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Abstract

The term adaptive intervention is used in behavioral health to describe individually-tailored strategies for
preventing and treating chronic, relapsing disorders. This paper describes a system identification approach
for developing dynamical models from clinical data, and subsequently, a hybrid model predictive control
scheme for assigning dosages of naltrexone as treatment for fibromyalgia, a chronic pain condition. A
simulation study that includes conditions of significant plant-model mismatch demonstrates the benefits of
hybrid predictive control as a decision framework for optimized adaptive interventions. This work provides
insights on the design of novel personalized interventions for chronic pain and related conditions in behavioral
health.

Keywords: optimized adaptive behavioral interventions, fibromyalgia, system identification, hybrid
model predictive control, biomedical applications

1. Introduction

With rising health care costs, there is an increasing interest in the medical community towards
developing improved strategies for treating chronic diseases (Wellstead et al., 2008; Collins, 2010).
Among these lie adaptive interventions, which consider adjusting treatment dosages over time
based on participant response. Control engineering offers a broad-based solution framework for
optimizing the effectiveness of such interventions and has been proposed as an enabler for more
efficacious treatments that minimize waste, increase compliance, and enhance the intervention
potency (Rivera et al., 2007; Zafra-Cabeza et al., 2011; Riley et al., 2011; Deshpande et al., 2014).

Traditional medical practice is based on treatment protocols designed for a standard response
that do not necessarily incorporate individual characteristics or optimization procedures. Many

of these dosage strategies are aimed at acute disorders and in spite of effective drugs, are not
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necessarily efficient for relapsing, chronic disorders. The use of adaptive approaches, in which
dosages are adjusted based on participant response over time, is the key motivation for use of
control systems engineering principles. This paper demonstrates how control engineering principles
can impact the treatment of chronic, relapsing disorders by examining a pain condition known as
fibromyalgia (FM) (Boissevain & McCain, 1991a,b; Younger & Mackey, 2009; Deshpande et al.,
2011). The examination is based on secondary analysis of information collected from a previously
conducted clinical trial using naltrexone for the treatment of FM. This problem is approached
from a systems and controls point-of-view: first, system identification techniques are applied to
develop dynamical models from daily diary reports completed by intervention participants. These
diary reports include self-assessments of outcomes of interest (e.g., general pain symptoms, sleep
quality) and additional external variables that affect these outcomes (e.g., stress, anxiety, and
mood). These dynamical system models serve as the basis for applying model predictive control
as a decision algorithm for dosage selection of naltrexone. The categorical /discrete-event nature of
the dosage assignment process calls for hybrid model predictive control (HMPC) schemes. Instead
of relying on conventional tuning of HMPC using weight matrices, a multiple degree-of-freedom
formulation is evaluated in this paper that enables the user to adjust the speed of setpoint tracking,
measured disturbance rejection and unmeasured disturbance rejection independently in the closed
loop system. Simulation results depicting realistic conditions are presented to illustrate the benefits
of the proposed control scheme in addressing hybrid dynamics, clinical constraints and plant-model
mismatch typically present in such applications.

The paper is organized according to the following sections: Section 2 briefly describes the
intervention and nature of the associated clinical data. Section 3 discusses the procedure for
building parsimonious models using system identification. The HMPC formulation used for dosage
assignment is presented in Section 4, with Section 5 demonstrating the application of HMPC for
delivering adaptive interventions under conditions of disturbances and model uncertainty. The

paper ends with a summary and conclusions in Section 6.

2. Naltrexone intervention for fibromyalgia

Fibromyalgia (FM) is a disorder characterized primarily by chronic widespread pain. The

characteristic symptoms of FM are diffuse musculoskeletal pain and sensitivity to mechanical stim-
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ulation at soft tissue tender points (Wolfe et al., 1990, 2010). Other important symptoms of FM
include fatigue, sleep irregularities, bowel abnormalities, anxiety, and mood dysfunction. While no
specific laboratory test can confirm FM, most patients present with a history of widespread pain
and fatigue conditions. Another important issue with FM is that its etiology is largely unknown
and without any scientific consensus (Perrot, 2008), although the condition is suspected to involve
central sensitization of pain processing (Lee et al., 2011). As the causes of FM are unknown, it
has been difficult to single out a specific type of treatment for this chronic disease. Depending on
different approaches for the mechanisms of FM, there have been experiments with various drugs.
There is a good evidence to suggest that naltrexone, an opioid antagonist, has a neuroprotective
role and may be a potentially effective treatment for diseases like FM (Younger & Mackey, 2009;
Mattiloi et al., 2010). The data for this paper has been taken from clinical trials of a low dose
naltrexone (LDN) intervention conducted by Dr. Jarred Younger and colleagues at the Stanford
Systems Neuroscience and Pain Lab (SNAPL), Stanford University School of Medicine (Younger
& Mackey, 2009; Younger et al., 2013).

2.1. The data

The study was conducted in two phases: a single blind pilot study on 10 participants and a
double blind full study on 30 participants; the latter also featured a protocol of longer duration.
A crossover design was employed where participants received both drug and placebo, and hence
act as their own control. A fixed naltrexone dose of concentration 4.5 mg was administered. In
the pilot study, the participants received placebo followed by drug (P-D protocol) whereas the full
study participants were randomized to receive either drug first (D-P protocol) or placebo first (P-D
protocol). The time line is split into baseline (during this phase participants do not receive any
kind of medication), placebo/drug and finally washout phase (all kinds of medications are stopped).
The number of data points ranged from 98 to 154 at daily sampling (7" = 1). Participants entered
their responses in a handheld computer to questions like ‘Overall, how well did you sleep last
night?” on a scale of 0 — 100 as well as visited a clinic every two weeks to undergo a series of
physical sensory tests. The daily diary data (or self-reports) consists of one primary endpoint
‘Overall, how severe have your FM symptoms been today?’ [FM sym| and 13 secondary endpoints:
fatigue, sadness, stress, mood, anxiety, satisfaction with life, overall sleep quality, trouble with

sleep, ability to think, headaches, average daily pain, highest pain and gastric symptoms (Younger
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& Mackey, 2009). Fig. 1 shows data of selected variables for two representative participants. It
can be observed that with introduction of drug, the participants report marked changes in pain
levels and sleep quality that vary over time. The appropriate description of this dynamical systems
response will be the focus of the modeling discussion developed further in the paper.

One of the important issues in data analysis from human subjects, and particularly from clinical
trials, is the focus on single subject (idiographic) vs multiple subject (nomothetic) analysis (Mole-
naar & Campbell, 2009). From the perspective of adaptive behavioral interventions, the focus in

this paper is on performing single subject analysis.

2.2. General description of variables

From an input-output dynamical systems perspective, the variables from the naltrexone trial

can be classified as following:

e Outputs: There is a clinical interest in understanding the magnitude and speed at which
naltrexone affects various FM symptoms during the intervention. Hence typical symptoms
like pain, fatigue, sleep disturbance, which correspond to dependent variables in the system,

are classified as outputs.

e Inputs: Drug and placebo are classified as the primary inputs in this analysis, as they are
introduced externally to the system and can be manipulated by the clinician. In addition to
these primary inputs, there are other exogenous or disturbance variables affecting the out-
puts. Variables in the self-reports such as anxiety, stress, and mood are treated as measured
disturbance inputs that when coupled with the primary inputs can help better explain the

output variance, and ultimately improve the overall goodness-of-fit of the model.

As biological systems are characterized by complex interdependent components, it is difficult to
define purely exogenous variables and dependent variables. This interconnection or feedback mech-
anism (both positive and negative) can result in cross correlation between endpoints and unmea-
sured noise collected from medical treatments and hence such experiments can be classified, in
a classical system identification sense, as closed loop experiments. There may be a relationship
between variables such that ‘outputs’ affect ‘inputs’ e.g., an elevated pain condition may affect
anxiety levels, although the existence of the feedback path is not clear. In the absence of a priori

information, this problem is tackled using direct methods by considering it as an open loop system
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Figure 1: Primary self-report variables associated with naltrexone intervention of fibromyalgia as shown for two
representative participants: one participant from the pilot study with placebo-drug (P-D) protocol ((a),(b)) and a
participant from the full study with drug-placebo (D-P) protocol ((c),(d)). With the introduction of naltrexone,

there is a significant decrease in FM symptoms and increase in sleep quality over time for both participants.
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(Ljung, 1999). In the ensuing section, the modeling methodology does not attempt to model the
internal mechanisms of FM but rather build an overall response model describing how the drug
and external factors affect a number of FM symptoms, so that predictive information can be used

by a controller to assign dosages based on measured participant responses.

3. Using system identification to model FM intervention dynamics

In light of the unknown dynamics of FM, an empirical modeling approach is proposed where
input-output data of a single participant is used to build a model describing the effect of drug and

external factors on FM symptoms.

3.1. System identification procedure

The modeling process undertaken in this study can be summarized in three subparts as follows:

1. Data preprocessing. Initially the data is pre-processed for missing entries using a simple mean
of immediate neighbors for single missing items, and interpolation for multiple consecutive
missing items. To reduce the high frequency content in the time series, a three-day moving

average filter L(q) is applied:
Lig)=(1+q" +q7°)/3, (1)
where ¢ is the forward shift operator defined as qy(t) = y(t + 1).

2. Discrete-time modeling using multi-input AutoRegressive with eXogenous input (ARX) mod-

els. The filtered data is fitted to a parametric multi-input ARX-[n, ny ng] model:
A(Qy(t) = Bilqui(t — ng,) +e(t), t=0,1,2,... (2)
i=1

where n, represents the number of inputs, ng, np and ng are model orders, e(t) is the
prediction error, and A(q) = 1+ 37, ajqg~? and B;(q) = 2721 bjqgT! are polynomials in
q. The philosophy is to start with a simpler parametrization (ARX) and add complexity
as required. ARX models are computationally simple to estimate and can be consistently
estimated provided the inputs are persistently exciting and the model structure is sufficiently

high. In examination of multiple participants, ARX-[4 4 1] models were the highest order
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needed, and in many cases ARX-[2 2 1] models were suitable (as determined by the classical

prediction-error validation criteria, per Ljung (1999); Deshpande (2011)).

The procedure for the choice of input signals is to begin with drug and placebo, which are
expected to contribute significantly to FM symptoms for all participants. Additional input
variables are then introduced sequentially to improve the goodness of fit. From a statistical
perspective, it can be shown that adding extra inputs results in improved covariance of the
parameter estimate (stronger for ARX/ARMAX structure) under the assumption that they
are independent (Gevers et al., 2006). Consequently, while increasing the number of inputs
improves the overall fit, an exceptionally high fit may not necessarily imply a highly predictive
model. As the protocol applied in this study did not allow for a crossvalidation data set,
proper judgement on the choice of input variables that adequately describes the data across

all participants must be made.

3. Simplification to a continuous time model. There has been increasing recent interest in
identifying continuous time dynamical models directly from sampled data (Garnier & Young,
2014). In this work, the step response from the estimated ARX model serves as the data for

estimating a parsimonious continuous second order model structure of the form:

Gls) = Ky(1as +1)
y 28242015+ 17

(3)
From Equation (3), useful system information such as gain, time constant, overshoot, rise
and settling times for each input can be obtained which can be used to classify participants
as responders or non-responders to the drug. In principle, the order of the continuous time
transfer function is problem dependent, but as shown later in the paper, the second order
structure according to Equation (3) was sufficient to capture all participants for this dataset.

The estimation procedure used corresponds to the Process Models routine in MATLAB’s

System Identification Toolbox (Ljung, 2009; Ljung & Singh, 2012).

The use of prediction-error models, and ARX models in particular, is justified because one can rely
on well-established bias relations to obtain insight. For purposes of illustration, consider a system

described by one manipulated input (e.g., drug), one measured disturbance input (e.g., anxiety)
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and noise, with plant and estimated models as follows:
y(t) = p(@)u(t) + pa(q)d(t) + H(q)v(t) (4)
= p(qQ)u(t) + Pa(q)d(t) + Pe(q)e(t). (5)

The one-step-ahead prediction error can be written as:

e(t) = Pe(a) " (y(t) — (Bla)u(t) + Ba(q)d(t))). (6)

Parseval’s theorem can be used to relate the filtered prediction-error (ep(t) = L(q)e(t)) with its

power spectrum (P, (w)), which is defined as:

_ L@
Pe()?

(Ip = I ®u(w) + |pa — Pal*®a(w) + 2Re((p — §)(pd — Pa)*) Pua(w) + |H|[*07) ,

(7)

P, (w)

2

2, 1s assumed

where v(t), a sequence of independent random variables with zero mean and variance o
to be uncorrelated with u(t) and d(t), L(q) is the prefilter, Re denotes the real part of a complex
number and * is used to represent its complex conjugate. From Equation (7), it is possible to

obtain insights into how input power, model structure, cross-correlation between signals, and other

factors can influence the goodness-of-fit in the identification process.

3.2. Cuase studies

Participant from the pilot study

In this subsection, the focus is on the application of the system identification modeling proce-
dure to a participant from the pilot study, with data as seen in Fig. 1. Equation (7) is used to
systematically examine the role of model structure, inputs signal spectral information and input

cross correlations on the goodness-of-fit.

e Model structure. In this work, ARX models of reasonable dimension were found to be suffi-

cient and no significant improvement was observed with more complex parameterizations.

e [nput cross correlation. Since various variables are measured in the experiment, the procedure
is to choose inputs which have minimum cross spectra (®,4(w)). The sample cross correlation
function (Box et al., 1994) is used to better understand the relationship between different

variables and with drug and placebo. For this participant, the headache and gastric variables
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Figure 2: Sample cross correlation function plots between drug and other variables with two standard error bounds

over £ 20 lags for participant from the pilot study.

(See Fig. 2b) have a high degree of cross-correlation, and gastric is also correlated with the
FM symptoms output (See Fig. 2¢). Adding them as inputs did not yield good estimates.
In comparison, anxiety and mood (See Fig. 2d) are essentially uncorrelated and offer good

estimates when included as inputs. Additional analysis can be found in Deshpande (2011).

The multi-input ARX-[2 2 1] models (with respective input(s) and FM symptoms treated as
the primary output) are as follows: 1) Model 1 (Drug) 2) Model 2 (Drug, Placebo) 3) Model
3 (Drug, Placebo, Anxiety) 4) Model 4 (Drug, Placebo, Anxiety, Stress) 5) Model 5 (Drug,
Placebo, Anxiety, Stress, Mood) 6) Model 6 (Drug, Placebo, Anxiety, Stress, Mood, Gastric)
7) Model 7 (Drug, Placebo, Anxiety, Stress, Mood, Gastric, Headache) §) Model 8 (Drug,
Placebo, Anxiety, Stress, Mood, Gastric, Headache, Life) and 9) Model 9 (Drug, Placebo, Anxiety,
Stress, Mood, Gastric, Headache, Life, Sadness). Fig. 3 shows the corresponding fits for Models 1
through 9, which explain 46.57% to 79.69% of the output variance, respectively. Beyond the five
inputs noted in Model 5, one observes that adding more variables does not significantly improve
the fit and ultimately (for Model 9) results in overparameterization. Hence, the inputs from Model
5 are used as the base for multi-input ARX models for this participant.

Fig. 4 shows the estimated step responses resulting for the ARX models for the specific case of
the naltrexone drug input. The final model has a gain of —2.47, indicating a nearly 2.5 point drop
in the pain report per mg dose of naltrexone. The negative gain for drug classifies this participant
as a responder to the treatment. A rise time (7)) of slightly over 5 days, and a 98% settling time
(Ts) of nearly 11.5 days characterizes the naltrexone response for this participant. Table 1 shows

how including additional inputs improved the goodness-of-fit for this participant.
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Figure 3: Estimated Models 1 through 9, output vs. actual (FM sym) output using ARX [2 2 1] structure for
participant from the pilot study. The percent fits (shown in parenthesis) show no significant improvement beyond

Model 5.
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Figure 4: ARX model step responses for the drug-FM symptoms transfer function along with the second order
continuous time approximation for the case of Model 5. As the model fit improves from Model 1 to 5, the steady-

state gain settles at approximately -2.5.

Table 2 summarizes the estimated transfer functions for all five inputs (manipulated and distur-
bance) of the Model 5 structure. For all these transfer functions, the settling times and rise times
(with the exception of Mood-FM) are in close range to each other. The positive gain for the placebo
input indicates that in the case of this participant, the administration of placebo has a detrimental
effect. The large magnitude of the placebo gain is in part a consequence of binary nature of that
input signal. On examining the gains for the measured disturbance models (anxiety, stress, and
mood) for this participant, these correspond to 0.86, 2.29, and —0.091, respectively. The positive
values for the anxiety and stress gains and negative for mood agree with the clinical observations
that increase in anxiety and stress and decrease in mood should worsen FM symptoms. The low
magnitude of the mood gain, coupled with the relatively small contribution of this input to the
percent variance described by the model (approximately 2%) indicates the low importance of this
variable as a contributor to FM symptoms. Table 2 also includes the model resulting from the
effect of drug to overall sleep. The positive gain in this transfer function demonstrates that for this
participant, administering naltrexone improved sleep quality. Furthermore, 7, < 0 for this model

denotes the presence of inverse response.
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Model %fit AIC K,, 7,(,7q T,(days) Ts(days)
1 46.5 3.64 -12.03, 5.67, 4.14, 21.3 75.5 139.69
2 99.2 3.58 -0.91, 3.5, 2.67, 44.4 0.43 75.06
3 64.7 3.54 -1.02, 2.09, 1.5, 15.3 0.43 25.6
4 71.8 3.42 -3.11, 1.62, 1.24, 0.22 7.53 14.38
) 73.9 3.44 -2.47,1.57,1.26, 1.96 5.12 11.49

Table 1: Model estimate summary for the drug-FM model for the pilot study participant. Percent (%) fit and Akaike

information criterion (AIC) measure correspond to the multi-input ARX-[2 2 1] model structure.

Model Ky, 7,¢,Ta T,(days) Ts(days)
Drug-FM -2.47, 1.57, 1.26, 1.96 5.12 11.49
Placebo-FM 45.81, 1.57, 1.26, 1.15 6.59 13.06
Anxiety-FM 0.86, 1.57, 1.26, 0.24 7.45 14.24
Stress-FM 2.29,1.57, 1.26, 0.49 7.31 13.94
Mood-FM -0.091, 1.57, 1.26, 4.67 0.8 11.93
Drug-Overall Sleep  4.98, 2.13, 1.04, -3.35 7.06 15.83

Table 2: Model parameter tabulation for various inputs-FM continuous models as well as the drug-overall sleep
(Drug-Overall Sleep) model for pilot study participant. The participant shows reduction in pain and improvement

in sleep with drug intake.

Full study participants

Table 3 shows a summary of participant responses from the full study for Placebo-Drug (P-D)
protocol. In general for participants from the full study, additional inputs (such as sadness and
headache) as well as ARX models with higher orders (e.g., [44 1]) were required for improved fits.
The case for most participants was that inputs corresponding to Model 9 gave a better fit. For a
total 15 participants in this protocol, nine were classified as responders and six as non-responders
based on the estimated model gain for drug as input and FM sym as output (K,(DFM)). Settling
time (in days) for each case are also noted. The gains for each participant are shown with one

standard deviation on estimated gains (from system identification) whereas, in rows corresponding
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to average values, the deviation of mean of each participant’s response is noted. It can be noted
that the average model gain (K,(DFM)) for responders was —3.56 whereas for non-responders was
2.06. Overall, for all participants of this protocol the gain was —1.31. Similarly gain for drug
as input and overall sleep as output (K,(DS)) together with the settling time was also tabulated
and it was noted that the response of sleep to drug was not strong in many cases with average
gain for all participants being —0.23. In general, the drug response of full study participants was
weaker compared to cases in the pilot study as can be noted by the gain magnitudes and large error
bounds which make the classification of participants difficult. Details of participant responses for

the drug-placebo (D-P) protocol can be found in Deshpande (2011).

3.3. Model validation

The following standard methods are used to validate the estimated models (Ljung, 1999):

e Residual analysis. A residual analysis is conducted on all estimated models using auto corre-
lation of the residual and cross correlation between the inputs and residual. For the majority
of the participants in this study, ARX-[2 2 1] or [4 4 1] models met the classical prediction

error criteria.

e Step responses from estimated ARX models. After a model has passed residual analysis, the
model step responses are analyzed. From Model 2 onwards in Fig. 4, the responses tend to

settle rapidly to a steady state with improved goodness-of-fit.

While it would have been desirable to have applied cross-validation to this analysis, when the data
was partitioned into estimation and validation sets, it was found to lack the excitation required to
support multi-input crossvalidation. This is a consequence of the limited number of data points
in this study and the experimental procedure that was followed for the naltrexone and placebo
dosages. Instead, the percent improvement with additional inputs added to the model are noted,
while simultaneously examining the Akaike information criterion (AIC) values and step response
results to avoid the consequences of overparameterization (e.g., large changes in gain and settling
time with parameters that do not agree with physical insight).

In summary, the majority of the pilot study participants were adequately modeled with Model 5
using the ARX-[221] structure and in the full study with Model 9 using the ARX-[44 1] structure,

and subsequent approximation to the second order continuous time model. It was observed that
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Responders
# % fit(DFM) K,(DFM) T,(DFM) % fit(DS) K,(DS) T:(DS)
1 64.92% -4.70*%+7.67 23.23%* 72.50 -3.2846.98 27.24
2 48.71 -0.66+£1.15 15.28 35.19 0.668+1.52 16.12
3 29.82 -0.6£1.71 15.89 23.17 -2.83+4 45.55
4 29.23%  -11.66%+ 12.36  67.01% 28.89 1.5942.7 13.02
5 18.08 -0.83%+2.3 10.51 29.87 -4.8943.7 20.39
6 54.70 -2.79+£1.88 23.11 17.93 0.4£2.77 11.57
7 40.00 -2.2743.99 27.1 43.38 -0.92+£1.16 17.19
8 54.13 -8.4445.12 12.63 64.55 -1.88+1.46 19.11
9 59.00 -0.112+0.83 16.04 44.58 2.27+0.77 13.05
Average Values (std. deviation for nominal gain only)
—  44.28+15.8 -3.56+4 23.424+17.2  40+184 -0.98+2.4  20.36+10.5
Non Responders

10 44.68 3.96+3 33.05 — — —
11 2.19%* 4.09%+3.96 39.21%* 20.57 -2.534+2.47 15.54
12 27.99 0.82£1.73 30.37 38.45 1£1.16 17.8
13 31.17 1.9442.07 34.97 22.47 6.23+4.94 42.46
14 40.31 0.37£1.24 16.24 26.7 0.85+1.33 22.67
15 34.57 1.17+2.85 154 49.14 0+1.16 18.34

Average Values (std. deviation for nominal gain only)

— 30.15+14.9 2.06+1.6 28.2+10 31.46£12 1.114£3.17  23.62+10.9

Total Average Values (std. deviation for nominal gain only)

—  38.63£16.5 -1.31+4.27 25.33£14.5 36.95+16.4 -0.23£2.77 21.43£104

Table 3: Tabulation of system responses to drug for the placebo-drug (P-D) protocol for selected participants from
the full study. Corresponding model fits are also noted. Model 9 was used unless noted otherwise as * implying input
combination as {Drug, Placebo, Anxiety, Stress, Mood, Life, Sadness and Gastric} and # where inputs corresponding

to Model 7 are used. In cases of bad data (participant 10), no model was estimated.

the response to drug was stronger in the pilot study as compared to the full study; likewise, a large
number of full study participants showed placebo response. For those participants whose modeling
results would classify them as responders to treatment, the estimated models are used as the basis

for adapting the intervention using a control engineering approach.
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4. Model predictive control of naltrexone intervention for fibromyalgia

In this work, model predictive control (MPC) is used as the algorithmic framework for mak-
ing systematic dosage assignments. This control technology effectively combines the feedback-
feedforward control action by on-line optimization of a cost function using a receding horizon (Qin
& Badgwell, 2003). The MPC approach allows for flexibility to integrate critical clinical objectives
and constraints, and hence is particularly suited for designing treatment regimens for adaptive
interventions. It has seen medical applications from diabetes mellitus control to HIV/AIDS man-
agement (Zurakowski & Teel, 2006; Wang et al., 2010). To achieve a desired performance, a
three-degree-of-freedom (3 DoF') approach is used to tune the controller (Lee & Yu, 1994; Wang
& Rivera, 2008). This tuning methodology enables performance requirements associated with set-
point tracking, anticipated measured disturbance rejection and unmeasured disturbance rejection
to be adjusted independently by varying parameters «.., ag and f, respectively (as discussed later).
These parameters can be adjusted between values 0 and 1; they in turn specify the response of a
filter which supplies a filtered signal to the controller (. for setpoint tracking and «y for measured
disturbance rejection) or adjust the observer gain (K) for unmeasured disturbance rejection (f,).

The hybrid extension of this 3 DoF approach (Nandola & Rivera, 2013) is considered here.

4.1. Clinical goals

Adaptive interventions employ decision rules and repeated assessments of participant response
to improve outcomes (Collins et al., 2004). In a control engineering approach to adaptive inter-
ventions (Rivera et al., 2007; Zafra-Cabeza et al., 2011; Nandola & Rivera, 2013), the controller
assigns dosages to each participant as dictated by model dynamics, problem constraints, and dis-
turbances (both measured and unmeasured). The control system aims at functionally performing

the following three tasks:

e Setpoint tracking. Drug dosages are assigned to take an outcome of interest (such as FM
symptoms or overall sleep quality) to a desired goal or setpoint. For example, a clinician
may decide on a goal of 45% reduction in general pain symptoms within two weeks of drug

treatment.

o Measured disturbance rejection. The controller adjusts drug dosages to mitigate the effect

from reported external influences using estimated disturbance models. For instance, if some
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external event (e.g., reported anxiety) that leads to elevated FM symptoms is known a priori,

then dosages can be adjusted in anticipation to compensate for that disturbance.

o Unmeasured disturbance rejection. The controller adjusts drug dosages to mitigate the effect
of unknown and unmodeled external influences. For example, a sudden unexpected event
may result in worsening pain (FM symptoms). In such cases, the controller alters dosages to

mitigate the unmeasured disturbance.

In addition to accomplishing the three functional modes of the control system, a number of practical

clinical requirements have to be integrated into the controller design. These are:

e Limits on possible dosages. Drug efficacy is generally defined on some dosage levels, as well
as dosage magnitudes has to be limited to certain bounds to ensure safe usage. In this work,

the drug naltrexone is varied for simulation purposes as
0<u(k)<135mg, ke{0,1,...,N—1}, (8)
where N is the length of simulation.

e (Gradual change in dosages. Dosage changes should not be very abrupt due to concerns with

drug withdrawal and toxicity. This translates into a limit on the move size of the signal as:

Atpmin < |u(k) —u(k — 1) < Aumax, (9)

o (lategorical or discrete dosages. This clinical consideration necessitates the use of a hybrid
approach. In this work, the treatment is confined to eight drug dosage levels defined as
u(k) € I =1{0,1.92,3.85,5.76,7.68,9.6,11.58,13.5} mg. Subsequently in this paper, the term
hybrid MPC is used to define a controller which assigns dosages categorically, whereas a

continuous MPC will assign dosages anywhere in the given range.

4.2. MPC problem formulation

The details of the proposed MPC formulation are now presented. As was pointed out earlier,
an important consideration in adaptive interventions is that intervention dosages can assume only
discrete levels, and therefore it is necessary to consider hybrid algorithms (Nandola & Rivera,

2013). A mixed logical dynamical (MLD) framework is used to represent linear hybrid systems
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which are systems with real and integer states, inputs and constraints (Bemporad & Morari, 1999),

as shown:
z(k +1) = Az(k) + Biu(k) + B2d(k) + Bsz(k) + Bqd(k) (10)
y(k) = Ca(k) + d' (k) + v (k) (11)
E2d(k) + E3z(k) < Es + Eay(k) + Eru(k) — Eqd(k), (12)

where, in general, x € R™ and u € R™ represent states and inputs of the system. y € R™ is
the output and d € R, d' € R”; and v, € R™ represent measured disturbances, unmeasured
disturbances and measurement noise signals respectively. § € {0,1}" and z € R™* are discrete and
continuous auxiliary variables respectively, which along with the input u, output y and disturbance
d form the linear inequality constraint shown in Equation (12) in order to enforce logical/discrete
decisions. The effect of all unmeasured disturbances is lumped as d’ in the measurement equation.

A standard quadratic cost function (|| x HQQ* = (x)TQ4(x)) is used to calculate the decision

vector as:
m—1
min JED Nk +i) =), + > I(Au(k+0)3,,
{[u(k+z‘>]?i51,[ (k+0)]72g [2(k+i)P2 } Z s 2% 9a
p—1
+ZH (k+ 1) — un)llg, + D 1(5( IIQd+ZII (k+1) —2)5. (13)
=0
St. Ymin <Yk +17) < Ymax, 2 € {1,...,p} (14)
Umin éu(k + 7!) < Umax, © € {O, sy M — 1} (15)
Atpin <Au(k +1) < Aupayx, 7 € {0,...,m — 1}, (16)

and also subjected to state and output equations with mixed integer constraints as shown in
Equations (10)-(12), where p is the prediction horizon and m is the control horizon. The vector
2-norm are weighted by matrices Q« as in Qy, QaAy, Qu, Qq, and @), are the penalty weights on
the error, move size, control signal, auxiliary binary variables and auxiliary continuous variables,
respectively. The problem is formulated as a tracking control system using references y,, u,, §, and

zy for output, input, discrete and continuous auxiliary variables, respectively.

4.83. Controller tuning

The tuning approach for HMPC can be discussed broadly in two sub topics:
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e Setpoint tracking and measured disturbance rejection. In the 3 DoF approach, the speed and
shape of setpoint tracking and measured disturbance rejection can be directly manipulated
using filters, and hence the closed loop response can be varied to achieve a desired perfor-
mance. The choice of the filter depends on whether the set point or disturbances changes are
asymptotically step (Type I) or ramp (Type II). In this work, a Type I filter is used for both
cases, described as:

(1 - ar,dj)q

arg’) = =
f(Qa T,d) q_ar,dj

jed{l, ... ny}, (17)

where o4 € [0,1) and n, is the number of outputs. The tuning parameter to alter the
setpoint response is denoted by «,., while the tuning parameter for measured disturbance re-
jection is ag. Hence the controller can be tuned for slower rejection of measured disturbances,

for example, by more extensive filtering of the disturbance signals.

o State estimation (unmeasured disturbance rejection). Considering the stochastic and uncer-
tain nature of self-reports and estimated models, the control system is augmented with a
state observer to mitigate the errors associated with system prediction. In this system, un-
measured disturbances can occur externally or can originate from plant-model mismatch. A
parametrized observer (Lee & Yu, 1994; Wang & Rivera, 2008; Nandola & Rivera, 2013) is

used, where the observer gain can be written as:

T
K; = [0 Fr F;f} (18)
Foo = diag{(fa)1,---, (fa)n,} Fp = diag{(fo)1, -, (fo)n, } (19)
2
(o) = (fa)] K J € {17"'7ny}7 (20)

L+ aj — a;(fa);
and where (f,); is a tuning parameter that lies between 0 and 1. In this work, as asymptot-
ically step inputs are considered, hence @; is equal to zero (Wang & Rivera, 2008). As (f,);
approaches zero, the state estimator increasingly ignores the prediction error. In contrast, as
(fa); approaches 1, the state estimator tries to compensate for all prediction error and hence

may cause the controller response to become extremely aggressive.

Full details of the controller formulation, comparison between different tuning settings, and appli-
cations to a preventive behavioral intervention and inventory management in supply chains can be

found in Nandola & Rivera (2013).
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5. Closed-loop simulation results

This section demonstrates closed-loop drug dosage assignment on the representative participant
from the pilot study discussed in Section 3.2. The system under consideration is a five input, single
output dynamical model with one manipulated variable (naltrexone), four disturbance variables
(placebo, anxiety, stress and mood) and one output (FM symptoms). FM symptoms serves as the
primary outcome in the analysis (n, = 1), while anxiety (assumed to be reported daily by the
participant) serves as the measured disturbance signal. All other disturbances are set equal to zero
with no measurement noise (v,(k) = 0). The drug dosages range from 0 to 13.5 mg with eight
possible values. The eight discrete inputs form an arithmetic progression and can be represented

logically in the MLD framework as:

0i(k) =1 z(k) =135 — (i —1) x 1.9286 i€ {1,2,...,8} (21)
8 8

u(k) = z(k), Y bi(k)=1. (22)
i=1 =1

These conditions and implications (<) are then converted into inequality constraints as represented
in Equation (12). The simulation parameter values are as follows: the prediction horizon (p) is set
to 25 days (chosen larger than the open loop settling time from the estimated Model 5 (see Table
1)) and the control horizon (m) to 15 days (chosen to be long enough for a feasible solution but less
than the prediction horizon). As the 3 DoF approach is used to tune the controller, the objective
weights will not be adjusted and are fixed as follows: Qy = 1, Qay = Qu = Q¢ = Q. = 0.
The three “knobs” in the controller are varied as: «, € [0,1), aq € [0,1), and f, € (0,1]. These
simulation parameters are now used to generate closed-loop control results which are shown in two

sections:

1. Nominal performance for tracking and disturbance rejection (Section 5.1),

2. Robust performance under plant-model mismatch (Section 5.2).

In this hypothetical simulation of a control-oriented naltrexone adaptive intervention, the goal
is to demonstrate how the 3 DoF formulation gives the flexibility to achieve a broad range of time-
domain responses, and hence the controller can be tuned as per clinical requirements. An initial

general proof-of-concept is followed by an analysis involving more rigorous performance metrics.
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Figure 5: Comparison of closed-loop responses obtained from an eight level hybrid MPC (solid, blue) with continuous
MPC (dash, black) when tuning parameters are (o, aq, fa) = (0.5,0.5,0.5). The setpoint is shown by a dashed red

line.

5.1. Nominal performance

This section evaluates the performance of the controller when a true model of the system is
known. Three independent events take place in the simulation: setpoint tracking starts at £k =0, a
measured disturbance acts at 20 < k < 40 with magnitude 16.52 and an unmeasured disturbance
at k = 55 of magnitude 9.63. The output variable starts with a baseline value of 50 and a change
of —9.5 is applied at k = 0 as shown by the reference in Fig. 5. The result is shown for tuning
parameters (o, ag, fo) = (0.5,0.5,0.5). The length of the simulation is N = 75 days.

MPC where u(k) can take any continuous value on its range and with no filtering represents
the best possible performance by the controller. Clinically, this can be an initial benchmark which
can be used to get a sense for the treatment regimen obtained from the control system. Next,
depending on the constraints on drug dosage levels, a new treatment regimen has to be generated
which can be contrasted with the continuous case. However, the drug dosage changes may be
perceived as too aggressive by the clinician and hence, based upon the exact requirements (e.g.,
pain reduction by 30%), the hybrid controller can be de-tuned using 3 DoF tuning variables. For

setpoint tracking, «,. can be adjusted to suit the expected response. Similarly, the response to
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disturbances can be varied by a4 and f, to suit the conditions at hand. In general, by increasing
the filtering action, dosage changes are smoother and more clinically acceptable. For measured
disturbances, continuous MPC can offer better compensation than hybrid MPC as the later may
be less effective due to categorical constraints. At k = 55 an abrupt change in the pain report
occurs due to an unmeasured disturbance; this change is not part of the model prediction. The
controller reacts by increasing the drug dosage to compensate.

In practice, setpoint tracking has to be accomplished in presence of disturbances and hence it is
now shown that the control algorithm used here performs well in events occurring simultaneously.
Both measured and unmeasured disturbances (of magnitude as before) act at k = 0 as shown
in Fig. 6. The length of the simulation is N = 20 days. The tracking is considered under both
measured and unmeasured disturbances, where a smoother (but more aggressive controls) response
is obtained for ay = 0, f, = 1 whereas the less aggressive controls for tuning ag = 0.9, f, = 0.2.
In both of the cases, the variation of a, from 0 to 0.8 (as seen on the Y-axis) results in more
sluggish setpoint tracking speed for fixed set of tuning parameters «y, f,. It can also be observed
that to compensate the effect of disturbance, higher dosages are required. In order to quantify the
achieved performance under different sets of tunings, two metrics are defined related to the square

of 2—norm of the tracking error e. and the square of 2—norm of change in control Au as:

N-1 N—-1
Je=Y eclk)ec(k),  Jau= > Au(k)"Au(k) (23)
k=0 k=1

where e.(k) = y(k) — y» and Au(k) = u(k) — u(k — 1). These metrics are tabulated in Table 4,
where it can be observed that de-tuning the controller (i.e. decreasing f, and increasing a,, ayq )
results in higher J. (more error) but lowering of Ja, (less aggressive controls).

So far, only deterministic setpoint and disturbance signals have been considered. A scenario of
significant practical interest is when the unmeasured disturbance is of stochastic nature; this is now
introduced through an AutoRegressive Moving Average (ARMA) model to evaluate the controller
performance. By changing the observer gain through f,, it is possible to influence disturbance

rejection. Consider an ARMA model as follows:

(¢ —0.3)

o) VE,a(k) ~ N(0.30), (24)

d(k) =

where d and a are discrete-time signals with ¢ as the forward shift operator. A realization of this

ARMA noise is shown in Fig. 7a where the unmeasured disturbance varies on a scale of 100. The
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Figure 6: Comparison of setpoint (dotted black lines) tracking under both unmeasured and measured disturbance

for various tuning (a.) values under fixed ag and fq.

aqg=0.9, f, =0.2 ag=0,f,=1
Qo Je JAu Q. Je JAu
0 60293 107.86 0 108.41 92.98
0.2 628.82 63.22 0.2 131.51 78.1
0.4 71067 4835 0.4 167.88 70.66
0.6 855.79 4835 0.6 235.03 48.35
0.8 1181.53 44.63 0.8 327.85 40.91

Table 4: Performance indices for the e. and Awu signals under different tuning values for setpoint tracking under

disturbances. It can be observed that increases in «, (implying more filtering action) lead to less aggressive control

responses.

length of the simulation is N = 90 days.

The two simulation cases are shown in Figure 7b. Two settings are considered to change the

observer gain: f, = 1 (which is more aggressive) and then f, = 0.1 (which is more sluggish).

Table 5 compares the performance indices related to the error and change in control from both

simulations. It can be noted that under f, = 1, a lower error performance (J.) is observed but

results in a trade off with more aggressive control action, whereas using a lower tuning value of

fa = 0.1 results in higher J,, with the corresponding less change in control (Ja,). To conclude,
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Figure 7: (a) Time series realization of unmeasured disturbance from the ARMA noise model. (b) Performance
of hybrid MPC under different tunings: fo = 1 (dash, black) and f, = 0.1 (solid, blue) when the unmeasured

disturbance is a realization of ARMA noise model. The setpoint is shown by a dashed red line.

fa=0.1 fa=1
JE JAu Je JAU
9211.26  55.79 6203.99 1205.08

Table 5: Performance index of the hybrid MPC under stochastic unmeasured disturbance. The observer gain can be

varied to obtain a trade off between the metric of tracking error (J.) and control moves (Jau).

the tuning approach gives the user enough flexibility to choose the speed of response, for a given

set of weight matrices, to satisfy desired clinical requirements.

5.2. Robust performance

It was previously noted the importance of having a suitable controller under conditions of model
uncertainty and participant variability. That scenario is now addressed where the performance of
the controller is evaluated when an erroneous model is obtained from the identification procedure.
The approach used in this paper is to showcase robustness via simulations using different model
uncertainties for a fixed controller tuning. As before, one input-output (drug-FM) and one distur-
bance (anxiety-FM) model are considered. To simulate model uncertainties, different parametric
uncertainties on the estimated models (as shown by Equation (3)) are used to generate scenarios for

plant-model mismatch. The plant and disturbance model variations are chosen to illustrate a rich
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set of dynamic responses and variability expected from a cohort of participants. For an individual
treatment case, these uncertainties may correspond to unmodeled dynamics. These cases are noted
in Table 6 for the drug-FM model and anxiety-FM models. The modeling errors in the plant will
be compensated through feedback action alone, while modeling errors in the disturbance model
will be partially compensated by anticipated feedforward action; the disturbance not compensated
by the anticipation will enter the feedback loop as an unmeasured disturbance. Due to constraints
on the input drug dosage levels, the uncertainties have not been chosen to be arbitrarily very large.

The observer gain is adjusted through f, and other parameters are kept constant (a, = ag = 0).
The setpoint is kept constant at 50 and a measured disturbance is applied at k£ = 2 of magnitude
11.05. The length of the simulation is N = 35 days. It is important to mention that these results

are displayed for clinical inferences using two functional groupings:

1. When a fixred nominal model is used. A nominal model is used as a basis by the controller to
assign dosages for different plants (the traditional robustness scenario). Clinically, this can
be interpreted in two ways: first, that the (estimated) nominal model is an approximation of
the true system (and hence the different scenarios represent different uncertain plants) for an
individual participant and second, the nominal model represents an average or representative
model for a population of participants (and hence the different scenarios represent different

participants). This is shown in Fig. 8a-8b.

2. When the true plant serves as the nominal model. For each scenario considered in the previous
case, the true plant is supplied as the nominal model to the controller. This case can be
understood as when accurate modeling (through system identification or otherwise) has been
performed for each individual in a population. The key motivation for this is to get a
clinical insight as the user can now compare how the controls will vary under plant-model
mismatch and on the same page, it will help the user to assess the case when the correct
model is available to the controller. Hence, the user can gauge the resultant change in dosing

strategies due to modeling errors. This is shown in Fig. 8c.

In Fig. 8 each scenario (on ‘Y’ axis) represents five cases of uncertainty combinations of pertur-
bations in both plant and disturbance model respectively. The following list shows the uncertainty
cases [p, pg| used for simulation from Table 6: a) Scenario 1: [1,1] b) Scenario 2: [4,5] ¢) Scenario

3: [3,3] d) Scenario 4: [5,3] e) Scenario 5: [4,3].
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Case (p) AK, AG, AT, A(1q)p Case (pg) AKy Ay Atg  A(7a)d

1 0 0 0 0 1 0 0 0 0

2 -29.1% 0 0 -23.46% 2 -15.1% 0 0 66.66%
3 29.1% 0 0 -23.46% 3 15.1% 0 0 66.66%
4 -29.1% 16.6%  259%  -23.46% 4 -15.1%  16.6%  259%  66.66%
) 29.1% 79.3% -291% -23.46% S 151% 79.3% 191% 66.66%

Table 6: Tabulation of parametric perturbations for the drug-FM (plant p) and anxiety-FM (disturbance pq) models.

As can be noted, Scenario 1 in all plots is the case of nominal model (and hence no steady state
error). When f, is changed from f, = 0.2 (See Fig. 8a) to f, = 1 (See Fig. 8b), more aggressive
control are obtained, although this also results in less output overshoot (max. pain) as noted in
Table 7. In Fig. 8c, all the cases are compared with respective scenarios where a correct nominal
model is available and it can be observed that the control is better as expected. It can be noted
that only one plot is shown for correct nominal model case as both tuning values of f, result in
the same response (no prediction error). Table 7 records the performance indices of this analysis;
for f, = 0.2, J. is higher when compared case-to-case with performance under tuning f, = 1.
However, using larger values of f, may result in aggressive control as in noted by some values of
Jaw. The metrics when a correct nominal model is available are also noted where, as expected, J.

is lower with corresponding large values of Ja,.

6. Summary and conclusions

This paper demonstrates the design of an adaptive intervention that relies on system identifica-
tion modeling and hybrid model predictive control to assign appropriate dosage levels of naltrexone
as a treatment for fibromyalgia, a chronic pain condition. The approach described in this work
generates models from clinical data and assigns categorical dosages by considering hybrid dynamics
in a mixed logical dynamical (MLD) framework.

Given the absence of first principles models, a secondary data analysis was performed to esti-
mate parsimonious models from data available through clinical trials. Low-order multi-input ARX

models were estimated and approximated to continuous-time second order models. The effect of
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Figure 8: Robustness evaluation when both plant model (drug-FM) and disturbance model (anxiety-FM) are per-
turbed under measured disturbance, with tuning a, = a¢ = 0 under different f,. Plots (a) and (b) show the closed
loop response with under model mismatch (p # P, pa # Ppa where Scenario 1 represents the nominal model) under

different tuning. Plot (c) shows the response under no plant-model mismatch.
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P # Ds Pd F Dd P =D, Pd = Pd
Tuning Uncertainty Je Jaw  Max. pain Je Jaw  Max. pain
Case
(plant  (p),
disturbance(pg))
1,1 2.88 7.43 51.25
4.5 44.47  37.19 51.55
ar=aq=0,f, =02 33 48.05  26.03 52.99

2.88 7.43 51.25
5,3 75.48  52.07 53.7

0.39 126.46 50.23
4,3 307.28 55.79 55.12

6.78 63.23 50.56
1,1 2.88 7.43 51.25

8.55 70.66 50.72
4,5 9.05  14.87 50.97

0.25 252.92 50.17

ar=ag=0,f,=1 3,3 12.04 26.03 50.91

5,3 14.44  33.47 51.17
4,3 216.33 78.1 53.57

Table 7: Performance indices under two sets of tuning for robust performance with different scenarios of plant and

disturbance model perturbations.

drug, placebo and other variables on outcomes of interest such as general FM symptoms were sys-
tematically included in the modeling procedure. The model yields the dynamical information that
can be used to classify participants as responders or non responders to treatment, and to make
dosage changes over time.

Models from a representative participant in the clinical trial were used to show how model
predictive control can be applied to assign dosages in the presence of disturbances and model
uncertainties. The use of an improved 3 DoF tuning approach was demonstrated to give flexible
independent tuning for a desired controller performance. The control results were broadly classified
under nominal performance and robust performance. Under nominal performance, it is shown
how by varying three tuning parameters (o, g, f,) related to filters and state observer dynamics,
independent tuning for setpoint tracking, measured and unmeasured (deterministic and stochastic)

disturbance rejection can be achieved, and their relationship to clinical goals in the intervention. In
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the robust performance evaluation, the model parameters are perturbed to create conditions of a
plant-model mismatch which would be indicative of participant variability during the intervention.

The results presented in this paper can impact not only the treatment of fibromyalgia, but
also the treatment of other chronic pain conditions and the development of adaptive behavioral
interventions in general (Dong et al., 2014; Timms et al., 2014). While the focus of this paper
was on black-box modeling, an increasing interest in using behavior change theories to inform
“just-in-time” decisions in an intervention is receiving increasing activity (Rivera & Jimison, 2013;
Martin et al., 2014). It is envisioned that control engineering concepts will play a crucial role in
novel individualized treatments, where a closed-loop system can adjust treatment dosages based
on daily patient reports of pain and other symptoms of importance. In this way, adaptive inter-
ventions relying on control systems engineering can be seen as a cost-effective and efficient method
for accomplishing personalized pain interventions. In conclusion, as models are obtained from sys-
tem identification methods, the effective design of experiments for generating informative clinical
data becomes increasingly critical for success of these interventions (Deshpande et al., 2012). A
discussion of how optimal input design can play a role in the development of individualized trials

while considering clinical requirements is discussed in Deshpande (2014).
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