastic model of diurnal cortisol
patterns provided in [20]. They successfully implemented
this model for simulated cortisol data. Similarly, Faghih et
al. [21] successfully developed a deconvolution algorithm
based on this model and verified this for cortisol data from
10 healthy female subjects. Both these studies obtained good
fits suggesting the validity of this model for estimation.

From our results and statistical analysis, it is evident
that for this controlled environment, the clearance rate of
cortisol by the liver in patients is found to be relatively lower
than that of matched healthy subjects. This suggests that
since the blood cortisol in healthy control subjects is getting
cleared at a faster rate as compared to the matched patients
they show a relatively lower cortisol concentration. The
liver produces C-reactive protein (CRP) and inflammatory
cytokines [18]. Hence, the liver could be triggering neuroin-
flammatory responses via afferent nervous system pathways.
Cortisol uses phosphorylation (glucocorticoid receptor) for
feedback signaling, but cytokines can weaken the receptor;
thus, reciprocal effects stay the same [18].

We also aim to understand how the hormonal secretory
event behavior in patients deviates from that of healthy
subjects. To investigate if there are any differences between
the FMS patients and healthy subjects, we calculate the
number of pulses (lp-norm), the sum of amplitudes (I;-
norm), and energy (l3-norm) of w as well as the time interval
between pulses. No consistent differences were observed. We
further perform analysis to check if there is any delay in
the ultradian rhythm of the FMS patients as compared to
the healthy control subjects. In this regard, we check the
baseline of the upper and lower envelopes, but there was
no significant difference. We also obtain the lp-norm, ;-
norm and /o-norm of w in the wake and sleep cycles of all
patients and healthy control subjects. As mentioned earlier,
statistical analysis shows that the patients have a relatively
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consisting of a Healthy Control Subject and a Patient. Each subplot shows the measured 24-hour cortisol time series
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Fig. 2: Comparison between Upper and Lower Envelopes
of a Healthy Control Subject and a Patient. Each subplot
shows the comparison between the patient (the red curve)
and the corresponding age-matched healthy control subject
(the blue curve).

lower number of secretory events than the healthy subjects
during the sleep cycle. Cortisol levels are highest when a
person wakes and decrease as the day progresses [21]. The
relatively lower number of hormone pulses in patients during
sleep could be due to the lower cortisol clearance rates.
As the patients have lower cortisol clearance rates, there is
relatively higher cortisol residue in patients when compared
to the matched healthy subjects. Therefore, patients produce
less cortisol secretory events during sleep as they have some
serum cortisol residue. Crofford et al. [14] claimed that
there is a delayed decline in cortisol levels from peak to
crest in patients when compared to matched healthy control
subjects. According to our results and statistical analysis we
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Fig. 3: Box-plot of Paired Differences of the Clearance
Rate, the Number of Hormone Secretion Events during
Sleep and the Phase. Left, central and right subplots,
respectively illustrate the sample distribution of the paired
differences of the clearance rate, the number of hormone
secretion events (during sleep) and the phase, depicting the
median (red line), the lower (Q1) to upper (Q3) quartile range
(blue rectangle), and 9 to 91 percentile range (black line and
black dashed line).

see that there is a positive phase difference between the upper
envelope of healthy subjects and patients. As mentioned
earlier, we see relatively higher cortisol residue in patients
due to lower clearance rates. The relative delay in cortisol
levels in patients can be, therefore, explained as an outcome
of relatively lower clearance rates.

Although our study suggests some potential pathological
mechanisms for FMS patients, further verification is neces-
sary. The data used in this study is limited and the dataset is
obtained from a controlled study. This preliminary evidence
suggests that further inclusion of subjects and rigorous
experiments under different conditions and perturbations can
lead to a more general conclusion for FMS patients.

The change in cortisol alone does not imply a patho-
physiological mechanism. The change may be an outcome
of a counter-regulatory mechanism that the body follows
adaptively to bolster cognitive function, elicit the synthesis



of glucose, or suppress inflammation. We should not use
any drug until the pathological mechanism is confirmed.
The serum cortisol level is only a marker. If the principal
issue is lower clearance rate, we should understand it with
respect to a key tissue and investigate which of the biological
mechanisms that breakdown cortisol are affected.

V. CONCLUSION AND FUTURE WORK

In this research, we have deconvolved the cortisol data
to obtain hormonal secretory events and model parameters.
The model parameters include the infusion rate of cortisol by
adrenal gland and the clearance rate by the liver. The cortisol
clearance rate from the blood was relatively lower for the
patients than for healthy control subjects. In addition, there
is a delayed cortisol decline response in patients compared
to healthy subjects. This delay is an outcome of relatively
higher serum cortisol concentration and lower clearance rates
in patients.

In future work, we plan to include ACTH data in our
analysis and investigate the differences in ACTH and cortisol
secretion dynamics in patients and healthy subjects using a
system theoretic approach.
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