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Abstract

Advanced biophysical wound healing therapies can apply mechanical, elec-
trical, or light energy to re-stimulate healing processes in chronic wounds.
Despite the growing evidence of the clinical efficacy of these therapies, the op-
timal treatment stimulation parameters remain unknown and there are no
standard treatment protocols. We introduce a closed-loop control design as
an experimental system to study the dose-response of wound healing therapy
treatment within a prescribed multidimensional and multimodal stimulation
parameter space. Systems engineering approaches are applied to the control
problem for estimation of a transfer function and model equations derived for
use in optimal model-based control. The experimental control system design
consisted of simultaneous application of biophysical energies inputted into a
wound system. A study design set up including the use of negative pressure
wound therapy, electrical stimulation therapy, and photobiomodulation de-
vice systems was described. Treatment stimulation parameters were selected
from experimental ranges used in the scientific literature. Classical control
methods and model-based control were suggested for model selection and
evaluation and design of the overall control system. An experimental design
for multimodal biophysical wound healing therapy control system is intro-
duced to establish the dose-response interactions for development of thera-
peutic applications and device design.

Keywords

Chronic wounds, High voltage pulsed current, Low level light therapy, Nega-
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1. Introduction

In Germany during 2012, around 197 000 new patients were added to the grow-
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ing number of 786,000 patients living with chronic wounds, while around half of
these 983,000 total patients received treatment [1]. As chronic wounds remain
unhealed for three months or more, additional treatment beyond standard care
wound may be required. In response to this growing clinical need, advanced
wound healing technologies are being developed to heal refractory venous leg,
diabetic foot, and pressure ulcers.

Advanced biophysical wound care therapies can apply mechanical, electrical,
or light energy to re-stimulate the dysfunctional endogenous healing pathways
in chronic wounds. Despite growing evidence of the clinical efficacy of these
therapies, missing knowledge about the dose-response relationships prevents in-
dividually optimized treatment. Optimal treatment stimulation parameters re-
main unknown. Moreover, the lack of treatment protocols likely prevents wider
clinical adoption of potentially beneficial therapies for wound healing.

This paper suggests a threefold approach to improve the clinical situation:

1. A systematic study on mixtures of biophysical modalities will be conducted,
as previous biophysical wound care therapies focus on a single physical mod-
ality (e.g. mechanical or electrical or light radiation stimulation).

2. Experiments will be conducted on in vitro human 3D organotypic wound
models. This design enables rapid evaluation including: quantification of the
cellular responses to stimulation, repeatable experiments under various sys-
tematically prescribed stimulation patterns, and completion of a sufficient
number of trial runs to obtain statistically significant results.

3. A system engineering approach will be applied to wound healing to formu-
late wound healing therapy as a control problem. A transfer function will be
estimated and model equations derived and used for optimal model based
control.

For successful development of a closed-loop control system, a number of re-
search objectives need to be addressed:

e Determine the relationship between biophysical energies and the wound
healing system response.

e Define the biophysical components of the response (e.g. investigate cellular
responses and identify the highly correlated technical measurements for use
in monitoring and predicting the cellular responses).

e Associate the mechanisms of action for the development of a composite the-

rapeutic device and protocol for wound healing.

1.1. Biophysical Therapies

Advanced biophysical wound healing systems apply mechanical, electrical, or
light energy to the wound bed. For example, negative pressure wound therapy
(NPWT) applies vacuum pressure to a filled and sealed wound bed, while also
removing tissue exudates. Electrical stimulation therapy (EST) applies imper-
ceptible electrical fields across the wound tissue, while photobiomodulation
(PBM) or low-level light therapy (LLLT) applies blue to near infrared light. Such

biophysical-tissue interactions have been shown to re-stimulate the natural
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healing pathways.

Detailed knowledge of the pathways stimulated by these treatment modalities
is growing. NWPT provides fluid removal, yet also derives efficacy from macro-
and micro-deformation, the latter being transferred to single cells by the extra
cellular matrix (ECM) and potentially the integrin-mediated interaction of the
cell with the matrix [2]. EST seems to act by enhanced recruitment of mast cells
to the wound that may be mediated by so far poorly understood pathways of
electrotaxis [3]. Finally, PBM seems to be acting at least in part through mito-
chondrial pathways and the generation of reactive oxygen species, the generation

of ATP, and the stimulation of transcription factors [4].

1.2. Stimulation Parameters

Importantly, the dose-dependent tissue response to biophysical stimulation can
be used to regulate healing pathways. For example, variation in NP magnitude
and treatment waveform impact tissue perfusion and tissue granulation forma-
tion [5]. Variations in light energy show a dose-dependent response of cellular
activation and inhibition at a threshold of 5 J/cm” [6]-[12]. Finally, variations in
applied voltages [13] and stimulation duration [14] demonstrate a dose-depen-
dent induced cell migration of keratinocytes and fibroblasts [15], respectively.

Generally, variation in the application of biophysical wound healing therapies
include: device equipment and configuration, the magnitude and waveform of
the biophysical energy, and treatment duration. Previous studies that have ex-
amined the impact of variable stimulation parameters on the tissue response are
summarized by [16]. Tables 1-3 summarize the main relevant parameters per
modality and provide main references to experimental evaluations.

Advanced biophysical wound care therapies are applied to unhealed wounds

Table 1. Relevant parameters for mechanical stimulation, adapted from [16].

Negative Pressure Wound Therapy (NPWT)

Parameter Relevance Evidence
Equipment NPWT or Redon drainage NPWT [17]
NP magnitude Tissue perfusion modulation _fg (;nnTHI;IEIg[ 1[2]2][ 1[2]3][2[211][2[;]5 ]to
NP waveform Constant, square, or triangular Inconclusive [26] [27]
Treatment duration Dosage -

Table 2. Relevant parameters for electrical stimulation, adapted from [16].

High Voltage Pulsed Current (HVPC)

Parameter Relevance Evidence
HVPC [13] [14] [15
Waveform Healing rates [13] [14] [15]
[28] [29] [30]
. Electrode in wound
Electrode configuration In wound or around
(31] [32] [33]
Stimulation parameters Optimisation -
Treatment duration Wound closure time 60+ minutes [28]
2
78 % Scientific Research Publishing

"0,
L4



J. D. Parente, K. Moéller

Table 3. Relevant parameters for light stimulation, adapted from [16].

Photobiomodulation
Parameter Relevance Evidence
Equipment LASER or LED Either [6] [34] [35]
Wavelength Blue to near infrared Green [36] [37] [38] [39] [40]
Dose Activating or inhibitory 5 J/cm? threshold [6]-[12] [41]
Treatment duration 10- minutes [42]

to control and stabilize dysfunctions of the endogenous wound system for re-
stimulation and regulation of the wound healing process for wound closure.
Variations in the applications of mechanical, electrical, and light energies pro-
vide dose-dependent responses which can be used to regulate the healing path-
ways. This paper discusses the benefits of a closed-loop control system design to
be used in research to characterize the wound healing system response to bio-
physical energies; the mechanical, light, and electrical components of the re-
sponse; and the association of these mechanisms to be determined and related
for the development of a composite therapeutic device and protocol for wound

healing.

2. Methods
2.1. Materials and Methods

An in vitro 3D human cell model will be used to model the wound system. The
3D cell cultures are placed in 6-well plates to be experimentally treated in a pa-
rallel and reproducible manner. A machined dome adapter connects the culture
plates to the stimulation devices. The adapter allows simultaneous stimulation
and equal transmission of the same pressure wave form to each cell culture.

A negative pressure of prescribed waveform will be created by a NPWT device
to apply exogenous mechanical energy into the cell assembly. Light energy of
prescribed wavelength and dosage will be applied to the system from LEDs
mounted on the ceiling of the assembly dome. Direct radiation without optical
fibers is used in the first experiment series. Electrical energy will be applied into
the tissue with thin needle electrodes fixed to a stabilizing lattice placed over the
cell assembly.

A multidimensional controller sets the parameter space and shapes energy
inputs applied into the wound system. Generally, treatment duration (time),
signal intensity (energy magnitude), signal form (energy waveform), can be va-
ried. Based on literature research of studies of the impact of variable stimula-
tions parameters on wound healing outcomes [16], the variable input parameters
are provided in Tables 1-3.

Wound area reduction and time to closure are standard outcome measure-
ments that are easily obtained by video documentation. In addition, we will use
electrical impedance (tomography) with a ring of electrodes around the wound

for real time monitoring and staging of the system. Elaborated and extensive bi-
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ochemical and fluorescence based optical measurements at discrete points in
time can be exploited to monitor cell growth and proliferation.

Thus, advanced biophysical wound therapy devices combined with self-con-
structed stimulation devices will be used to input mechanical, electrical, and
light energy in parallel and in prescribed proportions into the wound system.
Each available system has a selection of device equipment, stimulation parame-
ters, and treatment duration. There are no standard therapy protocols yet. But,
reviews on the variable methodologies used in biophysical therapies can offer

some guidelines and ranges [16].

2.2. Analysis

The study design targets a closed-loop control system consisting of a controller,
wound system, and negative feedback. The controller shapes the mechanical,
electrical, and light energy by changing the parameter settings (Tables 1-3),
whereby the prescribed parameter settings define the therapy to be transferred
into the wound system. The wound system is the biological wound healing
process itself, a complex tissue repair system, composed of its own endogenous
control mechanisms. Negative feedback serves as a regulator or control to main-
tain wound healing system stability. Thus, the wound healing control system
involves complex processes at the molecular, cellular, and tissue levels, which are
interconnected and regulated by endogenous and exogenous tissue responses to
biophysical energies that are not yet well understood.

For the purpose of control, we will pursue two paths. First, to consider the
wound system as a black box with certain properties (e.g.: piecewise linear, time
delays etc.). Secondly, trying to capture the detailed wound characteristics using
a model based approach. Then, creating a model-based controller may account
for the expected nonlinear phenomena of the complex biological system.

We expect classical control methods via identification of transfer functions,
also (physiologic) model based control will be an option for the final therapeutic
system. Some first wound healing control models [43] will serve as a starting
point. Models will be implemented and evaluated for their predictive properties.
Models will be proven, tested, and simplified until prediction accuracy is signifi-
cantly reduced. Robustness of the control system will be determined.

Due to the Arndst-Schultz Law, which describes the biphasic dose-dependent
effects of PBM, we expect highly nonlinear system behaviour. Similarly, we ex-
pect the interactions of mechanical and electrical modalities to be nonlinear.
Therefore, in a number of experiments, the relevant parameters space will be in-
vestigated to establish a mathematical model description which will finally sim-

plify the design of the overall control system.

3. Results

We propose a closed-loop control wound system to be used in determining the
impact of variation in biophysical energy inputs on wound outcome measures.

The wound system will be monitored and measured by sensors to evaluate the
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progress of wound healing. This design of a closed-loop control system using
multiple and concurrent biophysical wound healing therapies will be used to de-
termine the tissue response to prescribed input parameters.

Main results of this paper include the description of the design of the wound
healing therapy control system, defined constraints of the ranges of the biophys-
ical energies to be applied, and design of a system to provide concurrent input
energies using multiple biophysical therapy modalities. Given an analysis of the
literature [16], a parameter space is defined. To better understand the complex
reaction of wound cells to stimulation we need to explore the parameter space.
Thus, we apply a preliminary constraint on the range of the 9 dimensional pa-
rameter space as provided in Table 4.

We selected NP magnitudes ranging from —30 to —80 mmHg, as previous stu-
dies have shown similar tissue perfusion responses at —50 [18] [19] [20] [21] and
—80 mmHg [22] [23] [24] [25], as compared to the initial uses of —120 mmHg.
Sinusoidal and square wave NP waveforms are selected and continuous wave-
forms are not studied, as we suspect that changes in the applied waveform mod-
ulate the biological response of granulation tissue formation [26]. Treatment
duration will be ongoing until wound closure, and periodic wound assessment
measurements will be made.

We continue to apply PBM from blue to near infrared wavelengths. Although
red wavelengths are almost exclusively used, studies applying either blue, green,
or red light have shown more consistent results with the use of green wave-
lengths [16]. Selected PBM dose ranges are from 2 to 10 J/cm? which are similar
to ranges used in studies showing the cellular dose-dependent activation and in-
hibition threshold [7] [8] [9] [10]. Treatment durations will be less than 10 mi-
nutes [42].

Finally, a high voltage pulsed current (HVPC) is selected, as suggested in the
literature [44] [45]. Electrical stimulation parameters have not been studied for
optimal performance ranges, so we will explore the effects of various currents

and voltages. Treatment duration of at least 60 minutes seems to activate cellular

Table 4. Stimulation parameters and experimental ranges

Potential stimulation parameters and experimental ranges

Device Parameter Constraint
NP amplitude —30 to —80 mmHg
Negativetiiis::;e wound NP waveform Sinusoidal and square
Treatment duration Minutes to days
Waveform High voltage pulsed current
Electrical stimulation Stimulation parameters Current, voltage
Treatment duration 60+ minutes
Wavelength Blue to near infrared
Photobiomodulation Dose 2 to 10 J/cm?
Treatment duration 10-minutes
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pathways [28].

4. Discussion

Regulation and control of the wound healing system seems possible, if sufficient
knowledge about biophysical-tissue interactions can be experimentally acquired
and the system behaviour response can be uniquely described. This work
presents an experimental device that is specified and drafted to input differently
shaped mechanical, electrical, and light energies into an in vitro 3D cell wound
model. We aim to characterize the wound healing system response to biophysi-
cal energies; the mechanical, light, and electrical components of the response;
and the association of these mechanisms to be determined and related for the
development of a composite therapeutic device and protocol for wound healing.
The currently unknown optimal stimulation parameters could be subsequently
derived and errors in the feedback of the system could show where therapies can
be introduced.

To date, the optimal treatment parameters for individualized wound healing
needs remain unknown. Moreover diverse approaches in equipment develop-
ment, scientific research, and clinical application continue without a defined
systems engineering basis for explanation of effects. Our design introduces a
wound healing control system that provides a systematic exploration of the bio-
physical therapy device stimulation parameter space. This work also creates a
foundation for automated control of the wound healing process.

Advantages of a systems approach for wound healing are that established me-
thods are applicable even if partial knowledge in the domain is available with di-
rect link to optimal control of systems. A control approach can build on a rich
variety of algorithms with demonstrated properties such as accuracy, robustness,
and response time. Knowing form and function characteristics associated with
endogenous healing processes can guide controller design and therefore will
have positive influences on therapeutic device design.

Advantages of an in vitro model are that molecular, cellular, and tissue levels
responses are quantifiable by standard chemical, biological, and optical mea-
surement techniques. Disadvantages of an in vitro model are that pre-clinical
findings may not transfer accurately to the clinical setting. However, in vitro la-
boratory studies provide better access to the biological processes i.e. complex
measurements of wound healing processes become available. We will be able to
quantify and evaluate the pre-clinical evidence of the biophysical-tissue response

patterns, cellular proliferation, and migration, and time to wound closure.

5. Conclusion

A control system design for technically assisted wound healing is introduced

that may offer individualized optimal wound healing therapy in the future.
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