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A Design Method for FES Bone Health Therapy in SCI

Brian Andrews, James Shippen, Monica Armengol, R&ibbons, William Holderbaum and William Harwin

Abstract— FES assisted activities such as standing, walking

cycling and rowing induce forces within the leg boes and have
been proposed to reduce osteoporosis in spinal cargury (SCI).
However, details of the applied mechanical stimulusfor
osteogenesis is often not reported. Typically, compaons of bone
density results are made after costly and time consing clinical
trials. These studies have produced inconsistent nalss and are
subject to sample size variations. Here we proposa design
process that may be used to predict the clinical e@come based on
biomechanical simulation and mechano-biology. This ethod
may allow candidate therapies to be optimized andugntitatively
compared. To illustrate the approach we have used tmobtained
from a rower with complete paraplegia using the Rowtim (l11)
system.

INTRODUCTION

The USA Model Spinal Cord Injury System report ftae
incidences due to osteoporosis of 14% at 5 ye&&, &t 10
years, and 39% at 15 years post injury, based guatent
studies, and a prevalence of 25-46%. The causkaatiires
are often unknown or are associated with relatile@lyenergy
trauma and have an associated 78% increase inlityoritsk

[1].
The repetitive pattern of limb loading is generatcepted

as a major mechanical stimulus determining BMD as

illustrated by the Stanford bone mineral densigyeix (BDI)

BDI = (n.[8.GRFI)¥@ wheren is the number of loadings per
day, f is a subject-specific scale factor accounting for

differences in body weight, GRF is the ground reactorce,
mis an empirical exponent that can be thought efeighting
factor for the relative importance of load magnéuehd the
number of daily loading cycles [2]. Dudley-Javdios:
Shields [3,4] clinically determined that FES anklntar-
flexion contractions (30 contractions per min vatsout 8,000
per month for 3yrs) resulted in compressive
approximately 1.5 times BW were required to attémiMD
loss in SCI.

Previous studies indicate modest BMD gains thatapp

localized to regions of expected higher bone stidesvever,
it is important to know the 3D distribution of boméneral such

as can be obtained clinically using imaging techegjsuch as

pQCT or high resolution pQCT. In 1964 Harold Fastposed
a regulatory mechanism for bone adaptation to faadithe
mechanostat. More recently, Frost provides evidefure
genetically determined stress thresholds for beabsorption,
maintenance and remodelling of bone [10].

METHOD

Here we illustrate the design process using our Riow(lIl)
system with 4 channels of electrical stimulationué@s +
Hamstrings) as described in [2]. The rowing machised was
based on the fixed stretcher Concept 2 model (D)
ergometer.The FES rowing subject RG and co-authas w
57yrs, 75 kg male, 1.72m height with a T4 AIS (Ajury
sustained 11 years previously. The data was aahinr2012
and RG started FES rowing in 2003 and has maird&lr& 30
min sessions per week since then. Following analnitO
minute warm-up the subject was asked to row as &arlde
could for approximately 20 strokes. The trials ggatl had an
indicated mean power of 60W on the Concept2 display

The handle forces were measured using an in-lirménst
gauge transducer. The normal foot stretchers vegriaced by
cantilevers attached to two floor mounted OR6-t¢dagplates
as shown in Fig 1(a). Kinematic and force data aaguired
using a Vicon12 MX camera system running Nexusisot.
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Here, we propose a design process for FES bon¢hheal o

therapies that involves calculating the 3D distitou of
microstress in the bone of interest — here we lusgilbia of a
paraplegic subject. A beam model of the tibia, estdb the
subject, will be used. This model will then be usedetermine
the regions of the tibia where osteogenesis is @gdewvhen
using a FES bone health therapy — for example, iehg.
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Figure 1(a) Experimental set up used for FES Rowing. 1(b) Joint
contact forces at the hip, knee and ankle joints obtained using BoB
motion analysis inverse dynamics package www.marlbrook.com
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The next step was to develop a beam modetddal the
tibial dimensions of RG. Stress distribution wascekated
across the tibial bone model, assuming the tibia fived at
the knee joint and forces were applied at the ldésid of the
tibia (i.e. a cantilever) [8]. Cross sectional sw@ments of
the tibia were obtained from the literature [6].p8azaet al.
calculated, the periosteal perimeter, cortical khiss and
second moment of inertia (in the longitudinal, tatenedial
and anterior-posterior axis) from 18 pQCT scanthefentire
tibia at intervals equivalent to 5% of the bon&adth. This
data was combined with lateral, compressive andlibgn
forces obtained from FES rowing, to calculate tiness along
the tibial bone. The perimeter of each pQCT shes used to
calculate the external radius. Using the valuescfartical
thickness the internal radius was calculated. Tha af each
section was obtained by assuming a hollow cylindey.
calculate the total stress we used standard moamehstress
equations [8] i.e.

01 = Ocomp 1 014t T Opena

_ E:omp Mlatrout

Mbendrout
or = 4+ +

ILM IPA

Mg = U Fige and Myeng = 1 * Fyena

Where oy is the outer radius,.h and ba are the second
moment of inertia in the lateral-medial and posteanterior
axes respectively arlds the length of the tibia.

Figure 2. Stress distribution continuum along the tibial bone
obtained from lateral, compressive and bending forces measured
during 4-Ch FES rowing at a point in time. This figure corresponds
to a single screen shot taken from a movie at the point of peak
force from one perspective. Colours represent the stress values
shown by the colour bar on the right side of the figure.

We then applied the Frost threshold stress MESrh [

bone’s genetically determined modeling thresholdist
range, in and above which modeling usually turnston
strengthen a bone. Where MESm, 1000—

Figure 3 Showing regions of the tibia (red) that are above the Frost
MESm 20 MPa threshold for the 4-Ch FES case (quadriceps only
during the drive phase).

DISCUSSION

The biomechanical calculation of joint contact &8¢ as
shown in figure 1(b), exceed the 1.5 times bodygWei
threshold proposed in [4]. However, these plotsindicate
how the loading is distributed throughout the bosash that
regions of osteogenesis can be predicted.

The 3D stress analysis allows detailed visuatipabf the
stress applied to the tibia. Figure 2 is a typgiagle frame
taken from a movie at the point of peak force aiegved from
one perspective. Matlab software was written tob&n8D
rotation to facilitate visual analysis. In this exae, it is
revealed that in no regions are unsafe levelsresstapplied
and that the Frost MESm threshold is exceeded @xamsive
region of the tibia where one might expect osteegianlt also
reveals regions that are under stressed such distheregion
and the posterior plateau.

NB: here the cross sectional tibial measuremeavese
obtained from healthy subjects. To the author'swiedge
there are no corresponding data available for ktiBia. It
is therefore possible that some of these measutsraach as
the thickness of the cortical bone and moment eftia,
would change in SCI subjects — this is an area evhather
radiographic studies are required to determine dain8ClI
tibia. The analysis was based simple beam thedmg aspoint
load applied to the distal tibia constrained asmatitever so
deflections, forces and boundary conditions
approximations. The actual stress patterns itbstt can only
be regarded as approximations but should be indecaif
gross distributions and trends. However, at thagetthe
analysis presented here serves mainly to illustrfie
proposed design technique.

This provides a quantitative tool to generatedtlgpses and

1500 microstrag, yher optimize the therapeutic application. Faample, a

~20 MPa, or~2 kg/mnt. Applying the threshold at 20MPa nymper of experimental parameters could be martigdil&or

can be seen in Figure 3. The fringing occurrinthatedge of
the threshold is an artefact due to the graphicdbur
interpolation and has no physical significance.

example, in addition to the quadriceps, duringdtiee phase,
it was expected that stimulating the ankle plafigtors, in
phase with the quadriceps during drive would extdisthlly

the region that is above the MESm threshold 20MPa.

However, in practice, figure 4 illustrates thatstivas not the
case, with our beam model in which the ankle joirats
simplified, however, the above threshold regionuarb the
condyle was extended.

are
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Figure 4 Showing the regions of the tibia (red) that are above the
Frost MESm 20 MPa threshold when the ankle plantar flexors are
included in the drive phase of FES rowing (8-Ch FES). Indicating that
stresses in the distal tibia are similar the 4-Ch FES case and a little
more widely distributed in the proximal region.

Figure 5 The regions of the tibia that are above 20 Mpa threshold
are shown in red. Here the gluteus maximus (biomechanically
simulated) and quadriceps were both active bilaterally during in
the drive phase of rowing. This suggests that supra-threshold
stress extends further distally than for the 4-Ch case in figure 2.

Other parameters could then be experimentally ezglin a

provide a deeper understanding of the basic meehano
transduction, poroelastic fluid low and cellulagrsaling [9].

Figure 6 Stress distribution for the simulation of a “floating
stretcher” type rowing machine where the subject is almost
stationary. The supra-threshold regions are reduced compared
with fixed stretch design.

The proposed technique may also be extended usmdpsed
force data derived from biomechanical models of the
therapeutic activity — in this case it may evenpbssible to
design and evaluate a candidate FES bone theragilicio
prior to clinical trials. This is illustrated in dure 5 where the
bi-lateral force actions of the gluteus maximus oes were
biomechanically simulated and added to the quapisice
actions during the drive phase. This producedghtyi wider
distribution of stresses above 20 Mpa. These madesiges
due to additional extensors. To demonstrate a mh@matic
change in distribution we simulates a floating tstner type
rower [7] by putting the acceleration of the cemEmass of
the upper body to zero, figure 6. This produced w@chn
reduced distribution of supra threshold stress.

In conclusion, the approach appears to offer a tifatine
design tool and method to assess potential boneaphe
benefits for FES assisted exercise activity.

stepwise design and development process. For erampl

electrically stimulating the hip extensors or chiaggthe
rowing style (e.g. the coordination between haridfee and
seat position during the drive phase) or the typeowing
ergometer used e.g. floating versus fixed strettyes [7].
At each step in the design process the above stredgsis is
performed and compared with alternatives to cheokness
towards a solution. Thus relatively few subjectsulsiobe
involved in finding a solution that provides the sbe
distribution of stress. This would support thedatlon clinical
trials, involving larger groups of subjects, to idate the
predictions.

The personalized beam model may be extended to lobines
that are compromised by osteoporosis. The beam Imiede
computationally very efficient providing results tine order
seconds on a Windows i7 PC. The present beam nmoalg|
underestimate the ankle region, due to the tilillegoint and
foot being represented by a single cantilevers t@ plan to
improve. The stress distribution modelling may letHer
extended, with greatly increased computation timyajsing a
finite-element model derived from high resolutio@@T
scans. The stress distribution model may be immldye
adjusting thresholds that better predict actualicdil scan data
and further extended by including a porosity stdgeg may
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