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I S S  E X E R C I S E  CO U N T E R M E A S U R E S

            The monitoring of sensorimotor readaptation to Earth ’ s 

gravity is important for fl ight surgeons to determine 

when crewmembers can safely return to their activities 

of daily living, such as driving and exercise. Computerized 

dynamic posturography (CDP) was implemented to support 

this assessment as a pre- and postfl ight medical requirement for 

International Space Station (ISS) crewmembers. While crew-

members are subjectively evaluated by fl ight surgeons using 

standard neurological assessments,  5   CDP provides an objective 

means of assessing sensorimotor function that can be imple-

mented in a systematic way across individuals. Th is report sum-

marizes the rationale and results obtained from CDP through 

the fi rst 10 yr of the ISS. 

 The rationale for using CDP as a medical assessment 

tool stems from our understanding of the mechanisms of 

sensorimotor adaptation to spacefl ight, as well as prior data that 

provide the evidence base for CDP as a clinically relevant mea-

sure. As reviewed below, two fundamental mechanisms rele-

vant to sensorimotor control include multisensory integration 

and gravitational unloading.  39   Th ere is considerable variability 

in postfl ight postural ataxia among crewmembers. Th is vari-

ability must be understood in the context of these adaptive 

mechanisms to ensure that the appropriate countermeasures 
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    INTRODUCTION:   Postfl ight postural ataxia refl ects both the control strategies adopted for movement in microgravity and the direct 

eff ects of deconditioning. Computerized dynamic posturography (CDP) has been used during the fi rst decade of the 

International Space Station (ISS) expeditions to quantify the initial postfl ight decrements and recovery of postural 

stability. 

   METHODS:   The CDP data were obtained on 37 crewmembers as part of their pre- and postfl ight medical examinations. Sensory 

organization tests evaluated the ability to make eff ective use of (or suppress inappropriate) visual, vestibular, and 

somatosensory information for balance control. This report focuses on eyes closed conditions with either a fi xed or 

sway-referenced base of support, with the head erect or during pitch-head tilts ( 6  20° at 0.33 Hz). Equilibrium scores 

were derived from peak-to-peak anterior-posterior sway. Motor-control tests were also used to evaluate a crewmem-

ber ’ s ability to automatically recover from unexpected support-surface perturbations. 

   RESULTS:   The standard Romberg condition was the least sensitive. Dynamic head tilts led to increased incidence of falls and 

revealed signifi cantly longer recovery than head-erect conditions. Improvements in postfl ight postural performance 

during the later expeditions may be attributable to higher prefl ight baselines and/or advanced exercise capabilities 

aboard the ISS. 

   CONCLUSIONS:   The diagnostic assessment of postural instability is more pronounced during unstable-support conditions requiring 

active head movements. In addition to supporting return-to-duty decisions by fl ight surgeons, the CDP provides a 

standardized sensorimotor measure that can be used to evaluate the eff ectiveness of countermeasures designed to 

either minimize deconditioning on orbit or promote reconditioning upon return to Earth.   
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are implemented to maximize performance following transi-

tions across gravitational environments.  

       Mechanisms of Adaptation 

 On Earth, gravity provides the static, omnipresent spatial refer-

ence needed for fusion of information from diff erent sensory 

modalities. Postural sway on Earth elicits redundant feedback 

from vision, somatosensory, and vestibular transducers (semi-

circular canals and otoliths). Sensory input regarding orienta-

tion relative to gravity thus provides the fundamental external 

reference to facilitate multisensory transformations necessary 

for motor control and spatial orientation and navigation.  37   

Movement in the ISS microgravity environment results in new 

patterns of sensory cues. Changes in orientation on orbit do not 

elicit the same otolith or somatosensory cues as on Earth. Adap-

tive changes require a new reference frame for multisensory 

integration to maintain spatial orientation. Th ese adaptive 

changes carry over to the postfl ight period and are refl ected by 

the perceptual and motor coordination problems, especially 

during head tilts that become less severe over time.  32   

 Hypotheses have been developed that neural adaptation 

to microgravity involves either a reinterpretation of otolith 

input  22 , 31 , 41   or neglect of low-frequency otolith information 

that no longer provides reliable information.  11   Th ere is evi-

dence of sensory reweighting, with more reliance in fl ight on 

visual and tactile cues for spatial orientation.  42   Increased fall 

risk postfl ight can result when astronauts do not realize they are 

leaning away from upright as a result of adaptive changes in 

sensory processing. While multisensory integration is impor-

tant for resolving the tilt-translation ambiguity on Earth,  1 , 38   we 

propose that it is also a critical mechanism contributing to pos-

tural ataxia following ISS fl ights. 

 In addition to multisensory interactions, adaptation during 

spacefl ight also results from direct eff ects of microgravity. Th e 

removal of gravitational loading itself can have profound eff ects 

that either negatively impact sensorimotor function or reduce 

one ’ s capacity to overcome sensorimotor defi cits. Gravitational 

unloading can alter neuromotor skills that depend on accurate 

proprioception for mass discrimination and force control. Th e 

ability to manipulate objects in microgravity or judge forces 

needed to push off  surfaces to navigate must be refi ned on 

orbit.  25   Altered proprioception associated with unloading leads 

to impaired judgment of limb position.  35   Most crewmembers 

show a compliant response when jumping postfl ight, consistent 

with the decreased limb stiff ness required in microgravity.  26   

Crewmembers oft en report perceived heaviness of their body 

and limbs during the early postfl ight period.  33   

 Postural and locomotion control on Earth are constrained 

by the musculoskeletal strength required to rapidly move one ’ s 

center of gravity relative to one ’ s base of support.  27   Th e extent to 

which musculoskeletal deconditioning from spacefl ight con-

tributes to postfl ight postural ataxia depends on fl ight duration 

and available countermeasures. During Shuttle-MIR missions 

with limited countermeasures, mass in the major postural mus-

cles decreased between 12 – 20% before reaching a new steady 

state condition.  20   Th ere is generally a loss of force and power,  9   

in part due to changes in motor unit recruitment (alterations in 

neural drive to contract the muscle).  2 , 16   Th e decline in stiff ness 

and force of tonic postural muscles is accompanied by an 

increasing involvement of phasic muscles.  17   Active exercises 

intended to recondition musculoskeletal and cardiovascular 

function also serve to recondition the disrupted neuromuscular 

activation patterns observed during self-generated perturba-

tions postfl ight.  19     

 Evidence Base for Computerized Dynamic Posturography 

as a Standard Measure 

 Clinical applications of CDP include the assessment, rehabili-

tation, and management of balance disorders.  3   Th e CDP per-

formance can help identify those at risk of recurrent falls and 

guide the clinician in the development of a safe exercise pro-

gram.  36   Before ISS, CDP had been used experimentally to 

examine postfl ight postural ataxia following both short and 

long-duration fl ights.  4   In particular, the sensory organization 

tests provided by the EquiTest w  System platform (Neuro-

Com, Clackamas, OR) have been used to assess the relative 

importance of visual, vestibular, and somatosensory feedback 

for control of postural stability.  28 , 32   Th e greatest decrements 

occur when the eyes are closed and the support surface rotates 

in direct proportion to anterior-posterior (AP) body sway 

(sway referencing). By disrupting somatosensory feedback 

and removing vision, this condition is sensitive to adaptive 

changes in how vestibular feedback is used for postural con-

trol. We demonstrated that CDP diagnostic performance aft er 

short-duration Shuttle fl ights was enhanced with the addition 

of dynamic pitch-head tilts.  13   Based on this result, dynamic 

head tilts were incorporated into the ISS pre- and postfl ight 

CDP assessments. Consistent with the Shuttle results, in this 

report we demonstrate that performing head movements on 

an unstable support during CDP led to increased incidence of 

falls with a signifi cantly longer recovery than for head-erect 

conditions.     

 METHODS  

    Crewmembers and Test Schedule 

 Th e scope of our report summarizes the CDP results from the 

fi rst 10 yr or 25 expeditions of the ISS. A separate report  18   

describes the outcomes obtained from Russian Space Agency 

crewmembers (RSA,  N   5  25, of which 7 fl ew twice) during this 

same time frame. Th erefore this report only includes subjects 

from the National Aeronautics and Space Administration 

(NASA,  N   5  31), European Space Agency (ESA,  N   5  3), Japan 

Aerospace Exploration Agency (JAXA,  N   5  2), and Canadian 

Space Agency (CSA,  N   5  1). Of the 31 NASA crewmembers, 

3 participated in 2 of these ISS expeditions and 12 had no prior 

spacefl ight experience. Th is protocol is referred to as Medical 

Requirement MR042L or MedB 1.5 and was approved by the 

NASA Space Medicine Confi guration Control Board and the 

Multilateral Medical Operations Panel that coordinates Inter-

national Partner input into ISS Medical Operations. 
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 Th e CDP protocols performed during this fi rst decade of ISS 

missions can be subdivided into three phases (see     Table I  ). 

During the fi rst nine expeditions the test conditions were lim-

ited to sensory organization tests (SOTs) 1 – 6 with head erect. 

Starting with these initial expeditions, each crewmember was 

tested two times before fl ight, with the last session occurring 

between 29 – 84 d before launch (mean 61 d). To control for any 

learning eff ect between the initial familiarization and subse-

quent sessions, each crewmember ’ s baseline performance was 

obtained from their last prefl ight session. Th e initial postfl ight 

test schedule varied, with a fi rst test generally occurring between 

2 – 6 d and a second test between 7 – 10 d following landing. 

Resistive exercise during Expeditions 1 – 9 was limited to use of 

the interim resistive exercise device (iRED).     

 During the next 8 expeditions (10 – 17), pitch head tilts were 

introduced during SOTs 2 and 5 to sharpen the testing. Motor 

control tests (MCTs) were also introduced with support-surface 

translations and toes up rotations (see SOT and MCT descrip-

tions below). Th e prefl ight test schedule remained the same; 

however, the postfl ight schedule was broadened to include 

three tests generally occurring at 0 – 1 d, 2 – 5 d, and 7 – 10 d fol-

lowing landing. During these expeditions resistive exercise was 

performed using the improved iRED, also referred to as the 

Schwinn resistive exercise device (SchRED). 

 Beginning with Expedition 18, the postfl ight schedule was 

reduced to one measurement between 6 – 10 d following land-

ing, primarily for the purpose of return-to-duty assessment. 

Additional data are available on two crewmembers during this 

phase through their participation in a postfl ight experiment. 

Th e protocol continued to include SOTs 1 – 5 with head erect, 

SOTs 2 and 5 with dynamic pitch tilts and MCTs with platform 

translations. Coincidentally, during these same expeditions, 

resistive exercise was performed using the advanced resistive 

exercise device (ARED). As indicated in  Table I , each of the 

three phases had crewmembers returning on both Shuttle and 

Soyuz vehicles.   

 Computerized Dynamic Posturography System Description 

 Th e CDP was conducted using a modifi ed EquiTest w  System. 

Th e support surface consisted of a dual forceplate supported by 

four force transducers (strain gauges) mounted symmetrically 

to measure the distribution of vertical forces. Th e subject ’ s feet 

were centered on the support surface at shoulder width apart 

(    Fig. 1  ). Computer-controlled movements of the support sur-

face and/or visual enclosure were used to modify the sensory 

conditions or to impose unexpected perturbations. Th e support 

surface rotated about the medial malleolus using servomotors 

linked to the force plates by a lead-screw assembly (50° · s  2 1  

maximum). Similar servomotor and lead screws were used to 

rotate the visual surround (15° · s  2 1  maximum) or translate the 

support surface forward or backward [15 cm ∙ s  2 1  (6 in ∙ s  2 1 ) 

maximum]. Subjects wore noise-cancelling headphones through 

which operator instructions and white noise were supplied to 

mask external auditory orientation cues.     

 Th e subjects were instructed to maintain stable upright pos-

ture with arms folded across the chest. Th e center of pressure 

(COP) in both AP and medial-lateral directions was obtained 

from the forceplate strain gauges sampled at 100 Hz. A second 

order low-pass Butterworth fi l-

ter (cutoff  0.85 Hz) was applied 

to the COP to estimate center of 

mass. Th e subject ’ s sway angle 

was then derived from the cen-

ter of mass, which was assumed 

to be above the support surface 

at approximately 55% of total 

height.  24   

 Infrared markers mounted 

on the headphones were used to 

quantify head position using an 

OptoTrak System (Model 3020, 

Northern Digital Inc., Ontario, 

Canada). While the subject was 

standing with head upright, the 

head position sensor was set 

to 0° by adjusting the headset 

frame. Markers were also placed 

on the upper torso over the spi-

nous process of the T1 vertebra, 

at the hips parallel with the mus-

cle insertion point at the greater 

trochanter, at the center of each 

knee parallel to the center of the 

medial epicondyle of the femur, 

and at the center of the back of 

 Table I.        Summary of Crewmembers Included in the Present Report (Excluding RSA Crewmembers).  

  EXP * SPACE AGENCY LANDING VEHICLES CDP PROTOCOL RED **   

  1 NASA, RSA (2) Shuttle (3) SOT 1-6 iRED 

 2 NASA (2), RSA Shuttle (3) SOT 1-6 iRED 

 3 NASA, RSA (2) Shuttle (3) SOT 1-6 iRED 

 4 NASA (2), RSA Shuttle (3) SOT 1-6 iRED 

 5 NASA, RSA (2) Shuttle (3) SOT 1-6 iRED 

 6 NASA (2), RSA Soyuz (3) SOT 1-6 iRED 

 7 NASA, RSA Soyuz (2) SOT 1-6 iRED 

 8 NASA, RSA Soyuz (2) SOT 1-6 iRED 

 9 NASA, RSA Soyuz (2) SOT 1-6 iRED 

 10   †   NASA, RSA Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 11 NASA, RSA Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 12 NASA, RSA Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 13 NASA, RSA Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 14 NASA, RSA, ESA Shuttle (1), Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 15 NASA, RSA (2) Shuttle (1), Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 16 NASA (3), RSA, ESA Shuttle (3), Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 17 NASA, RSA (2) Shuttle (1), Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 18 NASA (3), RSA Shuttle (2), Soyuz (2) SOT 1-5, 2/5M, MCT SchRED 

 20   †  †   NASA (2), RSA, JAXA Shuttle (2), Soyuz (2) SOT 1-5, 2/5M, MCT ARED 

 21 NASA, RSA, ESA,CSA Shuttle (1), Soyuz (3) SOT 1-5, 2/5M, MCT ARED 

 22 NASA, RSA Soyuz (2) SOT 1-5, 2/5M, MCT ARED 

 23 NASA, RSA, JAXA Soyuz (3) SOT 1-5, 2/5M, MCT ARED 

 24 NASA, RSA (2) Soyuz (3) SOT 1-5, 2/5M, MCT ARED 

 25 NASA (2), RSA Soyuz (3) SOT 1-5, 2/5M, MCT ARED 

 26 NASA, RSA (2) Soyuz (3) SOT 1-5, 2/5M, MCT ARED  

   *     Exp refers to the ISS expedition designation upon landing. **The resistive exercise devices (RED) have included the iRED, SchRED, and 

ARED.   †  SOT head tilts and MCTs were added during Expedition 10.   †  †  The postfl ight CDP schedule was reduced beginning with 

Expedition 20.   
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each ankle (Achilles region) parallel to the center of the medial 

malleolus. Th ese markers thus enabled kinematic analysis of 

postural strategy using a multisegment model (data not reported 

here).   

 Sensory Organization Tests 

 Th e SOTs consist of a set of increasingly challenging condi-

tions to assess the subject ’ s ability to make eff ective use of visual, 

vestibular, and somatosensory information for maintaining 

upright stance. During some trials, the support surface and/or 

visual surround are rotated in direct proportion to the subject's 

sway, referred to as sway referencing. Sway referencing of the 

support surface and/or visual surround resulted in disrupted 

somatosensory and visual input, respectively. Postural sway is 

measured during 20-s trials, including combinations of two 

somatosensory conditions (fi xed-support, sway-referenced 

support) and three visual conditions (eyes open, eyes closed, 

sway-referenced vision). As described in     Table II  , the subject 

was asked either to maintain their head in a natural upright 

orientation, tilted back 20°, or perform continuous  6 20° sinu-

soidal head oscillations paced by an audible tone, transmitted 

through the headphones, at 0.33 Hz. For dynamic head move-

ments, the test operator monitored the head movement of the 

subject and gave corrective instruction over several cycles 

before beginning the trial.     

 Th e AP peak-to-peak sway angle,   u   (in degrees), was used to 

compute a continuous equilibrium score, designated as cEQ,  40   

as follows: 

 ( )( )θ= 12.5 ×cEQ 1- %trial completed, 

where 12.5° is the maximum theoretical peak-to-peak AP sway 

and the range of normalized values was between 0 and 100. 

Falls were marked when subjects moved their feet, began to 

take a step, or raised their arms. While all falls have traditionally 

been assigned an equilibrium score of 0, the resulting mixed 

discrete-continuous distribution has compromised inference 

obtained by standard statistical methods.  8   Th e slight modifi ca-

tion of the equilibrium formula above where  “ % trial com-

pleted ”  replaced  “ 100 ”  resulted in a continuous distribution. 

Note that the trials without falls were unchanged from the tra-

ditional equilibrium methodology. In addition to ensuring a 

continuous distribution, the cEQ factors in the time before a fall 

occurs, thus separating ballistic falls from falls that occurred 

later in the trial.  40     

 Motor Control Tests 

 Th e MCTs evaluate one's ability to automatically recover from 

unexpected support surface perturbations. Th ese consisted of 

either toes up rotations (8° in 0.4 s) or translations [1.0 – 1.5 cm 

(0.4 – 0.6 in) in 0.25 s, or 4.8 to 6.0 cm (1.9 – 2.4 in) in 0.4 s] in 

either forward or backward directions. For the purpose of this 

report, only the large forward translations are presented. Th e 

translation amplitudes were scaled according to height [2.25  3  

(height ÷ 183 cm)], thus producing similar sway disturbances 

across subjects. While standing with the head erect and eyes 

open, these unexpected movements of the support surface elic-

ited automatic stabilizing postural responses analogous to slip-

ping or tripping. 

  
 Fig. 1.        System confi guration depicting subject stance with feet at shoulder 

width and arms folded. Body segment kinematic data was derived from a 

video-based motion tracking system (OptoTrak, Northern Digital, Inc.) with 

markers positioned to record movement about the ankles, knees, and hips, as 

well as movement of the head.    

 Table II.        Summary of SOT and MCT Test Conditions.  

  SOT

SUPPORT 

SURFACE

VISUAL 

CONDITION HEAD CONDITION  

  1 Fixed Support Fixed Surround Head Upright 

 2 Fixed Support Eyes Closed Head Upright 

 2B Fixed Support Eyes Closed Static Pitch Back 20° 

 2M Fixed Support Eyes Closed Dynamic Pitch  6  20° 

 3 Fixed Support Unstable Surround Head Upright 

 4 Unstable Support Fixed Surround Head Upright 

 5 Unstable Support Eyes Closed Head Upright 

 5B Unstable Support Eyes Closed Static Pitch Back 20° 

 5M Unstable Support Eyes Closed Dynamic Pitch  6  20° 

 6 Unstable Support Unstable Surround Head Upright 

 MCT Support Surface Visual Condition Head Condition 

 T Translations Fixed Surround Head Upright 

 R Toes Up Rotations Fixed Surround Head Upright  
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 Postural stability during MCTs was characterized by both the 

initial response (latency and peak COP displacement) as well as 

the time to recover from the perturbation. Th e time to stability 

was based on each subject ’ s COP sway-velocity characteristics 

during normal stance with eyes open on a fi xed surface (from 

SOT-1 conditions described above) during the same session. 

Th e time to stability for each trial was then defi ned by the mini-

mum time at which the subject ’ s COP velocity remained within 

3 standard deviations of this COP sway threshold for 1 s.  12   Both 

the time to stability and path length (cm) to this time were used.   

 Modeling Postfl ight Recovery 

 Statistical comparison of pre- vs. postfl ight measurements 

was limited by the variability in the postfl ight test schedule 

across ISS expeditions, especially given the relatively few early 

postfl ight measurements. Th erefore, both the initial decrement 

in performance and the time course of recovery were deter-

mined by modeling the postfl ight measurements using a least 

squares exponential fit with return to preflight mean val-

ues. Although we have previously characterized the postfl ight 

recovery using double exponential fi t to capture both fast and 

slow recovery dynamics,  29   the number of early postfl ight data 

points in this data set limited estimates of the fast recovery 

phase for most conditions. While the number of trials some-

times varied across subjects, the median value was used from 

each session. Th e 95% confi dence interval of the amplitude of 

each exponential fi t compared to the corresponding prefl ight 

mean was used as the criterion for postfl ight signifi cance.     

 RESULTS  

    Sensory Organization Tests 

 Consistent with the EquiTest w  clinical norms,  24   the prefl ight 

cEQ scores for the SOTs decreased when the eyes were closed or 

the support surface was sway referenced. Neither static nor 

dynamic pitch head tilts reduced prefl ight postural performance 

when the support surface was fi xed, but both signifi cantly 

reduced the prefl ight cEQ with an unstable support surface.  30   

Based on the estimate of cEQ at 0 h aft er landing from the expo-

nential fi ts, there was a signifi cant decrement in all SOT condi-

tions. Th e percentage change in all three head-erect conditions 

with fi xed support was  , 10% (SOTs 1-3,     Table III  ). Th ere was, 

however, an estimated 25% decrement relative to prefl ight when 

dynamic-head movements were introduced with fi xed support 

and eyes closed. SOTs 2 and 3 did not signifi cantly diff er from 

each other; however, both were lower than SOT 1.     

 Th e SOT conditions most sensitive to postfl ight sensorimo-

tor changes used the unstable (sway referenced) support sur-

face (SOTs 4 – 5), with initial decrements signifi cantly lower 

than all fi xed-support conditions (SOTs 1 – 3). Th e initial decre-

ment with unstable support and eyes closed (SOT 5) was esti-

mated at  . 80% with head erect. As with the fi xed-support 

condition, a static head extension of 20° resulted in postfl ight 

decrements similar to the head erect condition. However, most 

crewmembers tested on landing day did not even attempt 

dynamic head tilts with an unstable support as this was consid-

ered too challenging. When attempted, the overall postfl ight 

fall incidence increased from 1.4% (7 of 501 trials) with head 

erect to 14.7% (52 of 353 trials) with dynamic head tilts. Based 

on the exponential fi t, the fall incidence with dynamic head tilts 

following fl ight on the ISS would approach 100%, close to land-

ing with diminished visual inputs and unstable support surface. 

     Fig. 2   illustrates the recovery dynamics for four SOT condi-

tions characterized by single exponential fi ts of the median cEQ 

measures. While the overall decrements were small with the 

fi xed support ( Figs. 2A and 2B ), the time constant of recovery 

was typically  . 4 d (see also  Table III ). In contrast, the single 

exponential fi t of SOT 5 ( Fig. 2C ) was dominated by faster recov-

ery dynamics of  , 1 d. In this condition, a double-exponential 

fi t would provide a better estimate both the fast (days) and slow 

(weeks) recovery. Th e variability across crewmembers was also 

striking during the unstable support conditions, with several 

crewmembers performing near prefl ight levels within the fi rst 

day aft er landing. As illustrated in  Fig. 2D , the majority of crew-

members continued to have diffi  culty during the fi rst postfl ight 

week when required to make dynamic head tilts on an unstable 

support surface, with several falls during this condition occur-

ring in the second postfl ight week.     

 To contrast the recovery dynamics of crewmembers from 

the three diff erent phases of ISS Expeditions as described in 

 Table I , diff erent symbols have been used to diff erentiate each 

group in  Fig. 2 . The clearest difference was for SOT 5M 

( Fig. 2D ) between the second group that used the SchRED 

and the last group that used the 

ARED. Although it is clear that 

the ARED group included sev-

eral crewmembers with higher 

prefl ight performance, this group 

consistently outperformed the 

SchRED group throughout the 

postflight test period as well 

(note diamonds  .  squares).   

 Motor Control Tests 

 Th e same comparison between 

the SchRED and ARED expedi-

tions is illustrated for the MCTs 

 Table III.        Summary of SOT Continuous Equilibrium Scores: Prefl ight Mean Compared with Estimates of the Initial 

Postfl ight Scores (Recovery +0 h) and Time Constant (TC) of Recovery from Single Exponential Fits.  

  SOT PRE MEAN ( 6  SEM) R+0 h ( 6  95% CL) % CHANGE @ R+0 h TC, h ( 6  95% CL)  

  1 94.3 (  6  0.3) 90.0 (  6  2.2) 4.6% 116.1 (  6  86.6) 

 2 89.9 (  6  0.6) 82.6 (  6  3.9) 8.1% 99.4 (  6  74.6) 

 2B 88.8 (  6  0.7) 78.2 (  6  6.3) 11.9% 110.7 (  6  116.3) 

 2M 87.8 (  6  1.2) 65.8 (  6  13.0) 25.0% 213.7 (  6  237.3) 

 3 92.4 (  6  0.5) 85.9 (  6  2.9) 7.0% 94.2 (  6  58.6) 

 4 87.9 (  6  0.8) 68.2 (  6  8.3) 22.3% 44.6 (25.6) 

 5 74.9 (  6  1.4) 13.2 (  6  21.1) 82.4% 19.4 (  6  10.7) 

 5B 62.3 (  6  2.5) 28.2 (  6  23.2) 54.7% 55.4 (  6  53.7) 

 5M 62.3 (  6  2.8)  ,  0 (  6  25.3)  .  100% 110.6 (  6  54.4) 

 6 72.2 (  6  1.8) n/a n/a n/a  

   See  Table II  and text for description of SOT conditions. SEM  5  standard error of the mean; R  5  recovery; CL  5  confi dence limits.   
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in     Fig. 3  . While early postfl ight MCTs were only performed in 

the SchRED group, there are insuffi  cient data to draw conclu-

sions between these two groups based on the MCTs alone. Note 

that in contrast to the cEQ measurements, lower times to stabil-

ity ( Fig. 3A ) and lower path lengths ( Fig. 3B ) represent improved 

performance. Based on the single exponential fi ts, the MCT 

recovery dynamics appear very similar to the SOTs 1 – 3 with the 

fi xed support. Th e initial time to stability increased by 1.9 s 

( 6  1.5 s, 95% CL), and the corresponding path length increased 

  
 Fig. 2.        Comparison of median cEQ scores for A) SOT-2, B) SOT-2M, C) SOT-5, and D) SOT-5M. Each point represents the 

median of 2 – 3 trials for one subject ’ s session. The postfl ight days were determined by the actual hours elapsed since 

landing, with the exception that sessions occurring later than 240 h were assigned to 10 d. The solid line refl ects the 

best-fi t single exponential fi t of the postfl ight data with the prefl ight mean used as the off set value. Data are separated 

by ISS phase, with crewmembers from Expeditions 1 – 9 noted with circles, crewmembers from Expeditions 10 – 18 

noted with squares, and crewmembers from Expeditions 20 – 26 noted with diamonds.    

  
 Fig. 3.        Comparison of median time to stability and median COP path length obtained during unexpected large for-

ward translations. The postfl ight days, exponential fi t, and symbols are the same as indicated for  Fig. 2 .    

by 35.6 cm (14 in) [ 6  25.6 cm 

(10 in), 95% CL] based on the 

exponential fi ts.         

 DISCUSSION 

 Th e CDP performed during the 

fi rst decade of ISS expeditions 

has added to an existing evi-

dence base of impaired sen-

sorimotor function following 

return to Earth. While the pri-

mary purpose of the CDP medi-

cal requirement is to assist the 

fl ight surgeons in return to duty 

assessments, data obtained dur-

ing some earlier ISS expeditions 

have been helpful for estimating 

the initial decrements and recov-

ery of postural stability following 

longer duration fl ights. Dynamic 

head tilts on unstable support 

led to increased incidence of 

falls, signifi cantly greater decre-

ments in performance, and a 

longer recovery than head erect 

and fi xed-support conditions. 

 This is consistent with our 

fi ndings from CDP testing fol-

lowing shorter duration Shut-

tle flights.  13   Following the Shuttle flights, the standard 

Romberg condition was also the least sensitive condition. 

When comparing the performance of astronauts relative 

to matched ground controls, the greatest diagnostic accu-

racy was ob served in the sway-referenced support condi-

tion with head pitched dynamically (94.9% sensitivity, 96.6% 

specificity). Although the postural decrements are typi-

cally less following shorter duration flights,  6   the addition 

of dynamic head tilts was equally challenging with all 11 fi rst-

time Shuttle crewmembers fall-

ing during at least 1 trial on 

landing day.  13   Clearly the post-

fl ight clinical examinations are 

enhanced with the combina-

tion of dyna mic head tilts and 

unstable support conditions. 

 While some crewmembers 

adopt a pitch-forward head tilt 

early aft er long-duration fl ights,  34   

it is interesting to note that static 

head extension did not increase 

the sensitivity of the SOT con-

ditions following spaceflight. 

The recovery of postural stabil-

ity with dynamic head tilts was 
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similar to recent measurements of locomotor dysfunction 

aft er long-duration spacefl ight using a functional mobility test 

(FMT).  23   In this ISS study, Mulavara and colleagues calculated 

that a typical subject would recover to 95% of prefl ight level by 

approximately 15 d postfl ight. We hypothesize that adaptive 

change in the processing of low-frequency otolith input results 

in a sensory reweighting toward somatosensory cues for bal-

ance control. Th e introduction of dynamic head tilts on an 

unstable support surface drives the crewmember to use the 

vestibular cues as during locomotion on the compliant surface 

during FMT.  23   Cohen and Kimball recently suggested a com-

bination of SOT and FMT has more sensitivity and specifi city 

to detect vestibular impairment than other subjective clinical 

scales.  7   

 Th e dynamic head tilt condition was also more sensitive 

in separating out the recovery of balance control across ISS 

expeditions. Diff erences in the postfl ight performance can 

be attributed in part to the greater prefl ight levels during the 

later expeditions ( Fig. 2D ). A greater level of skill would 

aff ord more reserve capacity to compensate for sensorimo-

tor disturbances postfl ight. However, the diff erences across 

expeditions may also be attributable to the enhanced exer-

cise capabilities introduced on ISS during these later mis-

sions. Earlier resistive exercise devices had several limitations, 

including reduced maximal loading, varying resistance, and 

limited eccentric components. Th e ARED off ered more in-

fl ight exercises and the loading was improved to better simu-

late the constant mass and inertia of free-weight exercise.  14   

We recently demonstrated that crewmembers using the 

ARED had improved postfl ight agility scores.  39   Th e degree 

of initial postfl ight decrement in several physiological systems 

is related to compliance with in-fl ight countermeasures.  15   

In-fl ight exercises, although targeted primarily to minimize 

cardiovascular and musculoskeletal deconditioning, may have 

benefi cial eff ects for postfl ight sensorimotor function related 

to mobility, most likely by requiring stable manipulation of 

external loads during lower-limb exercises (e.g., squats, leg 

presses). 

 Although two of the ARED group were on their second 

ISS expeditions, the increased postfl ight performance of this 

group is not likely due to previous fl ight experience. In fact, 

there were fi ve fi rst-time fl yers in this group as compared to 

three in the iRED group and four in the SchRED group. Sev-

eral crewmembers indicated their previous fl ight experience 

was most benefi cial for the fi ne motor control skills learned 

for movement in microgravity. However, it is less clear how 

previous fl ight experience benefi ts postfl ight sensorimotor 

recovery. We previously observed that as a group veteran 

astronauts do not have the same level of sensorimotor 

impairment as fi rst time fl yers.  29   Postfl ight postural perfor-

mance has not been consistently improved in crewmembers 

that have been tested on multiple missions. Th e best predic-

tor of sensorimotor performance aft er a mission has been 

how that crewmember fared during previous fl ights.  32   

 In addition to the improvements attributed to in-fl ight 

exercise conditioning, ISS crewmembers have benefi ted from 

the supervised reconditioning upon return to Earth.  21   Follow-

ing landing, 2 h of crew time is reserved each day for post-

fl ight reconditioning. Over the course of the fi rst decade of the 

ISS, this program has incorporated additional exercises that 

challenge multisensory integration with an increasing level of 

diffi  culty customized to the individual ’ s state of recovery. Th is 

program also serves to increase crew self-awareness of fall 

risk.  39   Th e more mobile a crewmember is following gravita-

tion transitions the quicker the sensorimotor symptoms will 

be resolved. One of the challenges for future exploration 

missions will be to provide the tools for crewmembers to self-

administer their reconditioning exercises on planetary sur-

faces in a similar fashion to how the in-fl ight exercises are 

administered on the ISS.    

  Conclusions 

 Th e CDP provides a standardized sensorimotor measure that 

can be used to support both return-to-duty decisions by fl ight 

surgeons and evaluation of countermeasure prescriptions that 

may impact the recovery of sensorimotor function. Th erefore, 

this medical requirement was rescheduled during later ISS 

expeditions to occur postfl ight only between 6 to 10 d aft er 

landing when postural recovery was presumed to be nearly 

complete. Th e absence of the early postfl ight tests, while per-

haps not as critical for return-to-duty decisions, severely lim-

its the second purpose of CDP as a standard measure for 

countermeasure evaluation. Sensorimotor changes are most 

profound shortly aft er gravitational transitions.  39   Th erefore, 

only an epidemiological approach that quantifi es the initial 

sensorimotor decrements can provide the evidence base for 

how candidate treatment paradigms aff ect these adaptive 

changes and allow objective risk-management decisions for 

future exploration missions.  10   We recommend that a short-

ened version of CDP incorporating dynamic head tilts, or an 

analogous sensorimotor measure, should be performed as 

soon as feasible aft er landing to defi ne the initial decrements. 

Th is shortened protocol can then be tested periodically dur-

ing the fi rst postfl ight week to track the dynamics of recovery 

on both individual and group bases. 

 Th e CDP has documented the wide variability in postfl ight 

sensorimotor function across crewmembers. Th e results sum-

marized in this report suggest some exploration crewmembers 

are likely to exhibit moderate to severe sensorimotor impair-

ment shortly aft er landing when crew tasks are inherently more 

risk sensitive. Impairment during dynamic head tilts was oft en 

not observed as crewmembers and/or fl ight surgeons deter-

mined these conditions were too challenging to attempt early 

postfl ight. Th e end of the Shuttle program limits access to crew-

members for these critical early postfl ight assessments. We 

advocate for the development of fi eld tests of sensorimotor 

function that should be implemented consistently across expe-

ditions to assess crewmembers returning from ISS in remote 

landings sites, such as on the Soyuz in Kazakhstan. Th ese fi eld 

tests would provide an evidence base that could be used during 

future exploration missions during which crewmembers must 

self-assess their sensorimotor function following gravitational 
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transitions, administer their own rehabilitation, and determine 

when they are ready to participate in extravehicular activities.       
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