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Abstract A crawling paradigm was performed by healthy
adults to examine inter-limb coupling patterns and to under-
stand how central pattern generators (CPGs) for the upper
and lower limbs are coordinated. Ten participants per-
formed hands-and-feet crawling on two separate treadmills,
one for the upper limbs and another one for the lower limbs,
the speed of each of them being changed independently. A
1:1 frequency relationship was often maintained even when
the treadmill speed was not matched between the upper
and lower limbs. However, relative stance durations in the
upper limbs were only affected by changes of the upper limb
treadmill speed, suggesting that although absolute times are
adjusted, the relative proportions of stances and swing do not
adapt to changes in lower limb treadmill speeds. With large
differences between treadmill speeds, changes in upper and
lower limb coupling ratio tended to occur when the upper
limbs stepped at slower speeds than the lower limbs, but
more rarely the other way around. These findings are in
sharp contrast with those in the cat, where forelimbs always
follow the rhythm of the faster moving hindlimbs. However,
the fact that an integer frequency ratio is often maintained
between the upper and lower limbs supports evidence of
coupled CPG control. We speculate that the preference for
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the upper limb to decrease step frequency at lower speeds
in humans may be due to weaker ascending propriospinal
connections and/or a larger influence of cortical control on
the upper limbs which allows for an overriding of spinal
CPG control.
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coordination - Spinal cord - Central pattern generator

Introduction

The motion of upper and lower limbs during upright walk-
ing at natural and faster speeds tends to be tightly coupled
ina 1:1 frequency relationship, even though the arms are not
essential to walking in humans (Webb et al. 1994; Donker
et al. 2002; Dietz and Michel 2009). The same seems to be
true also for unperturbed hand-and-foot crawling in healthy
(Sparrow and Newell 1994; Getchell et al. 2001; Patrick
et al. 2009) and pathological (Tan 2010) adults. This cou-
pling presumably reflects both biomechanical and neural
linkages between cervical and lumbosacral central patterns
generators (CPGs) that control the upper and lower limbs,
respectively (Dietz et al. 2001; Ivanenko et al. 2005; Zehr
et al. 2009). These CPGs have been documented more thor-
oughly in quadrupedal mammals (Orlovsky et al. 1999;
Falgairolle et al. 2006).

However, motion of the upper and lower limbs is not
always coupled in a 1:1 frequency relationship: for instance,
a 2:1 arm/leg frequency ratio is observed during human
bipedal walking at low speeds (Webb et al. 1994). In addi-
tion, Wannier et al. (2001) observed that the frequency rela-
tionship between the upper and lower limbs was not 1:1
during a swimming task in humans (though it was consist-
ently an integer ratio). Such frequency relationships can be
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investigated during quadrupedal locomotion in paradigms
in which the fore and hindlimbs walk on separate tread-
mills. In the decerebrate cat, slowing of the hindlimbs leads
to a change in frequency relationship (2:1 fore/hindlimb
ratio), while a 1:1 frequency relationship was maintained
when the forelimb speed was lowered (Akay et al. 2006).
This difference between limbs was attributed to asymmetric
ascending and descending propriospinal pathways. Human
crawling shares a number of common features with animal
quadrupedal locomotion (de Seze et al. 2008; Patrick et al.
2009; MacLellan et al. 2012b). However, it remains unclear
whether or not the coupling mode between the upper and
lower limbs is similar to that of other quadrupeds.

In the current study, we used the crawling paradigm in
adult humans to 1) determine which step characteristics
are adjusted by the central nervous system (CNS) in order
to maintain a 1:1 frequency relationship when treadmill
speeds for the upper and lower limbs are manipulated inde-
pendently and 2) examine how the relationship between the
upper and lower limbs changes when the limbs no longer
follow a 1:1 frequency ratio. It is hypothesized that a 1:1 fre-
quency relationship is maintained through fine adjustments
of a cycle period as well as stance and swing times in both
the upper and lower limbs. In addition, it is hypothesized
that an integer relationship will be maintained when the
upper and lower limbs deviate from a 1:1 frequency ratio,
as seen previously during swimming (Wannier et al. 2001).

Methods
Participants

Ten healthy adults (3 females/7 males, age 32.0 &= 9.3 years,
mass 73.4 + 11.2 kg) participated in the study. The studies
were in accordance with the Declaration of Helsinki, and
informed consent was obtained from all the participants
according to the procedures approved by the Ethics Com-
mittee at the Santa Lucia Foundation.

Protocols

Participants performed hands-and-feet crawling on 2 sepa-
rate treadmills such that the hands and feet moved on sepa-
rate treadmills (Fig. 1a). The experiment was separated into
2 blocks. In the first block, upper and lower limb treadmill
speeds were manipulated (1, 2, and 3 km/h each), resulting
in 9 treadmill speed conditions which were presented ran-
domly. In the second block of conditions, extreme treadmill
differences were presented (upper limbs: 0.5 km/h, lower
limbs 3 or 4 km/h and vice versa) to encourage limb fre-
quency relationships other than 1:1. For each speed con-
dition, participants were provided with a short adaptation
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Fig. 1 Experimental setup (a) and limb contact patterns (b) from a
sample participant across different speed (arm/leg) combinations (LH
left hand, LF left foot, RH right hand, RF right foot). The fop panel
(a) illustrates hand-and-foot crawling on treadmills moving at sepa-
rate speeds (V; and V,). Limb contact patterns in (b) are indicated by
solid bars (stance). Only 1:1 frequency relationship cases are illus-
trated here

period (approximately 5-15 s), after which a minimum of
15 strides were performed (10 strides were used in the data
analysis). Rest periods (~2 min) were provided between
conditions in order to avoid fatigue. The total duration of
the experiments was about 1.5-2 h.

Data recording

Full body 3-dimensional kinematic data were collected with
a 9-camera Vicon-612 system (Oxford, UK) sampled at
100 Hz. Reflective markers (diameter 1.4 cm) were placed
on C7 and L2 as well as bilaterally on the acromioclavicular
joint, lateral epicondyle of the humerus, distal head of the
ulna, end of 3rd distal phalanx, greater trochanter, lateral
femoral condyle, lateral malleolus, calcaneus, head of 5th
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metatarsal, and end of 1st metatarsal. All kinematic data
were filtered using a 2nd order dual-pass Butterworth filter
with a low-pass cutoff frequency of 7 Hz.

Data analysis

From the kinematic data, limb contacts and liftoffs were
computed from the minimum vertical velocity peaks (when
marker velocity decreased past a threshold of 0.05 m/s)
from the wrist and end of 1st metatarsal for the upper and
lower limbs, respectively. From these values, cycle periods
were calculated from the time between 2 contacts in each
limb. The stance to swing transitions were calculated using
the initiation of elevation of the end of 3rd distal phalanx
and end of 1st metatarsal for the upper and lower limbs,
respectively (when vertical marker velocity increased past a
threshold of 0.05 m/s). The lower and upper limb excursions
were defined as the distance between two successive foot
and arm touchdown events of the right limb.

The relationship between arm and leg cycle frequency
under various conditions was also investigated. The fre-
quency of limb motion was determined by applying a Fourier
transform (Matlab function “fft”) to the anterior/posterior tra-
jectories of the wrist and the end of 1st metatarsal (after sub-
traction of the position of the shoulder and greater trochanter
to account for full body movement on the treadmill) for the
upper and lower limbs, respectively. The peak harmonic from
the Fourier spectrum was used to estimate limb motion fre-
quency for the lower and upper limbs (Wannier et al. 2001),
and the ratio between limb frequencies was determined.
Frequency ratios are consistently stated as upper/lower limb
relationships.

In addition, the coordination between the upper and lower
limbs was determined using ipsilateral phase lag (IPL), in
which the timing of the upper limb contact (t) is represented
by a percentage between lower limb contacts (Patrick et al.
2009; MacLellan et al. 2012b):

t
IPL = T % 100 %, (1)
where T is lower limb cycle duration. This measure was
used for two reasons in the current study. The first reason
was to determine if individual limb coordination patterns
were related to displaying limb coupling ratios other than
1:1. During quadrupedal locomotion, lateral gait patterns
(ipsilateral upper/lower limb contact at similar instances)
are determined at a value of 0 %, and diagonal gait patterns
(contralateral upper/lower limb contact at similar instances)
are determined at a value of 50 %. The second reason was
to more closely examine limb placement patterns in a small
number of trials in which integer limb coupling ratios were
not present. In these cases, the IPL parameter was calculated
more than 1 time during the gait cycle. It should be noted

that the IPL parameter is not generally used in such cases
and has no physiological meaning for this specific use.

The results of this study (110 trials total) were separated
into two parts. In the first section (90 trials), only trials with
treadmill speeds of 1, 2, and 3 km/h with participants crawl-
ing at a 1:1 frequency ratio between the upper and lower
limbs were retained for the analysis. To determine this, the
upper limb frequency was divided by the lower limb fre-
quency, and trials were discarded (6 trials out of 90) if this
value was not between 0.9 and 1.1. In the second part of the
analysis, all trials are presented (110 trials).

Statistics

Descriptive statistics included the calculation of the mean
and standard deviation (SD). Statistical analysis was per-
formed using an upper limb (1, 2, and 3 km/h) by lower
limb (1, 2 and 3 km/h) treadmill speed two-way ANOVA
for cycle period, stance and swing times, independently for
the upper and lower limb movement. Reported results are
considered significant for p < 0.05.

Results
Tied treadmill speed conditions

When crawling on treadmills moving at the same speed,
expected spatiotemporal patterns for the upper and lower
limbs were found (Fig. 2, dashed lines). For example, the
cycle period and the percentage duration of stance relative
to the gait cycle decreased as treadmill speed increased.
In addition, the excursion of the limbs remained relatively
constant in each speed condition. Such patterns have been
expanded upon in previous work (MacLellan et al. 2012b).

Limbs coupled in 1:1 frequency relationship: treadmills
moving at differing speeds

Throughout most treadmill speed combinations, participants
were able to maintain a 1:1 frequency relationship between
the upper and lower limbs. Figure 1b illustrates sample limb
contact patterns from a representative participant over tread-
mill conditions ranging from 1 to 3 km/h. Upper and lower
limb stride characteristics are illustrated in Fig. 2, and the
results are presented below.

As expected, limb cycle periods decreased with faster
treadmill belt speeds (Fig. 2a). Lower limb cycle periods
were affected by changes in both the upper and lower limb
treadmill speeds. However, cycle period was relatively
greater when both treadmills were moving at 1 km/h, lead-
ing to an interaction effect (F(4 7;) = 10.36, p < 0.001). In
the upper limbs, a similar interaction effect was shown
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Fig. 2 Gait parameters when crawling was coupled with a 1:1 fre-
quency relationship between the arm and leg motion (trials with
differing ratios were discarded). Leg treadmill speeds are indicated
on the x-axis, and arm treadmill speeds are represented by differ-
ing lines. Dashed lines represent tied treadmill speed conditions.
Mean =+ SD is indicated for each treadmill speed combination

(F471,=10.13, p <0.001). Fourier transforms of limb tra-
jectories (Fig. 2b) suggested that fundamental harmonics
increased with higher treadmill speeds, although interaction
effects for the lower (F, 7, = 3.13, p < 0.020) and upper
(Fu71) = 2.80, p < 0.032) limbs were shown due to low
frequencies when both treadmills were moving at 1 km/h.
These similarities in results are expected since the frequency
ratio between the upper and lower limbs was 1:1.
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The stance time patterns between treadmill speed
combinations were similar to those of cycle duration
(Fig. 2c). Interaction effects for the stance time of lower
(Fu7y = 11.90, p < 0.001) and upper (F, 7, = 9.19,
p < 0.001) limbs suggested decreases in stance time with
increasing treadmill speeds (although greater changes were
shown for the 1:1 km/h condition, leading to the interac-
tion effect). Swing time patterns between the upper and
lower limbs were quite different than that of stance time,
but the changes in swing time were minimal compared
to those of stance time (Fig. 2d). Swing time in the lower
limbs was only affected by changes in upper limb treadmill
speed (main effect: F, 7)) = 13.29, p < 0.001), while in the
upper limbs, swing times were adjusted for changes in both
upper (F(5 7, = 3.73, p < 0.029) and lower (F(, 7;, = 8.16,
p < 0.001) treadmill belt speeds. Examination of stance
proportions (Fig. 2e) in the lower limbs showed decreases
as the speed of the upper (F, 79, = 19.40, p < 0.001) and
lower (F (579, = 28.90, p < 0.001) limb treadmill speeds
increased. However, only changes in upper limb treadmill
speeds resulted in changes in upper limb stance proportion
(F(2.79) = 28.06, p <0.001).

In addition, increasing treadmill speeds had opposite
effects on excursion in the upper and lower limbs (Fig. 2f).
The excursions of the lower limbs increased with lower limb
treadmill speeds (F, ;1) = 70.46, p < 0.001) and decreased
with greater upper limb treadmill speeds (¥, 7, = 51.69,
p < 0.001). In contrast, the excursions of the upper limbs
decreased with greater lower limb treadmill speeds
(Fo71) = 13.74, p < 0.001) and increased with upper limb
treadmill speeds (F, 7, = 41.10, p < 0.001).

Deviations from 1:1 coupling frequency ratio

During treadmill speed conditions in which there was a
large difference between the upper and lower limbs (i.e.,
upper limbs at 0.5 km/h and lower limbs at 3 km/h or
vice versa), the majority of participants tended to deviate
from a 1:1 frequency relationship. Figure 3a shows limb
contact patterns in participants who displayed limb fre-
quency relationships of the legs cycling 2 and 3 times for
each arm cycle, as well as 2 arm cycles for each leg cycle.
When looking at the numbers of participants who displayed
each type of coupling pattern, we found that a greater num-
ber of participants deviated from a 1:1 coupling ratio when
the upper limb treadmill speed was lowered when compared
to the lower limb (Fig. 3b).

To investigate frequency relationships between the upper
and lower limb motion, a Fourier transform was used.
Figure 4a illustrates upper and lower limb motion in a rep-
resentative participant and the power spectrum associated
with these trajectories. When all coupling ratios are plot-
ted, limb motion generally cycled at integer frequency ratios
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Fig. 3 Representative limb contact patterns from different partici-
pants (a) and proportions of participants displaying different coupling
patterns (b) when a 1:1 frequency relationship was no longer main-
tained. As in Fig. 1, stance phases are indicated by a solid bar (a).
The numbers in the parentheses in b indicate the number of subjects
(out of a total of 10) that showed this pattern during the treadmill
speed conditions

(Fig. 4b). Frequency ratios of 1:2 and 1:3 were observed
when upper limb treadmill speed was decreased, while only
frequencies of 2:1 were observed at decreased lower limb
treadmill speeds.

It is known that human subjects show variable styles of
crawling from diagonal to lateral gait (Patrick et al. 2009;
MacLellan et al. 2012b). In the current study, we did not find a
systematic relationship between the style of tied-belt crawling
(diagonal versus lateral) and a preference for upper or lower
limbs to cycle at lower frequencies. For instance, decreased
upper limb frequencies were observed in participants who
displayed both diagonal (Fig. 5a) and lateral (Fig. Sb) crawl-
ing styles. This technique also allowed us to further examine
participants who did not display an integer frequency rela-
tionship between upper and lower limbs. In such instances,
one of 2 patterns was observed. We observed a frequency drift
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Fig. 4 Sample Fourier transform from a participant crawling at a 1:2
relationship (a) and group results illustrating limb frequency ratios
(b). The anterior—posterior motions of the ulnar process and 1st meta-
tarsal markers were used to determine arm and leg motion, respec-
tively (upward and downward directions represent movement in the
forward and backward directions, respectively). Numbers on the right
side of a denote the peak frequency in the obtained spectrum. In b,
each point illustrates the arm or leg movement frequency over the
entire trial for a single participant and the dotted lines indicate integer
arm/leg frequency ratios

in 3 cases, (Fig. 5b) and a phase resetting in 4 cases (Fig. 5¢).
This shows that even though these participants did not display
a true integer frequency ratio, it appears in these trials partici-
pants were actually searching for a rhythm that was suitable
for the current treadmill speed combination.

Discussion

The purpose of this study was twofold: to determine which
step characteristics are adjusted by the central nervous sys-
tem (CNS) in order to maintain a 1:1 frequency relationship
when the upper and lower limbs are crawling at different
speeds and examine how the relationship between the upper
and lower limbs changes when the limbs no longer follow a
1:1 frequency ratio. As expected, a 1:1 frequency relation-
ship was achieved by adjusting cycle period as well as stance
and swing times, confirming our first hypothesis. However,
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Fig.5 Examples of inter-limb coordination patterns for different
participants. The participant in a consistently displays integer (1:1
and 1:2) frequency ratios for all conditions. b Illustrates a participant
who displays a frequency drift occurs for the 2:3 km/h condition. The

upper limb stance proportions were only affected by manipu-
lations of upper limb treadmill speed (Fig. 2). In most of the
treadmill speed combinations, an integer frequency ratio was
maintained between the upper and lower limbs even when
a 1:1 relationship was not present, therefore confirming our
second hypothesis. Moreover, changes in coupling ratio were
usually related to a decrease in upper limb frequency when
the upper limbs stepped at lower speeds than the lower limbs,
but more rarely the other way around (Fig. 3b, 4). In the fol-
lowing, we will discuss the control mechanisms behind these
results.

1:1 Limb frequency relationship

As stated, participants maintained a 1:1 frequency ratio
between the upper and lower limbs by adjusting stance and
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participant in ¢ displays an integer frequency ratio for all conditions;
though, for the 1:3 km/h condition, a phase resetting from 1:2 to 1:1
occurs. These patterns (phase resetting and frequency drift) account
for the frequency ratios that do not follow an integer pattern

swing times as also seen when adapting to upright bipedal
walking on a split-belt treadmill (Reisman et al. 2005) (see
Fig. 2). When the treadmill belts were moving at the same
speed (Fig. 2, dashed lines), there was an expected decrease
in cycle period and stance time, similar to that seen in the
cat (Halbertsma 1983). However, an interesting result is that
lower limb treadmill speed manipulations had no effect on
stance and swing proportions in the upper limbs (Fig. 2e).
Such a result may indicate that although upper limb absolute
stance times are adjusted for changes in lower limb tread-
mill, the proportions of stance and swing are maintained and
may not fully adapt to lower limb treadmill speed changes.
The reason for this may be related to representations of limb
movements in the motor cortex. In the intact cat, Zelenin et
al. (2011) found that the vast majority of hindlimb neurons
in motor cortex were also sensitive to changes in forelimb
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movements, in contrast with the forelimb motor cortical
neurons which were sensitive to changes in hindlimb move-
ments only in a small percentage. If a similar case is pre-
sent in humans by which a greater percentage of lower limb
neurons in the motor cortex are also sensitive to changes
in upper limb movements, one may hypothesize that this
mechanism could lead to the lack of change in upper limb
stance and swing proportions.

If we extend the current study to bipedal human locomo-
tion, the findings tend to support the hypothesis that upper
limb swing during walking is, in some part, neural in origin
(Dietz et al. 2001; Zehr et al. 2009). As previously stated,
it is thought that arm swing during locomotion is governed
by CPGs as hypothesized for lower limb motion. The tight
coupling between cervical and lumbosacral CPGs that are
shown here during crawling may result in the integer fre-
quency ratios between the upper and lower limb movement
in upright walking.

Deviations from a 1:1 limb coupling ratio: non-integer
coupling ratios

When a 1:1 frequency relationship is no longer main-
tained between the upper and lower limbs, an integer ratio
(1:2 or 1:3) is seen in most participants (see Fig. 4). This
result corresponds to the integer relationship seen during
swimming in humans (Wannier et al. 2001). Wannier et al.
(2001) suggested that this is evidence of coordinated upper
and lower limb CPGs. There were some participants in the
current study who deviated from this pattern (e.g., the par-
ticipant illustrated in Fig. 4a). Upon further inspection, it
appears that these participants displayed greater inter-stride
variance (up to 5 times) in gait characteristics (i.e., cycle
period, stance time, etc.) than participants who followed an
integer limb frequency relationship. Wannier et al. (2001)
stated that trials with high variability were discarded in their
analysis because it was suggested that the participant did
not appropriately adapt to the task. Using IPL, we were able
to identify that these particular participants displayed either
a phase resetting or a frequency drift in the coordination of
the upper and lower limbs. Therefore, it is also possible that
the participants in the current study who did not display an
integer frequency relationship had not adapted fully to that
specific crawling condition.

Deviations from a 1:1 limb coupling ratio: biomechanical
considerations

Coordination of adult crawling may be influenced by bio-
mechanical factors. The current protocol required partici-
pants to crawl on their hands-and-feet with the purpose of
making comparisons to quadrupedal locomotion. Human
infants typically crawl on their hands-and-knees; however,

hand-and-foot crawling is occasionally observed (Patrick
et al. 2012). If the current protocol was used in adults who
crawled on hands-and-knees, this would lead to a decrease
in the functional length in the lower limbs. There is a pos-
sibility that this smaller functional length may affect inter-
limb coordination patterns, but this was not a particular
question in the current study and can be addressed in future
research. Moreover, the upper limbs are shorter than the
lower limbs, and this may create a tendency for the upper
limbs to cycle at a higher frequency. However, contrary to
this prediction, the opposite was more likely to occur, and
the upper limbs usually displayed lower frequencies (as seen
in the proportion of participants displaying each pattern, see
Fig. 3). Some quadrupedal animals (i.e., lemur) also have
disproportionally longer lower limbs but still preserve a 1:1
limb coupling ratio. Furthermore, scapular retraction tends
to be scaled to forelimb limb length in quadrupeds, there-
fore compensating for this lower functional range (Fischer
and Blickhan 2006). A similar mechanism may be present
during human crawling which would minimize this differ-
ence in limb length. Therefore, although biomechanical
factors may influence limb motion, the fact that an integer
ratio is maintained between the limbs (Fig. 4) suggests a
neural origin for this pattern (Wannier et al. 2001; MacLellan
et al. 2012a).

Deviations from a 1:1 limb coupling ratio: neural mecha-
nisms

Now, one may ask why there is a preference for devia-
tions from a 1:1 relationship to occur when the upper limb
treadmill speed is decreased? Akay et al. (2006) reported
that limb coupling ratio changes in decerebrate cats only
occurred when lower limb treadmill speed decreased. The
quite different result in the current study and those shown
during swimming by Wannier et al. (2001) may be related to
a possible overriding of upper limb CPG control by cortical
projections. In the human, the upper limb is used for many
non-rhythmic tasks when compared to the cat (i.e., reach-
ing). In addition, Nakajima et al. (2000) compared different
species of animals to show a positive correlation between
advanced hand function and the development of direct
cortical-motoneuronal projections onto hand muscles as
well as a negative correlation between advanced hand func-
tion and propriospinal transmission. These patterns were
thought to be related to the cortical system replacing the
propriospinal system for fine hand movements. There-
fore, this strong cortical influence on the upper limb in the
human may facilitate a lowering of upper limb frequency at
decreased upper limb treadmill speeds.

Alternatively (or possibly complementary to the above
paragraph), another explanation for the preference of the
upper limbs to cycle at a lower frequency in the human
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could be due to differing proportions of ascending and
descending propriospinal neurons in the human. In the
human, the major locus of CPG circuitry is in the lumbosa-
cral enlargement and coupling of cervical and lumbosacral
CPGs may depend on the strength of propriospinal connec-
tions. Indeed, cervical and lumbosacral enlargements in
humans appear to be coupled by long propriospinal neurons
projecting to different pools of alpha motor neurons across
several spinal segments (Nathan et al. 1996). Moreover,
reflex studies have suggested that stimulation of upper limb
nerves can influence lower limb muscle activation during
rhythmic activity and vice versa (Haridas and Zehr 2003;
Zehr et al. 2004). Interestingly, Dietz et al. (2001) observed
small or absent upper limb reflex responses during tibial
nerve stimulation when participants were standing or sit-
ting, suggesting task dependency of such responses. In con-
trast, in vitro studies on isolated neonatal rat spinal cords
have suggested that lumbar CPGs generated a greater influ-
ence on cervical CPGs (Juvin et al. 2012; Juvin et al. 2005;
Ballion et al. 2001). However, the differences in conclusions
between these in vitro studies and the suggestions made in
the current study may be due to the preparation (in vitro spi-
nal cord versus intact human) being studied, development
(neonatal versus adult), or a task dependence, as suggested
by Thibaudier and Hurteau (2012). In any case, the findings
in the current study lead us to speculate that the strength of
these ascending propriospinal connections may be weaker
in humans and ultimately allow cortical projections to have
an influence on the cycling frequency of the upper limbs.

Conclusions

In conclusion, healthy adults generally preserve a 1:1
frequency relationship when hands-and-feet crawling on
treadmills moving at differing speeds. This is accomplished
through the manipulation of stance and swing times, with
relative stance durations in the upper limbs only being
affected by changes of the upper limb treadmill speed.
This suggests that relative proportions of stance and swing
do not adapt to changes in lower limb treadmill speeds
(Fig. 2). When a 1:1 relationship is no longer maintained,
an integer frequency ratio is present between the upper and
lower limbs, supporting evidence of coupled CPG control.
In addition, the upper limbs were more likely to display
decreased frequencies when compared to the lower limbs
(contrary to that seen previously in the cat) and may be due
to weaker lumbosacral propriospinal projections to the cer-
vical enlargement or a greater influence of cortical control
on the human upper limbs.
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