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BACKGROUND irregular length. Although both anecdotal and experimen-
tal evidence indicate that significant locomotor distur-
bances occur following spaceflight, little is known about
underlying mechanisms contributing to these problems.
In the microgravity environment of spaceflight, the Pozzo and Berthoz [18, 19] have demonstrated that
relationship between sensory input and motor output is during normal locomotion the head is actively stabilized
altered [1]. During prolonged missions, neural adaptive relative to space with a precision of a few degrees. Based
processes come into play to recalibrate central nervousupon this result they have speculated that postural and gait
system function, thereby permitting new motor control motor control mechanisms may utilize a top down control
strategies to emerge in the novel sensory environment ofscheme to ensure head stability during body movement.
microgravity. However, the adaptive state achieved during Such a strategy is advantageous because a stable head
spaceflight is inappropriate for a unit gravity environment facilitates the maintenance of gaze stability during loco-
and leads to motor control alterations upon return to Earthmotion. Grossman et al. [20] have determined that during
that include disturbances in locomotion. Indeed, gait andwalking and running, the peak velocities of head rotations
postural instabilities following the return to Earth have in yaw, pitch, and roll are generally maintained below
been reported in both U.S. astronauts and Russian cos100°/s and are thus below the saturation velocity (350°/s)
monauts [1-17] even after short duration (5- to 10-day) of the vestibulo-ocular reflex [21]. Grossman and col-
flights. After spaceflight, astronauts may: (1) experience leagues [22] have characterized gaze stability during loco-
the sensation of turning while attempting to walk a straight motion and have found that the angle of gaze is maintained
path, (2) encounter sudden loss of postural stability, esperelatively stable during walking and running. However,
cially when rounding corners, (3) perceive exaggeratedindividuals with loss of vestibular function and neurolog-
pitch and rolling head movements during walking, (4) ical disease experience increased oscillation of the head
experience sudden loss of orientation in unstructuredand instability of gaze during locomotion, leading to
visual environments, or (5) experience significant oscil- impaired visual acuity and instability of the visual scene
lopsia during locomotion. during locomotion [23-28]. These results underscore the
Russian investigators [3, 6, 7] have studied locomo- importance of head stability in aiding gaze stabilization
tor behavior in cosmonauts following Soyuz missions last- during locomotion.
ing from 2 to 63 days. The sequential positions of various Guitton et al. [29] examined visual, vestibular, and
body joints and limbs were recorded and analyzed tovoluntary control of head movement in normal subjects
determine kinematic features of walking, running, long and patients with bilateral vestibular deficits during pas-
jumps, and high jumps. Their results showed distinct post- sive whole body rotation about a vertical axis. Subjects
flight performance decrements in gait and jumping behav-were asked to maintain the position of a head-fixed laser
ior. In most cases, the durations of the postflight on a stationary target, with vision, without vision in the
performance decrements were related to the length of thedark, and during performance of a distraction task such as
flight. Postflight walking was characterized by an exag- mental arithmetic. Normal subjects were most accurate
gerated width in leg placement, shifting the trunk to the when vision was provided. With vision, the vestibular
side of the supporting leg, and failure to maintain the deficit patients performed as well as normal subjects. Per-
intended path. To enhance stability, the subjects frequentlyformance of the patient group deteriorated when vision
raised their arms to the side while making small steps ofwas denied, indicating that vestibular information plays a
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role in head movement control. Guitton et al. [29] deter- [10]. These changes pose concern for situations in which
mined that long latency voluntary mechanisms were movements must be executed reliably and accurately. Loco-
responsible for head stabilization. However, as head fre-motion, whether on Earth following completion of a U. S.
guency increased (above 2 Hz), they hypothesized that theSpace Shuttle mission or on a remote planet surface follow-
passive inertial properties of the head-neck system woulding a lengthy flight, would be subject to compromise by
dominate the response in the higher frequency rangechanges in perceptual motor functioning resulting from in-
Keshner and Peterson [30] examined head stability duringflight adaptation to the microgravity environment.
free locomotion and during passive rotations. Their results Postflight locomotor changes of a biomechanical
indicated that head movement during free locomotion wasnature include increased angular amplitude at the knee
largely restricted to the 1 to 2 Hz range. This falls within and ankle, and increased vertical accelerations in the cen-
the frequency range identified for vestibulocollic and cer- ter of mass [37]. In addition, Chekirda et al. [6] noted both:
vicocollic reflex control of head movement characterized (1) apparent change in the contact phase of walking, in
during passive rotation. Voluntary, reflexive, and passive which the foot appeared to be thrust onto the support sur-
mechanisms may all play a role in head movement con-face with a greater force than that observed before flight,
trol during locomotion [31, 32]. and (2) efforts to preserve stability in which cosmonauts
Angular head movements can actually contribute to spread their legs far apart, used their arms more, and used
gaze stabilization during locomotion. In humans, both dur- shorter steps after flight. Even with these compensatory
ing treadmill and free locomotion, pitch head rotations (in changes, both Russian and U.S. investigators have
the sagittal plane) aid gaze stabilization by compensatingobserved disturbances in performance, including devia-
for the vertical trunk translation that occurs with each step tions from a straight trajectory [6] and a tendency toward
during locomation [13, 19, 28, 33]. In a previous study, we loss of balance during walking when turning corners [1, 3].
determined that when subjects are asked to visually fixate ~ Locomoting through a complex and cluttered envi-
a target while walking on a treadmill, the magnitude of these ronment also involves perceptual demands. A contributing
pitch head rotations was modulated, depending upon targefactor to stable and reliable locomotion is the maintenance
distance [13]. When an Earth-fixed visual target at optical of stable gaze. Empirical evidence suggests that the head-
infinity was brought close (within 30 cm) to the eyes, pitch neck-eye complex operates to minimize angular devia-
head movements increased in amplitude in a way consistentions in gaze during locomotion [19]. Since the
with the hypothesis that rotational head movements are dri-head-neck-eye complex is situated on top of the trunk-
ven in part by the requirement to aid in gaze stabilization. lower limb complex, the noted postflight biomechanical
In related work, Paige et al. [34] showed that compensatorychanges suggest a high potential for negative impact on
eye movements during vertical trunk translation were medi- gaze stabilization strategies. The situation is further com-
ated by similar alterations in target distance. The goal- pounded by changes in perceptual function. For example,
directed response of pitch head movements duringafter spaceflight, crew members developed a stronger
concurrent locomotion and visual target fixation suggestsdependence on visual cues [38], there were changes in the
that these head movements were not completely dependerdbility to detect accelerations, and otolith organ sensitiv-
on passive inertial and visco-elastic properties of the head-ty declined throughout the duration of a flight [128]. In
neck system, but could be actively modulated to respond toaddition, changes in vestibulo-ocular reflex (VOR) gain as
altered gaze control requirements. Monkeys trained to loco-a function of spaceflight were observed [39, 40], and expo-
mote around the perimeter of a circular platform were sure to microgravity modified eye-head coordination dur-
found, while running, to produce continuous eye and heading target acquisition [41, 42] and ocular saccadic
nystagmus to maintain gaze stabilization during body performance [43].
movement [35, 36]. Thus, coordinated head and trunk When considered together, these biomechanical and
movements play a central role in maintaining clear vision perceptual changes point toward a highly probable adap-
during natural body movements, and may have a strongtation of head and gaze control during locomotion after
influence on the organization of postural and locomotor spaceflight. However, strategies used for maintaining gaze
control patterns. Accordingly, one of the objectives of DSO stability have not been documented during postflight loco-
614 was to determine if exposure to the microgravity envi- motion. To better understand the functional implications
ronment encountered during spaceflight adaptively modi- of existing flight related evidence, especially in terms of
fied head-trunk coordination strategies during postflight the strategies used for coordination among the various per-
locomotion. ceptuo-motor subsystems, we designed the DSO 614
investigation to examine the role of adaptive modification
in head movement control during postflight locomotor
performance. The investigation was designed to address
this problem not only in terms of eye-head-trunk coordi-
Both scientific and anecdotal evidence suggest profoundnation, but rather as a problem from the ground up,
changes in perceptual motor functioning after spaceflightinsomuch as lower limb coordination and support surface
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dynamics influence gaze control [44]. We contend that anbody segments and could cause disturbances in both lower
important element of gaze control during locomotion is limb coordination and head-eye coordination observed
the management of energy flow through the body, espe-during walking after spaceflight.

cially during high energy interactions with support sur-

faces such as those occurri_n_g at the moment of heel Stfik‘?\leuromuscular Activation Patterns During

and toe off [45, 46]. The ability to attenuate the transmis- | ocomotion

sion of energy through the body is influenced directly by

a number of factors. Among these are changes in the char-  Astronauts display remarkable flexibility in adapting
acteristics of the musculoskeletal shock absorbers, includ-themselves and their movements to the unique micrograv-
ing the viscoelastic properties of joints [47]. Also ity environment of spaceflight. Despite shifts in many phys-
important for the management of energy flow through the iological processes, crew members rapidly develop motor
body is the pattern of joint kinematics seen during loco- control strategies to perform tasks effectively in space.
motion. Of specific relevance is lower limb joint config- Moreover, astronauts must readapt quickly upon return to
uration at the moment of heel strike with the support Earth in order to regain appropriate coordination strategies,
surface. Perry and Lafortune [48] demonstrated that Particularly with regard to posture and locomotion.
absorption capacity could be reduced by excessive foot ~ SPaceflight has been associated with: (1) decreases
pronation, suggesting that the joint configuration of the in muscle strength and tone [5, 52-54], (2) hyperactivity
foot-ankle at heel strike contributes directly to the poten- iN H- and stretch-reflex characteristics [5, 53, 55], (3)
tial transmission of the heel strike shock wave through thechanges in muscle strength velocity profiles [54], (4)
body. Changes in foot activity during the contact phase of ¢hanges in lower limb muscle activation patterns [55], (5)
locomotion following spaceflight were demonstrated by changes in proprioceptive and vestibular functioning [5,
Chekirda et al. [7]. 53, 56], and (6) oscillopsia [57]. These neurological and

McMahon and colleagues [49] suggested that the physiological alterations could be expected to influence
degree of shock wave transmission during locomotion wasthe precise neural control needed for the lower limb mus-
extremely sensitive to the degree of knee flexion. They dis-Cl€ activation patterns required for optimal locomotion.
covered that while tibial shock was increased with increased ~ Electromyography (EMG) has long been used to
knee flexion, transmission of the shock wave to the head@ssess the neuromuscular control features associated with
was significantly reduced. However, after a direct investi- Poth normal and abnormal gait [58-66]. The phasic prop-
gation of the role of knee angle on axial stiffness of the €rties of processed EMG are highly correlated with the
lower limb, Lafortune et al. [50] suggested that increased changes in muscle tension and joint angular accelerations
knee angle at foot impact was less effective than previouslythat occur throughout the gait cycle [60, 67], and a linear
thought in attenuating impact shock. Nevertheless, Her-relationship exists between muscle tension and EMG
nandez-Korwo et al. [37] noted locomotor changes in both @Mplitude in the range of tension levels found during nor-
knee and ankle angles following spaceflight. mal walking [68, 69].

Grossman et al. [20] recognized that locomotion Awide range of compensatory locomotor neuromus-
induces rhythmic oscillations of the trunk and the head. cular patterns have been identified in several clinical pop-
The predominant frequency of these oscillations is equiv- ulations [70-72], suggesting that the sensorimotor system
alent to the step frequency. Since the head contains bot¢@n adapt so as to allow a range of locomotor behavior.
the visual and vestibular systems, any irregularities in Changes in EMG measures reflecting muscle co-contrac-
these step-dependent oscillations could influence loco-tion, such as S|multaneous.actlvat|on of antagonist mus-
motor control. Consequently, we determined that it was ¢les, have often been interpreted as representing
crucial to examine not only the head-trunk linkage [51], modifications of neuromuscular control strategies [73, 74].
but all the links between the head and the support surfaceThe learning and development phase of a skilled move-
Appropriate attenuation of the intersegmental energy flow Ment is often associated with a high degree of muscle co-
during locomotion minimizes the disturbance of the visual contraction.  This co-contraction results in = stiff,
and vestibular systems, and preserves head and gaze stghcoordinated movement patterns. As skill level increases,
bility. However, we suspect that spaceflight adaptation Segmental motions become smoother and well coordi-
may compromise this ability and thus lead to impaired nated, reflecting a decrease in muscle co-contraction. Con-
head and gaze control. To more clearly determine the roleversely, increases in co-contraction following spaceflight
of the lower limb joint complex in this phenomenon, we May result in less coordinated and more variable seg-
chose to focus attention on two specific locomotor events: Mental motions. Additionally, the stiffness resulting from
heel strike and toe off. High energy transitions between theincreased co-contraction can alter how the impact forces
stance and swing phases were considered the most |ike|>generated at heel strike are dissipated throughout the body
events to illustrate changes in locomotor performance, during locomotion. The inability to efficiently manage the
since any maladapted effort to manage energy flow would €Nergy resulting from heel strike may result in increased
result in inappropriate energy transfer among contiguoushead motion, thereby increasing the possibility of gaze
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instability. Thus, muscle co-contraction is an important sensory compensation during spaceflight, resulting in
index of how effectively the sensorimotor system is able interpretation of utricular otolith signals as linear acceler-
to control neuromuscular activation in order to produce ation rather than head tilt, as well as increased dependence
coordinated movement. On the basis of the above properon visual cues for perception of orientation. The otolith-
ties, the use of EMG to describe changes in muscle acti-spinal reflex, which helps prepare the leg musculature for
vation patterning and co-contraction levels during impactin response to sudden falls, is dramatically reduced
locomotion seems well suited for revealing changes in during spaceflight [77]. However, postflight results were
neuromuscular properties resulting from spaceflight. not significantly different from preflight responses, indi-
Although much anecdotal information exists, DSO 614 cating a rapid course of readaptation upon return to Earth.
was the first time that the influence of 8- to 15- day space-Other work indicates that spaceflight may affect proprio-
flight on lower limb neuromuscular activation during post- ception of limb position; Watt et al. [77] found a consid-

flight locomotion had been adequately evaluated. erable decline in arm pointing accuracy while blindfolded
during and immediately following spaceflight. Further-
Spatial Orientation more, the subject who fell consistently in the drop test

] ] ) . reported that his legs were always further forward than he
Prolonged stays in the microgravity environment result axpected them to be.

in changes in both the vestibular and somatosensory sys-  other possible explanations for postflight postural
tems [10]. Several hypotheses have addressed the questioistapility include atrophy of the antigravity muscles [80],
of how the changed sensory inputs are reinterpreted. Fofin_flight changes in tonic leg muscle activation patterns, or
example, the otolithic system, which on Earth measures amjcrogravity-induced alterations in stretch reflexes [81, 82].
combination of head orientation through gravity and linear g finkel [83] also reported reorganization of higher-level
translational acceleration, should reinterpret all linear accel- anticipatory postural responses to rapid movements during
eration in microgravity as being translational [75]. This gpaceflight. Altered patterns of leg muscle coactivation may
could lead to misperception of head tilt as translation in the rag it in changes in the modulation of limb impedance that
first hours after return to Earth. These changes in perceptioontrols the dynamic interaction of the limb with the envi-
of vestibular input may affect the ability to spatially orient onment. McDonald et al. [45] cited postflight changes in
during locomotion after spaceflight. the phase-plane description of knee joint kinematics during
In the new paradigm presented here, the astronauly,jt as preliminary evidence for changes in joint impedance
subjects perform a natural task involving both somatosen-resulting from exposure to weightlessness.
sory and vestibular sensory inputs. Goal-directed loco- The aim of this aspect of the study was to determine
motion satisfied these requirements and provided ihe effects of microgravity exposure on the astronauts' per-
information about the spatial orientation capabilities of f5rmance of two-footed jump landings. This study was
the subjects. Goal-directed locomotion, with or without ntended to elucidate how exposure to an altered gravita-
vision, is a simple everyday task, in contrast to former tjona| environment affects control of lower limb imped-
investigations that required more artificial tasks such asznce and preprogrammed motor strategies for impact
performing eye movements with the head fixed. This por- gpsorption. The joint kinematics of the lower extremity
tion of DSO 614 focused mainly on the question of gyring the jump landings, as well as the kinematics of the
whether exposure to the microgravity conditions encoun- whole-body mass center, were of particular interest. The
tered during spaceflight was associated with impaired spayegits suggest that different subjects adopt one of two
tial orientation during locomotion following return to response modes upon return to 1-g following spaceflight,

Earth, and what role vision played in this process. and that postflight performance differences may result

largely from adaptive changes in open-loop lower limb
Lower Limb and Mass Center Kinematics impedance modulation. The altered jumping kinematics
in Downward Jumping seen postflight may reflect decrements in limb proprio-

ception, altered interpretation of otolith acceleration cues,
and reduced requirements for maintenance of posture
under microgravity conditions.

In addition to changes in posture and locomotor con-
trol, astronauts exhibit alterations in the ability to maintain
stability following drop landings. Watt et al. [77] tested
astronauts subjected to sudden “drops” and reported that
all subjects were unsteady postflight, and that one subjecM ETHODS
fell over backwards consistently.

Such performance decrements may result from vari-
ous changes in the sensorimotor complex resulting from
microgravity exposure. Parker et al. [78] found direct evi- Twenty-three astronauts, 19 males and 4 females,
dence for reinterpretation of graviceptor inputs during ranging in age from 34 to 51 years, served as subjects in
spaceflight. Young et al. [79] also provided evidence for this study. All subjects gave informed consent to testing,
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and all protocols were approved by the NASA/Johnson
Space Center Institutional Review Board for Human
Research. To measure head and trunk movements, pas-
sive retroreflective markers, with negligible mass, served
as tracking landmarks. These were affixed to the vertex,
occipital, right temporal positions of the head and on the
seventh cervical vertebrae (C7). The movements of these
markers were simultaneously recorded with four video
cameras sampling concurrent video images at 60 Hz. The
position of each marker in space was uniquely determined
with the aid of a video-based motion analysis system
(Motion Analysis Corporation, Santa Rosa, CA). Each
subject wore spandex shorts, sleeveless shirt, and running
shoes. Markers and electromyographic (EMG) electrodes
were also placed on the lower limbs for a separate analy-
sis of kinematic and muscle activation patterning. Verti-
cal eye position relative to the head was recorded using
standard DC-Electrooculographic (EOG) methods.
During each test session, the astronaut subjects were
required to walk, at 6.4 km/h (4 mph), on a motorized
treadmill (Quinton™ Series 90 Q55 with a surface area of
51 cmx 140 cm, or 20 irx 55 in) while visually fixating
on a centrally located Earth-fixed target. This target con-
sisted of a light emitting diode (LED) positioned either
30 cm or 2 m from the subject, at the height of the subject-
perceived eye level. Prior to initiating the trial, the subject
straddled the treadmill belt while the speed was increased
to the desired speed, at which time the subject was free to
begin walking. A few strides were permitted to allow the
subject to become comfortable with the treadmill speed
and to attain a steady gait. After a verbal ready indication
from the subject, data collection was initiated, with the
subject continuing to locomote while fixating the target
for 20 seconds. The subject maintained fixation of the tar-

2. Near Target Condition (NEAR) — Subjects walked
on the treadmill while visually fixating the target
located 30 cm (1 ft) from the outer canthus of the
eyes. Two trials of 20 s in duration were performed.

3. Intermittent Vision Condition (IV) — To investigate
how the head-trunk system dynamically responded
to short term (5 seconds) alternating changes in
sensory input, subjects walked on the treadmill
during intermittent visual occlusion. A 20-second
locomotion trial would begin with the eyes open
and the subject fixating the visual target. After 5
seconds, subjects were instructed to close their
eyes and continue walking while attempting to fix-
ate on the remembered position of the target. Five
seconds later, subjects were instructed to open their
eyes. The 5-second eyes open/eyes closed periods
alternated through the 20-second duration of the
IV walking trial. Two trials of 20 seconds in dura-
tion were performed. To address safety concerns,
subjects lightly placed their index finger on the for-
ward hand rail of the treadmill to gain additional
haptic cues regarding body placement. It has been
recently shown [84, 85] that a light touch, insuffi-
cient to produce mechanical support, contributes
significantly to control of postural equilibrium in
the absence of vision. Although the light finger
touch may have enhanced performance in general,
all the eyes-open and eyes-closed epochs in an IV
trial occurred under the same haptic conditions.
The alternating 5 s epochs of eye closure were con-
firmed using vertical electrooculography to detect
eye closure transitions in EOG baselines.

Three-dimensional translational trajectories of each

get for the full duration of the trial. To prevent potential body-fixed marker were calculated relative to a coordi-
injury through falling, each subject wore a torso harnessnate frame that was coincident with the surface of the
attached to an overhead frame. During nominal treadmill treadmill. The marker trajectories were low pass filtered
performance, this harness provided no support and did notat 10 Hz using a finite impulse response filter with a Ham-
interfere with natural movements of head or limbs. ming window. Movement of the head in the sagittal plane
Data were collected before and after Shuttle missions(head pitch) was characterized by the angle between the
of 8 to 15 days duration. Preflight testing consisted of two horizontal and the line connecting the vertex and occipi-
sessions, one each at approximately 90 and 10 days priotal markers. Vertical (z-axis) trunk translation was deter-
to launch. Postflight testing was performed 2 to 4 hours mined from the displacement of the marker placed on the
after landing and 2, 4 and 8 days following return to Earth. seventh cervical vertebrae (C7).
Data collected approximately 10 days before flight The degree of association between vertical trunk
(referred to as “preflight”) and on landing day (referred to translation and corresponding compensatory pitch head
as “postflight”) were evaluated. Recovery data (R+2, 4, movement was characterized using the coherence func-
and 8 days) will be covered in future communications. tion. The coherence between two signals was defined as:
A variety of challenges to head-trunk coordination
were used to delineate adaptive changes in goal directed

|cross spectra of signals X} y
response characteristics. These included:

Coherence =
(power spectra x) (power spectra y)

1)

1. Far Target Condition (FAR) — Subjects walked on
the treadmill while visually fixating the target The coherence value could vary between zero and
located 2 m (6.5 ft) from the outer canthus of the unity. If a perfect linear relationship existed between the
eyes. Two trials of 20 s in duration were performed. two signals at some specific frequency, the coherence
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function was equal to unity at that frequency. If the two Electronics™ force sensing resistors, were attached to
signals were completely unrelated, the coherence func-each shoe at the heel and toe and sampled at 752 Hz
tion was zero over all frequencies. through a 12 hit analog/digital (A/D) board.
Compensatory pitch head movement wave forms Subjects were required to ambulate on a treadmill and
were also subjected to Fourier analysis and the amplitudetested on the same schedule as described earlier.
of the predominant frequency was determined. Each 20-  Table 5.5-1 illustrates the conditions of each data col-
second walking trial was divided into 4 epochs of 4 sec- lection session. Trial numbers indicate presentation order
onds duration. The frequency spectra of each 4-secondwithin each testing session. Additional walking trials were
epoch was then calculated separately. For each subjectperformed during periodic visual occlusion. Trials 1 and
over two walking trials per condition, eight individual 10 were the standing trials used to calibrate the EOG sys-
epochs were analyzed and the predominant peak detertem. Segmental kinematic data collected during these
mined, allowing the mean peak amplitude to be deter- trials were used to calculate joint configurations during
mined for each subject. quiet standing. Only data from walking (6.4 km/h or 4
mph) trials during near (30 cm or 1 ft) target visual fixa-
tion collected 10 days before flight (preflight) and on land-
ing day (postflight) were evaluated, since this comparison
was most likely to reflect any spaceflight induced effects.
Atotal of seven subjects were tested from three Shut- Subjects were instructed to maintain ocular fixation
tle missions, of eight or nine days duration, flown between of the target at all times. During each trial, the spotter
March 1992 and February 1994. Of the seven subjectsmonitored subject location on the treadmill and instructed
two were first-time fliers and five had flown at least once the subject to move forward or backward if necessary. For
previously, six were men and one was a woman. Subjectthe walking trials, subjects stood off the treadmill belt
height ranged from 1.68 m (5 ft 6 in) to 1.85 m (6 ft 1 in). while its speed was increased to the criterion. At this point
Subject ages ranged from 35 to 49 years with a mean otthe subject was free to begin walking. A few strides were
41 years. permitted to allow the subject to become comfortable with
Before each testing session, passive retroreflectivethe speed and to attain a steady gait. After a verbal ready
markers, serving as tracking landmarks, were affixed atindication from the subject, data collection was begun
vertex, occipital and temporal positions on the head, andwith the subject continuing to walk and fixate the target for
at the acromion process, lateral epicondyle of the 20 seconds.
humerus, midpoint on the dorsal surface of the distal por- Data resulted from a direct evaluation of lower limb
tion of the radius-ulnar, C7, femoral greater trochanter, joint kinematics patterns observed during treadmill walk-
lateral femoral epicondyle, lateral malleolus, shoe surfaceing after short duration spaceflight. Data analyses were
coincident with the posterior surface of the calcaneus of designed to determine the potential influence of lower
both feet, and the fifth metatarsophalangeal joint, on thelimb kinematics on adaptive strategies utilized for head
right side of the body. The movement of these markersand gaze control during postflight locomotion. Basic char-
was recorded simultaneously with four video cameras acteristics of the temporal form of the gait pattern were
sampling images at 60 Hz. Ambient light was adjusted to examined, since even while locomoting on a treadmill at
allow high contrast between the retroreflective markers a fixed speed, there was an opportunity to trade off step
and the surface to which they were attached. The positionamplitude and step frequency while maintaining the same
of each marker in space was determined with the aid of aforward speed. At the same time, the relative duration of
video based motion analysis system (Motion Analysis the stance and swing components of the step could be
Corporation, Santa Rosa, CA). Each subject wore cyclingadapted. This composition was referred to as the duty
shorts, a sleeveless shirt, and the same brand of runnindactor, a ratio representing the amount of time spent in the
shoe before and after flight. Foot switches, using Interlink stance phase in each step. The duty factor could be
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Table 5.5-1. Experiment Conditions

Visual Target at 2 m Visual Target at 30 cm
Treadmill Speed Continuous Vision Periodic OcclusinnContinuous Vision Periodic Occlusion
6.4 km/h trials 2 and 4 trials 3 and 5 trials 6 and 8 trials 7 and 9
9.6 km/h trials 11 and 12 Not performed Not performed Not performed
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identified by analyzing the temporal location of the toe-off segment, with plantar flexion being greater than 90
between two successive foot falls. The duty factor of degrees and dorsiflexion less than 90 degrees. These three
bipedal walking was typically reported as approximating joint angles were considered to be a satisfactory repre-
0.6 because the toe-off occurred at about 60% of the stepsentation of the lower limb dynamic during the task of
Step-to-step variation of these temporal measures is pretreadmill walking.
sented as a precursor to the joint kinematic analyses. Any  The equilibrium position was determined for each
changes in these factors could directly influence the fre-joint under consideration, to facilitate the modeling of
guency and amplitude of the rhythmic oscillations in the lower limb oscillatory motion. This position was equiva-
trunk and the head. lent to the joint angles measured during quiet standing on
Several techniques were used to evaluate the lowerthe treadmill. Hence, the hip, knee, and ankle joint angles
limb locomotion system comprising the hip, knee, and were used to determine the equilibrium point about which
ankle joints. Representing the periodic motion of these the joint motions occurred for each subject. This equilib-
joints on the phase plane, we documented within-cycle rium point was represented as the origin (0,0) on the phase
variability over discrete epochs of the cycle, and also at plane. All subsequent joint angular displacement data were
two discrete events, heel strike and toe off. These analy+epresented with respect to this origin. Having determined
ses were performed on each joint independently, to docu-the sagittal plane joint angular displacements, joint angu-
ment any disturbances in individual joint activity, and to lar velocities were then determined with a fourth order
identify where these disturbances occurred relative to gaitcentral difference algorithm.
cycle phases. To quantify cycle-to-cycle stability in gait Foot switch signals allowed determination of the
patterns, a Poincaré map was used to take the continuousmoments of heel strike and toe off in the right limb. How-
dynamics of the joint phase portraits into the discrete ever, foot switch information was not available for all sub-
regime, based on the event-specific iterations at heel strikgects. In such cases reliable kinematic correlates for heel
and toe off. The states of the phase portraits (angularstrike and toe off were determined from toe marker veloc-
displacement and angular velocity) of the three lower limb ity in the Z direction. Determining heel strike and toe off
joints were used to define a six-dimensional state spacein this manner matched foot switch information with an
Such a representation allowed the exploitation of a specificerror not exceeding +16.7 ms.
analysis technique to evaluate system stability. This tech- Phase plane data, using the joint angular displacement
nique evaluated behavior of the three-joint system as aand joint angular velocity as the states of the system, were
whole, so that any changes in a single joint could be analyzed using three different techniques to evaluate joint
assessed at the system level. Therefore, independent meaynamics. The first of these techniques was employed to
sures of system component variability, and a measure ofevaluate variability of independent joint motion over the
system stability as a whole are presented. These measuramurse of the full gait cycle. The second technique was used
were intended to determine changes in the nature ando evaluate variability of independent joint configuration at
source of perturbations to the trunk emanating from the two discrete points in the gait cycle. For both of these tech-
lower limbs during the locomotor cycle. nigues, a measure was constructed to combine the variabil-
Marker trajectory data were processed to derive three-ity in the joint angular displacement with the variability in
dimensional translation information relative to a coordi- the joint angular velocity. After normalizing each gait cycle
nate frame coincident with the surface of the treadmill. to 60 samples, the variability in the joint angular kinemat-
Subjects walked toward the +X direction and the belt ics observed over multiple cycles of one trial was quantified
moved in the -X direction. The vertical axis orthogonal to using the standard deviation about the mean joint angle, and
the treadmill surface was +Z, and the Y axis was orthog- the mean joint angular velocity at the moment of heel strike
onal to the X-Z plane (Figure 5.5-1). Marker trajectories and at the moment of toe off. The displacement and veloc-
were low pass filtered at 10 Hz using a finite impulse ity standard deviation magnitudes were then used to define
response filter with a Hamming window. The filtered tra- the diameter of the two orthogonal axes of an ellipse. The
jectories in X and Z were then used to determine joint area of this ellipse was presented as an index of the vari-
angular motions in the sagittal plane for the hip (thigh and #ibility on the phase plane. To evaluate variability over the
knee markers), knee (thigh, knee, and ankle), and the ankléull gait cycle, the cycle was divided into five 20% tempo-
(knee, ankle, toe). Figure 5.5-1 illustrates how these jointral epochs, and the variability from each of the 12 samples
angles were determined relative to the coordinate frame ofwithin each epoch was summated. The phase plane vari-
reference. The hip (H) angle was measured with respectability at heel strike and at toe off was presented using those
to the vertical, with flexion designated as positive and samples at which the named events occurred. The third tech-
extension as negative. The knee (K) angle was measuredique used phase plane data to evaluate system stability. This
from the projection of the thigh link segment to the tibial technique utilized the three lower limb joints in combination.
link segment, with flexion designated positive and exten- The idea of using joint kinematics as state variables and
sion as negative. The ankle (A) angle was measured a$oincaré maps to evaluate the stability of human locomo
that angle between the tibial link segment and the footwas first introduced by Hurmuzlu [86, 87].
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First return maps can be represented by the following model of the gait dynamics. These state variables were
finite difference equations in an n-dimensional state space:each sampled at the moment of heel strike and the moment
of toe off. The same data were used to construct Poincaré
X1 = fu(x) k=1,...n (2) maps. For each trial, a mean value for each state was cal-
culated and designated as the equilibrium value. The
wherex is a vector of state variableg=[x, »?,...,x"|") and steady state value of each state variable at each event, heel
f represents the nonlinear mapping function. The equilib- strike or toe off, was assumed to be the statistical average
rium values (steady state) of equation (2) are known as(mean) of all samples. Deviation from equilibrium was
fixed points of the map. Assuming that the fixed point of then measured at each iteration for each state by calculat-
a map is defined as: ing the difference between the mean state value and the
state value at that iteration. To approximate elements of
X =X =X 3) the Jacobian matrix, a multidimensional regression was
then performed among the vectors determined relative to
the stability of a dynamical system can be analyzed bythe steady state value.

linearizing equation (2) in the neighborhood of the fixed The set of equations that formulate this multidimen-
point to obtain: sional fit can be written as

Ot = JO% 4 (Qu)ivr = Au(Qu)i +...aus(Qu) + P 7
where 0x and dx.. represent the perturbations associ- ()i = Ac(Qu): +...a(Qn): + Ps

ated with the i'th and (i+1)'th elements of the state vec-
tors, and J is a (rRn) Jacobian matrix. The entries of this
matrix are the partial derivatives of the nonlinear map-
ping functions (f i=1, ...n) with respect to the state vari-
ables, given as:

where Qu, ..., Qa, represents the column vectors, with a
number of rows equal to the number of sampled locomo-
tion steps (e.g.Q. is a column vector indicating the devi-
ation magnitude of the sagittal hip excursion relative to the
of. steady state hip excursiorgy’s form the elements of the
j=1,...n, k=1,...n (5) approximated Jacobian matrix, apd(i =1,...6) are the
constants of the regression.
) . . Finally, we calculated the eigen valugs {(=1,...6) of
o Sugh asystem is considered to be stab_|e arounpl €QUlthe Jacobian matrix and statistically averaged them for
librium if all the eigen values of the Jacobian matrix lie g4ch individual subject to quantify the dynamic stability
inside the unit circle [88, 89]. Bifurcations occur if the gy pibited by that subject during treadmill walking. Accord-
eigen value(s) move outside the unit circle, resulting in g g stability theory, all eigen values should lie inside the

structural changes in the system. _ _ circle, (\| <i=1.0j = 1...6) for a stable system [89].
Elements of the Jacobian matrix can be obtained easily

if the nonlinear mapping functions (f), that return cross

sections of the flow to itself, are known. However, the

complexity of human locomotion does not permit simple Neuromuscular Activation Patterns During

determination of the functions (f) such as in equations (1) _ocomotion

or (2). Although mathematical models of locomotion are . o

available in the literature [86], the authors are not aware ~ Subjects in this study were 10 astronauts (3 women
of any study that identifies an appropriate form of analyt- @1d 7 men) who had completed Shuttle missions lasting 8
ical equation or function. Consequently, we experimen- {0 15 days. All provided informed consent to participate,
tally acquired joint kinematics of human gait and &S required by the Johnson Space Center Institutional

constructed the Jacobian matrix by means of least squar&€View Board. Six of the subjects had flown on previous
regression techniques [85]. Shuttle missions. , ,

Following the procedures of Hurmuzlu [85, 86], we Subjects walkeq on a motorized tregdmnl and fol-
first identified the state variables of our system as the hip,/oWed the same testing protocol as described earlier.

knee, and ankle motions in the sagittal plane. This resulted  After the skin was cleaned with alcohol wipes, pre-
in a six-dimensional state space of the form: amplifier surface EMG electrodes were placed on the sub-

jects over the bellies of the rectus femoris (RF), biceps
femoris (BF), tibialis anterior (TA), and gastrocnemius
(GA) in parallel to the muscle fibers. Electrodes were
attached with hypoallergenic tape and covered with elas-
where ® and ® represent angular rotations and veloci- tic leg wraps to prevent movement on the skin. Analog
ties of the three joints used in defining the conceptual EMG data were band-passed at 30 to 300 Hz before being

a = —
"X

Xspace: {q)qu)qu)Ayd)Hyd)qu.)Ay} (6)
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digitized at 752 Hz. Foot switch information, also sampled limb muscles. This approach was adopted to

at 752 Hz, was stored within the EMG data files. assess the potential for changes in the time of mus-

Data analysis focused on characterizing the influence cle activation within the time-normalized wave
of spaceflight on terrestrial locomotion as soon as possi- forms. Changes in time of muscle activation
ble after landing, early in the readaptation process. Data within a stride cycle would indicate subtle, but
were analyzed to compare the neuromuscular responses potentially important, modifications in neural
obtained 10 days before launch with those obtained control.

between 2.5 and 4 hours after landing.

The first step in data analysis was to determine whether
spaceflight influenced stride time, defined as heel strike to
heel strike for the same leg, during locomotion. Trials of 20
to 22 strides were averaged relative to heel strike so that
stride times before and after spaceflight could be compared.
Stride time was a function of time spent in swing and stance
phases, both of which could be controlled by the locomot-
ing subject. Changes in the duty factor, defined as the per-
centage of the gait cycle spent in stance phase, could reflect
changes in the neuromuscular activation patterns [90]. Each
subject's stride time and duty factor were calculated foreach 5. Muscle co-contractions between the traditional

4. Potential preflight versus postflight changes in
coefficient of variation of the reduced EMG wave
forms around the behavioral events of heel strike
and toe off were assessed using repeated measures
ANOVA with post hoc testing. EMG variability
around these two events was evaluated because
these periods in the stride cycle have large seg-
mental decelerations (heel strike) or accelerations
(toe off) and, therefore, require precise neuro-
muscular control.

stride. Values before and after spaceflight were compared agonist-antagonist pairs of the BF-RF and TA-GA

with t-tests for correlated data. were evaluated for potential preflight versus post-
EMG data were evaluated for each muscle and for flight differences using repeated measures

each subject. Data across stride cycles were first time-nor- ANOVAs with post hoc testing. An alpha level of

malized to 100% of stride by averaging the data between p < 0.05 was adopted for all statistical tests.

consecutive right heel strikes. Next, to reduce variability

among subjects [62], wave forms were magnitude nor- 10 evaluate the phasic activity of individual strides,

malized to the mean level of activation across the wavethe most significant neuromuscular control feature of each
form, so that the mean level of activation within the wave Muscle during each stride was determined for each sub-
form was 100%. The mean wave forms then were dividedi€Ct. For the RF, BF, and GA, this feature was the tempo-
into 5% epochs by representing the averaged data within@l onset (relative to heel strike) and duration (as a percent
an epoch as a single point [91, 92]. Standard deviations Of stride cycle) of the largest amplitude burst of activity.
and coefficients of variation across the mean wave forms,For the RF and BF, the largest burst of activity occurred
were calculated to assess activation variability. These@round heel strike. The largest burst of GA activity
reduction techniques produced EMG wave forms (referred °ccurred in preparation for toe off. For the TA, the most
to as reduced wave forms) that represented the phasic fesdignificant neuromuscular control feature was the silent
tures of each muscle across the stride cycle. period present in most subjects shortly before toe off. This
The question of how spaceflight affects the lower Silent period usually corresponded to a large increase in

limb neuromuscular activation during treadmill locomo- gastrocnemius activity. Thus, the temporal features of the
tion was addressed in five ways: TA silent period was thought to reflect the sensorimotor

system's ability to regulate ankle musculature activity, par-
1. Reduced wave forms were compared before andticularly around the critical time of toe off.
after flight using Pearson product moment corre- Muscle activation onset time was obtained by dis-
lations for each muscle and each subject [66, 91, playing the EMG activity of all strides simultaneously on
92]. This analytical approach was extended to the computer monitor. Visual inspection, in combination
determine the degree of activation symmetry ith interactive electronic cursors, was used to establish
between individual muscles of both legs before parameters of an algorithm for the identification of tem-
and after flight. poral onset of the phasic activity of interest in each stride.
The algorithm was used to identify onset of muscle acti-
vation by noting the first point of a burst that exceeded a
fixed amplitude threshold value (approximately two stan-
dard deviations above a quiet baseline) for at least 30 ms.
A 30 ms minimum was selected on the basis of a report that
muscle bursts that last less than 30 ms do not contribute to
3. Full wave-rectified EMG records, obtained from the force of the moving limbs during locomotion [93]. The
individual strides, were used to characterize the algorithm was reversed to obtain muscle activation offsets.
phasic pattern of activation from the right lower Muscle activation durations were obtained by calculating

2. Repeated measures analysis of variance (ANOVA)
was used in combination with post hoc testing to
compare normalized amplitudes before and after
spaceflight at each 5% epoch for each right lower
limb muscle.
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the temporal difference between activation onset and off-8 to 14 days’ duration, performed two spatial orientation
set. Duration of the silent period for the TAwas calculated tasks requiring them to negotiate a path consisting of a
as the difference between offset and subsequent onset afight triangle with two sides 3 m (10 ft) in length, by walk-
muscle activity. To standardize measures across data coling with and without the aid of vision. Three corners were
lection sessions and subjects, temporal measures werenarked on the floor with targets consisting of 7>cficm
expressed as a percentage of stride. The relationshig2.75 inx 2.75 in) crosses (Figure 5.5-2). The task was to
between the ankle joint muscle activation characteristics,walk the triangular path, starting at either corner 1 or cor-
in preparation for toe off, was assessed by computing thener 3. When the path was completed, the subject was
temporal differences (as percent of stride cycle) betweenrequested to turn and face the original direction. The ver-
GA offset and TA onset. Paired Student t-tests were usedpa| instructions given were, “walk at a comfortable pace,
to test for preflight-to-postflight changes in the activation as accurately as possible around the path. The motion
features of each muscle for each subject. Although this stashould be continuous. The goal is accuracy, with accuracy
tistical approach limited generalizations to other popula- gefined as your ability to straddle the path.” For all exper-
tions, it was appropriate for our goal of characterizing the jment sessions, two spotters were present to prevent any
range of individual responses after spaceflight. collisions during the eyes closed tasks.

Although previous gait investigations have revealed  Tq control for directional preferences, the task was
greater variability in motor patterns than in limb kine- performed alternating clockwise (cw) and counterclock-
matics, large changes in EMG activation characteristics yise (ccw) directions, but always approaching the right
have a functional effect as well [66]. Following the con- angle (corner 2) of the triangle first. To minimize visual
vention of Ounpuu and Winter [64], changes in relative feedpack, (1) vision occluded trials were performed before
amplitude were considered functionally significantif: (1) the eyes open trials, and (2) at the conclusion of each eyes
the difference was statistically significant at p < 0.05, (2) closed trial, the subject was led in a serpentine path, with
the difference between the preflight and postflight mea- eyes still closed, to the next starting point. The subject
sures was greater than the variability of each individual \y5s instructed to look at the path before starting each eyes
measure, and (3) the muscle was active (i.e., 20% of mear|psed trial. The subjects performed 12 trials eyes closed
amplitude) during the analyzed epoch. A difference (g cw and 6 ccw) and 6 trials eyes open (3 cw and 3 ccw).
between preflight and postflight phasic patterns was con-Thjs protocol was performed 45 days and 15 days before,
sidered functionally significant if the Peargoralue was and 2 hours, 2 days, and 4 days after, spaceflight. This
less than or equal to 0.71 [66, 94]. report will only present data from 15 days preflight and 2

It was plausible that the sensorimotor system may poyrs postflight. Each subject wore a helmet with three
have had difficulty in controlling neuromuscular activa- yetroreflective markers located above the head in approx-
tion after spaceflight, in preparation for the events of heel imately the sagittal plane (Figure 5.5-3). This helmet was
strike and/or toe off, as a result of these two events, or ag|5g equipped with headphones that provided white noise
combination of preparation for and reaction to heel strike 15 mask out spatial auditory cues, and blackened goggles
and toe off. Therefore, preflight versus postflight differ- g gcclude vision.
ences in the coefficient of variation during three epochs of Head kinematic data were collected with a video
the stride cycle were tested. These epochs were: (1) thased motion analysis system using four CCD cameras
10% preceding the event, (2) the 10% following the event, (Motion Analysis Corporation, Santa Rosa, CA). Signals
and (3) the combination of the previous two epochs (i.e., from the four cameras were fed to a video processor at a
20% of the stride cycle with the event centered in the mid- sampling frequency of 60 Hz. The outline of each target
dle of the epoch). Only muscles that were active during all\y 55 extracted and passed to a system that tracked the three
three epochs around the particular event were evaluateggfiective head targets, producing a three-dimensional
for preflight versus postflight differences. assessment of each marker.

Measures of co-contraction were obtained by initially The coordinates necessary to describe head position in
summing the area under the curve of the reduced EMGy| six degrees of freedom were computed from the three-
wave forms and expressing the activity within each of the gimensional positions of the head markers, and were used
20 epochs as a percentage of the summed area. The Crosgs. (1) jgentify translational position, (2) compute linear
sectlona_l area of EMG activity for the BF-RF and GA-TA velocity, (3) express tilt, and (4) compute angular velocity
antagonist pairs was then calculated and used as an indis¢ the head. The rotational head position was expressed as
cator of co-contraction [95]. quaternions [96]. An interactive graphical software package
assisted in determining the corners of the walked trajectory,
and angular head velocity maxima, for each walk. Corner

Tests were conducted to quantify orientation perfor- points were used to compute distance errors and mean walk-
mance during free walking after spaceflight. Seven astro-ing velocity. To evaluate the mean walking direction for
naut subjects, 5 male and 2 female, from spaceflights ofeach leg of the triangle, lines of minimum least square

Spatial Orientation
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distance were fitted to the trajectory between the cornersData Analysis
The angle between two lines gave the amount of turn per-  The motion analysis system provided the marker posi-
formed by the subject. Angular deviation from desired tra- tions in three dimensions at a sampling rate of 60 Hz. The
jectory was computed as the difference between angleankle, knee, and hip joint angles in the right leg were com-
turned and required turn angle at the respective corner. Dugouted using the positions of the markers at the toe, ankle,
to marker dropouts, not all parts of the trajectory were suc-knee, hip, and shoulder (See Figure
cessfully recorded in all trials. The incomplete parts were tions assumed that the foot, shank, thigh, and trunk were
marked as being invalid. Statistical analysis, performed onrigid segments. For all three joints, larger positive joint
the mean parameter values of each subject, was based onangles represented greater joint flexion while negative val-
3 segments 2 directionsx 2 visual conditions< 2 days ues denoted joint extension. In order to account for the pos-
repeated measures design. sibility of variation in marker placement from session to
session, average resting joint angles during quiet standing
were calculated for each data collection session. These aver-
age resting angles were subtracted from the joint angle time
series data for that session. Hence, the data shown here rep-
Experiment Design resent deviations from quiet standing posture, and positive
The subject pool for this study consisted of 9 astro- joint angles indicate increased flexion from the rest position.
nauts. In order to protect the subjects’ anonymity, they Joint angular velocities were found by numerically differ-
will henceforth be designated by letter codes (S-1, S- entiating the joint angle data using a four point centered dif-
2,...S-9). The subjects ranged in age from 36 to 50 yearsference. Before differentiating, the angle data were
Of the 9 subjects, 8 were male and 1 was female. The firssmoothed by filtering forward and backward (to eliminate
preflight testing (PRE1) took place 2-6 months before phase shift) using a 3rd order Butterworth filter with a cor-
launch. Another preflight test (PRE2) occurred 9-15 days ner frequency of 15 Hz. Impact resulted in large and nearly
before launch, while the postflight tests (POST) were per- instantaneous increases in the joint angular velocities. In
formed within 4 hours of Shuttle landing. Mission lengths order to avoid excessive smoothing of this feature, the data
varied between 7 and 14 days. segments prior to and following impact were filtered and
At each data collection session, the jumping protocol differentiated separately. Care was taken to minimize startup
consisted of 6 voluntary two-footed downward hops from and ending filter transients by matching initial conditions.
a 30 cm (1 ft) platform. Three jumps were performed The time of foot impact with the ground was extracted
while fixating continuously on a ground target 1 meter from the foot switch data for those subjects who were
forward of the subject's initial toe position. The other three tested using the switches. For the other subjects, the impact
jumps were performed with the eyes closed, and subjectdime was calculated by determining when the downward
were instructed to look at the ground target then close theirvelocity of the toe marker dropped to less than 10 mm/s.
eyes and fixate on the imagined ground target position Comparisons of the two methods for finding impact time
during the jump. Eyes open (EO) and eyes closed (EC) tri-in the subjects with foot switch data yielded excellent
als were alternated. Because of safety concerns related tagreement. For each jump, peak flexion angles and flexion
subject instability postflight, the first jump was always rates after impact were computed for the ankle, knee, and
performed with the eyes open. The subjects were hip joints as well as joint angles at the time of impact.
instructed to land on both feet at the same time, although ~ The position of the full-body center of mass (COM)
no specific instructions were given regarding the jump in the sagittal plane was estimated from the marker posi-
takeoff. A safety harness connected to an overhead framdions, using an 8-segment body model (feet, shanks,
prevented subjects from falling to the floor, but did not thighs, trunk, upper arms, forearms, neck, and head). Lat-
interfere with mobility during a normal jump. eral symmetry was assumed, allowing combination of the
Full-body kinematic data were collected with a video- left and right segments in the arms and legs. The approx-
based motion analysis system (Motion Analysis Corpo- imate distribution of the body mass among the body seg-
ration, Santa Rosa, CA). This system tracked the ments was found using a regression model based on the
three-dimensional position of 14 passive reflective mark- subject's weight and height [97, 98]. COM position was
ers placed on the body. Markers were placed on the rightcomputed in an X-Z coordinate system, where the X value
side of the body at the toe, ankle, maleolus, knee, hip,represented the fore-aft position and the Z direction cor-
shoulder, elbow, wrist, and ear. The remaining markersresponded to the gravitational vertical. Positive values for
were located at the left heel and along the body centerlineX and Z corresponded to forward and upward, respec-
at the sacral bone, seventh cervical vertebra, occipitaltively. The velocity of the COM was found using the same
prodlin€heseacalchizad vertex. For some of the subjectsnumerical differentiation procedure described above for
foot switches located in the shoes underneath the heel anthe joint angular velocities.
great toe of both feet were used to record the times when Initial analysis of the joint and COM kinematics indi-
the feet were in contact with the ground. cated a non-uniform pattern of postflight responses across

Lower Limb and Mass Center Kinematics
in Downward Jumping
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Table 5.5-2. Number of significant differences in preflight and postflight variables

Number of Subjects Exhibiting Significant Change Ratio of Number of
Measure (PRE1 and PRE2 vs.POST)/
Preflight: PRE1 and PRE2 (PREL1 vs. PRE2)
PRE1 vs. PRE2 vs. POST

Peak Hip Angle 4 3 0.75
Peak Knee Angle 3 8 2.67
Peak Ankle Angle 5 6 1.20
Peak Hip Rate 2 7 3.50
Peak Knee Rate 2 6 3.00
Peak Ankle Rate 1 1 1.00
Peak COM Deflection 2 4 2.00
Time From Impact to

Peak COM Deflection 0 4 °
Peak COM Upward

Recovery Velocity 3 3 1.00

the subject pool. Therefore, preflight and postflight data significant differences between pre- and postflight for the
sets were compared for each subject individually for peak multivariate measure were classified as “No Change”
joint flexion angles, peak joint flexion rates, and three (N-C).
COM-related measures: (1) maximum downward deflec- The other subjects were classified as either “Postflight
tion, (2) time from impact to maximum downward deflec- Compliant” (P-C) or “Postflight Stiff” (P-S) by scoring
tion, and (3) peak upward recovery velocity. A two-way the five individual measures used in the MANOVA. For
analysis of variance (ANOVA) was used to examine the each measure, the subject received a [+1] for a significant
effects of test session (PRE1, PRE2, POST) and visionchange toward greater compliance postflight, a [-1] for a
(EO, EC). Test session effect was computed two ways: (1)significant change toward lower compliance postflight,
PREL1 vs. PRE2, and (2) PRE1 and PRE2 together vsand a [0] for no significant change. The results for the indi-
POST. Tests yielding p < 0.05 were considered statisti- vidual measures were summed to get an overall score
cally significant. ranging from -5 to +5. Subjects with positive scores were
Changes preflight to postflight in nine measures (3 designated P-C, while negative scores were labeled P-S.
peak joint angles, 3 peak joint rates, and 3 COM quanti- All statistical computations were performed using SYS-
ties) were considered for classification of the subjects into TAT [97].
groups based on postflight performance. For each quantity,
the number of subjects showing a significant change Model of COM Vertical Motion
between the two preflight sessions was compared withthe A simple mechanical body model was developed to
number demonstrating a significant difference between investigate the vertical motion of the COM following
preflight and postflight (Table 5.5-2). impact with the ground. In this single degree-of-freedom
Of the nine measures, five were selected for classifi- model (Figure 5.5-5), the vertical (Z) motion was assumed
cation purposes because they proved relatively insensito decouple from the horizontal motion, which was
tive to day-to-day variations. These measures (peak kneameglected. The entire body mass was concentrated at the
angle, peak hip and knee rates, peak COM deflection, andCOM, supported by a massless, constant stiffness
time to peak COM deflection) showed differences Hookean spring representing the legs. Similar models
between pre- and postflight in at least twice as many sub-have been used by Alexander and Vernon [98] and McMa-
jects as were shown between the two preflight sessionshon and Cheng [99] to examine hopping and running. The
The five variables were tested together for the effects ofupward restoring force exerted by the spring was propor-
test session and vision, using a two-way multivariate tional to the downward displacement of the COM from the
analysis of variance (MANOVA). Again, the contrast for uncompressed spring length @ominally the height of
test session effect was computed for pre- vs. postflight.the COM at the moment of impact). Energy dissipation,
Probabilities were based on Wilks’ Lambda (likelihood or damping, was modeled by a linear dashpot in parallel
ratio criterion) and Rao’s corresponding approximate with the leg spring, which opposed the COM motion with
(sometimes exact) F-statistic. Subjects who did not exhibit a force proportional to COM velocity.
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This model led to a second order linear differential RESULTS
equation that describes the COM motion:

Locomotor Head-Trunk Coordination Strategies

Mz + Bz +K(z -4 = Mg (8a) Figure 5.5-6 shows an example from one subject of
. B. the relationship between: (1) vertical translation of the
z+ M z +I\/|_ (z-4=9 (8b) trunk that occurred during each step, and (2) the corre-

sponding pitch angular head movement during the NEAR
target condition. During preflight testing (Figure 5.5-6a),
pitch head movements acted in a compensatory fashion to
oppose vertical trunk translation during locomotion. As
the trunk translated upward, the head pitched forward/
downward, thereby assisting maintenance of target fixa-
tion. Four hours after spaceflight (Figure 5.5-6b), there
was a significant alteration in coordination between com-
pensatory pitch angular head movements and vertical
K B trunk translation. This was evidenced by a breakdown in
the coefficients — and — (the stiffness and damping, the smooth, sinusoidal nature of pitch head movements
) M ) M ) into a number of sub-components.
respectively, normalized by subject body mass). The best ¢ step-to-step variability of vertical trunk transla-

fit \{alues were found using the MatLab Systgm Identifi- ion and corresponding compensatory pitch head move-
cation Toolbox (The MathWorks Inc., Natick, MA).  ment is depicted for one subject in Figure 5.5-7. Each

Model fitting was accomplished by minimizing a qua- ¢y cje was aligned at the point just prior to heel strike. Very
dratic prediction error criterion, using an iterative Gauss- jite variation in vertical trunk translation occurred dur-

Newton algorithm [100]. The best fit for the rest spring ing locomotion, both before (Figure 5.5-7a) and after (Fig-
length Z was detgrmined concurrently, although this para- o 5.5-7b) spaceflight. Pitch head movements showed
meter was nominally set by the height of the COM at 1,416 step-to-step variability and were considerably
impact. Unfortunately, the sampling rate was too low t0 ;,~reased after flight.
provide an adequate estimate of theaue: with COM Figure 5.5-8 shows the mean (+ 1 S.E.) preflight and
velocities greater than 2 m/s (6.5 ft/s) atimpact, an uncer-y,qflight coherence values relating vertical trunk trans-
tainty of one sampling interval in the time of impact could |4ti0n and corresponding pitch head movement, for all
result in errors in Zexceeding 3 cm (1.2 in). Since peak subjects combined, for both NEAR and FAR target con-
deflection of the COM following impact typically ranged  gitions. Using these data, a2 (Target Distance versus
from 8-15 cm (3.1-5.9 in), this level of uncertainty gpaceflight Exposure) repeated measures ANOVA on
required simultaneous estimation of the spring length, yiich head/trunk coherence was performed. This analysis
using the MatLab identification routines. revealed significant effects for both spaceflight exposure
Equation 8 can be rewritten in canonical second order(F(l, 84) = 38.22, p < 0.0001) and target distance (F(L, 84)
form: =13.04, p = 0.0005). In addition, a significant interaction
7+ 2l 2+ w2 (z—2) =g (9) occurred between target distance and spaceflight exposure
(F(1, 84) = 5.37, p = 0.0230). There was a general post-
flight decrement in coordination between head and trunk
in both NEAR and FAR, without a greater decrement in

B . ) performance for the FAR, target condition.

Y =damping ratio Figure 5.5-9 displays preflight and postflight exam-
ples of Fourier amplitude spectra of pitch head angular
displacement for the NEAR target condition for one sub-

The natural frequency is roughly equivalent to the ject. A predominant peak occurred at 2 Hz in both exam-
bandwidth of the system and provides a measure of theples. Following spaceflight, the magnitude of the
speed of response, since higher natural frequencies correpredominant 2 Hz peak was diminished in this subject,
spond to faster transient responses. Clearly, increasing thauggesting that a change in compensatory head movement
stiffnessK leads to a higher natural frequency. The control occurred during postflight locomotion.
damping ratio measures how oscillatory the transient Individual mean preflight and postflight variability in
response is, with lower damping ratios indicating more predominant peak of pitch head movements magnitude is
overshoot and oscillation or “ringing” in the system illustrated in Figure 5.5-10 for the FAR and NEAR target
behavior. Increasing the stiffnésslecreases the damping conditions. For the FAR target condition, 8 subjects demon-
ratio, as does reducing the damping coefficknt strated a significant (paired t-test; p < 0.05) reduction

where z,2,7= COM vertical position, velocity, and accel-
eration, respectivelyg = gravitational acceleratioh =
body massB = damping; andk = spring stiffness. The ini-

tial conditions needed to find the time solution of the equa-
tions are given by the vertical position and velocity of the
COM at the moment of impact. In order to compare the
pre- and postflight limb impedance properties for each
subject, best fit values for each jump were determined for

where w, = .\/% = natural frequency
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in predominant peak magnitude, 11 showed no change, andlter

4 showed a significant augmentation. For the NEAR targetalter

condition, 6 subjects demonstrated a significant (paired t-terized by calculating the Fourier amplitude spectrum of
test; p < 0.05) reduction in predominant peak magnitude, 13each alternating 5 second eyes open/closed epoch.
showed no change, and 4 showed a significant augmenta-  Figure 5.5-14a compares the preflight and postflight
tion. The response variability illustrated in Figure 5.5-10 mean (1 S.E.) predominant frequency amplitude of pitch
may reflect discrete head movement control strategieshead movements, for all subjects, during alternating 5 sec-
intended to maximize the central integration of veridical ond eyes open/closed epochs during locomotionx&?2
sensory information during the postflight recovery process. (Visual Condition versus Spaceflight Exposure) ANOVA

Figure 5.5-11 shows the mean magnitude of the pre-revealed a significant effect for visual condition (F(1, 166)
dominant peak (+ 1 S.E.) of pitch head movements for all = 52.72, p < 0.0001), but no effect for spaceflight expo-
subjects, before and after spaceflight. The magnitude ofsure. The entire subject population, taken as a whole,
the predominant peak was augmented during both the preshowed no difference in preflight versus postflight
flight and postflight NEAR target fixation condition. A2 responses for both eyes open (EO) and eyes closed (EC)
x 2 (Target Distance versus Space Flight Exposure)conditions. However, there was a significant (p<0.05) dif-
ANOVA revealed a significant effect for target distance ference across visual conditions. This confirmed the gen-
(F(1, 354) = 23.35, p < 0.0001). This finding indicates that eral trend of head pitch amplitude reduction when vision
as the visual target was brought closer to the eyes, largewas denied, during both preflight and postflight testing.
compensatory pitch head movements were induced to aid=igure 5.5-14b compares the preflight and postflight
gaze stabilization of the near target. Results from thechanges in mean (+ 1 S.E.) head tilt, relative to horizon-
ANOVA showed only a marginally significant effect for tal in the sagittal plane for all subjects, during alternating
spaceflight exposure (F(1, 354) = 5.64, p = 0.018), pre-5 second eyes open/closed epochs during locomotion. A
sumably reflecting the individual variability displayed in 2 x 2 (Visual Condition versus Spaceflight Exposure)
Figure 5.5-10. ANOVA on head tilt revealed a significant effect for visual

To ascertain whether previous spaceflight experiencecondition (F(1, 166) = 67.8, p < 0.0001), but no effect for
modified head movement control strategies, data werespaceflight exposure. In addition to a reduction in pre-
divided into two groups based on experience. Multi-time dominant frequency amplitude during eye closure, there
fliers were defined as those subjects with at least one prewas also a static forward head pitch during the eye closure
vious spaceflight exposure. Fifteen subjects were in thisperiods during both preflight and postflight locomotion.
category. First-time fliers were defined as those experi-
encing their first encounter with actual spaceflight during . . .

L2 ) X A Lower Limb Kinematics
participation in our study. Eight subjects were in this cat-
egory.

In Figure 5.5-12, the mean preflight and postflight Temporal stride measures were evaluated for two rea-
changes in the magnitude of the predominant peak fromsons: (1) to assess the task-specific performance of the
the amplitude spectra of pitch head movements for multi- lower limb system, and (2) to evaluate a potential con-
time fliers and first-time fliers, for both FAR and NEAR found of the subject population. Subjects were asked to
target conditions, are compared. A2 (Experience Level  walk at a fixed speed of 6.4 km/hr (4 mph) on the tread-
versus Spaceflight Exposure) ANOVA on peak amplitude mill. However, preferred walking speed was closely
revealed a significant effect for experience level for both related to subject height. Given the range in subject height,
FAR and NEAR target conditions. Inexperienced astro- certain subjects may have had to walk at other than their
nauts may have adopted different head movement stratepreferred speed. Evidence exists to suggest performance
gies compared to their more experienced counterpartsmay not be as stable in a non-preferred state [104, 123].
during locomotion following return to Earth. Consequently, we examined several simple temporal char-

Figure 5.5-13 displays a preflight example of pitch acteristics of the gait patterns relative to subject height.
angular head displacement for 5 individual subjects (A-E) Figure 5.5-15 presents the mean stride time and stan-
performing the Intermittent Vision (IV) paradigm during dard deviation about the mean as a function of subject
firditretyofdb NEARRNgHIe TEwes wasa gpaaad rddustion height. The Pearson correlation of mean stride time and
in head pitch amplitude during each eye closure period.subject height was significantly different from zero and
natsg satiEotinvheadatiengtirgttoarstictdsenzgoituderemained so after flight (pre = 0.820, post = 0.681,
of head pitch movement during eye closure periods. p<0.05), indicating that mean stride time increased with
Amplitude was restored within one or two cycles follow- increasing subject height and was not influenced by flight.
ing restoration of vision. In addition to reducing ampli- The Pearson correlation between standard deviation of
tude, subjects also demonstrated a sustained forward heastride time and subject height was neither significantly
tilt during eye closure periods. During eye closure periods, different from zero, nor did it change after flight (pre =
head pitch amplitude was actively reduced and then-0.117, post = 0.147, p>0.05), confirming that no simple

During Treadmill Walking
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Table 5.5-3. ANOVA Results of Phaseplane Variability as a Function
of Stride Epoch and Flight

Hip Knee Ankle

Epoch F(1,33)=3.4, p=.074 F(1,33)=1.5, p=.23 F<1.0
Prevs. Post  F(1,33)=2.4, p=.134 F(1,33)=2.8, p=.10 F(1,33)=7.3, p=.011

linear relationship existed between stride time variability (p<0.05) atthe moment of toe off. While the size of the box
and subject height. Therefore, differences in subject heightand whiskers in postflight measures on all three joints is
were assumed not to have influenced postflight results. indicative of substantial individual differences, the signifi-

Figure 5.5-16 illustrates the similarity of duty factors cant joint-specific changes at heel strike and toe off empha-
for each subject before and after flight, and the lack of size the importance of these locomotor events.
interaction with subject height. The mean duty factor both Figure 5.5-20 illustrates an index of dynamic stability
before and after flight was approximately 0.59, indicating calculated at the moment of heel strike and toe off during
that toe off occurred 59% of the way through the stride preflight and postflight performance. Paired t-test analyses
after heel strike. Paired t-tests of both the mean duty fac-identified no significant difference between preflight and
tor data and the within trial variability of the duty factor postflight at either heel strike or toe off. Furthermore, the
identified no differences (p>0.05) preflight versus post- stability index magnitude across subjects was quite consis-
flight. tent, as seen in the width of the box and whiskers.

Figure 5.5-17 displays exemplar phase portraits, The stability index was based on eigen values of the
along with identification of the location of heel strike and Jacobian matrix. A complete loss of stability was identi-
toe off, to help illustrate the degree of variability in joint fied specifically by the index exceeding unity. Detection
kinematics within a trial. The quantitative analyses that of a statistically significant difference in this stability
follow use data in this form to evaluate within-cycle fluc- index, which never exceeded unity, did not denote a qual-
tuations, changes in variability at discrete points within itative change in the system dynamics from the perspec-
each cycle, and system stability. tive of nonlinear dynamics. However, such a result could

Within-cycle variability on the phase plane is illus- be used to indicate a tendency to less stable behavior. The
trated in Figure 5.5-18, which presents box plots of pre- absence of any notable change in the stability index was
flight and postflight data for the hip, knee, and ankle joints, indicative of the preservation of lower limb intersegmen-
constructed from the seven subjects. In all three joints, thetal coordination.
postflight variability was clearly higher than the preflight
variability, at all epochs. Moreover, there were apparent
differences in variability magnitude at the different stride
epochs. The knee joint had elevated variability around Neither stride time nor duty factor were affected by
heel contact, whereas the ankle joint had elevated vari-spaceflight. The group mean stride time before flight was
ability about the swing phase. However, the sizes of box957.6 ms (SD 39.5), and the postflight mean was 959.1
and whiskers at many epochs, in all joints, indicate quite (SD 38.2). The duty factor was 57.8% of stride cycle
substantial individual differences in joint variability. Con- before flight (SD 2.2) and 58.6% (SD 1.3) afterward.
sequently, repeated measures ANOVA on each joint Although postflight values were statistically different from
revealed no significant flight or epoch effects at the hip andpreflight values for all but one subject, the magnitude of
knee joints. Only the ankle joint displayed significantly these changes was often small (1-2%). The difference was
higher variability postflight at the 0.05 level. Table 5.5-3 within the variability of treadmill control, and, therefore,
summarizes these results. In general these data indicateid not have functional significance. Because treadmill
that postflight treadmill walking was more variable than belt speed could vary by up to 5% across data collection
preflight, and that the response throughout the course of aessions, we chose to consider preflight versus postflight
gait cycle was joint and subject dependent. differences in stride time of less than 5% to be within the

Figure 5.5-19 documents variability on the phase plane normal range of variation for this task. After flight, all of
at the moment of heel strike and toe off for each of the threethe subjects were able to reproduce preflight kinematic
lower limb joints. In most instances, variability was seen to temporal features within 5%.
increase after flight. However, paired t-tests of these data ~ With few exceptions, preflight and postflight patterns
identified only the postflight increase in knee variability as of muscle activity were highly correlated, suggesting that
significant (p<0.05) at the moment of heel strike, with only the temporal features of lower limb neuromuscular acti-
the hip joint postflight variability being significantly higher vation 2.5 to 4 hours after landing were similar to preflight

Neuromuscular Activation Patterns
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characteristics. Pearsarcorrelations between preflight Table 5.5-5. Frequency Distribution of Right vs. Left
and postflight muscle activation in the left and right lower Lower Limb Muscle Activation Correlation Coefficients
limbs are summarized in Table 5.5-4. The grand ensem- Combined for Preflight and Postflight Conditions
ble reduced wave form patterns for each muscle before
and after flight, illustrated in Figure 5.5-21, reveal few
differences in the phasic characteristics of the wave forms.
Since there were no differences between the activation

BF RF GA TA Total

patterns of the muscles of the right and left lower limbs, 1.00-0.91 1 10 16 12 49
NN . . 0.90-0.81 6 3 1 4 14
the frequency distribution for preflight versus postflight
L ; . - 0.80-0.71 2 2 3 2 9
activation pattern correlations was combined for the right
. 0.70-0.61 0 1 0 1 2
and left lower limbs (Table 5.5-4). To make sure that our
. y . g .~ 0.60-0.51 0 0 0 0 0
data reduction technique did not produce artificially high
: . 0.50-0.00 1 2 0 1 4
correlations, correlations were assessed between the mes
wave forms developed from all of the digital samples con-
tributing to those wave forms for three subjects. Correla- Total no. .
of comparisons 20  18* 20 20 78

tions using all of the available data always revealed
relationships as strong as or stronger than those founcx
using the reduced wave forms.

In 70 of the 78 comparisons (90%), symmetry
between the left and right lower limb muscle activation
patterns, both before and after flight, exceeded a Pearson  Table 5.5-6 presents muscle activation onset and
r value of 0.71 (Table 5.5-5). Therefore, the lower limb duration for the RF, BF, and GA. Offset of activation and
musculature was activated Symmetrica”y’ and this sym- duration of the TA silent period are given in Table 5.5-7.
metry was not affected by spaceflight. Many of the preflight-to-postflight comparisons for indi-

Despite observing no change in the temporal featuresviduals were statistically different, although the absolute
of the overall wave form, analysis of the normalized mean differences were small. Figure 5.5-23 graphically repre-
amplitude of activation revealed significant functional dif- Sents the differences between GA activation offset and TA
ferences before, versus after flight, around toe off and heePnset before and after flight. All but two subjects showed
strike (Figure 5.5-22). Specifically, the RF, BF, and TA changes in the postflight temporal relationship between
activation amplitudes were different around the heel GAoffset and TA onset relative to before flight. For some
strike, and RF and TA activation levels were different subjects, GA offset preceded the TA onset (i.e., the dif-
around toe off. ference was negative). For other subjects the difference

was positive. Moreover, the direction of the difference

was changed after spaceflight for half of the subjects, indi-

Table 5.5-4. Frequency Distribution of Preflight-to-Post-  cating a complete reversal of the activation/deactivation
Flight Muscle Activation Correlation Coefficients sequence for the ankle musculature in preparation for toe

for the Combination of the Right and Left Lower Limbs  off. The average preflight-to-postflight difference in this

temporal relationship was 7.1 percent of the stride cycle.
Because mean stride time across subjects was approxi-
mately 950 ms, each percentage point represented roughly

9.5 ms. Therefore, the average postflight difference

Postflight RF data could not be obtained for two
subjects.

BF RF GA TA Total

1.00-0.91 12 9 17 14 52 between the GA offset and TA onset changed by approx-
0.90-0.81 5 5 1 5 16 : . .

imately 67 ms (7.1% * 9.5 ms) relative to preflight values.
0.80-0.71 1 3 2 1 7 . . . : .

Even accounting for slight changes in stride cycle time
0.70-0.61 1 1 0 0 2 . : :

between the preflight and postflight measures, the magni-
0.60-0.51 1 0 0 0 1 oo o .

tude of this difference indicates that at least some subjects
0.50-0.00 0 0 0 0 0 . . .

experienced considerable changes in neuromuscular con-
Total no trol of their ankle musculature in preparation for toe off.

Although there was a trend toward increased vari-
ability for all the active muscles around both heel strike
and toe off, only the activation variability of the TAaround
toe off was significantly increased after spaceflight. The
Ranges of Pearson Product Moment correlations are  magnitude of co-contraction of the GA-TA muscles

of comparisons 20  18* 20 20 78

*Postflight RF data could not be obtained for two subjects.

presented in the left column. increased after flight, during the epochs immediately
BF - Biceps Femoris RF - Rectus Femoris before toe off (at 45-55% of the stride cycle), but
GA - Gastrocnemius TA - Tibialis Anterior decreased just before heel strike (95% of the stride cycle).
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Table 5.5-6. Onset and Duration (as Percent of Stride Cycle) of Muscle Activation Before and After Space Flight

Rectus Femoris Onset,

% of Stride Time

Rectus Femoris Duration,

% of Stride Time

Subject
Preflight Postflight p value Preflight Postflight p value
A 87.8 (2.1) 89.8 (1.6) 0.001 29.0 (3.9) 26.8 (3.0) 0.024
B 88.4 (1.4) 89.7 (1.2) 0.001 77.0 (4.1) 74.4 (4.0) 0.021
C 87.3 (2.7) 86.9 (3.3) 0.356 24.5 (2.9) 28.0 (4.3) 0.003
D 88.0 (1.6) 86.8 (1.9) 0.019 26.4 (1.9) 27.9 (3.7) 0.050
E 90.9 (2.6) 85.3 (4.0) <0.000 23.4 (3.2) 30.9 (4.1) <0.000
F 93.3 (3.0) 91.1 (1.7) 0.002 16.5 (3.4) 24.6 (2.5) <0.000
G 88.1 (2.7) 89.5 (2.9) 0.033 26.7 (3.3) 32.4 (4.0) <0.000
H 89.0 (1.4) 88.2 (1.3) 0.024 26.6 (2.6) 33.9 (4.2) <0.000
I 88.1 (3.1) 89.1 (2.4) 0.083 24.2 (5.1) 31.3 (12.0) <0.000
J 91.9 (1.9) 94.5 (1.8) <0.000 21.0 (2.4) 18.4 (1.7) <0.000
Mean 89.3 (3.0) 89.0 (3.3) 29.5 (17.0) 32.9 (15.3)
Median 88.9 88.9 25.45 29.45
Biceps Femoris Onset, Biceps Femoris Duration,
. % of Stride Time % of Stride Time
Subject
Preflight Postflight p value Preflight Postflight p value
A 82.0 (0.5) 81.9 (0.6) 0.365 51.9 (4.2) 44.6 (10.1) 0.002
B 77.4 (1.2) 78.7 (3.4) 0.066 28.1 (4.4) 28.2 (4.5) 0.482
C 82.9 (0.7) 83.2 (0.8) 0.141 25.4 (3.3) 29.7 (4.2) 0.000
D 79.6 (1.1) 80.9 (1.4) 0.002 63.7 (2.8) 62.8 (1.9) 0.124
E 86.7 (4.3) 81.2 (1.5) <0.000 23.6 (5.2) 33.2 (8.0) <0.000
F 76.8 (2.3) 84.6 (6.7) <0.000 24.6 (2.3) 24.7 (6.8) 0.480
G 84.3 (7.1) 82.4 (0.9) 0.125 43.1 (7.7) 42.2 (9.2) 0.380
H 81.5 (0.6) 80.3 (1.0) <0.000 43.4 (6.2) 46.6 (3.0) 0.020
I 75.4 (2.2) 73.3 (5.0) 0.035 29.6 (3.7) 35.9 (5.4) <0.000
J 77.0 (4.7) 81.4 (1.7) <0.000 43.6 (6.5) 39.8 (11.0) 0.099
Mean 80.4 (4.7) 80.8 (4.2) 37.7 (13.6) 38.8 (11.1)
Median 81.0 81.2 36.4 37.9
Gastrocnemius Onset, Gastrocnemius Duration,
. % of Stride Time % of Stride Time
Subject
Preflight Postflight p value Preflight Postflight p value
A 94.7 (0.7) 6.6 (9.6) <0.000 71.9 (4.8) 48.7 (10.5) <0.000
B 25.8 (2.7) 96.3 (4.1) <0.000 31.8 (5.4) 55.2 (5.6) <0.000
C 22.7 (6.9) 87.7 (2.7) <0.000 28.1 (7.9) 85.9 (3.1) <0.000
D 27.8 (2.6) 93.8 (2.4) <0.000 24.7 (4.3) 67.5 (5.2) <0.000
E 94.3 (2.9) 17.3 (5.0) <0.000 59.2 (4.6) 35.8 (6.5) <0.000
F 91.7 (2.4) 96.5 (6.3) <0.000 57.8 (3.6) 53.3 (6.2) <0.000
G 99.5 (7.3) 95.3 (2.5) 0.009 52.6 (7.8) 63.5 (8.7) <0.000
H 16.4 (4.2) 20.2 (3.2) 0.005 41.5 (7.6) 39.7 (4.3) 0.171
I 92.1 (2.4) 94.8 (2.7) <0.000 56.8 (2.7) 55.8 (4.5) 0.200
J 0.4 (6.5) 90.9 (3.8) <0.000 54.8 (7.3) 66.0 (4.7) <0.000
Mean 6.6 (14.8) 99.9 (11.5) 47.9 (15.6) 57.1 (14.6)
Median 97.8 95.7 53.7 55.5

Numbers in parentheses are S.D. Note that 0.00% and 100.00% represent heel strike.
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Table 5.5-7. Offset and Duration (as Percent of Stride Cycle) of Tibialis Anterior Activations Before and After Space Flight

Tibialis Anterior Offset, Tibialis Anterior Silent Period Duration,
. % of Stride Time % of Stride Time
Subject
Preflight Postflight p value Preflight Postflight p value
A 44.1 (4.1) 51.2 (1.1) <0.001 14.7 (3.9) 8.0 (1.3) <0.000
B 14.4 (7.7) 16.2 (11.2) 0.268 39.6 (7.2) 39.2 (11.1) 0.452
C 48.8 (3.0) 51.0 (3.3) 0.022 9.5 (3.5) 6.7 (2.8) 0.010
D 47.4 (1.4) 47.8 (1.5) 0.218 7.4 (1.4) 7.4 (3.5) 0.473
E 46.7 (2.1) 49.7 (2.5) <0.000 9.8 (1.6) 8.3 (2.8) 0.021
F 33.2 (16.0) 46.4 (1.6) <0.000 18.0 (15.9) 11.2 (1.6) 0.030
G 45.4 (6.2) 50.3 (2.1) 0.001 11.4 (5.8) 7.1 (1.6) 0.002
H 46.7 (2.5) 46.1 (2.5) 0.194 9.2 (2.0) 9.9 (2.6) 0.155
| 44.4 (2.9) 46.7 (2.9) 0.013 10.5 (1.9) 7.3 (2.5) <0.000
J 49.4 (2.0) 51.1 (0.8) 0.012 5.5 (2.5) 4.3 (1.1) 0.095
Mean 42.0 (12.0) 45.4 (11.0) 86.8 (10.0) 89.2 (10.2)
Median 46.3 48.5 89.4 91.9

Numbers in parentheses are S.D.; 0.00% and 100.00% represent heel strike.

Co-contraction of the BF-RF muscles increased in the two Two-dimensional distance error was slightly larger
epochs immediately before heel strike (90-100% of the after flight (0.74+0.53 m) than before flight (0.61+0.42
stride cycle). m). However, the difference was far from being signifi-
cant. Only vision (F(1,3)=12.66; p=0.038) and the seg-
ment vision interaction (F(2,6)=12.83; p=0.006) had
significant effects. The effect of vision was the result of
much smaller errors in the eyes open condition (0.22+0.11
Two different ways of describing distance errors were m preflight, 0.27+£0.12 m postflight).
used: (1) the two-dimensional distance error of each cor- The directional error was described as the difference
ner point to the required corner at the end of a segmenibetween: (1) the mean walking direction during each seg-
(arrival error), and (2) the difference between required ment with respect to the previous segment, and (2) the
length of a segment and actual distance covered (lengtttequired angle of turn from one segment to the next.
error). The arrival error gave an absolute estimate of bothTherefore, the directional error of the first segment only
directional and longitudinal deviations from the required gave the heading error toward corner 1, while the direc-
path. The length error showed purely longitudinal errors tional errors during segments 2 and 3 gave the errors of
in reproducing segments. Arrival error was cumulative angular turn with respect to the preceding path segment.
over the walk, while length error was not. Figure 5.5-24 Directional error, as defined here, was not cumulative
shows pre- and postflight walking trajectories for one sub- because it was computed in relative coordinates.
ject during the eyes closed condition. Directional error was tested only for segment 2 and
For all subjects combined, the four-way ANOVA 3. Mean errors for the eyes closed conditions were
revealed a significant effect of segment (F(2,6)=8.74; —7.01+9.77 degrees preflight, and —9.28+8.23 degrees after
p=0.017) and a segment vision interaction (F(2,6)=5.86; flight, showing a trend to underestimate turns. The vision
p=0.039) on length error. Length error was increasing factor (F(1,3)=14.45; p=0.031) and the interaction seg-
from segment 1 to 3 for the eyes closed condition, while ment-direction (F(1,3)=36.72; p=0.009) were significant.
it was largest for segment two in the eyes open condition, ~ The absolute mean directional error was tested to
due to the fact that subjects tended to walk around cornerassess absolute errors. Here, sample day was found to be a
1 and 2 with open eyes. The segment effect could partlysignificant factor (F(1,3)=15.25; p=0.030), caused by larger
be explained by the different length of segment 3, while absolute errors in the postflight testing. The two-way inter-
the interaction illustrated that errors increased more fromactions segment direction and segment vision were also
one segment to the next in the eyes closed condition. Thesignificant. The segment direction interactions were due to
segment effect could partly be explained by the different individual differences between the clockwise and counter-
length of segment 3, while the interaction illustrated that clockwise conditions. The effect of day on absolute direc-
errors increased more from one segment to the next in thdional error showed that postflight directional deviations
eyes closed condition. were larger than before flight.

Spatial Orientation
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Mean walking velocity was computed by dividing Center of Mass (COM) Kinematics
walked length by the time needed for one segment to be  As with the joint angle data, the kinematics of the
walked. Subjects walked slower postflight for both eyes COM are plotted in a phase-plane format. Figure 5.5-26
closed (0.73+0.10 m/s preflight, 0.66+0.10 m/s postflight) shows the COM motion for subject S-1. Once again, the
and eyes open (0.84+0.08 m/s preflight, 0.81+£0.10 m/s plots depict averages of the 12 preflight and 6 postflight
postflight) conditions. All of the main factors, except trials. Figure 5.5-26 (left) shows the average motions of
direction, were significant, i.e., segment (F(2,6)=21.68; the COM in the X-Z (sagittal) plane. Figures 5.5-26 (mid-
p=0.002), vision (F(1,3)=28.28; p=0.013) and day dle) and 5.5-26 (right) present the phase-plane trajecto-
(F(1,3)=12.26; p=0.039). The interaction between direc- ries in the X (fore-aft) and Z (vertical) directions traversed
tion and day (F(1,3)=10.62; p=0.047) was the only sig- in the clockwise direction, respectively. The open circles
nificant two-way interaction. Walking velocity for segment (¢ ) denote the moment of impact coinciding with peak
3, with eyes closed, was slower after spaceflight. downward COM velocity. Deceleration of the COM
downward motion takes place until the COM is at its low-
est point and the Z velocity is zero. Then the Z velocity
becomes positive as the COM recovers to the steady-state
value for standing posture. The peak upward velocity
Joint Kinematics occurs at the uppermost point on the trajectory. The tra-

Phase plane plots, where joint angular velocities jectory may spiral in around the equilibrium point if there
(degrees per second) are plotted against the joint angless oscillation about the final steady-state position.
(degrees), yield the best format for comparing the joint
kinematics of several jumps. Figure 5.5-25 (top) shows Subject Classification
phase portraits for subject S-1, comparing a time syn- The joint angle phase diagrams for these two astro-
chronized average of 12 preflight and 6 postflight jumps nauts suggest that the subjects who exhibit postflight
for the hip, knee, and ankle joints. The time of impact is changes in joint kinematics compared to preflight values
marked by an open circlo | on each plot, and the plots may be divided into two distinct groups. Using the anal-
are traversed in the clockwise direction through the impactogy of a spring of variable stiffness, the first group is
absorption and recovery to an upright posture. In general,denoted “postflight compliant,” or P-C. Just as a more
after impact the peak flexion rate is reached rapidly; the compliant spring compresses more under a given load,
peak flexion rate is the uppermost point on the phase porthis group generally exhibited greater joint flexion post-
trait. Moving further along the phase diagram, the joint flight than preflight, accompanied by increased postflight
angular velocities drop to zero as the muscles act to decelflexion rates. The second group is labeled “postflight-
erate the body’s downward motion. When the joint flex- stiff,” or P-S, indicating lower peak flexion and flexion
ion rate reaches zero, the joint is at its peak flexion angle rates for the jump landings following spaceflight.
the rightmost point on the plot. After this point, the flex- The COM kinematics provide complementary infor-
ion rate becomes negative, indicating joint extension asmation for classification of subject performance following
the subject recovers to the upright resting posture. Thesespaceflight. If the legs are considered to be roughly spring-
plots depict averages of the jumps for the preflight and like in supporting the mass of the upper body, the maxi-
postflight sessions, with the time scales for each data seriesmum downward deflection of the COM following impact
synchronized at the time of foot impact with the ground. gives a measure of the stiffness of the lower limb “spring”

The plots for subject S-1 clearly illustrate expanded (e.g., an increase in the downward deflection of the mass
postflight phase diagrams for each joint with respect to thecenter indicates a decrease in the spring stiffness). The
preflight measurements. Postflight, this subject exhibits time from impact to the point of peak downward deflec-
greater peak joint flexion angles than during the preflight tion also provides an indicator of the effective stiffness of
jump landings, indicating that the subject reached a morethe lower limbs. Adecrease in the time between impact and
crouched body position postflight while absorbing the maximum deflection implies an increase in the stiffness.
impact from the jump. Furthermore, the peak joint angular Table 5.5-8 contains the scoring of the five measures
velocities seen postflight are greater than the joint ratesused to classify each subject. Positive entries indicate sig-
observed preflight. In contrast, the phase-plane diagramsificant changes toward greater compliance postflight, cor-
for subject S-9 in Figure 5.5-25 (bottom) demonstrate the responding to increases in peak joint angles or peak joint
opposite effect; the postflight portraits are consistently flexion rates, greater downward COM deflection, or longer
smaller than the plots of the preflight jumps. This postflight times from impact to maximum COM vertical deflection.
contraction of the phase diagrams denotes a decrease iNegative entries represent significant differences in these
peak joint flexion postflight, indicating that this subject quantities that indicate greater stiffness postflight. The sta-
retained a more upright posture while absorbing the impact.tistical significance for the preflight/postflight MANOVA
In addition, this subject showed smaller peak joint flexion contrast of the five measures are shown for each subject.
rates in postflight testing than in the preflight jumps. As previously mentioned, subjects with significant

Lower Limb and Mass Center Kinematics
in Downward Jumping
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Table 5.5-8. Subject Classification Based on Kinematic Measurements

Subject S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9
Peak Knee

Flexion +1 +1 +1 +1 +1 -1 -1
Peak Knee

Flexion Rate +1 +1 +1 +1 +1 -1
Peak Hip

Flexion Rate +1 +1 +1 +1 +1 +1 -1
Peak COM

Deflection +1 +1 +1 -1

Time to Peak

COM Deflection +1 +1 +1 -1
Overall Score +5 +5 +5 +3 +3 0 +1 -2 -4
p-value 0.005 0.003 0.002 0.003 0.277 0.275 0.051 0.002 x 1@°®
Classification P-C P-C P-C P-C N-C N-C N-C P-S P-S

MANOVA esults were denoted P-C or P-S based on pos-reduced by almost 20% compared to the preflight jumps.
itive or negative overall scores respectively for the five This change probably contributed to the decrease in knee
classification measures; the remainder were designatedlexion, joint rates and COM displacement observed for
“No Change” (N-C). this subject. Subject S-2 also exhibited a significant post-
Four subjects (S-1, S-2 , S-3, S-4) were classified flight decrease of about 5% in impact velocity. In spite of
P-C. All four had significantly increased peak knee flex- the postflight reduction in impact loading, subject S-2
ion combined with significantly greater peak knee and hip exhibited consistent increases in peak joint flexion, flex-
flexion rates postflight; for three of the four (all except ion rate and COM downward deflection. Thus, the impact
S-4), COM downward deflection and the time from impact velocity result actually adds support to the P-C classifica-
to peak COM downward deflection also increased post-tion for S-2. All other P-C and P-S subjects showed small,
flight. Both of the subjects designated P-S (S-8 and S-9)non-significant differences between pre- and postflight
exhibited significantly decreased peak knee flexion post-COM impact velocity.
flight. Subject S-9 also showed significant decreases in In summary, the P-C subjects exhibited significant
peak hip and knee flexion rates after spaceflight, as wellincreases in postflight joint flexion and flexion rates; the
as a decrease in the average time from impact to peakP-S subjects showed the opposite effect, although the
COM downward deflection. Peak COM downward deflec- trend was less apparent in subject S-8. Figure 5.5-27a
tion was significantly reduced for subject S-8. The remain- compares the average preflight and postflight values for
ing three subjects (S-5, S-6, S-7) did not show a significantmaximum knee flexion, based on two preflight sessions of
change between preflight and postflight, based on the mulsix jumps each and one postflight session of six jumps.
tivariate criterion. Figures 5.5-27b and 27c contain pre- and postflight peak
Because the measures of peak joint angle, peak jointflexion rates for the knee and hip joints, respectively. Fig-
rate, and maximum COM vertical deflection are affected ures 5.5-28a and 28b show the preflight and postflight val-
by the magnitude of the impact force as well as lower limb ues for the two COM-related measures: peak downward
stiffness, the changes observed cannot be attributed taCOM deflection and time from impact to peak deflection.
limb impedance changes unless the impact loading is theWwith the exception of subject S-4, all of the P-C and P-S
same pre- and postflight. For this reason, the COM verti- subjects demonstrated a significant change in one or both
cal velocity at the moment of impact was compared for of the COM measures, supporting their classification.
each subject’s pre- and postflight jumps. Only two subjects The error bars are standard errors, and significant dif-
(S-9 and S-2) showed significant differences between preferences between the pre- and postflight data are denoted
and postflight impact velocities at the p<0.05 level. For with asterisks (*). Cases marked by a “t” indicate a sig-
subject S-9, the average postflight impact velocity was nificant test day effect for the contrast between the two
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Table 5.5-9. Stiffness and Damping in Second Order Model

Stiffness, K/IM, 1fs Damping, B/M, 1/s
Subject Preflight Postflight Percent p-valuz  Preflight Postflight Percent p-value
Change Change
S-1 217.2 98.3 -54.7 0.0001 14.2 12.8 -9.7 0.1490
S-2 132.0 76.6 -42.0 0.0007 14.0 14.0 +0.1 0.7150
S-3 247.2 150.7 -39.1 0.0001 16.2 12.5 -22.9 0.0030
S-4 208.2 159.9 -23.2 0.0240 13.7 12.5 -8.6 0.0740
S-5 178.6 108.9 -39.0 0.0100 12.3 134 +9.5 0.2630
S-6 158.3 106.3 -32.8 0.1990 14.6 14.8 +1.8 0.6590
S-7 247.1 265.4 +7.4 0.3230 15.2 16.2 +6.5 0.3030
S-8 170.5 207.8 +21.9 0.0510 14.4 13.6 -5.9 0.2280
S-9 101.4 150.4 +48.3 0.1720 12.8 13.7 +7.1 0.4620

preflight sessions. Group averages for pre- and postflightcompared to preflight values. Stiffness increases for P-S
data were also calculated for the P-S subjects, the P-C subsubjects S-8 and S-9 were not significant. The surprising
jects, and all subjects taken together, and are shown at théack of a significant postflight stiffness increase for sub-
right in Figures 5.5-27 and 28. Taken as a group, the P-Cject S-9 (considering the consistent P-S changes in the
subjects show significant increases in all five measuresjoint and COM kinematics) may have been due to this
Grouping the two P-S subjects reveals significant decreasesubject's postflight decrease in impact velocity. The
in peak knee flexion and maximum COM downward change in impact loading is explicitly accounted for in the

deflection. COM motion model. In contrast with the changes in stiff-
ness, examination of the damping coefficients revealed
Modeled COM Vertical Motion few differences between pre- and postflight performance,

Figure 5.5-29 shows predicted COM model responseswith only subject S-3 exhibiting a significant change
using parameters estimated for representative pre- anddecrease). Furthermore, there was no apparent pattern of
postflight jumps for P-C subject S-1. Model fits for the 12 increases or decreases in the level of damping that corre-
preflight (Fig. 5.5-29a upper) and 6 postflight (Fig. 5.5-29a sponds to either subject classification or the changes in
lower) trials are staggered along the vertical axis. Figure stiffness.
29b shows preflight (upper) and postflight (lower) average From the definitions otu, andz in Equation 2, a
COM vertical trajectories; the shaded region indicates decrease in stiffness for a constant damping level should
+ 1 standard deviation. Simulated model results using theresult in a lower natural frequency and a higher damping
pre- and postflight stiffness and damping averages areratio. The calculated values fas, andz are shown in
included as well. The COM maotion in the preflight jump Table 5.5-10. As anticipated, the four P-C subjects, as well
exhibited a substantial overshoot above the final equilib- as S-5, all exhibited significant decreases of 13%-33% in
rium posture, indicating a fairly low damping ratio. The the natural frequency, and hence reduced bandwidth post-
postflight jump showed a much slower response with lit- flight. Four of these subjects had increased damping ratios
tle overshoot. Thus, the postflight response was consis{postflight as well, although significant changes were seen
tent with a decreased natural frequency and increasecdnly for subjects S-1, S-2, and S-5. The P-S subjects
damping ratio, in comparison to the preflight jump. P-S demonstrated the opposite trend: increased natural fre-
subjects, in contrast, demonstrated the opposite trendquency postflight, combined with decreases in the damp-
toward faster responses postflight, with greater overshooting ratio (significant only for S-8 damping ratio).

Table 5.5-9 summarizes the stiffness and damping
coefficients that were estimated for each subject, and
shows an excellent match with the subject classification
based on kinematics. Note that these values have been
normalized by the subject body mass, and modeled stiff-
nesses are shown in Figure 5.5-30. All four P-C subjects
(S-1, S-2, S-3, and S-4) and S-5 showed large (23%-55%),
statistically significant decreases in postflight stiffness
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Table 5.5-10. Second Order Response Parameters

Natural Frequencyg, Damping Ratio, z
Subject Preflight Postflight Percent p-valuz  Preflight Postflight Percent p-value
Change Change
S-1 14.7 9.8 -33.3 0.0001 0.49 0.66 +36.5 0.0004
S-2 11.4 8.6 -24.6 0.0003 0.61 0.83 +35.4 0.0010
S-3 15.7 12.3 -21.8 0.0001 0.52 0.51 -2.5 0.7600
S-4 14.4 12.6 -12.7 0.0200 0.48 0.50 +5.6 0.2850
S-5 13.3 10.3 -22.5 0.0090 0.47 0.67 +43.0 0.0100
S-6 14.3 10.1 -18.0 0.1870 0.61 0.74 +20.7 0.1020
S-7 15.7 16.2 +3.4 0.3260 0.49 0.50 +3.0 0.5920
S-8 13.0 14.4 +10.5 0.0540 0.56 0.48 -14.7 0.0090
S-9 9.8 11.7 +20.0 0.1500 0.68 0.61 -10.4 0.2600
DISCUSSION that head-trunk control is simplified. However, the ability

to resolve complex movements into their linear and angu-
lar components by the otoliths and semicircular canals
becomes complex. Alternatively, the “stable platform
Head-Trunk Coordination During Locomotion strategy” fixes orientation of the head with respect to the
We have characterized the deterioration in coordina- gravito-inertial force vector, essentially stabilizing the
tion between vertical trunk translation and compensatory head in space while the body moves underneath. The
pitch head movements during locomotion by determining advantage of this strategy is that larger sustained rotations
the change in coherence between these two wave formsof the head are actively nulled, permitting simplification
The results demonstrated that exposure to the micrograv-of the otolithic process responsible for detecting linear
ity environment of spaceflight induced adaptive modifi- acceleration and static orientation of the head. The cost
cation in coordination between vertical trunk translation incurred by this strategy is that complex head-trunk pat-
and compensatory pitch head movements during locomo-terns of coordination are required to successfully execute
tion. This change in head-trunk coordination strategy may this control scheme.
account, in part, for the reported oscillopsia during loco- The significant postflight reduction in predominant fre-
motion following spaceflight, and may have contributed quency amplitude of pitch head movements observed in
to disruption in descending control of locomotor function. some of our subjects (Figure 5.5-10) may have been caused
One of the interesting features of our data set con- by attempts to reduce angular head movement during loco-
cerns individual subject differences, illustrated by the indi- motion and, therefore, reduce potential canal-otolith ambi-
vidual responses shown in Figure 5.5-10. The variability guities during the critical period of terrestrial readaptation.
between subjects may have been caused by individual susthis action may have further simplified coordinate trans-
ceptibility to adaptive neural modification. Alternatively, formation between head and trunk, presumably allowing an
this variability may reflect the response of a control sys- easier determination of head position relative to space.
tem looking for a new equilibrium point by assessing the However, this strategy was not optimal for gaze stabiliza-
veracity of multiple sensory inputs. Indeed, the require- tion because it resulted in a disruption in the regularity of
ment to maintain gaze stability may not fully account for the compensatory nature of pitch head movements during
the variety of head movement strategies observed duringocomotion. This strategy also restricted behavioral options
locomotion. Head movement strategies adopted duringfor visual scanning during locomotion. Consequently, there
locomotion may reflect specific task constraints and the may have been tradeoffs between head movement strate-
need to rely on specific sources of sensory information for gies, depending on the imposed constraints. Once signifi-
the effective organization of coordinated movement. cant readaptation took place, a decrease in constraints on
Nashner [105] described two possible head-trunk coordi- the degrees of freedom of head movement was likely to
nation strategies observed during the maintenance ofoccur, returning performance to preflight levels. Impor-
dynamic postural equilibrium. The first strategy (“strap tantly, head movement restriction during locomotion was
down”) calls for the head to be fixed to the trunk during also shown by patients suffering from vestibular deficits
body movement, so that in essence the head and trunk cafi06] and by children prior to development of the mature
be considered a single unit. Adopting this strategy meanshead stabilization response [51].

Locomotor Head-Trunk Coordination Strategies
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Some subjects showed a significant increase in pre-head-trunk coordination following spaceflight reflected
dominant frequency amplitude of pitch head movements sensorimotor modification, in addition to passive mechan-
following spaceflight, in both the FAR and NEAR target ical changes, in the head-neck system following extended
conditions. These subjects may have been at the very earlgxposure to the microgravity environment. However, it is
phase of their individual readaptation path prior to the possible that as flight duration is extended from weeks to
establishment of a normal, or head restrictive, strategy.months, head control may be compromised by both
Therefore, the observed strategies may not have been sutehanges in sensorimotor function and atrophy of the neck
ject specific, but rather a snapshot from a recovery curvemusculature responsible for maintaining the head upright
that contained a continuum of responses. Consequentlyagainst gravity. Investigations conducted with Russian
immediately after spaceflight, some subjects experiencedcosmonauts, exposed to extremely long duration space-
excessive head instability and the associated postural andlight of up to 175 days, indicated a decrease in neck
gait dysfunctions. In response, a head restrictive strategystrength of up to 40% following flight [108]. Therefore, it
was adopted and maintained until normal control could is likely that additional factors may have played a role in
be attained. changing the dynamics of head movement control during

Various compensatory head movement strategies maylocomotion following long duration spaceflight.
play a central role in facilitating optimal sensorimotor Postflight coherence decrements were observed in
transformations between the head and trunk, required forboth the FAR and NEAR target conditions, with the
descending control of locomotion. Zangemeister et al. decrease being greater during the FAR target condition.
[107] demonstrated that normal locomotion, performed The apparent difference in head-trunk coordination
with the head in a retroflexed position, induced alterations between the FAR and NEAR ocular fixation conditions
in lower limb muscle activity patterns. They concluded may have resulted from enhanced visual feedback of the
that a functional linkage exists between otolith signals head-trunk coordination breakdown during the NEAR tar-
generated by various head positions and the muscle activget condition. During NEAR target fixation, the degree of
ity patterns generated in the lower limbs during locomo- apparent target motion was greater, resulting in a greater
tion. Given this functional linkage, it can be argued that if sensitivity to apparent target motion and oscillopsia.
spaceflight induced adaptive modification in head-trunk Greater sensitivity to target motion could then be used as
coordination, this in turn could cause a disruption in the feedback to enable subjects to actively modify their per-
organization of coordinated body movement during post- formance to permit better target stabilization. This would
flight terrestrial locomotion. It follows that active body translate into enhanced head movement control during
movement in the unique inertial environment encountered NEAR target fixation. Such enhancement in performance
during spaceflight may have required subjects to adap-was observed by Dijkstra et al. [109] in standing human
tively acquire novel head-trunk control strategies. How- subjects asked to maintain postural stability in a moving
ever, these strategies may have been maladaptive fowisual environment. They found that a moving visual envi-
locomotion in a terrestrial environment, leading to impair- ronment induced postural sway in subjects, with specific
ment of locomotor function during the readaptation period temporal characteristics linked to the presented visual
following return to Earth. information. Specifically, if the mean distance to a virtual

sinusoidally moving wall was varied, the temporal rela-
Effects of Target Distance on Head Movement Control tionship between the wall and induced body sway was
During Locomotion dependent on the distance between the wall and the

DSO 614 results confirmed our previous findings observer. As the distance of the subject to the wall
which demonstrated that the amplitude of compensatoryincreased, the tight relationship between body sway and
pitch head movements occurring during locomotion were wall movement decreased, suggesting a distance effect in
modified by changes in the distance of the eyes from theaction-perception coupling.
visual target [13]. Specifically, when the target was
brought closer to the eyes (30 cm vs. 2m, or 1 ft vs. 6.5 ft), Effects of Transient Visual Occlusion
the amplitude of pitch head movements increased inon Head Movement Control
accordance with the greater angular gaze deviation per  To investigate how the head-trunk system dynami-
vertical trunk translation required to stabilize the near tar- cally responded to short term (5s) alternating changes in
get. Therefore, we can conclude that the pitch head movewvisual input, we asked subjects to walk on the treadmill
ments observed during locomotion, in the present context,during intermittent visual occlusion (IV Condition). The
were goal directed and dependent on the requirement taesults clearly demonstrated that during visual occlusion
stabilize gaze, and were not completely a result of the pasperiods, in both preflight and postflight data sets, pitch
sive inertial and viscoelastic properties of the head-neckhead movement amplitudes were minimized. Importantly,
system. That is not to say that passive properties did nothis strategy was abandoned almost immediately once
play a role. However, the response was subject to neuralision was restored. These results support the conclusion
mediation. We can infer that the observed changes inthat the reduction in head pitch amplitude, observed in

5.5-23



some subjects during postflight trials performed with that enabled quicker adaptive transition from micrograv-
vision, was a goal-directed behavioral strategy producedity to unit gravity. The identification of a learned enhance-
in response to adaptive alterations in sensorimotor func-ment in the capacity for flexible motor responses to altered
tion and not exclusively an outcome of passive head-necksensory input and its association with a reduced decre-
dynamics. When the subject population was consideredment in postflight motor control suggests that preflight
as a whole, spaceflight had no effect on the predominanttraining regimes may be designed to promote develop-
frequency amplitude of pitch head movements and staticment of motor response flexibility. This increased capa-
head tilt during the IV Condition. This lack of effect may bility for motor response flexibility might aid in mitigating
have been due to enhanced locomotor stability afforded bypostflight motor disturbances. This concept is supported
the light finger touch on the handrail, similar to the by the work of Kennedy et al. [115] who examined
enhanced postural stability produced, in the absence ofwhether motor behavior could be adapted by exposing
vision, by precision contact of the subject's index finger subjects to inter-sensory conflict involving vestibular
with a stationary bar [85, 86]. Thus, the light touch could input, and determining if the resultant adaptation was
have provided an alternate path for veridical haptic infor- transferred to a different visual-vestibular conflict situa-
mation to contribute to, and enhance, postflight locomo- tion. In this study, one group of subjects was exposed to
tor control. a visual-vestibular conflict (Purkinje stimulation) and
It is reasonable to predict that both during readapta- allowed to adapt. A control group was not exposed to any
tion to unit gravity and during visual occlusion, different sensory conflict training. The two groups were then
head-trunk coordination strategies may emerge that areexposed to a different visual-vestibular conflict situation
appropriate for maximizing input from the sensory modal- (pseudo-Coriolis). Those subjects pre-exposed to sensory
ities providing veridical information. Pozzo et al. [19, 28] conflict experienced less dizziness and locomotor diffi-
demonstrated that during free locomotion in darkness, theculties than the control group. The concept of enhanced
mean head position was tilted downward. They hypothe- motor flexibility or “learning to learn” was confirmed by
sized that the downward head tilt could help minimize Welch and colleagues [116], who exposed subjects to
head movements by locking the head to the trunk as wellprismatic displacement of the visual scene. Using a point-
as serving to enhance otolithic sensitivity by maximizing ing task as the dependent measure for adaptation, they
the shear force acting on the otoconial membrane. Anotherfound that previous exposure to prism displacement
rationalization that may account for the reduction in pitch enhanced the ability to adapt to novel or previously unex-
head movement during visual occlusion and during post-posed visual displacements.
flight readaptation comes from an observation made by Similarly, astronauts could be exposed to visual-
Bernstein [110]. He speculated that in the early stages ofvestibular conflict situations during locomotion as part of
motor skill acquisition, subjects reduced available degreesa training regime designed to enhance the ability to reor-
of freedom in an attempt to simplify the control problem. ganize motor control responses during sensory conflict
As learning progressed, the restriction placed on degreesituations. Such a training program would provide crew
of freedom was eventually reduced and the full behavior members with preflight experience in solving motor con-
was manifested. Recent work by Vereijken et al. [111] pro- trol problems and formulating workable solutions for each
vided empirical evidence that support Bernstein’s con- encountered situation. This solution might include learn-
cepts. Our data show that restriction of head movementing to ignore some sensory input and becoming more
may simply have been a manifestation of a general phe-reliant on others, and by attending more closely to vision
nomenon associated with the relearning of appropriate ter-and less to vestibular signals. In essence, this approach

restrial motor strategies following spaceflight. would train inexperienced crew members to rapidly

reorder their motor control strategies, thereby increasing
Enhanced Motor Response Flexibility: their chances for improved early postflight postural and
A Potential Training Tool? locomotor performance.

Comparison of responses from multi-time and first-
time astronauts indicates that multi-time astronauts demon-
strated less postflight alteration in head control strategies
than did subjects on their first flight. Postflight behavioral
differences between astronauts based on their experience  This aspect of DSO 614 was designed to evaluate
level were previously observed in tests of dynamic pos- lower limb joint kinematics during treadmill walking after
tural equilibrium control [8, 9, 112-114]. In these tests, spaceflight, with specific reference to head and gaze con-
inexperienced astronauts showed greater postflight decretrol. Basic temporal features of the gait cycle, such as
ment in postural stability than their more experienced stride time and duty cycle, remained unchanged following
counterparts. Such differences may have been the result ofight. However, specific and consistent changes in joint
many factors. However, they did indicate a prolonged phase plane dynamics were identified at the moment of
retention of learned strategies in experienced astronaut$eel strike and toe off. In general, variability was greater

Lower Limb Kinematics
During Treadmill Walking
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after flight. Although dynamic stability of the lower limb  basic pattern of lower limb coordination. The absence of
system, during transitions between stance and swingsignificant changes in the index used to evaluate system
phases, did not seem to change following flight, individ- stability at both toe off and heel strike was consistent with
ual responses to flight should be investigated further.  the subjects successfully walking on the treadmill after

We expected joint angular dynamics to be signifi- flight. However, in light of the retained system stability,
cantly perturbed by spaceflight. However, stride epoch the relationship between joint coordination pattern and the
data indicated an overall, but statistically insignificant, observed joint variability should be investigated further.
increase in phase plane variability at all three joints. The Relatedly, variability seen in the lower limbs may have
lack of significance was partly attributed to the substan- been propagated through the trunk to the head, where the
tial individual differences. The expectation was that sus- consequences could be more profound for the strategies
ceptibility of the gait cycle to disturbance would be engaged in maintaining head and gaze stability.
greatest around heel strike and toe off. These events rep- We decided to use a treadmill protocol because it per-
resented significant energy exchange with the support surmitted parallel evaluation of full body segmental kine-
face, either through exaggerated impact at heel strike ormatics and head movement control during locomotion.
through an exaggerated effort to propel the body forward Only in this manner was it possible to evaluate head and
at toe off. Generally, variability was higher in the heel gaze control strategies during locomotion. However, the
contact epoch of the knee joint, both before and afteruse of the treadmill also subjected the locomotor perfor-
flight, and was exacerbated in much of the postflight data.mance to certain constraints. Some evidence suggests that
Similarly, postflight variability in the ankle joint was treadmill walking is inherently less variable than over-
higher for the epoch containing toe off, both before and ground walking. Nelson and colleagues observed that
after flight, and also was exacerbated after flight. Thesetreadmill running was characterized by less variable ver-
data lend some indirect support to the possibility that thesetical and horizontal velocities than over-ground running
peak energetic events were the source of postflight dis-[117]. Similarly, a comparison of the mechanical energies
turbances in gait. Since the head and eyes are located atopf over-ground and treadmill walking by Woolley and
a multi-segmental system, any disturbance can propagat&Vinter [118] found that the stride-to-stride variability of
through these segments. Consequently, disturbances iderall work measures was significantly greater over ground,
tified in the lower limbs may have been related to the suggesting that the treadmill constrained walking more
reported oscillopsia during walking after flight [57]. rigidly.

Confirmation of the significance of these gait events We found the temporal characteristics of gait patterns
was sought with analyses focusing on joint variability at to be remarkably robust, as demonstrated by the lack of
the precise moments of toe off and heel strike. At toe off, any significant change in either the mean duty factor, or
the initiation of the swing phase, hip joint phase plane the variability of the duty factor. Consequently, subjects
variability was significantly greater after flight than seemed to maintain a consistent stance-to-swing ratio,
before. At the beginning of the swing phase, the hip waseven on landing day. The basic stride data did illustrate a
flexing and accelerating to maximum angular velocity, and linear correlation between stride time and subject height.
therefore was a strong candidate for perturbations of theThis was not surprising, given the well documented allo-
trunk. At the moment of heel strike, the initiation of the metric relationships found in animal locomotion [103].
stance phase, the knee joint phase portrait variability wasHowever there was no such relationship between stride
also significantly greater after flight. McMahon and col- time variability and subject height, and no spaceflight
leagues demonstrated that, while exaggerated knee flexinfluence on this feature could be detected. On a tread-
ion during running was energetically inefficient, this mill, the appropriate locomotory state is well defined, with
strategy changed the joint stiffness and consequentlya specific unvarying speed and little opportunity for direc-
reduced transmission of heel strike energy to the headtional error. Since treadmill walking is associated with
[49]. The increased variability observed in our data may low tolerance for error, variation beyond the acceptable
have been the result of attempts by crew members tostate results in a complete failure in performance. In com-
adjust lower limb configuration about the moment of heel parison, over-ground walking is much more forgiving,
strike, indicating both a postflight increase in susceptibil- with much more opportunity for variance in speed and
ity to perturbations at heel strike, and explicit attempts to direction.
modulate head perturbations resulting from the impact Some subjects opted not to attempt the treadmill pro-
force of heel strike. tocol after spaceflight. This suggests that there may have

In addition to changes in joint variability, we antici- been gross changes in locomotor control, beyond the rel-
pated noticeable changes in system stability following atively subtle changes we observed, in some individuals.
spaceflight, indicating at least a decrease of system staSubjects from whom we acquired data on treadmill walk-
bility, if not a qualitative change in system dynamics. ing at the criterion speed had, by definition, attained a rel-
These changes did not occur, because increased individatively high and consistent level of coordination. The
ual joint variability was not sufficient to interfere with the possibility of observing qualitative coordination changes
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in the lower limb may have been extremely slight, given minimal preflight-to-postflight difference in stride dura-
this constraint. Moreover, subjects were additionally con- tion and duty factor. However, evaluating single stride
strained by fixating and maintaining their gaze on a visual phasic muscle activation characteristics, as a percentage
target, further regulating their performance. of stride duration for each subject, revealed many statis-
Our data were also subject to the unique constraintstically significant differences between preflight and post-
of spaceflight related research. Specifically, crew mem-flight locomotion. Although these changes may represent
bers began to readapt to the presence of unit gravityslight modifications in neuromuscular control strategies,
between the moment of Shuttle landing and the time whenthey indicate that the sensory motor system generally
postflight data were collected (usually 2 to 4 hours after could reproduce the major phasic activity of each muscle
landing). Postflight data were evaluated with the knowl- involved in locomoting effectively on a treadmill. How-
edge that the readaptation rate during this time was par-ever, our subjects did report oscillopsia after flight, sug-
ticularly high [8, 9]. In addition, first-time fliers often  gesting they may have exchanged clear vision for dynamic
displayed more difficulty with postural control after flight postural stability during postflight treadmill locomotion.
than did experienced fliers [8, 9]. Although some subtle, This trade-off was not particularly surprising, given that
but consistent, changes in postflight lower limb dynamics the consequences of locomotor instability during this task
during treadmill walking were identified, our data con- (ie, falling) were severe. Conversely, the safety conse-
firmed the heterogeneous nature of human adaptation aftequences of unclear vision, while tracking an Earth-fixed
spaceflight. The significant changes at the moment of heeltarget during our task, were minimal.
strike and toe off were encouraging for the hypothesized Given the inherent locomotion constraints on a
change in the attenuation capacity of the musculoskeletalmotor-driven treadmill, this preflight-to-postflight stabil-
system. ity could also reflect the task itself. Arsenault et al. [119]
found treadmill locomotion to limit the variability in lower
limb neuromuscular activation patterns normally present
in over-ground locomotion. The minimal requirement for
In general, the overall phasic activation characteris- over-ground locomotion was translation from one point
tics of lower limb muscles were only minimally affected to another, which allowed much greater flexibility in the
by short duration spaceflight. However, when analysis coordination pattern used to accomplish the task than that
focused on muscle activation characteristics around heelallowed during treadmill locomotion. The minimal require-
strike and toe off, a variety of preflight versus postflight ment of upright treadmill locomotion was to coordinate
differences were observed. These changes in neuromusbody segments in a symmetrical manner that kept the sub-
cular activation associated with spaceflight are discussedect within a limited gait width, while keeping pace with
below in relation to observed changes in head and lowerbelt movement. Deviations from these requirements could
limb gait control strategies after spaceflight and the pos-result in falling. Moreover, the wide stance and shuffling
sible neurophysiological adaptations that contributed to gait used during over-ground locomotion after spaceflight
these control strategies. would be ineffective during our treadmill task. In fact,
PetyEDmoandletittnsigatfieseTt muscle activation pat- some Shuttle astronauts have opted not to participate in
terns during treadmill locomotion before and after flight previously scheduled treadmill testing on landing day,
revealed that spaceflight had a minor impact on the over-suggesting that these individuals were not confident in
all temporal activation patterns. Dickey and Winter [66], their ability to adopt the strategies necessary for success-
using activation pattern correlations to evaluate the effectful treadmill locomotion.
of ischemic block on lower limb muscle activation during Rapidity of readaptation after landing was another
locomotion, considered correlations less than or equal topotential reason for the similarity between preflight and
0.71 to represent a significant change in the pattern ofpostflight neuromuscular activation patterns. Although
muscle activation. Gabel and Brand [92] recommended many subjects displayed clinical abnormalities in postural
using anr? value of 0.50 ( control 2.5 hours after landing, they improved substan-
differences between muscle activation patterns. Using thistially one hour later. [8, 9] These results substantiated
criterion, only 4 of our 78 single limb muscle activation numerous anecdotal reports that although astronauts fre-
patterns differed after flight, compared to the preflight quently have had problems with postural control immedi-
baseline. However, several subjects in this study had obvi-ately following Shuttle landing, they quickly readapt.
ous postflight gait abnormalities as they entered the test-  One discrete event in the gait cycle that required pre-
ing room. These included widened support base, shufflingcise neuromuscular control was toe off. This fine motor
(cautious) gait, and reluctance to move their heads relativeskill is achieved by rapid exchanges between a large plan-
to their trunks. Despite these problems, the phasic chartar flexor moment late in the stance to a large dorsiflexor
acteristics of muscle activation during postflight treadmill moment at toe off. This exchange normally produces toe
locomotion were remarkably similar to preflight patterns. clearance during the swing phase of less than 1 cm
This lack of difference was consistent with the observed (0.39 in), with a horizontal velocity greater than 4 m/sec
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(13 ft/sec) [61]. Immediately before toe off, the GA presence of modified head control strategies after flight
actively contributes to the peak plantar flexor moment, that may not have been as effective as preflight strategies
with reciprocal inhibition of the TA. TA inhibition con- in stabilizing gaze. The presence of these strategies could
tributes to the ability of the GA to produce the necessary indicate that the energy introduced into the system, and
peak moment. Immediately before toe off, GA activity transmitted to the head at heel strike, may not have been
ceases and the TA is activated to produce a large dorsidamped as effectively after spaceflight as before. Reduc-
flexion moment to provide appropriate toe clearance. Intions in energy damping could have exacerbated oscil-
our study, eight of ten subjects displayed a significant lopsia during postflight locomotion. Subjects in this study
change, after spaceflight, in the relationship between theconsistently reported that the static target they were asked
offset of the GA and the subsequent onset of the TA. More-to visually fixate on during the locomotion task seemed to
over, the relative amplitude of the TA at toe off was move more after flight than it did before.
reduced after flight, and GA-TA co-contraction magnitude Several neurophysiological changes associated with
was increased just prior to toe off. This further supported spaceflight could have been responsible for disruptions in
the idea that the precise neuromuscular control necessarjower limb neuromuscular control occurring around toe off
to achieve proper toe clearance was compromised afteland heel strike. Kozlovskaya et al. [5, 53] reported a gener-
spaceflight. These subtle changes could well explain thealized trend toward increased proprioceptive hyperreactiv-
excessive foot scraping on the treadmill noted during post-ity after spaceflight. This was manifested by decreased
flight testing, and are consistent with the shuffling gait tendon tap reflex thresholds, increased H reflex amplitudes,
often noted during over-ground locomotion after flight. and increased vibrosensitivity of the soles of the feet. Other
The excessive foot scraping observed in our subjectsevidence of this phenomenon included increased tendon tap
may have been a maladaptive strategy that resulted fronreflex amplitude after spaceflight [55]. Associated with these
an inability of the sensorimotor system to efficiently acti- changes were reductions in the ability to perform graded
vate ankle musculature. It may also have resulted from anmuscle contractions and decreases in muscle stiffness, par-
exploratory behavioral mode designed to increase propri-ticularly in the triceps surae [54]. Shuttle crew members
oceptive and cutaneous feedback. Pozzo et al. [28] sugexperienced a change in strength ratio between ankle plan-
gested that patients with bilateral vestibular deficits, tar flexors and dorsiflexors. The plantar flexors lost signifi-
whose shoes displayed excessive wear on the soles, magant strength while the dorsiflexors actually increased
have used such a strategy. Since proprioception wasstrength [120]. This change in relative strength was thought
altered as a result of spaceflight [5, 53], it is plausible thatto result from the use of foot loops to maintain orientation
our subjects were scraping their feet along the treadmill relative to the work station. The foot loops were designed so
belt to obtain increased feedback. However, the cost ofthat dorsiflexor activation was primarily required to main-
this strategy was to increase the possibility of tripping dur- tain the proper orientation, as opposed to plantarflexor acti-
ing postflight locomotion. vation which was generally used to maintain the upright
At heel strike, the sensorimotor system must effec- position on Earth. Therefore, increase in dorsiflexor strength
tively absorb the energy generated as the result of the sudand decrease in plantar flexor strength after spaceflight was
den impact of the heel with the support medium, while not unexpected. Additionally, Zangemeister et al. [107] sug-
controlling a kinematic strategy that ensures dynamic sta-gested that otolith input could influence TA activation char-
bility. During this yielding portion of the gait cycle, the hip acteristics during locomotion. Thus, spaceflight related
joint angle is maintained in approximately 10 degrees of adaptive modifications in neural processing of vestibular
flexion while the knee joint rapidly flexes and the ankle input could also negatively influence ankle joint muscle con-
joint plantar-flexes. This kinematic and associated neuro-trol after flight. These neurophysiological changes probably
muscular strategy serves to keep the head, arm, and trunkontributed to the inability of subjects in our study to achieve
segment (HAT) erect to within 1.5 degrees and attenuatesoptimal transitions between the plantar and dorsiflexor mus-
potential head accelerations during locomotion [61]. This cle moments required around toe off, resulting in foot scrap-
tight regulation of the HAT helps maintain the dynamic ing on the treadmill after flight.
stability necessary to maintain a safe forward trajectory During spaceflight, dorsiflexors assumed a larger role
while contributing to stable gaze. The observed postflight than on Earth in regulating the orientation of the individ-
differences in the EMG amplitudes of the RF, BF, and TA ual relative to the environment. Conversely, plantar flex-
relative to preflight values, and increased BF-RF co-con-ors had a reduced role in orientation control compared
traction around heel strike, indicated some disruption in with Earth-bound control strategies. Roll et al. [56] sug-
the neuromuscular control needed to ensure optimal congested that these in-flight adaptations in the respective
trol during this critical behavioral event. This finding was roles of the ankle musculature eventually resulted in the
consistent with those of McDonald et al. [45], who reinterpretation of ankle proprioceptive input. With increas-
reported increased kinematic variability in the lower limb ing mission duration, ankle proprioception was no longer
around heel strike during treadmill locomotion after interpreted as coding anterior-posterior body sway while
spaceflight. Bloomberg et al. [14, 15] also reported the upright, but rather, as coding either whole body axial
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transportation (i.e., pushing off the support surface) or foot pointing performance allowed us to quantify misperception
movement [56]. Although the adaptive ankle musculature of linear and angular self-displacement.
control strategy and associated sensory input reinterpreta-  Astronauts have reported anecdotally about problems
tions were appropriate in microgravity, they were mal- in walking straight paths or going around corners when
adaptive upon return to the terrestrial environment. It is visual information was suppressed [10]. However, little is
quite possible that during testing on landing day, these mal-known about the influence of these maodifications on spatial
adaptive ankle control strategies contributed to the disor-orientation during free locomotion following spaceflight.
dered EMG activation characteristics observed in this study.In DSO 614 we tried to assess this question by having sub-
The cautious gait shown when subjects entered thejects walk a triangular path before and after flight, with and
testing room after flight undoubtedly reflected the effects without visual information. The subjects showed inter-indi-
of sensorimotor adaptations. However, these subjectsvidual differences, especially for directional deviations
could, and did, organize effective neuromuscular activa- from the path in the vision occluded condition, even before
tion strategies that allowed them to complete the task ofspaceflight. The characteristics of these differences per-
treadmill locomotion. Nonetheless, subtle alterations were sisted throughout all sessions. However, the absolute direc-
present, both in temporal activation features and in rela-tional errors turned out to be larger after flight, meaning
tive activation levels, of several muscles after spaceflight. that the subjects had larger directional errors, but in differ-
These changes were particularly prominent around theent directions. There was a trend toward larger under-esti-
important behavioral events of heel strike and toe off. mation of the angle turned at each corner in the postflight
Although the sensorimotor system could effectively condition. In contrast to directional errors, the length of the
develop and execute functional behavioral strategies dur-legs walked was similar before and after flight. If this trend
ing the goal-directed task of treadmill locomotion, was verified within additional subjects, it would suggest
changes in the neuromuscular activation characteristicsthat the perception of self-displacement during turning, but
observed during the task probably contributed to the not during linear motion, had been changed as a result of the
observed difficulty in over-ground locomotion after landing. stay in microgravity. This could have been due to a mis-
match between information from otoliths and semicircular
Spatial Orientation canals during whole body turns in microgravity, and could

. ] ) . ~have been responsible for disturbances in locomotion expe-

has been examined since Thomson's experiment on loco-  previous experiments [126] showed that angular as
motor pointing [121]. However, most of the work has con- wel| as linear path integration performance heavily
centrated on walking toward one target. Subjects weregepended on velocity. All changes found could have been
able to reproduce previously seen distances correctly bys5sed by the most significant finding, the lower walking
walking two different segments, one straight ahead andye|ocity during postflight testing. The observed correlation
the second perpendicular to it [122]. _between angular and linear velocity suggests that post-
Asimilar task to the one presented here was called tri-flight decrease in velocity, as found, for example for sac-
angle completion. The subject was guided over two legs of .5qes [127], was a general effect of spaceflight.
the course, and then attempted to return directly to the point ~ 1he question of why subjects walk more slowly after
of origin [123, 124]. Walked segment length and sustaining spaceflight remains unanswered. It appears that a classic
angles were varied. Measured parameters were: (1) error i%peed/accuracy tradeoff was achieved by walking more
turning toward the origin after walking the first two legs, sjowly. Another possible explanation might be that a task
and (2) error in the distance walked to complete the third 54 simple as walking toward a previously seen target
leg. A pattern of systematic regression to the mean wasrequired a larger cognitive effort after spaceflight, which
shown in both of these errors. Subjects tended to over-yquld slow down motor performance. This implies that
respond when the required distance or turn was small, anGnechanisms  like computing self-displacement from
to under-respond when they were large. These responsegomatosensory and/or vestibular inputs and updating of

were similar for both blind and normal subjects [124]. spatial information, were disturbed by spaceflight and had

major drawback in indicating disturbances in complex spa-
tial understanding. Some errors made during both the
guided walk and return walk were not seen in the results.
Imagine a subject over-estimating the walked distance by
a certain factor but making no other errors. This subject Pre- and postflight comparisons of the joint kinemat-

would perfectly perform the triangle completion, but fail to ics during jump landings indicate that the astronaut sub-

reach the first and second corners in our task. Thereforejects may be separated into two different classes based on
we have chosen the reproduction of a previously seen patlexamination of the phase-plane descriptions, namely, P-C
by means of locomotion. In this way, the locomotor and P-S. The P-C group exhibited expanded phase-plane

Lower Limb and Mass Center Kinematics
in Downward Jumping
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portraits postflight in comparison to preflight baseline reducing the stiffness about the leg joints, and hence the
data, and the P-S group showed the contrary. The lowerstiffness of the leg “spring” supporting the body mass.
leg musculature may be thought of as contributing a resis-However, Melvill Jones and Watt [129] demonstrated that
tance to joint displacements, or stiffness (modeled as athe monosynaptic stretch response (occurring approxi-
torsional spring-like element), as well as a resistance tomately 40 ms after forcible dorsiflexion of the foot) did not
joint angular velocity, or damping (represented by a vis- contribute to gastrocnemius muscle tension. Rather, the
cous damper or dashpot). These stiffness and damping eledevelopment of force was found to correspond to a sus-
ments represent the displacement- and velocity-dependentained EMG burst with a latency of 120 ms following dor-
components of the joint impedance, respectively. siflexion stimuli, that they termed the “functional stretch
Using this description, the P-C group exhibited post- reflex.” Since the peak joint angle deflections in the jump
flight increases in the majority of both peak joint flexion landing occur only 100 ms after impact, stretch reflex
angles and rates, indicating a reduction in stiffness aboutactivity is unlikely to play a major role in the impact
the joints following microgravity exposure. In these sub- absorption phase.
jects, increases in joint flexion provided quantitative sup- Studies by Allum and Pfaltz [130] and Greenwood
port for the reports of Watt et al.’s [128] astronaut subjects and Hopkins [131] found vestibulo-spinal reflex latencies
that their legs were bending more during drop landings for postural muscles of 80 ms. Visual influences were
postflight. These changes were also consistent with reducfound to be delayed 80 ms and 100 ms, respectively, by
tions in joint torques and a reduction in the bandwidth of Allum and Pfaltz [130] and Nashner and Berthoz [132].
the postural control system as a whole. In contrast, two of These latencies comprise most of the interval from impact
the subjects demonstrated an opposite, postflight-stiff to peak joint deflections, indicating that sensory feedback
response after returning from spaceflight. Their postflight information from these sources following impact cannot
contraction in the phase-plane plots indicated increases irbe expected to contribute significantly to the impact
limb stiffness and bandwidth of the postural controller.  absorption phase of jump landings. However, vestibular
A number of possible explanations exist for the and visual inputs during the takeoff and flight phases of the
observed changes in joint impedance during these jumpjump may contribute to the motor activity during impact
landings, including loss of strength in the antigravity mus- absorption. Interestingly, in the current study the eyes
culature, altered sensory feedback (muscle stretch reflexesyere closed in half of the jumps without a measurable
vestibular, or visual), and changes in open-loop modula- effect on performance, indicating that vision’s effect dur-
tion of limb stiffness. Since the stiffness and damping that ing the jump landings was minimal. This qualitative find-
can be exerted about a joint are directly related to theing is intriguing in light of evidence for increased
forces in the muscles acting about the joint, significant dependence on visual cues following spaceflight, for pos-
strength decreases in the antigravity muscles of the leggure control and perception of body orientation and self-
could well account for the expanded phase-plane portraitsmotion [10]. However, McKinley and Smith [133]
observed in the P-C group of astronauts. However, the P-describe jump-down behavior in normal and labyrinthec-
S subjects exhibited postflight increases in stiffness, indi- tomized cats with and without vision, and conclude that
cating increased joint torques; thus, the results from thesenormal cats that jumped from a known height did not rely
subjects undermine the hypothesis that loss of muscleon visual input to program pre-landing EMG responses,
strength alone can account for the observations in this studybut when jump height was uncertain and visual input was
absent, they speculate that vestibular input became more
Sensory Feedback important. In our study, the astronaut subjects had full
Sensory feedback pathways also contribute to theknowledge of the jump height after the first jump, which
stiffness and damping of the closed-loop postural control was always conducted with the eyes open. Furthermore,
system. Feedback quantities that could play a role in theeven in the EC jumps, the subjects had visual information
jump landings include postural muscle stretch (modulated about the jump height, even though they closed their eyes
through spinal reflexes), vestibular sensing of head orien-immediately before jumping. Therefore, the apparent abil-
tation and angular velocity, and visual inputs. The stretchity to program pre-landing responses without vision may
reflexes effectively increase the stiffness about the jointsaccount for the lack of difference in jumps with and with-
by recruiting additional muscle fibers to counteract per- out vision.
turbations to the muscle lengths; the stretch reflexes in
concert with Golgi tendon organ force feedback probably Limb Stiffness
serve to modulate the tension-length behavior (imped- The limitations on the sensory feedback pathways
ance) of the muscles. Gurfinkel [83] reported decreasesindicate that the stiffness properties of the lower limbs
in the strength of the stretch reflex in tibialis anterior fol- may be largely predetermined before impact. The stiff-
lowing spaceflight; Kozlovskaya et al. [5] found amplitude ness about the joints is determined by the level of muscle
reductions in Achilles tendon stretch reflexes after long- activation, and the overall impedance of the leg to COM
duration flight. Such decreases could have the effect ofmotion is also affected by the configuration of the limbs
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at impact (in general, less joint flexion results in greater reduction in extensor tone [139]. However, because rela-
vertical stiffness, due to the reduction of the moment armtive enhancement of the knee flexor was not observed,
about the joint centers). McKinley and Pedotti [134] found Clément’s group viewed the changes at the ankle as a
that the knee extensor muscles (rectus femoris and vastu$subject initiated postural strategy” rather than a func-
lateralis) were activated slightly before impact, while the tional deafferentation of the otoliths caused by exposure
ankle plantarflexors (gastrocnemius and soleus) were conto microgravity. Regardless of the origin, significant
tinuously active from midflight during jumps. Further- changes in leg muscle tone could well contribute to altered
more, the legs reached their largest extension beforeleg stiffness postflight.
impact, and were already slightly flexed again by the time
of impact. Other investigators [135,136] have determined Modeled Stiffness
that the timing of the preparatory muscle activation and The hypothesis that the joint impedance characteris-
limb configuration is keyed to the expected time of impact. tics transform into lumped leg stiffness and damping para-
For downward stepping and repetitive hopping, Melvill meters governing the vertical COM motion following
Jones and Watt [129] found that muscular activity com- impact provides the basis for the mechanical model pos-
menced from 80-140 ms before ground contact, and con-tulated in this paper. These parameters are assumed to
cluded that the deceleration associated with landing wasremain constant through the impact absorption and recov-
due to a pre-programmed neuromuscular activity patternery to upright stance. McMahon and Cheng [101] sum-
rather than stretch reflex action. marized evidence indicating that the legs behave much
Melvill Jones and Watt [137] demonstrated activa- like a linear spring of near-constant stiffness over a wide
tion of both gastrocnemius and tibialis anterior approxi- range of forces and running speeds. Based on those argu-
mately 75 ms following an unexpected fall; this reflex ments and the generally close fits to experimental data
activity is most likely due to vestibular system otolith obtained for the jumps in the present study, the simplify-
inputs. Such activation of antagonist muscles would con-ing assumptions of constant stiffness and damping appear
tribute to stiffening of the limbs before impact. Further- reasonable. The constant leg stiffness value that best
more, Watt et al. [128] showed that the amplitude of this described human running in McMahon and Cheng'’s 1990
response is markedly decreased during spaceflight. How-model was approximately 150 (N/m)/kg, falling well within
ever, Watt's tests on landing day showed that the responsthe range of stiffness computed for the jump landings here.
had returned to normal almost immediately postflight, so Comparison of the pre- and postflight fits for this
changes in the otolith-spinal reflex may not account for the model indicates that variations in the model parameters
changes observed in the jumps described here. Reschke ean adequately predict the alterations in COM motion seen
al. [138] used the H-reflex to examine the effect of drops in astronaut jump landings following spaceflight. More
on the sensitivity of the lumbosacral motoneuron pool, specifically, changes in the leg stiffness alone appear to
which is presumably set by descending postural control govern the differences in transient response observed upon
signals. A large potentiation of the H-reflex (recorded in return to earth. The postflight decreases and increases in
the soleus muscle) was found beginning approximately the vertical leg stiffness found for these subjects corre-
40 ms following an unexpected drop. Furthermore, the spond to the classifications of P-C and P-S made previ-
investigators found that on the seventh day of spaceflight,ously on the basis of kinematics alone.
the potentiation of the H-reflex during drops vanished. In the model, decreases in leg stiffness lead to decreases
Immediately following spaceflight, 2 of 4 subjects demon- in bandwidth, with slower and less oscillatory time
strated a significant increase in potentiation during the responses. In contrast, increased stiffness results in faster,
drop compared to preflight testing. While an increase or higher bandwidth performance with greater overshoots.
decrease in the sensitivity of the motoneuron pool might These decreases and increases in leg stiffness postflight
correspond to respective increases or decreases in the legpatch the changes found in the transient performance for the
stiffness via a gain change in the spinal reflex pathway, theP-C and P-S subjects, respectively. Interestingly, the model
link to preprogrammed muscular activity is not clear. fits did not show changes in the leg damping to play a sig-
In addition to the muscular commands linked to the nificant role in the postflight differences. This result is coun-
flight and impact phases of the jump, the underlying tonic terintuitive, since an increase in antagonist muscle activation
activation in the leg musculature may contribute to the to raise the limb stiffness might be expected to cause a cor-
impedance in the lower limbs during jump landing. Clé- responding increase in the mechanical damping properties
ment et al. [76] found an increase in tonic ankle flexor of the muscles as well. Furthermore, changes in damping in
activity combined with a decrease in tonic extensor activ- accordance with increases or decreases in stiffness would
ity during spaceflight that, if carried over postflight, could help to prevent large deviations in the damping ratio (see
lead to a reduction in the stiffness about the ankle joint equation 9), which is often desirable from a control sys-
against gravitational loads. It is well established that sup-tem standpoint. Regardless, the evidence presented here
pression of vestibular function results in depression of theindicates that the damping properties of the limbs can be
gamma-static innervation to the leg extensors, causingmodulated independently of the stiffness, or simply that the
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damping characteristics are largely constant in the face ofin an upright position. In space, the body need not be sta-
large changes in leg stiffness. bilized against gravity, and the control bandwidth and

The final equilibrium positions predicted by the stiffness may therefore be reduced without compromis-
model lie somewhat below the actual final COM rest val- ing postural stability. In flight, an overall reduction in pos-
ues, implying that the stiffness for these model fits is lesstural stiffness may be observed as reduction in extensor
than the values that would have been calculated from thetone and decreases in stretch reflex gain, and may be
final equilibria alone. In many cases, it was not possible related to the loss of drop-induced H-reflex potentiation.
to find parameter values that gave good predictions for Compliant postflight behavior may result from a residual
both the transient portion of the response and the steadydecrement in the stiffness of the postural control system
state equilibrium. Because this study focused on imped-following return to Earth. In contrast, stiff postflight
ance modulation during the impact absorption phase ofbehavior may indicate overcompensation for reduced in-
the jump, the parameter estimation procedure wasflight stiffness upon return to Earth, similar to the
designed to find best fits for the transient portion of the “rebound” effect observed by Reschke et al. [138] for the
response, often resulting in differences between the pre-H-reflex. Thus, stiff responses postflight may be related to
dicted and actual equilibrium positions. Interestingly, the the observation by Young et al. [79] that some subjects
pattern seen in Figure 5.5-29 was consistent across thevere able to maintain balance only within a narrow “cone
subject pool: on average, predicted equilibria lay below of stability” postflight, especially with the eyes closed. By
the actual values. This result was attributed to a transitionusing a stiffening strategy postflight, the subject mini-
in control mode and limb posture from the impact absorp- mizes deviations from equilibrium to avoid approaching
tion phase to the maintenance of upright posture near equithe boundaries of the cone of stability. Such stiffening in
librium. In equilibrium posture control, the flexed joints turn requires a commensurate increase in postural control
and greater compliance used in impact absorption givebandwidth.
way to the more upright resting stance, where the align- In summary, this study provides evidence for modu-
ment of the leg joints results in high vertical stiffness. lation of lower limb impedance by astronauts in response

The changes in the model parameters correspondingo exposure to the microgravity of spaceflight. The results
to altered joint and mass center kinematics observed inreported here, interpreted in light of other studies, indicate
the astronauts postflight were likely due to changes in thethat this impedance modulation may result from a combi-
preprogrammed muscle activity prior to impact, which nation of altered tonic muscular activity and changes in the
sets the limb impedance in an open-loop fashion by con-pre-programmed neuromuscular activity observed prior
trolling the muscle tension-length properties and the limb to and during impact absorption. Simulations using a sim-
configuration. The changes observed in this study in theple mechanical model of the COM vertical motion indi-
impact absorption phase support the notion that spacecate that changes in the lumped leg stiffness cause the
flight contributed to altered neuromuscular activity during differences in postflight jumping performance seen in the
the flight phase of the jump, even though EMG records joint and COM kinematics. The reduced requirements for
were not available. The presumed alterations in musclemaintenance of posture under microgravity conditions
activation patterns following spaceflight could reflect probably contribute to the changes seen postflight, in con-
changes in the relative recruitment of antagonist musclescert with decrements in limb proprioception and altered
or differences in the timing of activation (e.qg., failure to interpretation of otolith acceleration cues.
activate antigravity muscles early enough during the flight
phase to stiffen the limbs for impact).

From an operational standpoint, the results of this
study are important for understanding how microgravity
exposure might impair astronauts’ abilities to perform lowing exposure to weightless space flight. Acta Oto-
tasks such as an emergency egress from the Space Shut- Can.

. . laryngol 1977; 83:455-64.
tle, or even locomotion on another planet following an
extended duration spaceflight. The postflight changes in 2. Kenyon RV, Young LR. M.l.T./Canadian vestibular
the kinematics of astronaut jump landings reported here ~ €Xperiments on the Spacelab-1 mission: 5. Postural
have been attributed to changes in the control of the lower ~ esponses following exposure to weightlessness. Exp
limb impedance resulting from exposure to the micro- Brain Res 1986; 64:335-46.
gravity conditions of spaceflight. The decreased stiffness 3. Bryanov Il, Yemel'yanov MD, Matveyev AD, Mant-
of the posture control system observed in the P-C group  sev El, Tarasov IK, Yakovleva IYa, Kakurin LI, Koz-
of subjects may reflect in-flight adaptation to the reduced erenko OP, Myasnikov VI, Yeremin AV, Pervushin
requirements for posture control in the absence of gravi- VI, Cherepakhin MA, Purakhin YuN, Rudometkin
tational forces. On the ground, the nature of the body’s NM, Chekidra IV. Characteristics of statokinetic
compound inverted pendulum structure requires the reactions. In;: Gazenko OG, Kakurin LI, Kuznetsov
maintenance of a certain minimum stiffness for stability AG, editors. Space flights in the soyuz spacecraft:
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Figure 5.5-1. The convention for joint angle measure-
ments (H = hip angle K = knee angle; A = ankle
angle).

Ny \g
\
Cameral ¢ 3m Camera4 \
Comnerlg = — — — — —i< Corner 2 \
AN
N | T
N
N 13m
N [
N /
N l 7/ Yankle
X
Corner 3 Figure 5.5-4. Sagittal plane body model. The joint
\y angle convention is shown at right. The eight seg-
Camera2 Camera3 ments used for COM calculation (feet, shanks,
7 thighs, trunk, forearms, upper arms, neck and head)
| are shown schematically on the left. Reflective
| | D marker positions are denoted by ™.
= “ g — B i
Video Sun Sparc 1+
Processor

Figure 5.5-2. Map view of the experiment set up. Four
cameras connected to a video processor recorded
subject path. Three corners of the triangular path
(dashed lines) were marked on the floor by white
crosses.

Figure 5.5-5. One degree of freedom, second order
model of vertical (Z) COM motion following impact.
Body mass (M), located at the COM, is supported by
linear spring (K) and dashpot (B). The unloaded
length of the spring is,4nominally the height of the
COM at impact), minimum spring length is.Zand
the spring length at the final equilibrium ig,Z

Figure 5.5-3. Subject head sets were used in the loco-
motor spatial orientation study. Three reflective
markers were fixed to the helmet. Head phones and
blackened goggles were used to mask auditory cues
and occlude vision.
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Figure 5.5-6. Waveforms from one subject showing the relationship between vertical translation of the trunk and
corresponding pitch angular head movement for the NEAR target condition during pre- (a) and postflight (b)
locomotion.
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Figure 5.5-7. To show the step-to-step variability, each cycle in the waveforms depicting vertical trunk translation and
compensatory pitch head movements were aligned at the point of heel strike in one subject. (a) Preflight and (b)
Postflight pitch head movements and corresponding vertical trunk translations during locomotion. Note the
increased variability in postflight pitch head movements despite little change in vertical trunk translation.
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Figure 5.5-8. Mean (x1 S.E.) pre- and postflight coher-
ence values relating vertical trunk translation and
corresponding pitch head movement for all subjects
combined, for both FAR and NEAR target condi-
tions. * denotes a significant difference (p<0.05)
between pre- and postflight mean coherence values.
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Figure 5.5-9. One pre- and postflight example of Fourier amplitude spectra of pitch head angular displacement for the
NEAR target condition for one subject during locomotion. Note the decrease in the amplitude of the predominant
frequency component at 2 Hz.

5.5-39



FAR Target Condition 15 ]
(A) (B © i
37 37 3 ]
g 1 ] -
2 ] ] 1.4 -
=251 2.5 2.5 - *
£ ] ] ] 2 7
< A ] ] = -
g 2; 2 2] 5 13
] ] ] &
5 ] 1 — ] g
1.5 1.5 1.5] g
5 7 1 ] r *
= ] 1] == 1 £ 124
§ 1] 11 ——= | 1] g 4
B \ ] < . % 7 Preflight
0.5 . 0.54+————105] . T4,
Pre Post Pre Post Pre  Post =]
NEAR Target Condition ] Postflight
A B C ]
3 (A) 3 (B) 3 © 1 ,
g 4 ] ] Far Target Near Target
S ] ] ]
=257 25 2.5
e ] ] ] Figure 5.5-11. Mean (x1 S.E.) magnitude of the pre-
< i i ] . R
Z o] 2] 5 dominant peak of pitch head movements for all sub-
& . - jects for the FAR and NEAR target conditions
> 1 R / - . . .
g ] / . / during both pre- and postflight testing. Note the
L 157 157 157 increase in magnitude of predominant peak during
é ] \ ] g ] 7 visual fixation of the NEAR target. * denotes a sig-
5 1{ \ 1 ~_ 13 nificant difference between FAR and NEAR target
§ —\ % ] conditions during both pre- and postflight testing.
0.5 . 0.5 . 0.5 :
Pre  Post Pre  Post Pre  Post

Figure 5.5-10. Individual mean pre- and postflight
changes in the magnitude of the predominant peak
of pitch head movements for the FAR (top) and
NEAR (bottom) target conditions. Individually,
subjects show significant (p<0.05) reduction (a),
no significant change (b), and augmentation (c)
and in predominant peak of pitch head movements
during locomaotion.
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Figure 5.5-12. Comparison between first- and multi-time fliers of the mean (1 S.E.) magnitude of the predominant
peak of pitch head movements during the FAR and NEAR target conditions. *Note that in both target conditions,
first-time fliers display significant (p<0.05) reduction in the predominant peak of pitch head movements while
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multi-time fliers show no significant changes in pitch head response following space flight.
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Figure 5.5-13. Waveforms showing pitch angular head displacement for 5 individual subjects (A-E) during the eyes
open and eyes closed epochs of the IV condition obtained during one preflight trial. Note the reduction in ampli-
tude and breakdown in waveform regularity during the Eyes Closed epochs.
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Figure 5.5-14. (a) Pre- and postflight mean (+1.S.E.) predominant frequency amplitude for all subjects during the
alternating 5 second eyes open/closed epochs of the IV condition. (b) Pre- and postflight mean (x1 S.E.) head tilt
relative to vertical in the sagittal plane for all subjects during the alternating 5 second eyes open/closed epochs.
EO (eyes open); EC (eyes closed). During eye closure periods, both during pre- and postflight testing, pitch head
movements were reduced and the head tilted forward.
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Figure 5.5-15. Mean and standard deviation of the preflight (filled square) and postflight (circle) trial stride time for
each of the seven subjects plotted as a function of subject height.
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Figure 5.5-16. Preflight (filled square) and postflight

(circle) mean duty factor presented for each subject
as a function of subject height.
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Figure 5.5-17. Exemplar phase portraits of three lower limb joints. These data are from one subject and illustrate
15 consecutive cycles from one preflight and one postflight trial. The location of heel strike (HS) and toe off (TO)
for each cycle is indicated.
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Figure 5.5-18. Box plots of phase plane variability as a
function of stride epoch, from right heel strike to
right heel strike. Epochs represent 91%-10%, 11%-
30%, 31%-50%, 51%-70%, and 71%-90% of gait
cycle. Dashed lines indicate preflight, solid lines
indicate postflight. Boxes represent the 25th, 50th,
and 75th percentile. Whiskers represent the 10th
and 90th percentile.
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Figure 5.5-19. Box plots of phase plane variability of the preflight and postflight toe off and heel strike events
for the hip, knee, and ankle angles.
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Figure 5.5-20. Box plots of the system stability index
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Figure 5.5-21. Grand ensemble average preflight and postflight waveforms for biceps femoris (A),
rectus femoris (B), gastrocnemius (C) and tibialis anterior (D).
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Figure 5.5-22. Differences in relative amplitude between preflight and postflight grand ensemble reduced wave
forms at each 5% gait cycle epoch for: biceps femoris (A), rectus femoris (B), gastrocnemius (C) and tibialis
anterior (D). Analysis epochs began at heel strike. # = Toe off. * = a significant statistical difference.

** = a significant functional difference.
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Figure 5.5-23. Preflight versus postflight latency aver-
age (x1 S.D.) difference for each subject between
GA offset and TA onset. Negative values indicate
that the offset of the GA preceded the onset of the
TA. GA = gastrocnemius. TA = tibialis anterior.
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Figure 5.5-24. Example of preflight and postflight walking trajectories (eyes closed condition).

Dashed line = Map view of the path. Solid line = Trajectory performed by the subject.
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Figure 5.5-25. Comparison of preflight (dashed) and postflight (solid) joint angle phase-plane portraits for hip, knee
and ankle. (Top) For subject S-1, the postflight phase is expanded with respect to the preflight diagram. (Bottom) In
contrast, subject S-9 demonstrates postflight contraction of the phase portrait in comparison to preflight results.
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Figure 5.5-26. Comparison of preflight (dashed) and postflight (solid) COM motion for postflight-compliant subject
S-1. (Left) The trajectory of the COM in the sagittal (X-Z) plane; peak deflection of the COM is greater postflight.
(Middle) Phase-plane motion of the COM in the X (horizontal) direction is shown. (Right) Z (vertical) motion is
shown in the phase-plane diagram, indicating greater downward deflection and slower upward recovery postflight.
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Postflight Compliant No Change Postflight Stiff Subjects Grouped
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a. Joint flexion angles following impact from a 30 cm jump for the knee: postflight vs. preflight
Figure 5.5-27. Average preflight and postflight maximum values for nine astronaut subjects. Levels of statistical signif-

icance are denoted by *p<0.05 and error bars indicate the standard error of the mean. Aicrosdicates a sig-
nificant test day effect for the contrast between the two preflight sessions.
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b. Peak joint flexion rate following impact for the knee: postflight vs. preflight
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c. Peak joint flexion rate following impact for the hip: postflight vs. preflight

Figure 5.5-27. Concluded.
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b. Time from impact to maximum COM downward displacement: postflight vs. preflight
Figure 5.5-28. COM displacement. Levels of statistical significance are denoted by *p<0.05 and error bars indicate
the standard error of the mean. A cross fndicates a significant test day effect for the contrast between the two
preflight sessions.
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Figure 5.5-29. Modeled COM vertical motion using stiffness and damping estimated for representative pre- and
postflight for P-C subject S-1. Dashed lines are experimental data and solid lines represent model fits.
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Figure 5.5-30. Mean preflight and postflight model vertical stiffness. Levels of statistical significance are denoted by
*p<0.05 and error bars indicate the standard error of the mean. A crdémtlicates a significant test day effect
for the contrast between the two preflight sessions.
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