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reduces the mechanical and metabolic energy demands The reduced muscular efficiency hypothesis is not sup-
of the musculoskeletal system. ported by studies [10,14] that have determined the effi-
Applications of these simple models to analyses of un-ciency of post-stroke walking using mechanical work
impaired gait have been made via the individual limbsquantities calculated by the combined limbs method
method (ILM) [6]. This method computes the contribu- (CLM) [6,15]. Detrembleur et al. [10] found no differ-
tions of each leg to COM power individually, rather than ence in efficiency of walking (rate of net positive mech-
computing the net contribution of both as is done for anical work / rate of net metabolic energy consumed)
the combined limbs method (CLM). Thus, the ILM has between healthy and post-stroke gait. However, by calcu-
facilitated a better understanding of the different roles of lating total positive COM work based on the CLM, the
the leading and trailing limbs during double support. effects of altered transition or joint mechanics on total
ILM analyses have revealed that unimpaired persongositive work could have been masked and these studies
transition from one step to the next by applying almost may have underestimated muscular work for post-stroke
equal amounts of positive push-off work with the trailing walking [6,16]. The joint power method (JPM) of analys-
limb and negative collision work with the leading limb, ing lower limb mechanics computes the average power
simultaneously [6]. However, a common characteristic ofcontributions made at each joint (ankle, knee and hip)
hemiparetic post-stroke walking is a lack of ability to and thus reveals more information about where power is
provide push-off work with the paretic limb (PL) [7-9]. being generated [11]. Experiments linking ILM and
Transition theories suggest that a lack of positive push-JPM-based mechanics of post-stroke walking to meta-
off work will increase negative collision work and, in bolic energy costs are required to better understand how
turn, increase positive work done during single support mechanics and energetics of post-stroke gait are related.
to compensate [1]. This could explain the overall Therefore, in this study we utilised both the JPM and
increase in positive mechanical work and concurrentILM in conjunction with measures of metabolic energy
increases in metabolic rate observed for post-strokeconsumption to provide a novel perspective on the rela-
walking by Detrembleur and colleagues [10] when thesetion between mechanics and energetics in post-stroke
authors compared their data to values for unimpaired walking compared to healthy controls. We aimed to link
individuals walking at similar speeds. Thus, transition fo- the mechanical differences between post-stroke and
cussed experimental analyses (i.e. the ILM) could pro-speed-matched unimpaired walking to their respective
vide an important perspective on the altered mechanicsmetabolic costs. Matching speeds required that unim-
of gait after stroke and how these mechanics are linkedpaired controls were walking at relatively slow speeds,
to the elevated metabolic cost of walking post-stroke.  well below their metabolic optimum. However, this
Whilst transition mechanics could provide useful insight allowed the effects of altered mechanics on metabolic
into why post-stroke walking incurs an elevated mechan-costs to be isolated from those of speed, which is a co-
ical and metabolic cost [10], they do not identify which variate. Walking mechanics were analysed using the ILM
joints within the limb exhibit reduced push-off work or and JPM approaches. We hypothesised that: 1) Post-
provide the compensatory single support work. In healthy stroke walkers would exhibit reduced push-off work by
walking the ankle plantar-flexors are responsible for 40-the trailing paretic limb owing to lesser ankle joint work.
50% of total positive work over a gait cycle, most of which2) Reduced paretic trailing limb push-off work would
is done during push-off [11]. Studies of lower limb net result in increased non-paretic leading limb negative col-
joint mechanics during post-stroke walking indicate that lision work for post-stroke walkers. 3) Post-stroke
the paretic plantar-flexors of post-stroke walkers do not walkers would compensate for increased collision work
generate ankle push-off power comparable to those of un-by generating more work at the hip of the non-paretic
impaired controls [7,8]. This observation is supported by limb during single support than unimpaired controls do.
results of dynamic computer simulations [12]. Both simu- 4) Reliance on positive work generated at the hip would
lations and experiments indicated that the lack of ankleincrease total positive mechanical work and reduce effi-
push-off power was compensated for by work done by hipciency of work for post-stroke walkers.
musculature. Interestingly, it has been postulated that
work done by hip musculature is done less efficiently thanMethods
work done by ankle musculature, owing to hip muscles Experimental protocol
being less able to exploit elastic energy storage and returteight individuals with post-stroke hemiparesis (H) [six
in series elastic structures [13]. Therefore, the observednales and two females (mean+s.d. age=58+11 years;
shift in mechanical work production from the ankle to mass=95+19 kg; height=1.77+0.06 m; time post-
the hip could make post-stroke walking less efficient, stroke =9+ 8 years)] and ten unmatched unimpaired
incurring a greater metablic cost penalty than would controls (C) [six males and four females (meanz+s.d.
be observed with increased work alone. age=25+5 years; mass 7213 kg; height=1.69+
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0.16 m)] gave written inforned consent to participate Kinematics and kinetics
in this study. All procedures were approved by the An eight-camera motion analysis system (Vicon, Oxford,
UNC-Chapel Hill institutional review board. Additional UK) was used to capture (120 Hz) the positions of 37 re-
descriptors for the H group are provided in Table 1. flective markers attached to the pelvis and legs (modified
Each participant walked on a split-belt instrumented Cleveland Clinic marker set) of the hemiparetic partici-
treadmill (Bertec, USA) for four minutes at 0.75 m=5  pants. The marker set consisted of clusters of markers
Our reasons for choosing this set speed were: 1. To conen each segment and anatomical markers placed over:
trol for any confounding effects of speed; 2. It fell in the right and left anterior-superior iliac spines; right and left
mid-range of preferred speeds for H; 3. All participants posterior-superior iliac spines; medial and lateral femoral
could maintain this speed for long enough to make epicondyles; medial and lateral malleoli; calcaneus and
steady-state metabolic measurements. To prevent fallinghe first and fifth metatarsal-phalangeal joints. Clusters
in the event of a trip, the H group wore a harness that of three or four markers on rigid plates were attached to
provided no weight support while they were walking. the pelvis, thigh and shank segments to track segment
Participants were discouraged from using the handrailsmotion during walking. For the feet, a cluster of three
of the treadmill other than for small balance corrections markers was attached directly to each of the participant

if needed. shoes. Raw marker positions were filtered using a second
order low-pass Butterworth filter with a cut-off fre-
Metabolic measurements quency of 10 Hz. A static standing trial was captured

Rates of oxygen consumption and carbon dioxide pro-and the positions of anatomically positioned markers on
duction were recorded using a portable metabolic sys-segments were used to calibrate a seven segment (pelvis,
tem (Oxycon Mobile, VIASYS Healthcare, USA). Prior thighs, shanks and feet) model for each subject using
to walking trials, measurements were made during fiveestablished inertial parameters [18] and modelling seg-
minutes of quiet standing and values from the last two ments as geometric cones or cylinders. The calibration
minutes were averaged and used to calculate rates gbrocess scales the segment masses, dimensions and iner-
metabolic energy consumption (watts) whilst standing.tial parameters to match the anthropometrics of the
For the walking trials, data from the last two of the four individual, using the anatomical reference markers listed
minutes were averaged for the calculation of metabolicabove. Models were generated in Visual 3D software
rate. Visual inspection of rates of oxygen consumptionusing the default segment geometries (C-motion Inc.,
with time (averaged over 30 s intervals) confirmed that USA) and had six degrees of freedom (three translational
participants were at steady-state during this period. Theand three rotational) between all segments. Joint angles
respiratory exchange ratio never exceeded 1.0. Rates &r the hip, knee and ankle were computed in three di-
oxygen consumption and carbon dioxide production mensions as the orientation of the distal segment with
were converted to metabolic powers using standardreference to the proximal segment and differentiated to
equations detailed by Brockway [17]. Net metaboliccalculate joint velocities. The same process was used to
power during walking was calculated by subtracting obtain kinematic data from the unimpaired controls but
metabolic power during standing from metabolic power for the right leg and pelvis only (see [11] for details).
during walking and these values were normalized to in-Therefore, joint-level kinematic and inverse dynamics
dividual body mass (W - kg). data for the control participants was only computed
from the right leg and the left leg was assumed to be-
have symmetrically and out of phase by 50% of a stride.
For ease of comparison in figures and tables, this paper
Participant Age Mass  Years Preferred over-ground will refer 1o right and l?ﬁ legs for the C,OntrOI grogp al-
(vears) (kg)  post-stroke walking speed (m-s7})  though the left leg data is data from the right leg shifted by
54 90 28 102 50% of stride time. However, statistical comparisons were

Table 1 Additional participant information for the
hemiparetic walkers

1

) 15 69 5 052 all made between paretic limb, non-paretic limb and right
control limb during comparable phases in the gait cycle.

8 49 80 4 074 Ground reaction force data were recorded during

4 %6 82 4 115 walking by the force sensors embedded in the treadmill

5 67 119 10 078 (sampled at 980 Hz by the Vicon system). Participants

6 80 ) 9 062 were required to walk with each foot hitting its ipsilat-

7 56 106 1 088 eral force platform, so as to separate out individual limb

8 55 121 ; 110 contributions during double support. Raw analogue
force platform signals were filtered with a second order

Mean+sd. 58+11 95+19 9+8 085+0.23

low-pass Butterworth filter with a cut-off frequency of
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35 Hz. Inverse dynamic analyses were then used tg@hases of the gait cycle for-80 strides of each partici-
compute net joint moments for all three rotational de- pants data to get total positive and negative mechanical
grees of freedom at each joint, which were multiplied work done in each phase. Work values were then multi-
with their respective joint angular velocities to calcu- plied by stride frequency to yield average mechanical
late joint powers at the hip, knee and ankle. Thus, powers for each limb/joint during each phase of the gait
these powers did not include the contributions of the cycle. Calculating average power this way means that the
translational degrees of freedom. This approach wasaverage powers of each phase sum to the total average
adopted because the rotational contributions account for power over a stride and can intuitively be related to meta-
over 80% of total positive work [19] and the translational polic power. Total&” band & bwere quantified accord-
components have low signal to noise ratios (e.g. due tang to the ILM (sum of both limb contributions) and the
movement artefact). Joint kinematics and kinetics werejpMm (sum of all joint contributions). For JPM total average
calculated using Visual 3D software (C-motion Inc., USA). power, the contribution of each joint (ankle, knee and hip)
Three-dimensional ground reaction forces (GRF) wereto total average power summed across all joints was
used to compute COM velocity assuming that gait wasexpressed as a percentage oéttotal. Efficiency of positive
periodic as has been described in detail previouslyyork during walking was estimated as tot&" pdivided by

[6,15]. Briefly, net forces acting on the COM were di- net metabolic power. This was calculated using both ILM
vided by body mass to compute COM acceleratlon.and JPM estimations of totaiP” b

COM acceleration was integrated and treadmill belt
speed was added to the fore-aft component to obtain

COM velocity. Steady-state hemiparetic walking may notStatistical analyses

be periodic over steps but, should be over strides aLnd:or all outcome variables the mean was calculated over
thus, this assumption is still valid and the calculations of 5~10 strides of each participaist data and the mean and

Donelan et al. [6] were adjusted to account for this. The standard deviation of individual participant averages was

COM velocity data were used to determine the timing of C0mPuted for each group (H and C). Time series data

step-to-step transitions as described by Adamczyk andinstantaneous powers) were mterpolated to 101 linearly

Kuo [20]. This method determines the start and end of spaced samples over each stride before means were cal-

transitions as the two time points surrounding the culated. The main outcome variables were: individual limb
L . b - .

double support phase that exhibit the greatest angle be2nd individual joint & Pand &  Pfor different phases of

tween the sagittal plane COM velocity vector (i.e. whenthe gait cycle; and net metabolic power. Prior to running
COM redirection starts and ends). The time points were further statistical tests, a Bgostino-Pearson omnibus test
constrained to be within 250 ms of heel strike and V&S used to check the normality of data. To test for statis-

: o tical differences in outcome variables between limbs [PL,
contralateral toe off, respectively. It is important to note .
L o . . NPL and control limb (CL)], a one-way ANOVA was used.
that transitions do not have to coincide with heel strike

q  ai : COM F-ratios for the main effect were considered significant for
and toe-off gait events. Instantaneous POWEr generp - 9.05. Ifa significant main effect was found, t-tests were

ated by each leg was calculated as the dot product of thaf,geq o make pairwise comparisons between limbs. For

legs GRF vector and the COM velocity as per the ILM [6]. oytcome variables that were not related to a limb (i.e.
To quantify the mechanical contribution of each limb total mechanical average power and net metabolic

and each joint within the limbs, we calculated averagepower) a t-test was used to compare between H and C.

positive &"p and average negative®” b mechanical

power (synonymous with average rate of mechanicakeg|ts

work) over specific phases of the gait cycle. The phasegroup mean time histories of instantaneous ILM powers
of the gait cycle were: 1) An entire stride - heel strike t0 gyer an average stride (+s.d.) are shown in Figure 1 and

ipsilateral heel strike. 2) Step-to-step transition - from jnstantaneous joint flexion-extension powers for the
the start of a transition to the end of that transition. For ankje, knee and hip are in Figures 2, 3 and 4, respect-

H in particular there is an important distinction between
the transitions where the paretic limb (PL) was leading
and where the non-paretic limb (NPL) was leading. 3)

Non-transition - the period between one transition end- 0.05 and 0.49+0.03 W -k for C and H vel
ing and the next one starting. The average power com- "’ and ©.49x 0. ' or & an , respectively

putation via the ILM and JPM have been described in(t(16)22.60,p:0.02). As can be see'? from the t-statistic
detail elsewhere [11,21]. Briefly, periods of positive and@nd P values, for both methods totaP™ was significantly
negative instantaneous power generated by each limb ogreater for H. Total NPLP? was significantly greater than
each joint were integrated separately over the relevantotal PL and C limb P° (Table 2,p<0.001). Figure 1

ively. Total P° determined by the ILM was 0.27 £
0.06 W-kg* for C and 0.33+0.09 W -kg* for H

(t(16) =2.34,p=0.02). By the JPM, totaP? was 0.41 +
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Figure 1 Group mean instantaneous and average ILM powers. (A) Group mean (+ s.d.) individual limbs method (ILM) instantaneous powers
for unimpaired controls, normalised to 101 points over a stride starting from left foot heel strike. (B) Group mean (+ s.d.) ILM instantaneous
powers for hemiparetic walkers normalised to 101 points over a stride starting from paretic limb heel strike. (C) Group mean (+ s.e.m.) positive
and negative average limb powers during each of the transition-based phases of the gait cycle for unimpaired controls. (D) Group mean (+ sem.)
positive and negative average limb powers during each of the transition-based phases of the gait cycle for hemiparetic walkers. For (C) and (D) the
bars between each of the vertical dotted lines (indicating step-to-step transition events) represent average positive or negative power generated
by each limb over the period between those transition events. ST - start of step-to-step transition; ET - end of step-to-step-transition; RTO - Right
toe-off; RHS - right heel-strike; LTO - Left toe-off; PTO - paretic toe-off; NTO - non-paretic toe-off, NHS - non-paretic heel-strike. T1 - first transition phase,
T2 - second transition phase. *Indicates significant difference between that average power value and the corresponding average power in the opposite
panel, also marked with a *(i.e. a difference between unimpaired controls and hemiparetic groups).

breaks up limb P° and P~ into transition and non- Discussion

transition values. Also, Figures 2, 3 and 4 sha and p~  Step-to-step transitions -
for the ankle, knee and hip in and out of transition. As can First we will consider the transition where the NPL was

be seenin Figure 5, there was a shift in distribution &} leading which is the second transition (T2) in Figures 1,

for H compared to C with a significantly greater proportion 2, 3 and 4(8, D) and can be compared to the second
P 9 Y9 prop transition (T2) in Figures 1, 2, 3 and 4(A, C). Our first

of P being generated at the hips (48% vs. 39%, 1(16) “hypothesis was that the PL would produce less push-off
4.21,p<0.001). Metabolic power was significantly ((16)= PP than an unimpaired control limb in these transi-
3.69,p=0.003) greater for H (3.02+0.27 W - kY than for ~ _ P ,

C (1.99+0.06 W - kgf). Efficiency of positive work was not tOns. This was assessed by comparing mé) pro-
different between H and C when estimated from the ILM vided by each limb during transitions when it was the
(H=0.11£0.02 vs. C=0.15+0.06, t(16) =142 0.18) or trailing limb (e.g. Figure 1C - T2, positive white bar for
the JPM (H=0.16+0.01 vs. C=0.24+0.13, t(16)=1.37the PL). Our results did not support the hypothesis as

p=0.23) values for totaPP . the PL did not provide significantly lesg” than control
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Figure 2 Group mean instantaneous and average ankle joint powers. (A) Group mean (+ s.d.) Ankle instantaneous powers for unimpaired
controls, normalised to 101 points over a stride starting from left foot heel strike. (B) Group mean (+ s.d.) Ankle instantaneous powers for
hemiparetic walkers normalised to 101 points over a stride starting from paretic limb heel strike. (C) Group mean (+ s.e.m.) positive and negative
average ankle powers during each of the transition-based phases of the gait cycle for unimpaired controls. (D) Group mean (+ s.e.m.) positive
and negative average ankle powers during each of the transition-based phases of the gait cycle for hemiparetic walkers. For (C) and (D) the bars
between each of the vertical dotted lines (indicating step-to-step transition events) represent average positive or negative power generated by
each limb over the period between those transition events. ST - start of step-to-step transition; ET - end of step-to-step-transition; RTO - Right
toe-off; RHS - right heel-strike; LTO - Left toe-off;, PTO - paretic toe-off, NTO - non-paretic toe-off, NHS - non-paretic heel-strike. *Indicates significant
difference between that average power value and the corresponding average power in the opposite panel, also marked with a *(i.e. a difference
between unimpaired controls and hemiparetic groups); + indicates significant difference between that average power value and the equivalent average
power in the same panel (i.e. a difference between paretic and non-paretic ankles).

limbs when trailing in a transition (Figure 1 - T2). This different from P~ done by control limbs when leading
was despite peak instantaneous power during those transi¢Figure 1C and D - T2, negative dark bars).

tions being less for the PL (PL=0.46 g™, NPL= Despite the magnitudes of push-off and collision average
1.01 Wkg™, C=1.19 Wkg %, F(223)=4.5,p <0.001) and power not being significantly different between H and C
indicated a more prolonged, lower magnitude period of during T2, the ILM power curves were markedly different
push-off by the PL as can be observed in Figure 1. Giveffom those of the unimpaired controls (Figure 1A-B). For
that our first hypothesis was not supported, it is unsurpris- + the trailing left limb did positive push-off work at the
ing that our second hypothesis was also not supported bysame time as the leading right limb did negative collision

. - .. “work and this occurred over the majority of the transition
our data. We predicted that the anticipated reduction in (Figure 1A -T2). This serves to redirect the centre of mass

P by the NPL in the same transition. Th@  of the NPL  been described for healthy gait previously [6]. For H
in transitions when it was leading was not significantly transitions when the NPL was leading, there was only a
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Figure 3 Group mean instantaneous and average knee joint powers. (A) Group mean (+ s.d.) Knee instantaneous powers for unimpaired
controls, normalised to 101 points over a stride starting from left foot heel strike. (B) Group mean (+ s.d.) knee instantaneous powers for
hemiparetic walkers normalised to 101 points over a stride starting from paretic limb heel strike. (C) Group mean (+ s.em.) positive and negative
average knee powers during each of the transition-based phases of the gait cycle for unimpaired controls. (D) Group mean (+ s.e.m.) positive and
negative average knee powers during each of the transition-based phases of the gait cycle for hemiparetic walkers. For (C) and (D) the bars between
each of the vertical dotted lines (indicating step-to-step transition events) represent average positive or negative power generated by each limb over
the period between those transition events. ST - start of step-to-step transition; ET - end of step-to-step-transition; RTO - Right toe-off; RHS - right
heel-strike; LTO - Left toe-off; PTO - paretic toe-off, NTO - non-paretic toe-off; NHS - non-paretic heel-strike. *Indicates significant difference between that
average power value and the corresponding average power in the opposite panel, also marked with a *(i.e. a difference between unimpaired controls
and hemiparetic groups); + indicates significant difference between that average power value and the equivalent average power in the same panel
(ie. a difference between paretic and non-paretic knees).

brief period 5% of a stride) when the two limbs were Interestingly, this corresponded with greatePp at the
producing opposing powers (Figure 1B - T2). At the be- leading non-paretic hip £(2,23) = 3.51,p = 0.003) and knee
ginning of this transition, both limbs were generating (F(2,23)=3.11,p =0.05) for H than at the leading hip and
negative COM power before the brief period when the knee for C (Figures 3 and 4). Therefore it seems that H
PL provides positive power and the NPL provides negative;seq a different temporal sequencing of limb and joint
power. The latter half of this transition involved both PL power production than C.

and NPL generating positive COM power (Figure 1B -T2)." 14 interpret the effects of the altered temporal sequen-
It was during this latter part of the transition where sig- cing, we may gain some insight from a simple model of
nificant differences from controls were observed in terms walking. Kuo [22] presented a passive dynamic walking
of average powers. The leading NPL for H provided sig-model [3] with the ability to apply a trailing limb toe-off
nificantly (F(2,23)=4.7,p=0.009) more PP during these impulse just prior to heel strike or a leading limb hip
transitions than the leading limb for C, that was predom- torque after collision. Either could be used to redirect the
inantly providing negative collision work (Figure 1). centre of mass velocity in the transition between steps.
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Figure 4 Group mean instantaneous and average hip joint powers. (A) Group mean (+ s.d.) Hip instantaneous powers for unimpaired
controls, normalised to 101 points over a stride starting from left foot heel strike. (B) Group mean (+ s.d.) hip instantaneous powers for hemiparetic
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walkers normalised to 101 points over a stride starting from paretic limb heel strike. (C) Group mean (+ s.e.m.) positive and negative average
hip powers during each of the transition-based phases of the gait cycle for unimpaired controls. (D) Group mean (+ s.em.) positive and negative
average hip powers during each of the transition-based phases of the gait cycle for hemiparetic walkers. For (C) and (D) the bars between each of
the vertical dotted lines (indicating step-to-step transition events) represent average positive or negative power generated by each limb over the
period between those transition events. ST - start of step-to-step transition; ET - end of step-to-step-transition; RTO - Right toe-off; RHS - right heel-strike;
LTO - Left toe-off; PTO - paretic toe-off; NTO - non-paretic toe-off; NHS - non-paretic heel-strike. *Indicates significant difference between that average
power value and the corresponding average power in the opposite panel, also marked with a *(i.e. a difference between unimpaired controls and
hemiparetic groups); + indicates significant difference between that average power value and the equivalent average power in the same panel (ie. a

difference between paretic and non-paretic hips).

Table 2 Group mean (£ s.e.m.) average positive power
generated over a stride by the control limb (CL), paretic
limb (PL), Non-Paretic limb (NPL) and their individual

Kuo [22] observed that the overall mechanical work re-
quired per step was four times greater when the pre-emp-
tive push-off impulse was not used and hip torque
following collision was relied upon to redirect the COM.

In this simple model the collision occurs instantaneously

joints o :
o ~ NPL and the only source of work after the collision was a hip
- torque. Neither of these assumptions has to be true for
ILM 0144001 0144001 019+001 : . :
. human gait but the model does illustrate that if push-
M 0382010 0322010 049£001"  off work is not initiated prior to or at heel strike, the
Ankle 016£005 011£004 017£006*  positive work required to maintain walking speed
Knee 0.068 £ 0.02 0.06 £002 011+004* must be done later in the step and is larger in magni-
Hip 015+ 003 015+ 001 021+007° tude. Similarly, Soo and Donelan [5] showed experi-

*denotes significantly different from the paretic limb (P <0.05).
*denotes significantly different from paretic and control limb (P <0.05).

mentally that deviating from preferred coordination in
transitions can increase the mechanical work requirements
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r the C group did during a step (H=0.17 Wg™, C=

Hemiparetic

Control

0.135 Wkg™, F(223)=3.2,P=0.04). This additional work
came from significantly greatefcompared to control) aver-
age powers generated at the knee and hip in the NPL and
the hip in the PL in the transition (Figures 3 and 4 -T2).
Additional P? was also generated at the non-paretic knee
after the transition was comglted (Figure 3B,D). Our third
hypothesis was that the non-paretic hip would provide
additional PP to meet the added work demands of this step
(beginning with T2). This was supported but the non-paretic
knee and the paretic hip also contributed to the additional
work requirement in this step for H (Figures 3 and 4).

No hypotheses were made regarding the transition in
which the PL was leading (the first transition, T1, in
Figures 1, 2, 3 and 4) because it was expected that the
NPL would be capable of providing push-off power
comparable to healthy limbs. Indeed, the non-paretic
trailing limb was capable and actually provided signifi-
cantly greateer than control trailing limbs during the
transition (Figure 1 - T1). ThisPP increase was mostly
owing to increases in hip average positive power in the
NPL at this time (Figure 4). The reason for this add-
itional positive work seems to have been to counteract a
larger amount of collision P~ that was simultaneously
being provided by the hip and ankle joints of the paretic
leading limb, compared to control leading limbs (Figures 2
and 4). Based on the current data we were unable to
provide an explanation for increased simultaneous
positive and negative average power during this transi-
tion compared to C. Step length was not different and
the timing of push-off was near optimal for the NPL
(2.0£4.9% after heel-strike). Stroke survivors com-
monly display impaired motor control [23] in addition
to muscle weakness [8] and so perhaps the explanation

43%

o

43% o
+

P
—Right

~ -
--------

| ® Ankle (>Knee OHip |

Figure 5 Group mean distributions of P b(solid outline) and

&P P(dashed outline) as determined by the JPM. Top and
bottom pies for each represent the distribution when both limbs are
summed. The distributions of 8" Pand 3 bwithin each limb are
then represented in the two smaller pies linked to each larger pie.
The total area of each pie represents total work of that pie relative

is related to poor control of the movement. Thus the
greater collision work might represent a limited ability
to stabilize the leading PL against gravity during weight
acceptance and the additional NPL positive work was a

to all other pies. *denotes a statistically significant difference from

pre-emptive compensation, but this is speculation.
unimpaired controls (P< 0.05).

Regardless of the reasoning, this large collision contributes
to the overall increase in positive mechanical work
required by H.

of movement. This is relevant to the transition described

above for H (where NPL is leading -T2) and might explain

the need for additionalP® at the non-paretic hip and knee
in these transitions. Figure 1B shows that, for a transition . . . . b
with the NPL leading, the push-off work from the PL was ternal work requirements of hgrmparenc gai, totaP

not initiated until 7+ 2.0% of a stride after the NPL heel WaS greater for L_' than C. This increased demand was
strike. This was significantly £2,23)= 3.4, p=0.02) later Met by greaterP” from the NPL compared to the CL
after heel strike than for the control limb that initiated (Table 2). The PL provided similar P° to the CL
push-off almost at heel strike (1 +2.7%, Figure 1A). Also(Table 2). These findings were independent of what
the H group incurred a greater overall average positivemethod (ILM or JPM) was used to quantify totaP” .
power demand in the step starting with this transition than Summing joint average powers will show large discrepancies

Distribution of positive work
As was expected from previous reports [10,14] of the ex-
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in absolute totalP” values compared to the ILM. This is to employed allowed this finding to be highlighted and
be expected as cancellations of work occur internallyshowed that mechanics associated with post-stroke gait
within the limb when two joints do simultaneous oppos- can increase the metabolic cost of locomotion without ne-
cessarily making individuals less efficient than unimpaired

ing work, leading to the ILM underestimating totaP” )
d controls walking at the same speed.

[16]. This section will focus on the values determine
via the JPM. S
Our third and fourth hypotheses both predicted that LImitations o , .
the increased total positive work demand for H would There were some limitations to our study.deS|gn. First,
be met by an increase in non-paretic hip work compared the pontrols were not matched for age Wlth the_ stroke
to C. As one might anticipate from the prior description SUrvivors. Therefore we cannot conclusively reject the
of transition work, hip P° was greater for the NPL than possibility that some d|fferencgs between the two groups
both the PL and CL (Table 2). This led to the non- were related to effects of ageing. As has been observed

o . . . by Franz and Kram [25], older individuals exhibit re-
paretic hip being responsible for 49% of the provided

. _ _ duced trailing limb push off work during level walking
by the NPL compared to 39% for C hips (Figure 5). The o hared to younger controls and this is compensated

PL also relied on the hip joint?" generation more than  for in single support later in the step. However, these au-
CL (47% vs. 39%, Figure 5). Therefore, in addition to Hthors also showed that total work over a gait cycle was
having to generate greater overalf they also redistrib- not significantly different during level walking between
uted PP among joints to rely more on the hip than C. old and young individuals and the older individuals uti-
This agrees well with previous inverse dynamics-basedised similar timing and trajectories for COM mechanics
studies of imposed ankle immobility during walking even though some magnitudes were different. In con-
in healthy controls [5,24] and hemiparetic post-stroke trast, our key findings for the hemiparetic group were
gait [8]. This supported the rationale for our final that they exhibited altered timing of push off and colli-
hypothesis regarding efficiency of positive mechanicalsion work; asymmetrical mechanics and a resulting in-
work. creased overall rate of mechanical work in comparison
to younger healthy controls. Furthermore, the older
adults in Franz and Kram [25] were notably older than
Efficiency of positive work the majority of our hemiparetic individuals (72+5 vs.
Metabolic power was 52% greater for hemiparetic indi- 58 + 11 years) although there was one notable exception
viduals than it was for the unimpaired controls. This was at 80 years of age (participant 6, Table 1) whose data
to be expected given that totald” b was significantly may have been more affected by age than others. There-
greater (Table 1). In our fourth hypothesis we proposedfore, although there is some potentially confounding ef-
that the metabolic power increase for H would be greaterfect of age, we maintain that our comparison highlights
than that expected from the increased mechanical workaltered walking mechanics that result from hemiparesis
alone. This was rationalised by the theory that the shift tothat have not been observed as a result of aging. Fur-
greater reliance on the hip for mechanical power would thermore, our findings related to efficiency and mech-
make locomotion less efficient [13]. This prediction was anical work done on the COM were consistent with
not supported by the efficiency data that showed no sig-previous comparisons of matched unimpaired post-
nificant difference in efficiency of positive work between stroke cycling and walking [9,26].
H and C. On a cautionary note, the efficiency data had Another limitation was that we did not control the
low statistical power and therefore we cannot with level of impairment of the stroke survivors included in
complete certainty reject the hypothesis. If the present re-the study beyond them needing to be able to walk un-
sult does hold true for a larger population, one plausible assisted on the treadmill at 0.75 . This may explain
explanation for this is that slow walking is not very effi- some of the large standard deviations observed for H.
cient for the C group. Walking at 0.75 m$ is less efficient The study employed matched walking speed for the
than walking at faster, more optimal speeds for unim- control group with the aim of examining the effects of
paired humans (0.26 vs. 0.34 [11]). In this study thealtered mechanics, independent of speed. However, as
hypothesised decrease in efficiency was proposed to beoted previously, this forces the control group away
due to reliance on less efficient hip musculature morefrom their most efficient ard preferred walking speeds.
than on efficient ankle plantar-flexors. However, since theTherefore, care should be taken not to extrapolate the
efficiency of control walking at 0.75 m$ seems to be findings to comparisons of walking mechanics and en-
similar to what one would expect from hip muscle anyway ergetics for self-selected speeds between post-stroke
[13], the rationale based on distribution of work no longer and unimpaired walking. A final limitation was that
holds for this speed. The matched-speed study desigsample sizes were small, especially for H. Results of a
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post-hoc statistical power analysis performed with mechanical work. We propose that restoring appropriate
G*Power software v3.1 [27] are shown in Table 3. Overallankle push-off timing for the paretic limb has potential
statistical power values were greater than 0.97 for mosto reduce mechanical and metabolic demands in post-
mechanical variables and metabolic power. However, foistroke walking. This may be achieved through therapy
efficiency data power was low (0.54). Thus we cannot haver with assistive devices [28,29,31].

complete confidence in rejecting the possibility that the
hemiparetic group walked less efficiently than the controls
in this study.
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