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ABSTRACT2

Hypercortisolism or Cushing’s disease, which corresponds to the excessive levels of cortisol3
hormone, is associated with tiredness and fatigue during the day and disturbed sleep at night. Our4
goal is to employ a wearable brain machine interface architecture to regulate one’s energy levels in5
hypercortisolism. In the present simulation study, we generate multi-day cortisol profile data for ten6
subjects both in healthy and disease conditions. To relate an internal hidden cognitive energy state7
to one’s cortisol secretion patterns, we employ a state-space model. Particularly, we consider8
circadian upper and lower bound envelopes on cortisol levels, and timings of hypothalamic9
pulsatile activity underlying cortisol secretions as continuous and binary observations, respectively.10
To estimate the hidden cognitive energy-related state, we use Bayesian filtering. In our proposed11
architecture, we infer one’s cognitive energy-related state using wearable devices rather than12
monitoring the brain activity directly and close the loop utilizing fuzzy control. To model actuation13
in the real-time closed-loop architecture, we simulate two types of medications that result in14
increasing and decreasing the energy levels in the body. Finally, we close the loop using a15
knowledge-based control approach. The results on ten simulated profiles verify how the proposed16
architecture is able to track the energy state and regulate it using hypothetical medications. In a17
simulation study based on experimental data, we illustrate the feasibility of designing a wearable18
brain machine interface architecture for energy regulation in hypercortisolism. This simulation19
study is a first step towards the ultimate goal of managing hypercortisolism in real-world situations.20
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1 INTRODUCTION
The cortisol hormone is the main stress hormone in an individual’s body which is secreted in a pulsatile22
process (Azgomi and Faghih, 2019; Smyth et al., 2020; Wickramasuriya and Faghih, 2019b; Taghvafard23
et al., 2019). Cortisol secretion patterns, which are mainly controlled by the hypothalamus, are critical in24
assessing various functionalities such as regulating blood pressure and adjusting blood glucose levels. So,25
investigating changes in cortisol secretion would shed some light on one’s internal energy state variations26
(Smyth et al., 2020; Wickramasuriya and Faghih, 2019b; Faghih, 2018). Adrenocorticotrophic hormone27
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(ACTH) (i.e. a tropic hormone) causes the adrenal cortex to release cortisol in a pulsatile manner (Hakamata28
et al., 2017; Pednekar et al., 2020, 2019). The hypothalamus employs corticotrophin-releasing hormone29
(CRH) to stimulate the anterior pituitary to produce ACTH (Faghih et al., 2014; Faghih, 2014). Any30
irregular patterns in cortisol secretions (e.g. too much cortisol release, which is called hypercortisolism, or31
not providing a sufficient amount of cortisol, which is called hypocortisolism) may cause the imbalance in32
internal energy variations (Harris et al., 2015; Arnold, 2008; D’Angelo et al., 2015). These irregularities,33
which are common among the Cushing’s patients who are exposed to the hypercortisolism, lead them to34
feel fatigue during the daytime and sleep problems at night (Vance, 2017; Stalder et al., 2016). Insufficient35
release of cortisol early in the morning may result in feeling fatigue during the day. On the other hand, high36
levels of cortisol in the evening might cause sleep disturbances at night (Dwyer et al., 2019).37

While the initial treatment option for Cushing’s disease is a surgery with a 78% success rate, evidence38
shows that the relapse happens in almost 13% of patients (Driessens et al., 2018). For the patients in whom39
the surgery is not successful or feasible, medical therapy is unavoidable (Pivonello et al., 2015). Due to40
recent advances in employing novel compounds that can regulate cortisol secretions, medical therapy41
has attracted more attention (Tritos and Biller, 2017). Nowadays, medical therapy is being suggested in42
different ways: pre-surgical treatment, post-surgical options for the patients that fail the surgical option, and43
the primary remedy for those in whom the surgery is not considered as an option (Pivonello et al., 2015).44

The clinical observations in Cushing’s syndrome patients clearly demonstrate a role for the HPA axis in45
the regulation of energy balance (Nieuwenhuizen and Rutters, 2008; Björntorp and Rosmond, 2000;46
Wickramasuriya and Faghih, 2019b). While there exist multiple factors to understand one’s energy47
variations, there is not any specific method to directly infer internal energy state. Hence, it is not possible48
to present the evidence to show the correlation between energy state and cortisol variations. However, there49
is evidence that patients with irregular cortisol patterns experience fatigue during day time and disturbed50
sleep cycles at night. For example, authors in (Pednekar et al., 2019, 2020) have shown that the patients51
with fibromyalgia syndrome, which is also associated with the irregular patterns in cortisol secretions,52
experience fatigue during the day and sleep disorders at night. Researchers in (Crofford et al., 2004)53
identified lower cortisol levels in the patients with chronic fatigue syndrome. This evidence verifies the54
potential correlation between cortisol measurements and internal energy state.55

As it is discussed, patients with Cushing’s syndrome have disturbed circadian rhythm in their sleep cycles.56
In this regard, medications with inhibitory effects to lower the energy state and help the subjects with more57
balanced sleep cycles could be helpful. An example of these types of medications could be Melatonin. In58
the literature, it has been indicated that excessive cortisol secretions associated with Cushing’s disease may59
lead to an irregular Melatonin rhythm (Zisapel et al., 2005; James et al., 2007). So, taking the advantages of60
Melatonin in improving sleep cycles, we can suggest using this medication for inhibitory effects. Although61
patients with hypercortisolism usually experience high levels of energy during the evening, they may suffer62
a lack of sufficient energy levels during the daytime (Pednekar et al., 2020, 2019). As a result, the need for63
medications to elevate the energy levels is unavoidable. Medications with excitatory effects to enhance64
energy state and prevent the subjects to feel fatigue during the daytime would be helpful in this regard.65
An example of these types of medications could be Methylphenidate. As patients with hypercortisolism66
suffer from not having enough energy levels in the daytime, medications like Methylphenidate could be67
suggested while implementing the proposed approach in the real world. In literature, it has been validated68
that taking two doses of Methylphenidate is significantly effective in relieving fatigue (Blockmans et al.,69
2006; Chaudhuri and Behan, 2004).70
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Due to the potential medications’ side-effects, tolerance, and resistance that a person shows against the71
use of specific medications, it is highly important to establish a supervision layer that enables automated72
regulation of medication usage (Fleseriu et al., 2019). We propose our approach by taking the advantages of73
wearable-type devices capable of monitoring blood cortisol in a non-invasive way as a feedback modality74
for such supervision. The proposed approach is the first attempt to automate the regulation of medications75
required to manage the energy levels in patients with hypercortisolism in a closed-loop manner (Figure 1).76

Recently, there has been an increased interest in employing control theory in advancing modern77
medication therapies such as goal-directed fluid therapy (Rinehart et al., 2011), cardiopulmonary78
management (Gholami et al., 2011), fluid resuscitation (Jin et al., 2019), and medically induced coma79
(Yang and Shanechi, 2016; Liberman et al., 2013). In a similar way, and considering how irregular cortisol80
secretion patterns affect energy state in patients with hypercortisolism, we leverage control theory in81
regulating energy variations in these patients. While there exist medications effective in managing energy82
levels, there is still a lack of closed-loop and automated architecture for making the decisions on the time83
and dosage of the medications in real-time. Hence, we construct a virtual patient environment based on the84
experimental cortisol data for further analysis. Then, we design the control algorithm that can determine85
the time and dosage of hypothetical simulated medications in a real-time automated fashion.86

As someone’s energy variations are influenced by changes in their cortisol levels, the objective of87
this research is to regulate the energy state by monitoring the cortisol secretion patterns. To model the88
internal energy state and relate it to the cortisol variations, we utilize the state-space model presented in89
(Wickramasuriya and Faghih, 2019b). To close the loop, we simulate hypothetical medication dynamics90
and develop a control system. In the present simulation study, we apply hypothetical medication dynamics91
as the actuation in a real-time closed-loop brain machine interface architecture (Azgomi and Faghih,92
2019; Azgomi et al., 2019). As presented in Figure 1, a wearable device measures the cortisol data93
in a non-invasive manner. We infer the CRH secretion times via a deconvolution algorithm (Pednekar94
et al., 2020, 2019; Faghih, 2014; Faghih et al., 2014; Amin and Faghih, 2019b,a,c, 2018). We use the95
state-space approach (Wickramasuriya and Faghih, 2019b; Brown et al., 2001) to link the CRH secretion96
times, which cause the fluctuations in cortisol levels (Azgomi and Faghih, 2019; Wickramasuriya and97
Faghih, 2019b; Faghih et al., 2015b; Wickramasuriya and Faghih, 2020a), to the internal energy state.98
This state-space representation tracks the internal energy state continuously and provides the capability of99
utilizing the control systems theory to close the loop. To estimate the hidden cognitive energy-related state100
in real-time, we employ Bayesian filtering method (Wickramasuriya and Faghih, 2019b). By incorporating101
hypothetical dynamical system model of medications effective in both decreasing and increasing energy102
levels (Blockmans et al., 2006; James et al., 2007), and designing a fuzzy controller, we close the loop to103
regulate the energy state in patients with hypercortisolism in a simulation environment.104

In Section 2, we explain the steps required for creating the virtual patient environment. We also discuss105
the state-space model along with the real-time estimation process. We then incorporate the hypothetical106
medication dynamics and propose a knowledge-based control system to close the loop in real-time. In107
Section 3, we present the outcome of implementing the proposed approach in regulating the energy state108
in patients with hypercortisolism. More particularly, we present the results on two classes of patients: (1)109
who do not have the circadian rhythm in their cortisol profiles, and (2) who have the circadian rhythm in110
their cortisol profiles. The final results demonstrate that our proposed real-time architecture can not only111
track one’s energy state, but also regulate the energy variations in patients with hypercortisolism utilizing112
the simulated medication dynamics. Section 4 points out the implications of our findings. This simulation113
study based on the experimental data is the first step toward treating other hormone-related disorders.114
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2 METHODS
Figure 2 illustrates an overview of the proposed closed-loop architecture. The present study consists of two115
main parts: the offline process and the real-time closed-loop simulation environment. In the offline part,116
we first generate multi-day cortisol data for multiple subjects based on their experimental data collected117
over 24 hours. Although there are recent advances in monitoring cortisol levels using wearable devices118
(Parlak, 2021; Venugopal et al., 2011; Parlak et al., 2018), there is still a lack of technologies for real-time119
multi-day cortisol data collection. Hence, to design a virtual patient environment, we first follow the results120
from (Wickramasuriya and Faghih, 2019b; Brown et al., 2001; Lee et al., 2016) to simulate cortisol profiles121
in both healthy subjects and Cushing’s patients. To extend our preliminary results presented in (Azgomi122
and Faghih, 2019), we simulate data for ten subjects (Faghih, 2014). This offline process enables us to123
examine the performance of the proposed architecture in multiple cases. By performing deconvolution124
algorithm, we infer the cortisol secretion times and the circadian upper and lower envelopes. Utilizing125
Expectation Maximization (EM) approach, we estimate the circadian rhythm forcing function along with126
model parameters. In the offline stage, we also model dynamical systems for hypothetical medications with127
both inhibitory (i.e. medications to lower the cortisol levels) and excitatory (i.e. medications to elevate the128
cortisol levels) effects.129

As depicted in the bottom section of Figure 2, we take the circadian rhythm forcing function in the130
real-time simulation system and relate the internal energy state to the cortisol secretion times and cortisol131
upper and lower bound envelopes using the state-space approach. Employing the Bayesian filtering,132
which uses the estimated model parameters calculated with the offline EM algorithm, we estimate the133
hidden energy-related state in real-time. Incorporating the dynamical system model of medications and the134
personalized desired levels of energy, we design a fuzzy controller to close the loop. The deigned control135
system will take the energy state estimate and determine the time and dosage of each medication as the136
actuation in the loop. Hence, it controls cortisol variations which will result in energy regulation.137

2.1 Data Simulation138

Due to the lack of multi-day experimental measurements of healthy subjects and the patients with139
Cushing’s disease, we first simulate multi-day cortisol data profiles (Wickramasuriya and Faghih, 2019b;140
Faghih, 2014; Brown et al., 2001; Lee et al., 2016). Following (Faghih et al., 2014; Brown et al., 2001),141
cortisol secretion process could be assumed to follow a second-order stochastic differential equation:142

dCort1(t)

dt
= −ζ1Cort1(t) + n(t), (1)

143
dCort2(t)

dt
= ζ1Cort1(t)− ζ2Cort2(t), (2)

where Cort1(t) and Cort2(t) are cortisol concentration in adrenal glands and plasma space at time144
t, respectively (Faghih, 2014). Moreover, ζ1 stands for cortisol infusion rate from adrenal gland to145
the blood, ζ2 corresponds to the cortisol clearance rate by the liver (Faghih et al., 2014; Brown et al.,146
2001). In addition, n(t) represents secretory events (pulses) underlying cortisol release. The output147
equation yk = Cort2(k) + ψk, where Cort2(k) is the discretized cortisol concentration in plasma with148
ψk ∼ N (0, σ2ψ) as the measurement noise with variance σ2ψ. We employ estimated model parameters ζ1149
and ζ2 derived in (Faghih et al., 2014). The details of this information are presented in supplementary150
information.151

To model cortisol secretory events n(t), we follow the approach presented in (Brown et al., 2001).152
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• Healthy Profiles: We use the gamma distribution for pulse inter-arrival times and Gaussian distribution153
for pulse amplitudes (Brown et al., 2001). The corresponding parameters for gamma distribution are154
α = 54 and β = 39. The pulse amplitude follows a Gaussian distribution Hk ∼ N (µk, k

2
k), where155

µk = 6.1 + 3.93 sin( 2πk
1440) − 4.75 cos( 2πk

1440) − 2.53 sin( 4πk
1440) − 3.76 cos( 4πk

1440) and kk = 0.1
√
µk156

(Azgomi and Faghih, 2019; Wickramasuriya and Faghih, 2019b).157

To simulate the data for patients with Cushing’s disease, we consider two cases: (1) Cushing’s patients158
without circadian rhythms in their cortisol profiles, and (2) Cushing’s patients with circadian rhythms in their159
cortisol profiles. While cortisol variations in patients with Cushing’s disease do not follow normal circadian160
rhythms, at the very early stages of the disease, the circadian rhythms might be slightly dysregulated161
(Wickramasuriya and Faghih, 2019b; Van den Berg et al., 1995).162

• Cushing’s patients without circadian rhythm: We follow (Lee et al., 2016; Van den Berg et al., 1995)163
and consider the inter-arrival times following a gamma distribution that belong to the range of 59± 11164
min. Regarding the pulse amplitudes, we assume they are within the range of 38± 2.5 µgdL−1min−1,165
following a Gaussian distribution (Azgomi and Faghih, 2019; Wickramasuriya and Faghih, 2019b),166

• Cushing’s patients with circadian rhythm: We employ µk = 38.5 + 1.93 sin( 2πk
1440)− 1.6 cos( 2πk

1440)−167

1.5 sin( 4πk
1440) − 3.5 cos( 4πk

1440), kk = 2.5√
38µk

as the Gaussian distribution parameters in the pulse168

amplitudes and the same gamma inter-arrival time distribution as described previously for the Cushing’s169
patients with circadian rhythm.170

Employing the model parameters ζ1 and ζ2 provided in supplementary information and a vector input of171
pulse timings and amplitudes n(t) presented above, we simulate the cortisol profiles. We employ coupled172
differential equations (1) and (2), and add measurement noise to generate cortisol profile data for different173
subjects in three different situations. More particularly, we simulate the cortisol profiles associated with174
healthy subjects, Cushing’s patients with circadian rhythm in their cortisol profiles and Cushing’s patients175
without circadian rhythm in their cortisol profiles over five days for further analysis (Faghih, 2018, 2014;176
Brown et al., 2001). The resulting multi-day cortisol profiles are presented in supplementary information.177
As an example, the results associated with subject 1 are depicted in Figure 3.178

2.2 State-space Modeling179

Cortisol dynamical system explained above will generate the cortisol observations for our virtual patient180
environment. We employ the state-space approach presented in (Pednekar et al., 2019; Faghih, 2014) to181
relate the hidden cognitive energy-related state to cortisol variations. The state-space approach lets us182
systematically track internal energy state and control it in real-time (Smith et al., 2004). We model the183
cognitive energy-related state as the following first-order state-space representation:184

xk = ρxk−1 + uk + εk + Ik, (3)

where xk is the hidden internal energy-related state, ρ is a person-specific parameter, uk is the control185
input, εk ∼ N (0, σ2ε ) is the process noise, and Ik is being considered as the forcing function that keeps the186
energy variations during wakefulness and sleep in 24 hour periods. By analyzing the simulated cortisol187
profiles (Wickramasuriya and Faghih, 2019b), we design the following harmonic forcing function:188

Ik =
2∑
i=1

αi sin(
2πik

1440
) + βi cos(

2πik

1440
), (4)

Frontiers 5



Fekri Azgomi et al. Closed-Loop Energy Regulation

where the coefficients αi and βi along with parameter ρ in (3) for each subject/case are derived using189
the EM algorithm explained in (Wickramasuriya and Faghih, 2019b). These parameters are presented in190
supplementary information.191

Analyzing the discretized cortisol data at a one minute time resolution, we observe that the presence or192
absence of the cortisol pulses builds a binary point process (Wickramasuriya and Faghih, 2019b). Hence,193
we assume the probability of receiving pulses associated with CRH secretion times that results in cortisol194
secretion, ck, follows a Bernoulli distribution:195

P (ck|pk) = pckk (1− pk)1−ck , (5)

where the probability pk is connected to the energy state xk by the following sigmoid function:196

pk =
1

1 + e−(γ0+γ1xk)
. (6)

This model relates the probability pk of observing a CRH pulse event ck to the energy state xk through197
person-specific baseline parameters γ0 and γ1 calculated by the offline EM.198

In addition to the cortisol secretion times as binary observations, we use the upper and the lower bound
envelopes of the blood cortisol measurements as continuous observations to estimate the energy state
xk (Wickramasuriya and Faghih, 2019b). We label these two upper and lower envelopes as Rk and Sk,
respectively. Assuming there exists a linear relationship between these envelopes and the corresponding
state xk:

Rk = r0 + r1xk + vk, (7)

Sk = s0 + s1xk + wk, (8)

where vk ∼ N (0, σ2v), wk ∼ N (0, σ2w), and r0, r1, s0, s1 are regression coefficients obtained by offline199
EM algorithm (Wickramasuriya and Faghih, 2019b, 2020b,a).200

It is worth mentioning that while there exist recent advances in performing deconvolution methods, there201
is still lack of real-time deconvolution algorithm. With real-time deconvolution tool, we directly infer the202
cortisol impulses n(t) in (1) and employ it in further analysis.203

2.3 Energy State Estimation204

We employ two continuous and one binary observations in the estimation process (Coleman et al., 2011;205
Prerau et al., 2009; Wickramasuriya and Faghih, 2019a). Taking the CRH pulse events ck and the upper206
and lower envelopes Rk and Sk as observations, we perform Bayesian filtering (Coleman et al., 2011;207
Wickramasuriya and Faghih, 2020b) to estimate the hidden cognitive energy-related state mean xk and its208
variance σk in two prediction and update steps:209

• Prediction step:

xk|k−1 = ρxk−1|k−1 + Ik + uk, (9)

σ2k|k−1 = ρ2σ2k−1|k−1 + σ2ε . (10)
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• Update step:

Ak =
σ2k|k−1

σ2vσ
2
w + σ2

k|k−1(r
2
1σ

2
w + s21σ

2
v)
, (11)

x̂k = xk|k = xk|k−1 + Ak

(
γ1σ

2
v(ck − pk)

+r21σ
2
w(Rk − r0 − r1xk|k−1)

+s21σ
2
v(Sk − s0 − s1xk|k−1)

)
,

(12)

σ̂2k = σ2k|k =

(
1

σ2
k|k−1

+ γ21pk(1− pk) +
r21
σ2v

+
s21
σ2w

)−1
. (13)

The pk presented in (12) is related to the x̂k by (6). Consequently, the x̂k is present on both sides of (12)210
and we employ Newton’s method to solve the update equations.211

2.4 Dynamic System Model of Medications212

The next step in closing the loop and regulating energy-related state is to model the dynamical system
of hypothetical medications and include them in control design process. In this research, we focus on the
medications that can lead the subjects to reach their desired energy levels (Blockmans et al., 2006; James
et al., 2007). In this regard, we consider two classes of medications: (1) for elevating the energy levels
required for daily activity (i.e. excitation effect), and (2) for helping the subjects to lower their energy levels
in the evening which may help them experience well-ordered sleep cycles at nights (i.e. inhibition effect).
To analyze how a specific medication affects one’s energy levels and incorporate them in the control design
process, we model their dynamics by a second-order state-space representation:[

ż1(t)
ż2(t)

]
=

[
−θi1 0
θi1 −θi2

] [
z1(t)
z2(t)

]
+

[
η
0

]
q(t), (14)

where i = 1, 2 denotes the type of medications. y(t) = z2(t) is the estimated energy level and θi1, θi2
correspond the infusion rate and the clearance rate of each corresponding medication i, respectively. We
assume θi =

[
θi1 θi2

]
. In the state-space representation (14), q(t) = q∗i δ(t− τ∗i ) is the actuation input

impulses where parameters τ∗i and q∗i stand for time and dosage of the corresponding medication i (Faghih,
2014; Faghih et al., 2015a). The η term also determines if the actuation should be excitation (i.e. η = +1 for
elevating the energy level) or inhibition (i.e. η = −1 for lowering the energy level). With this representation,
we analyze how using a specific dosage q∗i of medication i at time τ∗i will affect the internal energy levels
z2(t) dynamically. Solving the state-space equation (14) and considering the output equation y(t) = z2(t),
we compute the output at each time step j as:

yj = ajy0 + bjq + ej . (15)

where aj = e−θi2j and bj = θi1
θi1−θi2

[
(e−θi2j − e−θi1j) (e−θi2(j−1) − e−θi1(j−1)) · · · (e−θi2 −213

e−θi1) 0 · · · 0︸ ︷︷ ︸
N−j

]′. The vector input q consists of one non-zero element (i.e. q = [q1 · · · qN ], where214
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qj = 0, ∀j except the one element q∗i at time τ∗i ) and error term ej ∼ N (0, σ2e). Forming the output for215
the whole time horizon N , we generate the vector representation y as the observation:216

y = Aθy0 + Bθq + e, (16)

where y =
[
y1 y2 · · · yN

]′
, Aθ =

[
a1 a2 · · · aN

]′
, Bθ =

[
b1 b2 · · · bN

]′
, and217

e =
[
e1 e2 · · · eN

]′
. To complete the system identification task, we impose the constraint ||q||0 = 1218

in the corresponding parameter estimation problem (Dahleh et al., 2004). To find the optimum parameters,219
we solve the following optimization problem to optimize the error term J = e′e:220

min
θi,q
||q||0=1

J =
1

2
||y− Aθy0 − Bθq||22. (17)

Given y, we can estimate Aθ, Bθ (i.e. include θi), and q to obtain the actuation dynamics (Faghih et al.,221
2015b). As a result of this process, we simulate the way that a specific medication affects the energy levels.222
In the following part, we explain the control approach and close the loop.223

In this in silico study, incorporating the hypothetical medication dynamics (14), we design the control224
strategy to determine the time and the dosage of each medication to regulate the estimated energy state. In225
the practical case, this system identification step is recommended to be performed in parallel to update the226
dynamical model parameters in real-time.227

2.5 Fuzzy Control System228

Fuzzy control, which is known as a knowledge-based control approach, employs the insights about the229
system, performs the corresponding inference, and makes the control decisions (Garibaldi and Ozen, 2007;230
Mendes et al., 2019; Yu et al., 2020). As an intelligent approach, it is a powerful bridge from the expertise231
inference to the real world (Azgomi et al., 2019; Lin et al., 2018). Any fuzzy controller includes four main232
parts: rule base, fuzzifier, inference engine, and defuzzifier. In the rule base, we define the rules to achieve233
our control objective (Zoukit et al., 2019). These IF-THEN rules are derived employing expert knowledge234
of the system and the corresponding constraints.235

In the present study, the estimated cognitive energy-related state and the time of the day are the inputs of236
the fuzzy controller, and the control output is the time and dosage of the required simulated medications237
(Azgomi and Faghih, 2019). To design the fuzzy system, we employ information about the personalized238
levels of energy state and the dictionary of medication dosages and actuation responses (Figure 2). We239
also use two classes of actuation: exciting medications which increase the energy levels, and inhibiting240
medications which lower the estimated energy levels. The purpose of applying medications with exciting241
and inhibiting effects is to provide the required energy for daily activity (Pednekar et al., 2020) and lowering242
the energy-related state to result in a better sleep cycle at nights (Feelders et al., 2019), respectively. Based243
on the literature and nature of the medications (Blockmans et al., 2006; James et al., 2007), we consider the244
constraint of applying maximum two medications (i.e. control inputs) per day: one in the morning which245
increases energy levels, and one in the evening to lower the energy levels. The rule base of the proposed246
fuzzy controller is presented in Table 1.247

As an example, to clarify the structure of rules presented in Table 1, rule number 1 denotes:248

• If the estimated energy state is High, and the time is early in the morning then the actuation is positive249
small.250
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To quantify the linguistic variables presented in the rule base, we employ membership functions as the251
fuzzifiers (Azgomi et al., 2013). Investigating the simulated environment including estimated energy state,252
hypothetical medication dynamics, personalized levels of energy state, and the rule base, we utilize the253
appropriate number of relevant membership functions presented in Figure 4. As observed in Figure 4, we254
employ six membership functions for time of the day (input 1), three membership functions for estimated255
energy values (input 2), and seven membership functions for the control output to cover all cases in the256
rule base (Table 1).257

We use Mamdani inference engine to execute the inference and produce fuzzy outputs (Zulfikar et al.,258
2018). We employ minimum method for both AND operation in the fuzzy inputs and implication process259
for fuzzy output generation. We also use Maximum method for rule output aggregation. Consequently, the260
final fuzzy output will be resulted as:261

µmamdani(q) = µm(q) =max
j

[µj(q)] = max
j

[min
(
min(µtime(t), µstate(x)), µactuation(c)

)
] =

max
j

[min(µtime(t), µstate(x), µactuation(c))].
(18)

where j denotes the effective rules at each time step and µj(q) is the resulted fuzzy set. µtime(t), µstate(x),262
and µactuation(c) also stand for the membership functions presented in Figure 4. To demonstrate the way263
that this inference engine works, we explain the proposed fuzzy system (18). At each time step, the fuzzy264
system monitors all the rules presented in Table 1 and finds the effective rules according to the input265
membership functions (Figure 4). By extracting the corresponding membership degree and executing AND266
operation in each applied rule, it then performs implication between the resulted input fuzzy sets (time267
and the estimated energy state) and the corresponding output fuzzy membership function (medication268
actuation). By aggregating results from all applied rules, it generates the final fuzzy output. To produce269
crisp output out of the generated fuzzy outputs and applying it into the system in real-time, we employ270
centroid defuzzification method:271

q∗ =

∫
µm(q).q dq∫
µm(q) dq

. (19)

At any time step where either the rules with Zero actuation output (Table 1) are effective, or the output q∗272
in (19) equals zero, the fuzzy system would determine no need for applied control. At the time t that the273
fuzzy system results a nonzero output (q∗ 6= 0), time of actuation would be derived (τ∗ = t). Considering274
the resulted crisp output and constraint to apply maximum two medications per day, the designed control275
will determine the time and the amplitudes of each medication. Hence, by taking the decisions about the276
dosage and the desired time of the hypothetical medications (i.e., q∗ and τ∗ in (14)), the resulted control277
signal (i.e., uk in (3)) will be applied to regulate the internal energy state.278

3 RESULTS
In this section, first we present the open-loop results. Then, we present our real-time closed-loop results for279
two categories of Cushing’s diseases: one without circadian rhythm in their cortisol profiles, and another280
with circadian rhythm in their cortisol profiles. The results associated with ten simulated subjects are281
presented in Figures 5-7.282

3.1 Open-loop (Healthy subject)283

In the first part, we use data associated with healthy subjects to show the tracking performance. As284
depicted in the left panels of Figures 5-7, the system tracks the energy state in an open-loop manner. In the285
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middle sub-panel, it is observed that there is not any control in this stage (uk = 0). Top sub-panels show286
that the estimated energy state has its peak during the daytime (06:00 - 16:00) and it drops in the evening.287
It verifies that we successfully track the energy state in the simulated healthy profiles.288

3.2 Closed-loop (Cushing’s patients without circadian rhythm)289

In this part, we employ the simulated cortisol data associated with Cushing’s patients without circadian290
rhythm in their cortisol profiles. The results are observed in the middle panels of Figures 5-7. The white291
and grey backgrounds correspond to the open-loop and the closed-loop periods, respectively. After day292
two, the control is activated and the closed-loop system detects an imbalanced energy state (top sub-panel293
in the middle panels of Figures 5-7). Then, the time and dosage of the required simulated medications are294
produced by the control system (bottom sub-panel in the middle panels of Figures 5-7). The red pulses295
stand for the simulated medications with excitation effects, while the blue pulses are associated with the296
simulated medications with inhibitory effects. Employing the suggested hypothetical medications will297
lead the generated control input to follow the curves presented in the middle sub-panel of Figures 5-7.298
Thereafter, starting day three of simulation (once the loop gets closed), the energy state is being regulated.299

3.3 Closed-loop (Cushing’s patients with circadian rhythm)300

Similar to the previous case, here we investigate the performance of the proposed closed-loop architecture301
by making use of simulated Cushing’s patients’ data together with existing circadian rhythm in their cortisol302
profiles. The results are presented in the right panels of Figures 5-7. Similarly, the system detects the303
irregular energy patterns and regulates the energy state variations by designing the corresponding control304
signals in a closed-loop manner.305

4 DISCUSSION AND CONCLUSIONS
Inspired by the fact that CRH plays an undeniable role in internal energy regulation, we proposed our novel306
approach for regulating the energy-related state using a wearable brain machine interface architecture.307
In the proposed architecture, we infer one’s energy variations by monitoring cortisol data which can be308
collected using wearable devices in real time (Parlak et al., 2018). We implemented the control algorithm309
on ten simulated data profiles in healthy subjects and Cushing’s patients.310

In the offline stage of this research, we simulated the cortisol data for multiple subjects. As it is validated311
in the literature, we employ stochastic models to simulate multi-day cortisol secretion patterns. Following312
(Brown et al., 2001; Faghih, 2014; Lee et al., 2016; Wickramasuriya and Faghih, 2019b), we consider313
different gamma distributions for inter-arrival times associated with cortisol secretion impulses. We also314
assume the pulse amplitudes follow Gaussian distributions. Employing the model parameters that are315
presented in the manuscript, we simulate cortisol profiles which have day-by-day variability. The stochastic316
variability existing in model parameters would be viewed as a realistic multi-day case in this in silico study.317
Employing the state-space approach along with EM algorithm, we estimated the model parameters and the318
forcing circadian function. Using the virtual patient environment, we aimed to track the energy state based319
on the changes in cortisol secretion times and cortisol upper and lower envelopes (See Figure 2).320

With the goal of tracking the energy state in the proposed architecture, we first simulated a real-time321
open-loop case. In this part, we used the data associated with healthy subjects. In the present study, due to322
the lack of real-time deconvolution algorithm, we assume the presence or absence of cortisol secretion323
forms a binary point process and follows a Bernoulli distribution. Besides, we take the cortisol upper324
and lower bound envelopes as the continuous observations. Utilizing the EM algorithm, we estimated the325
hidden energy state. As it can be seen in the left panels, with no control implemented (i.e. uk = 0), the326
energy state variations in simulated healthy profiles are as desired. It is observed that the energy state is327
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at its peak during the daytime and it drops in the evening. It leads to providing enough energy for daily328
activity and having well-ordered sleep cycles at evening. In fact, this normal condition is because of the329
well-balanced cortisol secretion patterns in healthy subjects.330

In this research, we assumed that including the hypothetical medications would impact the energy state.331
Hence, we incorporated the simulated medication dynamics as the actuation while closing the loop. In this332
regard, we first presented the system identification required to design the control system. To incorporate333
the corresponding medications in real-world implementation of the proposed closed-loop architectures, it334
is important to pay appropriate attention to medications’ half-lives. In the present design, we assumed that335
the hypothetical medications have prompt effects on one’s energy levels. In the case of utilizing long-acting336
agents, the rules and membership functions should be revised accordingly. While this step is performed337
in the offline stage of this research, in the practical case, it is recommended to execute it in real-time to338
update the medication dynamics according to the subject’s response. To design the control, we proposed339
a knowledge-based fuzzy controller. Employing the estimated energy state, personalized desired levels340
of energy state, and hypothetical medication dynamics we built the rule base, membership functions, and341
inference engine (See Figure 2).342

Next, we presented the results of the closed-loop system. In this regard, we employed the cortisol data343
profiles associated with the Cushing’s patients. To depict the performance of the closed-loop system, we344
assumed the control system gets activated starting day three, which means the system is open-loop (i.e.345
uk = 0) in the first two days of the simulation. During the open-loop period, we observe that the energy346
variations do not follow the ideal circadian rhythm. In other words, the patients with hypercortisolism do347
not have normal cortisol secretion patterns which will cause them to have insufficient energy levels in the348
day time and experience disturbed sleep cycles at night (Pednekar et al., 2020). Starting day three, the349
feedback control system (i.e. uk 6= 0) closes the loop (grey background in Figures 5-7). In the closed-loop350
period, the implemented control system detects undesired energy variations and tries to infer the right351
time and dosage of the simulated medications in real-time. That is to say, the fuzzy structure receives the352
estimated energy state, employs the rule base (Table 1) and membership functions (Figure 4), and generates353
the appropriate control signal. This intermittent control signal is depicted in the bottom sub-panels of354
Figures 5-7. When low levels of energy are detected, the red pulses would be generated to adjust the dosage355
of the required medications with excitation effect to provide required energy levels. On the other hand,356
once undesired high levels of energy are detected in the evening, the medications with the energy lowering357
effect, i.e. blue pulses, would be suggested to provide the inhibition effect. The required time and dosage358
of these hypothetical medications are produced by the fuzzy structure. The control actuation signal, which359
is result of applying these simulated medications, is presented in the middle sub-panels of Figures 5-7.360
Considering the constraint of using maximum two medications per day (Bouwer et al., 2000), the energy361
state is regulated in real-time. It is worth mentioning that in the real-world case, the only needed signal362
for closing the loop is the time and dosage of required medications. Since this simulation study is the first363
step to show the feasibility of our proposed approach, we simulated hypothetical medication dynamics to364
include actuation in the virtual patient environment.365

In the final part of our results, we presented the outcomes of our proposed structure on simulated cortisol366
data profiles associated with the Cushing’s patients with circadian rhythm in their profiles. While Cushing’s367
patients do not generally have the required circadian rhythm in their cortisol profiles, there exist some368
patients with some circadian rhythm in their blood cortisol profiles (Lee et al., 2016). This slight circadian369
rhythm could be assumed to be available in the patients in their early stages of Cushing’s disease. Similar370
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to the results of the Cushing’s patients without circadian rhythm, our proposed closed-loop architecture371
successfully detects the energy irregularities and makes the control decisions in real time.372

Analyzing the results of multiple subjects, we observe some interesting outcomes. In the results associated373
with subjects 1, 5, 6,7 and 10, we see that for some days no blue pulses (i.e. simulated medications with374
the inhibition effects) are necessary. It might be because energy levels are already low and would not375
affect their sleep cycles. In these cases, employing only the medications with excitation effects in the376
morning may lead to energy regulation in the evening too. These results are shreds of evidence of an377
intrinsic advantage of our proposed closed-loop architectures which is handling the energy regulation in an378
automated way and suggesting the medications as needed.379

To further depict the efficiency of the proposed closed-loop architecture, we define corresponding metrics380
(Figures 8-9). As the first criteria, we analyze the effect of closed-loop system in increasing the difference381
between average levels of energy in the day and night (top panel of Figure 8). As presented, the difference382
between the average levels of energy in day and night has been increased for all ten simulated subjects383
in both Cushing’s classes (filled green circles compared to the empty circles). As the second criteria, we384
analyzed the growth of internal energy state in the morning, which will ultimately lead the subjects to wake385
up with higher levels of energy. To do this task, we compared the growth of energy before the start of the386
day in both open-loop and closed-loop cases (middle panel of Figure 8). The observed growth of energy in387
all simulated subjects will help them to wake up with having more energy required for their daily activities.388
As the final criteria, we compared the drop of energy levels late at evening (bottom panel of Figure 8). It389
demonstrates how the proposed closed-loop architecture resulted in decreasing the energy levels required390
for a better sleep cycle. As presented in the bottom panel of Figure 8, the internal energy state in patients391
with Cushing’s disease are not decreased sufficiently in the evenings (empty circles). However, in the392
closed-loop case, by applying the required medications, the simulated energy state has been dropped more393
efficiently which will further help the subjects to experience more balanced sleep cycle at night.394

Analyzing the results on all the simulated subjects, the difference between the average energy levels in395
day and night in Cushing’s patients without and with circadian rhythm in their cortisol profiles is improved396
by 140% and 97%, respectively (left sub-panels in Figure 9). The growth in the energy levels before397
the wake time in both classes of Cushing’s patients is improved by 245% and 75%, respectively (middle398
sub-panels in Figure 9). Similarly, the average drop in the energy levels required for sleep time regulation399
is improved by 473% and 208% in simulated Cushing’s patients without and with circadian rhythm in400
their profiles has been, respectively (right sub-panels in Figure 9). This analysis verify how our proposed401
architecture is effective in regulating energy levels in a virtual patient environment.402

In the offline stage of this research, we simulated multi-day data profiles for healthy subjects and subjects403
with Cushing’s disease. It is worth mentioning that this stage of simulating multi-day data profiles is because404
of the lack of technology for real-time cortisol measurements. Future advances in wearable technologies405
would provide the opportunity to continuously monitor the cortisol data and design a system that could406
take care of inter- and intra-subjects fluctuations. In the present study, we assumed that the suggested407
medications could be successful in lowering or increasing energy levels. In practical implementation, there408
exist multiple factors that might cause the proposed architectures (i.e., using suggested medications to409
regulate internal energy state) to fail and result in less efficiency.410

• Diverse sensitivity to glucocorticoid hormones among individuals might prevent to observe similar411
energy adjustments in response to the medications (Inda et al., 2017).412
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• Sever dysregulation of the HPA axis, which happens in some endogenous Cushing’s syndrome cases,413
could only be treated by removing the pituitary or adrenal tumor(s) (Nieman et al., 2015).414

Implementing the proposed wearable brain machine interface architecture on multiple simulated cortisol415
profiles, we demonstrated that we can reach energy regulation in hypercortisolism. Simulated results verify416
that the proposed closed-loop approach has great potential to be utilized in real life. In the prospective417
practical system, a real-time deconvolution algorithm should be utilized to derive the CRH secretion times.418
Employing the proposed approach, in addition to taking advantage of wearable devices, which may monitor419
blood cortisol levels in real-time, the time and dosage of the required medications would be regulated in a420
closed-loop automated manner. Since the cortisol variations are influenced by a variety of physiological421
and psychological factors, a future direction of this research could be including additional information from422
multiple sources while designing the closed-loop system. In the prospective architectures, a multi-input423
multi-output system will take the information from multiple sources and make the required decisions about424
taking the medications (i.e., dosage and time). It results in an increase in medications’ efficiency and425
minimize their possible side effects. Future directions of this research could be incorporating all possible426
medications and designing the control algorithms with the capability to choose among them. Another427
possible future direction could be including the system identification process for each medication inside428
the real-time system. As a result, the way that each specific person responds to a particular medication429
will be monitored to update the medication dynamics in real-time. Consequently, the personalized control430
design would be more efficient.431
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FIGURES AND TABLES

Figure 1. Wearable brain machine interface architecture. Blood cortisol data is being monitored by a
wearable-type device. Analyzing the data collected from the human in the loop, we estimate corticotrophin-
releasing hormone (CRH) secretion times that result in cortisol secretion. Then, we estimate a hidden
energy state. Finally, the designed control algorithm would determine appropriate time and the dosage of
medications, and will result in regulating the energy state in patients with hypercortisolism.
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Figure 2. Real-time closed-loop energy regulation. The offline process includes extending the cortisol
data profiles for multi-day data creation, simulating the medication dynamics, and estimating the filter
parameters required for the closed-loop section. In the real-time closed-loop system, using the state-space
representation, the internal energy state gets related to the brain secretion times that result in the cortisol
secretions. Then, a Bayesian decoder employs the brain secretion times and the upper and lower cortisol
envelopes as the observations to estimate the energy state. Finally, employing the personalized desired
energy levels and information regarding the actuation dynamics, a fuzzy controller is generated. The
closed-loop system automates the time and dosage of applying simulated medications to regulate the energy
state.
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Figure 3. Simulated multi-day cortisol profile - Subject 1. Panel (A) displays the healthy profile, panel
(B) shows the profile associated with the Cushing’s patients without circadian rhythm, and panel (C)
depicts the profiles associated with the Cushing’s patients with circadian rhythm. Each panel displays
cortisol levels (black curve), upper bound envelopes (orange curve), and lower bound envelopes (green
curve).
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Figure 4. Input and output membership functions. Panel (A) shows the first input membership
functions describing time of the day. Panel (B) shows the input membership functions associated with the
estimated energy-related state. Panel (C) shows the membership functions for the actuation output (i.e.
control signal uk). The abbreviations P, N, Z, S, M, and B stand for “Positive,” “Negative,” “Zero,” “Small,”
“Medium,” and “Big”, respectively.
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Figure 5. Simulated energy regulation results (Subjects 1-4). For each subject, panel (A) displays
the open-loop results. Panel (B) shows closed-loop results for the Cushing’s patients without circadian
rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In
each panel: the top sub-panel shows the estimated cognitive energy-related state, the middle sub-panel
displays the control input, and the bottom sub-panel depicts the medication injections. Red pulses are
related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop
simulation (i.e. u = 0), while the grey background depicts the closed-loop results.
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Figure 6. Simulated energy regulation results (Subjects 5-8). For each subject, panel (A) displays
the open-loop results. Panel (B) shows closed-loop results for the Cushing’s patients without circadian
rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In
each panel: the top sub-panel shows the estimated cognitive energy-related state, the middle sub-panel
displays the control input, and the bottom sub-panel depicts the medication injections. Red pulses are
related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop
simulation (i.e. u = 0), while the grey background depicts the closed-loop results.
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Figure 7. Simulated energy regulation results (Subjects 9 and 10). For each subject, panel (A) displays
the open-loop results. Panel (B) shows closed-loop results for the Cushing’s patients without circadian
rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In
each panel: the top sub-panel shows the estimated cognitive energy-related state, the middle sub-panel
displays the control input, and the bottom sub-panel depicts the medication injections. Red pulses are
related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop
simulation (i.e. u = 0), while the grey background depicts the closed-loop results.
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Figure 8. Results analysis. Panel (A) shows the difference between average levels of energy in the day
and night. Panel (B) shows the internal energy growth required for the wake-up time balance. Panel (C)
shows the decrease in internal energy levels required for sleep time balance. The empty circles and the
filled green circles show the results of the open-loop and closed-loop cases, respectively. The left and right
sub-panels show the data corresponding to the Cushing patients without and with circadian rhythm in their
cortisol profiles, respectively.

Figure 9. Overall results analysis. The lower- and upper-bounds of the of each box represents the 25th
and 75th percentiles of the distribution of each metric for all 10 subjects, and the middle line in each box
displays the median. Panels (A) and (B) show the data corresponding to the Cushing patients without and
with circadian rhythm in their cortisol profiles, respectively.
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Table 1. Fuzzy Rule Base.
Rule # Time (Input 1) Energy State (Input 2) Actuation (Output)

1 Early Morning High Positive Small

2 Early Morning Low Positive Big

3 Early Morning Medium Positive Medium

4 Late Morning High Zero

5 Late Morning Low Positive Medium

6 Late Morning Medium Positive Small

7 Early Evening High Negative Medium

8 Early Evening Low Zero

9 Early Evening Medium Negative Small

10 Late Evening High Negative Big

11 Late Evening Low Negative Small

12 Late Evening Medium Negative Medium
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