
1

Characterization of Cortisol Dysregulation in
Fibromyalgia and Chronic Fatigue Syndromes: A

State-Space Approach
Divesh Deepak Pednekar, Student Member, IEEE, Md. Rafiul Amin, Student Member, IEEE,

Hamid Fekri Azgomi, Student Member, IEEE, Kirstin Aschbacher, Leslie J. Crofford,
and Rose T. Faghih, Member, IEEE

Abstract—Objective: Fibromyalgia syndrome (FMS) and
chronic fatigue syndrome (CFS) are complicated medical
disorders, with little known etiologies. The purpose of this
research is to characterize FMS and CFS by studying the
variations in cortisol secretion patterns, timings, amplitudes, the
number of underlying pulses, as well as infusion and clearance
rates of cortisol. Methods: Using a physiological state-space
model with plausible constraints, we estimate the hormonal
secretory events and the physiological system parameters (i.e.,
infusion and clearance rates). Results: Our results show 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 energy
of hormonal secretory events are lower in FMS patients. During
early morning hours, the magnitude and energy of the hormonal
secretory events are higher in CFS patients. Conclusion: Due to
lower cortisol clearance rate, there is a higher accumulation of
cortisol in FMS patients as compared to their matched healthy
subjects. As the FMS patient accumulates higher cortisol
residues, internal inhibitory feedback regulates the hormonal
secretory events. Therefore, the FMS patients show a lower
number, magnitude, and energy of hormonal secretory events.
Though CFS patients have the same number of secretory events,
they secrete lower quantities during early morning hours. When
we compare the results for CFS patients against FMS patients,
we observe different cortisol alteration patterns. Significance:
Characterizing CFS and FMS based on the cortisol alteration
will help us to develop novel methods for treating these disorders.

Index Terms: Biomedical signal processing, deconvolution,
system identification, state-space methods, statistical analysis

I. INTRODUCTION

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 [2]. It is 7 times more
prevalent in females than in males [3]. Symptoms associated
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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 [4].
Similar to FMS, CFS is also two times more prevalent in
females than in males [5]. The symptoms associated with CFS
are headaches, sore throats, fever, muscle aches, and joint pain
[6], [7].

The most common symptom shared by FMS and CFS
patients is widespread pain [6]. 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 [8]. An abnormal 2-5A
synthetase/RNase L pathway has been seen in CFS patients but
not in FMS patients [9]. Furthermore, Meeus et al. [6] 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 [10]. 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.

Cortisol is a very important glucocorticoid in humans to
regulate stress and sleep-wake cycle [11]. 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 [12]. 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 [13]. Figure 1-A shows a pictorial depicition of the
cortisol secretion and regualtion model.
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Fig. 1: An Overview of the System-Theoretic Approach. (A) shows the cortisol secretion & regulation model. The cortisol
secretion starts in the hypothalamus. The CRH released by hypothalamus triggers the release of ACTH by the anterior pituitary,
which in turn results in production of cortisol by the adrenal glands. (B) shows the overall approach used in this study. A
state-space model with physiological constraints is designed. A co-ordinate descent approach is then used to estimate the
secretion events and the physiological parameters. A statistical analysis is done on the estimations to categorize CFS from
FMS.

The central idea of this research is to categorize CFS
and FMS based on the estimated underlying pulses and
the cortisol infusion and clearance rate. We further perform
statistical analysis on these estimated pulses and rates.
Traditional approaches study and compare the serum cortisol
levels by comparing the averages or the levels directly.
Klerman et al. [3] 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.
[14] observed that the FMS patients show cortisol deficiency
[15]. 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
[16], [17]. Every individual has a distinct cortisol secretion
pattern [18]. 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. 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. In this study, we study the
etiologies of FMS and/or CFS based on the underlying pulses
and the physiological parameters. Understanding the underly-
ing 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 estimates
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. [19], [20] 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
modulation, the amplitudes of these events undergoing circa-
dian alteration, and the cortisol infusion rate into blood by the
adrenal glands and the cortisol clearance rate by the liver [18].
Brown et al. [18] 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 [21], [22], [23], [24], [25], [26], [27], [28],
[29]. With physiologically plausible constraints, the model
leads to a tractable optimization problem to estimate 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 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 optimization
problem. The physiological model parameters and the different
norms of hormonal secretory events of patients are compared
against their matched healthy individuals using statistical
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testing analysis. Since CFS and FMS might have different
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.

II. METHODS

A. Experiment

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 [16].
All patients were recruited from clinics in the University of
Michigan Medical Center. Diagnoses were done using the
1990 American College of Rheumatology Criteria and the
1988 Center for Disease Control and Prevention, respectively
[16]. 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 [16] 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) [16]. 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 [16]. 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.

B. Model Formulation

Faghih et al. [21] utilizes the sparse nature of hormonal
secretory events and other physiological constraints along with
a state-space model to estimate the amplitude and timings
of the secretory events as well as the physiological system
parameters. Their model is based on the stochastic differential
equation model of diurnal cortisol patterns in [18]. 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 concentra-
tion 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 [18]. We use the cortisol secretion
dynamics model in [21] which is represented as follows:

dx1(t)

dt
= −φ1x1(t) + u(t) (Adrenal Glands) (1)

dx2(t)

dt
= φ1x1(t)− φ2x2(t) (Serum) (2)

where x1(t) is the concentration of cortisol in adrenal glands
and x2(t) is the concentration of cortisol in serum, φ1 and φ2
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 u(t) represents the hormonal pulses resulting in
secretion of cortisol, i.e. u(t) =

∑N
j=1 qjδ(t − τj) where qj

represents the hormone pulse amplitude initiated at time τj ;
qi is a positive value when there is a hormone pulse and zero
if there is no hormone pulse. We assume that the hormonal
secretory events occur at integer minutes, i.e., there are 1440
distinct locations for the occurrence of hormone pulses in
24-hour (N = 1440) [21]. Every 10 minutes the blood was
collected, for M samples (M = 144). The output, which refers
to the measurement, is presented as follows:

yti = x2(ti) + vti (3)
where yti and vti 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 y0, respectively. The
system can be expressed as follows:

y = Aφy0 +Bφu + v (4)

where y =
[
yt10 yt20 · · · yt10M

]′
, φ =

[
φ1 φ2

]′
,

Aφ =
[
at10 at20 · · · at10M

]′
, Bφ =[

bt10 bt20 · · · bt10M
]′
, u =

[
q1 q2 · · · qN

]′
,

v =
[
vt10 vt20 · · · vt10M

]′
, ati = e−φ2i and

bti =
[

φ1

φ1−φ2
(e−φ2i − e−φ1i) φ1

φ1−φ2
(e−φ2(i−1) −

e−φ1(i−1)) · · · φ1

φ1−φ2
(e−φ2 − e−φ1) 0 · · · 0︸ ︷︷ ︸

N−i

]′
.

C. 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., 4φ2 ≤ φ1) [21].
Previous studies in [18], [30] suggest that there are 15 to 22
cortisol secretory events (i.e., 15 ≤ ||u||0 ≤ 22, u ≥ 0N×1)
in 24 hours. We can therefore assume cortisol secretory events
are sparse and state this optimization problem as

min
u≥0N×1

Rφ≤03×1

Jλ(φ, u) =
1

2
||y − Aφy0 − Bφu||22 + λ||u||pp (5)

where R =

[
−1 −1 0
4 0 −1

]>
.

The regularization parameter, i.e., λ is selected such that the
sparsity level of u remains within the physiologically plausible
range. The lp-norm is chosen an approximation for the l0-
norm, i.e, the number of non-zero elements in u (0 < p ≤ 2).
This problem can be solved using a deconvolution algorithm,
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which uses the coordinate-descent approach until we achieve
convergence. We iterate between the following steps:

u(m+1) = argmin
u≥0N×1

Jλ(φ
(m), u) (6)

φ(m+1) = argmin
Rφ≤03×1

Jλ(φ, u(m+1)). (7)

To obtain good estimates for u and φ we use the initialization
algorithm provided in the supplementary information. Equa-
tion (5) 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) [31]. FOCUSS+
[32] 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 individuals
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 de-
crease 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 initializations. Although we
obtain an estimate for φ and u by iteratively solving for
it, we need to find a good estimate for λ such that there
is a balanced trade-off between λ and the sparsity of u.
The Generalized Cross-Validation (GCV) technique is used
to find a good estimate for the regularization parameter [33].
FOCUSS+ algorithm and GCV technique are further provided
in the supplementary material. Figure 2 shows the flowchart
for deconvolution algorithm.

F
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True

Start

Set using GCV-FOCUSS+, solve for 

by initializing the optimization problem in (6) at 

Initialize using

initialization algorithm

Set using Interior Point Method, solve for 

by initializing the optimization problem in (7) at 

Until Convergence

End

Fig. 2: Flowchart of Deconvolution Algorithm [21]

D. Analysis of Circadian Rhythm

The circadian rhythm of an individual is the process that
regulates the sleep and wake cycle and repeats itself every 24
hours [3]. 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 [13], 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 [34]. It is given as:

Hψ(ti) = hψ,1 + hψ,2 sin(ωti/N) + hψ,3 cos(ωti/N)

+ hψ,4 sin(2ωti/N) + hψ,5 cos(2ωti/N) (8)

where ω = 2π, ti ∈ (0, T ] and ψ ∈ {low, up},hψ =[
hψ,1 hψ,2 hψ,3 hψ,4 hψ,5

]
.

To find the upper and lower envelope of the cortisol data,
we formulate two optimization problems for estimating the
coefficients in (8).

The optimization formulation for the lower envelope is
given as

min
hlow
||y −Dhlow||22 s.t. Dhlow ≤ y (9)

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

min
hup
||y −Dhup||22 s.t. Dhup ≥ y (10)

where,
D =

[
d1 d2 d3 d4 d5

]
, d1 =

[
1 1 1 · · · 1

]′
,

d2 =
[
sin(2πt10/N) sin(2πt20/N) · · · sin(2πt10M/N)

]′,
d3 =

[
cos(2πt10/N) cos(2πt20/N) · · · cos(2πt10M/N)

]′,
d4 =

[
sin(4πt10/N) sin(4πt20/N) · · · sin(4πt10M/N)

]′,
and d5 =

[
cos(4πt10/N) cos(4πt20/N) · · · cos(4πt10M/N)

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

III. RESULTS

Figure 3 shows the comparison between the measured
serum cortisol and reconstructed serum cortisol levels of FMS
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 3
represent the measured cortisol level obtained from
blood samples. After deconvolution, we obtain the re-
constructed signal (black curve) obtained from hormone
secretion pulses u.

2) The central plot of Figure 3 shows the hormone se-
cretion pulses u (black vertical lines), reconstructed
from estimated amplitudes and timings obtained using
deconvolution. The number of estimated hormone se-
cretion events for all subjects are within physiologically
plausible ranges with a square of the multiple correlation
coefficient (R2) above 0.80.

3) Lastly, the lower plot of Figure 3 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
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Fig. 3: Comparison between Deconvolved Experimental Twenty-Four-Hour Cortisol Levels in Matched Subject Pairs
consisting of a Healthy Control Subject and a Patient. Each subplot shows (i) the measured 24-hour cortisol time series
(gray diamonds), the reconstructed cortisol levels (black curve), (ii) the estimated pulse timings and amplitudes (black vertical
lines) , (iii) Quantile-quantile plot of the model residuals for both patients and matched healthy subjects show that the residuals
are Gaussian.
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of a Healthy Control Subject and a Patient for Matched
Subject Pairs. Each subplot shows the comparison between
the patient (the black dots) and the corresponding age-matched
healthy control subject (the black curve).

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 4 (Subject pair 2 is provided here, rest are in
the supplementary information).

Subject pairs comparing FMS patients against their
matched healthy subjects:

1) Statistical Analysis of Physiological Parameters (serum
infusion rate and clearance rate): We perform the two-tailed

variant of the Wilcoxon signed-rank test (WSR) on the paired
differences between the clearance rates of healthy control
subjects and FMS patients [35]. This test was done considering
all 18 subject pairs. We observe that the medians of φhealthy

2

and φpatient
2 (clearance rate of serum cortisol) are significantly

different (p = 0.0013). The box-plot (a) in Figure 5 shows the
sample distribution of the paired differences of the cortisol
clearance rate. From this box-plot, we can verify that the
median difference is greater than zero. We did a similar
test involving only the 15 subject pairs in which the FMS
patient also qualified for chronic fatigue (FMS & CFS both).
Considering these 15 subject pairs yields a similar result
(p = 0.0052). The box-plot is provided in the supplementary
information.

2) Statistical Analysis of Hormonal Secretory Events: We
perform WSR on the sample distribution of the different
norms of hormonal secretion events associated with hormonal
secretion patterns of healthy subjects and FMS patients. It is
evident that the median for the number of hormone secretion
events distribution (||u||healthy

0 and ||u||patient
0 ) as well as for

the magnitudes of hormonal secretory events (||u||healthy
1 and

||u||patient
1 ) is different for FMS patients and healthy subjects

with p-values 0.0455 and 0.0249. The box-plot (b) and box-
plot (c) in Figure 5 shows the sample distribution of the paired
differences of the number of hormone secretion events and the
absolute value of the hormone secretion events. We observe
that the median for this distribution is greater than zero.
We further consider this distribution of number of hormone
secretion events for 15 subject pairs (FMS & CFS both), but
do not see similar results. When we consider the absolute value
of hormonal secretion events in 15 subject pairs (FMS & CFS
both), we obtain similar results (p = 0.0231). The box-plot is
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provided in the supplementary information.
We do not observe significant difference for 18 subject pairs

when we perform WSR on the distribution of energy of the
hormonal secretory events (||u||healthy

2 & ||u||patient
2 ). But when

we consider the 15 subject pairs (FMS & CFS both), we
observe that the medians are different (p = 0.0468). The box-
plot is provided in the supplementary information.

Additionally, when we analyze the distribution of mag-
nitudes of hormonal secretory events during sleep cycle
(||u||healthy

1(sleep) and ||u||patient
1(sleep)) and energy of hormonal secretory

events during sleep (||u||healthy
2(sleep) and ||u||patient

2(sleep)) using WSR
we observe that the medians of the FMS patients and the
healthy subjects are significantly different p-values 0.0043 and
0.00386. The box-plot (d) and box-plot (e) in Figure 5 shows
the sample distribution of the paired differences of the absolute
value of the hormone secretion events and of the energy of
the hormone secretion events during sleep, respectively. We
observe that the median is greater for this distribution. When
we consider both these distribution for 15 subject pairs (FMS
& CFS both), we obtain similar results with p-values 0.0054
and 0.0231. The box-plots are provided in the supplementary
information.

3) Statistical Analysis on Circadian Rhythm: Similar to
earlier cases, we perform the two-tailed variant of WSR on
the phase differences of the lower harmonics of the upper
envelope between healthy controls and patients. The test
reveals that the medians of (θhealthy

up,1 and θpatient
up,1 ) are different

(p = 0.0198). Finally, the box-plot (f) in Figure 5 shows
the sample distribution of the paired differences of the phase
change in the upper envelope for the healthy subjects and
patients (i.e. θhealthy

up,1 −θ
patient
up,1 ). The median for this distribution

is greater than zero. We obtain similar results when we perform
this test on 15 subject pairs (FMS & CFS both) (p = 0.0468).
The box-plot is provided in the supplementary information.
We analyzed both the upper and lower envelopes. The lower
envelopes did not show any significant differences. The upper
envelopes show differences because of the amplitude variations
on account of the circadian rhythm.

Subject pairs comparing CFS patients against their
matched healthy subjects:

4) Statistical Analysis of Hormonal Secretory Events: We
perform the two-tailed variant of the Wilcoxon signed-rank
test (WSR) on the paired differences of the absolute value
of hormonal secretory events in the period 4 AM to 9 AM
[35]. We see that the median of ||u||healthy

1 and ||u||patient
1 are

significantly different (p = 0.0464) in this time period. The
left box-plot in Figure 6 shows the sample distribution of the
paired differences of the absolute value of cortisol secretion
events between 4 AM and 9 AM. From this box-plot, we can
verify that the median difference is lower than zero. Therefore,
we observe that the sum of amplitudes of hormonal secretory
events during this period is lower for patients compared to
their matched healthy individuals.

Similarly, we perform WSR on the paired differences of
the energy of hormonal secretory events in the time period
4 AM to 9 AM [35]. We see that the median of ||u||healthy

2

and ||u||patient
2 are significantly different (p = 0.0277) in this

a. -2

0

2

4

m
in

-1

10
-3

Rate of

Clearance

b. l
0
 - norm

-2

0

2

4

6

c
o

u
n

t

Difference in Hormone

Secretion Events

c. ||u||
1

-20
0

20
40
60

g
/d

l

Absolute Value of Hormone

Secretion Events

d. ||u||
1

0

20

40

g
/d

l

Absolute Value of Hormone

Secretion Events (Sleep)

e. ||u||
2

-10

0

10

20

g
/d

l

Energy of Hormone

Secretion Events

f.
-2

0

2

4

R
a

d
ia

n
s

Phase for

Upper Envelope

Fig. 5: Box-plot of Paired Differences for FMS subject pairs
Subplots, respectively illustrate the sample distribution of the
paired differences of (a) the clearance rate, (b) the number of
hormone secretion events, (c) the absolute value of hormone
secretion events, (d) the absolute value of hormone secretion
events during sleep, (e) energy of hormone secretion events
during sleep and (f) the phase of upper envelope, depicting
the median (red line), the lower (Q1) to upper (Q3) quartile
range (black rectangle), and 9 to 91 percentile range (black
line and black dashed line).
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Fig. 6: Box-plot of the Absolute Value and Energy of the
Hormonal Secretory Events between 4 AM and 9 AM
for CFS subject pairs Left and right subplots, respectively
illustrate the sample distribution of the paired differences
of the absolute value and energy of the hormonal secretory
events, 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).

time period. The right box-plot in Figure 6 shows the sample
distribution of the paired differences of the energy of cortisol
secretion events between 4 AM and 9 AM. From this box-plot,
we can verify that the median difference is lower than zero.
Therefore, we observe that the energy of hormonal secretory
events during this time period is lower for patients than their
matched healthy individuals.

IV. DISCUSSION

Understanding the cortisol secretion dynamics in FMS
and/or CFS patients and designing a model to understand
their irregularities with respect to healthy control subjects is a
difficult and challenging problem due to various reasons.

1) For healthy subjects, the pulse range for cortisol is
between 15 and 22 but, no range is known or defined
for patients. Since we have no prior knowledge about
the exact range in FMS and/or CFS patients, we relax
the constraints on pulse range. We relax the upper and
lower limits of this problem while preventing overfitting
using GCV-FOCUSS+ to find λ. Although the upper
limit on the number of pulses was set to 30, we obtained
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no more than 22 pulses for all the patients; generalized
cross validation prevents overfitting.

2) The cortisol secretion process is distinct for every in-
dividual. As a result, the comparison between healthy
subjects and patients is challenging. To investigate these
differences in circadian rhythms, we obtain the upper
and lower envelopes.

A comprehensive model for the representation of corti-
sol variations must include all essential parameters such as
forward and backward linkages between the hypothalamus,
anterior pituitary, adrenal gland, and liver as well as external
factors like stress, sleep, light, and food. It is challenging
to consider all these factors while working on human data.
To overcome this difficulty, Brown et al. [18] suggests a
minimal model for both healthy individuals and patients. The
model used in [21] is obtained from the stochastic model
of diurnal cortisol patterns provided in [18]. Brown et al.
[18] successfully realized this model for simulated cortisol
data. Similarly, Faghih et al. [21] successfully developed a
deconvolution algorithm based on this model and verified it
on cortisol data from 10 healthy female subjects. Both these
studies obtained good fits suggesting the validity of this model
for estimation.

We perform statistical analysis on the number, amplitude,
and energy of hormonal secretory events, and the physiological
parameters. Based on the statistical analysis of our results
obtained from the simplified cortisol secretion model, it is
evident that for this controlled environment, the clearance
rate of cortisol in patients is found to be relatively lower
than that of matched healthy subjects. A higher clearance rate
suggests that the blood cortisol in healthy control subjects
is getting cleared at an accelerated pace as compared to
their matched patients. Therefore, due to the higher clear-
ance rate, healthy individuals show a relatively lower cortisol
concentration. Immune cells exposed to psychological stress
and/or higher diurnal cortisol exhibit decreased glucocorticoid
sensitivity, and consequently, they exhibit increased production
of inflammatory cytokines and reductions in pro-resolving
immune functions [36]. Consequently, when psychological
stress elicits secretion of inflammatory cytokines [37], cortisol
will be less effective in inhibiting and appropriately resolving
inflammation. Hence, as others have suggested [19], the kinds
of alterations in cortisol clearance that this model identifies as
a characteristic of patients with fibromyalgia may contribute
to excess inflammation in the periphery. In turn, it is well
demonstrated that peripheral cytokines, elicited by stress or
endotoxin, can contribute to neuroinflammation, and conse-
quent symptoms of fatigue, depression, sleep problems, poor
concentration, and pain, all of which are common symptoms
of patients with fibromyalgia [38], [39].

We further aim to understand how the hormonal pulse
behavior in FMS patients differs from that of their healthy
subjects. To investigate if there is any difference in the hor-
monal secretory behavior of FMS patients as opposed to their
matched healthy subjects, we calculate the number of pulses
(||u||0), the sum of amplitudes (||u||1), and the energy (||u||2).
Based on our statistical analysis for all 18 subject pairs, we
observe that the number of pulses are lower in FMS patients as

compared to their matched healthy control subjects. Analyzing
the magnitude of hormone secretion events, we further see
that the FMS patients have a lower sum of amplitudes or
magnitudes as opposed to their matched healthy subjects. We
also obtain the ||u||0, ||u||1, and ||u||2 in the wake and sleep
cycles of all patients and healthy control subjects. We observe
that the magnitude of hormone secretion events during sleep
cycle is lower in FMS patients as compared to their matched
healthy subjects. Also, the energy of the secretory events
during sleep is lower in FMS patients.

From the statistical analysis, it is evident that the patients
have a lower number of secretory events than the healthy
subjects. The lower number of hormone pulses in patients
can be associated with lower cortisol clearance rates. Because
the FMS patients have lower cortisol clearance rates, they
have higher cortisol residue than the matched healthy subjects.
Therefore, due to the inhibitory feedback, patients produce
fewer cortisol secretory events with lower magnitudes as they
have some serum cortisol residue. Cortisol levels are highest
when a person wakes, and they descend as the day progresses
[21]. Since FMS patients still have cortisol residue in plasma,
the new secretion amplitudes are relatively lower, which is
also consistent during the sleep cycle.

If the cortisol clearance rate by the liver is low or there are
fewer number of hormonal secretory events, it may potentially
influence the immune system in such a way that, it promotes
inflammation, pain, and other related symptoms. The increase
in cortisol residue due to lower cortisol clearance rate as
discussed earlier may contribute to a relative decrease in
glucocorticoid sensitivity in immune cells like monocytes
that secrete pro-inflammatory cytokines [40]. Further, no anti-
inflammatory signal may be transmitted due to reduced gluco-
corticoid sensitivity and fewer number of hormonal secretory
events. There may not be suppression of anti-inflammatory
signal. Hence, when stress or other provocation triggers an
acute inflammatory response, cortisol may be less effective in
the termination of the response.

Crofford et al. [16] pointed out that there is a delayed
decline in cortisol levels from peak to crest in patients when
compared to matched healthy control subjects. We, therefore,
retrieved information from the circadian rhythm. In this regard,
we check the phase difference in the baseline of the upper
and lower envelopes. We obtain the phase of both the patients
and their matched control subjects by solving optimization
problems (9) and (10). From statistical analysis it can be seen
that the phase concerning the first harmonic of upper envelope
is greater in control subjects as compared to their matched
healthy subjects. As explained earlier, based on the simplified
cortisol secretion model, control subjects have a higher cortisol
clearance rate by the liver resulting in lower serum cortisol
concentration. Due to this lower cortisol concentration, control
subjects tend to show secretory events earlier than the patients,
leading to a phase shift in the rhythm. Figure 5 shows the
sample distribution of the paired differences in the phase of
matched pairs in a box-plot. Another possible explanation for
the phase difference may be as follows; at the start of the
wake cycle, arousal from sleep increases the concentration of
ACTH and cortisol in the body [41]. This increment starts an
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hour prior to the time when an individual usually wakes up.
But if an individual is taken by surprise, i.e., the individual
is unaware of the time when he has to wake up, there is a
higher increase in the concentration [41]. When an individual
suffers from FMS, there is a possibility that the individual’s
body does not anticipate the wake-up timing leading to a delay
in the time of cortisol secretion.

When we consider hormonal secretory events only for 15
subject pairs (FMS & CFS both), we observe the exact same
results when it comes to the clearance rate of cortisol by
the liver based on the minimal model used in this paper and
phase lag in the circadian rhythm. We observe no statistical
differences in the number of pulses, but we obtain similar
results for magnitude of hormonal secretory events. We also
obtain similar results for magnitude and energy of hormonal
secretory events during the sleep cycle.

Our previous study in [1] follows a similar approach and
shows some preliminary results for 8 subject pairs. Since the
number of subject pairs we considered earlier was limited,
we had fewer observations. We included more subjects to
further verify our earlier results. The results of this study are
in agreement with our previous results.

We perform WSR on the paired differences of number of
secretory events (||u||0), the sum of amplitudes of hormonal
secretory events (||u||1), the energy of hormonal secretory
events (||u||2), but do not see any significant differences. We
further investigated the hormonal secretory events during the
wake and sleep cycle. Here, we also do not see significant
differences when we perform WSR on ||u||0, ||u||1, and ||u||2
during sleep and wake cycle. This shows that the cortisol se-
cretion pattern for the patients and the corresponding matched
healthy subject are similar during these periods.

When we examined the hormonal secretory events during
early morning hours, we observe significant differences. As a
result, the sum of amplitudes of hormonal secretory events
between the period 4 AM and 9 AM was higher for the
patients as compared to their matched healthy subjects. We
observed similar results when we analyzed the energy of the
hormonal pulses in this period. We observed no significant
differences in the number of secretory events. Therefore, there
could be some differences in the amplitudes of pulses during
this period. According to the box-plot in Figure 6, since the
median of the paired differences between healthy subjects
and patients is lower than zero, patients might have higher
secretory events during these early morning hours. The higher
secretion events of cortisol could be associated with lower
serum cortisol accumulation during this period. Crofford et
al. [16], identified lower serum cortisol levels in CFS patients
as compared to their matched healthy subjects. Similar to our
results, studies in [42], [17] suggest that hypocortisolism (low
cortisol levels) could play an essential role in CFS. Van et al.
[43] suggested that HPA-axis hypofunction can be conceived
as prolonged dysfunction of the neurobiological stress system.
Fries et al. [42] observed that hypocortisolism might be an
outcome of hyperactivity of the HPA-axis due to chronic stress.
Nijhof et al. [17] related hypocortisolism in CFS patients to
the amount of sleep.

One potential interpretation of the hypocortisolism might

be decreased efficiency of the HPA axis to produce as much
cortisol as the body requires during early morning hours. It
is hypothesized that hypoactivity of the HPA axis is could be
responsible for lower cortisol levels in the morning. Instead,
we observe that the sum of the amplitudes of cortisol secretion
events is higher during this period. The possibility might the
feedback is faulty and unable to detect the requirement of
cortisol in the body, or due to higher levels of fatigue.

Comparing FMS & CFS: Previously, we explained the
lower number and amplitudes of cortisol secretion events
based on a lower clearance rate of cortisol. From Figure 5,
since the median of box-plot (a) is greater than 0, we see that
the FMS patients have a higher clearance rate in comparison
to their matched healthy subjects. Similarly, they show higher
number and sum of amplitudes in cortisol secretion events.
This shows that due to lower clearance rates, FMS patients
may accumulate higher levels of cortisol in comparison to
the healthy subjects. Although this study was not designed to
directly study the cortisol variations in CFS patients against
FMS patients, we can compare the outcomes. When we
compare the cortisol alterations in FMS and CFS patients, we
see differences in cortisol alteration. There is no significant
difference observed in the infusion rate and the clearance rate
of cortisol in CFS patients. We see statistical differences in
the number and the amplitude of cortisol secretion events for
FMS patients, but in CFS we only observe such statistical
differences during early morning hours. In FMS, patients
accumulate more cortisol, while in CFS, patients have lower
secretion of cortisol.

During data collection, there are possibilities of measure-
ment errors. We model the measurement errors as i.i.d Gaus-
sian random variables. The quantile-quantile plot verifies that
the residuals have a Gaussian structure. For some patients
there are deviations in the quantile-quantile plot from standard
normal plot. Although the model works for healthy population,
slight deviation of errors from Gaussian structure suggest that
there is some scope of improvement in the model used to
understand the FMS and/or CFS patients.

Furthermore, the change in phase of cortisol pattern may be
an outcome of the peripheral or central nervous system. The
data is obtained from a controlled study and is is limited. This
preliminary evidence suggests that a more general conclusion
can be obtained from further inclusion of subjects and rigorous
experiments under different conditions and perturbations. Cor-
tisol dysfunction alone does not imply a pathophysiological
mechanism. The change in cortisol may be a result of a
counter-regulatory mechanism that the body follows adaptively
for purposes, such as assisting cognitive function, eliciting
the synthesis of glucose, or suppressing inflammation. Further,
it is difficult to conclude whether FMS is a consequence of
the abnormality in cortisol regulation or is itself a causative
factor. Several studies have been concentrating on the asso-
ciation between fatigue and circulating cytokines, but as all
these studies have large differences due to signal processing,
sample handling, and recruitment of subjects, the results are
inconsistent. For e.g., while studying the relationship between
interleukin-1 and fatigue, some studies showed a direct corre-
spondence while some showed no variations at all. Moreover,
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depending on the duration for which the patients suffered from
fatigue, the outcomes vary [44]. Therefore, to study different
cytokines alongside cortisol may be a good approach to further
unveil the etiology of FMS. Before any further medication is
prescribed, the pathophysiological mechanism of FMS should
be confirmed. The serum cortisol level is only a marker. If the
key issue is a lower clearance rate, we should understand it
with respect to tissue and investigate which of the biological
mechanisms responsible for the breakdown of cortisol are
affected.

Finally, physiological stress is a symptom of FMS and CFS,
which might be resulting in the alteration in hormonal se-
cretory events. Therefore, understanding the relation between
these two needs consideration. This research is a first step
towards understanding the cortisol behavior in a system theo-
retic approach to reveal the etiology FMS and CFS syndromes
based on the underlying pulses.

V. CONCLUSION AND FUTURE WORK

The purpose of this research is to characterize CFS and
FMS based on the estimated underlying pulses, infusion, and
clearance rates. In this research, we obtained the hormonal
secretory events and model parameters by using a state-
space model and then by deconvolving the cortisol time
series to quantify the cortisol secretion dynamics. We see
that the model residuals are Gaussian distributed. The model
parameters include the cortisol infusion rate by the adrenal
gland and cortisol clearance rate by the liver. The clearance
rate of cortisol from the blood was lower for the FMS
patients as compared to their matched healthy individuals.
When an individual has higher cortisol residue in the blood
than required, negative feedback occurs to keep the cortisol
secretion regulated. The delayed decline may be an outcome
of higher serum cortisol residue and lower clearance rates in
patients. We also see a lower number, magnitude, and energy
of hormonal secretory events in FMS patients. When we only
consider the subject pairs consisting of FMS subjects with
CFS we obtain similar results. From our analysis, we observe
significant evidence of FMS patients having a delayed decline
in cortisol concentration and a shift in the circadian rhythm as
opposed to their matched healthy subjects. Further, we observe
that CFS patients have lower serum cortisol accumulation in
the morning period as compared to their matched healthy
subjects. We observe differences in the sum of amplitude of
cortisol secretion events and the energy of cortisol secretion
events.

In future work, using a system-theoretic approach we plan
to include ACTH data in our analysis and investigate the dif-
ferences in ACTH and cortisol secretion dynamics in patients
and healthy subjects. ACTH is a responsible factor in cortisol
synthesis and it strengthens our understanding.
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