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R E S E A R C H  A R T I C L E

           Numerous publications on ultrasound (US) imaging in 

actual and analogue spacefl ight environments report 

reliance on remote guidance (RG) of minimally trained 

caregivers or research operators with no professional expertise 

in US.  1 , 2 , 4   High-quality US images from multiple organ systems 

(e.g., cardiovascular, respiratory, musculoskeletal, genitouri-

nary) have been obtained consistently, attesting to the general 

maturity of the remotely guided diagnostic US capability in 

orbital spacefl ight and in remote terrestrial settings with com-

munication latency of up to 2 s.  7 , 8 , 14   However, increased latency 

in data fl ow and voice communication associated with greater 

distances is expected to impair the eff ectiveness of these tech-

niques. Th e actual communication delay that would render RG 

ineff ective has not been objectively established. Th e two-way 

communication delay on missions to the Moon is expected to 

reach  ; 5-6 s and the delay on missions to Mars is expected to 

last 10 to 45 min.  3 , 5 , 13   A simulated Mars mission with a 15-min 

communication delay demonstrated successful use of US by a 
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general physician with remote assistance to diagnose appendi-

citis before surgery.  13   Anecdotal reports, however, are not suf-

fi cient to infl uence the medical requirements for exploration 

missions of the future. 

 To assess the eff ects of intermediate delays on a remotely 

guided collection of US images by nonexperts, a simulated explo-

ration mission outpost was set up with the communication 

delay set at 5 s (a lunar mission scenario with additional satellite 

uplinks and ground segments). For longer delays without RG 
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possibility, the same tasks were undertaken with autonomous 

US imaging. A subset of operators in the 5-s scenario, and all 

operators in the absence of RG, were assisted by a computer-

based learning tool called Onboard Profi ciency Enhancer-Light 

(OPE-L). Th e operators learned how to use this tool immedi-

ately before they used it in the study. Th is type of training, in 

which an operator learns how to use a specifi c tool or execute 

a specifi c skill immediately before applying that tool or skill, 

is called  “ just-in-time ”  training. Th e hypothesis was that the 

OPE-L would have a positive impact on the user ’ s ability to col-

lect useful US images and possibly replace RG for certain medi-

cal scenarios.  

 METHODS  

    Subjects 

 Th e procedures described in this report were reviewed and 

approved by the NASA Johnson Space Center Institutional 

Review Board. Selected for this study were 30 operator subjects 

with no US training or with lifetime US imaging exposure not 

exceeding 2 h (12 men, 18 women, ages 32 – 54). Seven subjects 

had more than 2 yr of medical education.   

 Software 

 OPE-L is a menu-driven presentation that has multimedia 

instructions for all steps leading to a successful capture of each 

target US image. Th e original OPE was used aboard the Inter-

national Space Station (ISS) to assist astronauts in their collec-

tion of US images. It covered US basics, understanding RG 

language, relevant anatomy, specifi c imaging procedures, and 

imaging tips and pitfalls.  1 , 3 , 4   OPE-L contains only the target US 

images and an illustrative video of each of the imaging tasks [a 

fracture assessment of a damaged limb and a Focused Assess-

ment with Sonography in Trauma (FAST) abdomen assessment 

(    Fig. 1  ) used in this study].       

 Procedure and Design 

 Th e subjects were randomly assigned to 3 groups of 10 subjects 

each for the entirety of the experiment:

•    Remote Guidance (Group A). Subjects were guided by an 

expert (radiologist or emergency physician with US certifi -

cation and experience in remote medical discourse), with a 

5-s round-trip communication delay in both the audio and 

video. Th e expert received a video link from the US machine.  
•   Autonomous operation with OPE-L (Group B). Subjects 

used OPE-L to review the procedures and target images 

before and at any time during the task. Use of the OPE-L 

included, in part, the subject viewing a  ; 2-min video.  
•   Remote Guidance with OPE-L (Group C). Subjects were 

remotely guided in addition to using OPE-L.   

  All groups had a US cue card affixed to the edge of the US 

screen for reference purposes. Th e card includes a layout of the 

US keyboard to help the subject locate the features and settings 

on the device, an anatomical layout of the human body with 

locations specifi c for US probe placement, and images detailing 

US probe manipulation techniques (pan, rotate, tilt). A similar 

cue card is used for current US operations aboard the ISS. 

 Each subject underwent a standardized 10-min training ses-

sion immediately before performing the imaging tasks. Each 

subject was blinded to their group assignment before their 

training session and none received any special focus with 

respect to the tools they were using during their session (for 

example, it was not emphasized to subjects of Group B that they 

needed to pay particular attention to OPE-L). Th e training 

included explanation of the tasks, basic probe and equipment 

manipulation techniques, familiarization with the cue card and 

the OPE-L computer tool, and use of RG language for this task. 

 Th e subjects then completed both experimental tasks in one 

session. Th e fi rst task was to assess an extremity phantom (two 

limbs) for bone fracture and capture a total of four images of 

intact and fractured segments. Subjects were also asked to 

indicate their level of diagnostic confi dence. Th e second task 

was to perform a FAST abdominal protocol on a human male 

subject screened to fi t the demographics of the astronaut pop-

ulation and to collect four target images for later interpreta-

tion. Completion times were recorded for both tasks. Upon 

fi nishing both tasks, each subject completed a 22-question 

questionnaire to capture their perception of training eff ective-

ness, the equipment cue card, the OPE-L computer tool, and 

the RG. Th e questionnaire also assessed the subjects ’  perceived 

level of diffi  culty and frustration in completing each experi-

mental task.   

 Data Analysis 

 Image quality was rated by the same FAST-certifi ed emergency 

medicine physician who was blinded to the group assignment 

(A, B, or C). Each of the four target images collected for each of 

the tasks was rated on a scale of 0 to 100%. Th e ratings for the 

four views were averaged to formulate the mean rating and then 

converted to a 1 – 4 scale (    Table I  ). A ratio of the image quality 

(percentage) to the completion time was referred to as either 

  
 Fig. 1.        OPE-L for FAST abdomen assessment. The image being collected is 

shown in the upper right of the video view, and the probe placement is shown 

in the remaining space of the view.    
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 “ fracture index ”  or  “ FAST index ”  for the respective tasks. Th ese 

indices represented image quality adjusted for the correspond-

ing completion time.     

 Analysis of variance (ANOVA) with Tukey ’ s honestly sig-

nifi cant diff erence test was used to determine statistical signifi -

cance of diff erences in the three group means for the following 

variables: completion time, image quality, fracture and FAST 

indices, diffi  culty index, and frustration index. Th is test con-

trolled for the multiple comparisons and provided a pairwise 

comparison of groups. In addition,  t -tests were used to compare 

the performance of subjects who had received greater than 2 yr 

of medical training with those who had not.     

 RESULTS 

 Th e area of injury for the fracture portion of the study was cor-

rectly identifi ed by 100% of the subjects in Group C and by 90% 

of the subjects in both Groups A and B. Th e assistance provided 

by the RG to Groups A and C involved only anatomical posi-

tioning and not real-time confi rmation of the fracture from the 

imagery. Th e self-reported confi dence levels of the subjects in 

making a correct diagnosis of the fracture from the images col-

lected were 94.9%, 92.5%, and 94.3% for Groups A, B, and C, 

respectively [ F (2,27)  5  0.24;  P   5  0.79]. 

 Task completion times for the fracture assessment were sig-

nifi cantly longer for Group C than for Group A (    Table II  ). Th e 

diff erences between Group B and the other two groups were 

not signifi cant. Th e quality of the fracture images collected was 

not signifi cantly diff erent between the three groups. Signifi cant 

diff erences were identifi ed between Group A and the other two 

groups with respect to fracture index (image quality adjusted 

for completion time) (    Table III  ). In addition, the fracture 

index for Group B was not signifi cantly diff erent from the index 

for Group C. The mean task completion time for the FAST 

assessment was similar in all groups, but there was a trend 

toward quicker completion time for Group B (    Table IV  ).             

 All groups collected FAST images of acceptable diagnostic 

quality; however, there was a trend with Group B having the 

lowest image quality and Group C having the highest. Th e 

mean FAST index (image quality adjusted for completion time) 

was similar for all groups [Group A: 3.7, Group B: 3.7, Group C: 

4.2;  F (2,27)  5  0.25;  P   5  0.78]. Subgroup analysis revealed that 

the image collection performance of those with previous medi-

cal training (defi ned as greater than 2 yr of medical school) was 

signifi cantly diff erent from the performance of other subjects, 

as demonstrated by image quality [mean diff erence  5  0.7 (0.2  –  

1.3),  P   5  0.01] and FAST index [mean diff erence  5  1.8 (0.5  –  

3.0),  P   5  0.01]. Questionnaire data revealed a trend that Group 

B found image collection to be more diffi  cult than Group A 

[ F (2,27)  5  3.1;  P   5  0.06]. Th e level of frustration with complet-

ing the tasks was similar for the two tasks of the experiment 

[ F (2,27)  5  0.92;  P   5  0.41].   

 DISCUSSION 

 Exploration-class missions to the Moon, Mars, and near-Earth 

asteroids are a realistic expectation that will likely materialize in 

the foreseeable future. Th e medical risk profi les and tolerance 

for such missions are being defi ned and will determine the 

complexity of the diagnostic and treatment capabilities.  3 , 6   US 

imaging technology will likely be a dual-purpose (research and 

clinical) resource of the future spacefl ight health care system, 

similar to the current ISS confi guration. Th is notion is sup-

ported by the many previous successes in the eff ective use of US 

in spacefl ight.  3 , 11 , 15   Multiple studies have shown that minimally 

trained astronauts and cosmonauts aboard the ISS can be 

 Table I.        Image Quality Rating Scale for Fracture and FAST Images.  

  RATING FRACTURE CRITERIA FAST CRITERIA  

  4 Clearly shows fracture Clearly shows hepatorenal interface, splenorenal interface, diaphragm, pericardial space, 

and perivesicular structures 

 3 Shows some images of the 

fracture but they are not clear

Shows some but not all of the above structures; shows part of the hepatorenal interface, 

splenorenal interface, or pericardial space; shows bladder, but not perivesicular structures 

 2 Shows very limited images of the 

fracture; hard to visualize

Shows very limited views of the above structures; not adequate for evaluation of hepatorenal 

interface, splenorenal interface, pericardial space; bladder only minimally visualized 

 1 Inadequate images; unable to interpret Inadequate images; unable to interpret  

 Table II.        Mean Task Completion Times for the Fracture Assessment.  

  GROUP

MEAN COMPLETION 

TIME (min)

95% CONFIDENCE 

INTERVAL  

  Group A  –  RG Only 7.7 * 6.6-8.8 

 Group B  –  

Autonomous + OPE-L

9.6 8.2-11.1 

 Group C  –  RG + OPE-L 10.7 * 9.4-12.0  

   RG: remote guidance; OPE-L: Onboard Profi ciency Enhancer-Light.  

  *     Statistically signifi cant diff erence between group means, as identifi ed by Tukey post hoc 

comparisons ( P   ,  0.01).   

 Table III.        Mean Fracture Index.  

  GROUP

MEAN FRACTURE 

INDEX

95% CONFIDENCE 

INTERVAL  

  Group A  –  RG Only 13.5 *  ,    ‡   11.5-15.5 

 Group B  –  

Autonomous + OPE-L

10.6 * 9.1-12.1 

 Group C  –  RG + OPE-L 9.6   ‡   8.3-11.0  

   RG: remote guidance; OPE-L: Onboard Profi ciency Enhancer-Light.  

  *     Indicates statistically signifi cant diff erences between group means, as identifi ed by 

Tukey post hoc comparisons ( P   ,  0.01).  

    ‡       Indicates statistically signifi cant diff erences between group means, as identifi ed by Tukey 

post hoc comparisons ( P   ,  0.01).   
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remotely guided by ground-based sonographers to collect 

high-quality US images of practically all feasible anatomical 

targets.  3 , 4 , 16   Th e transfer of this capability to exploration-class 

missions will require transition from near-real-time RG from 

the ground to delivery of appropriate expertise from an onboard 

computer-based expertise bank. Th e experiment reported here 

generally demonstrates the feasibility of such on-site informa-

tion transfers. 

 Th is study was an initial assessment to answer the question 

of whether a longer communication delay can aff ect remotely 

guided collection of US images by non-US experts with either 

limited or no medical training. Choosing the 5-s communica-

tion delay experienced during lunar missions, the investigators 

demonstrated that this did not aff ect RG eff ectiveness seen in 

previous studies.  1 , 2 , 7   Th e image quality for the fracture assess-

ment was at a diagnostic level for subjects receiving only RG 

(Group A). Th e image quality remained at this level when the 

OPE-L was added to the RG paradigm (Group C). It is under-

stood that the diff erence in time between these two groups to 

collect their high-quality images was signifi cant (7.7 min for 

Group A vs. 10.7 min for Group C); however, this diff erence can 

be explained, in part, by the actual amount of time needed to 

view the OPE-L video ( ; 2 min) plus the time needed to listen 

to and execute supplementary instructions from the RG. View-

ing of the OPE-L video may also explain the  ; 2-min diff erence 

in image collection times between Groups A and B; the latter 

group had to watch the OPE-L video before executing the task. 

Overall, the time diff erences can be considered negligible and 

would not have a serious eff ect in a medical contingency. 

Autonomous use of the OPE-L, that is, in the absence of RG 

(Group B), resulted in image quality comparable to that of the 

two groups that were given RG. Th is fi nding, combined with 

the fact that autonomous use of the OPE-L did not signifi cantly 

increase the task completion time, practically proves the con-

cept of using carefully organized information from onboard 

stores versus receiving information through RG. Taken together, 

the data support the investigators ’  hypothesis that use of the 

OPE-L or similar computer-based learning tool can replace RG 

in certain scenarios. 

 Th e mean task completion times for the FAST assessments 

were not signifi cantly diff erent between the three groups, nor 

were the mean image quality levels. It is understood that the 

mean image quality levels from the FAST portion of the study 

were lower than those in fracture assessment, yet of acceptable 

diagnostic quality; it must be noted that the complexity and 

nature of the two tasks is diff erent and such comparison may 

easily be challenged. 

 Th e subjects with previous medical training produced FAST 

images of significantly greater quality than nonmedically 

trained subjects. Th is cohort was able to do so despite not hav-

ing substantial US experience. Th is predictable advantage can 

be explained by their knowledge of anatomy in general and 

familiarity with cross-sectional representation of anatomy, and 

possibly by a more effi  cient RG discourse since the experts were 

not blinded to the professional background of the subjects. Th is 

finding is complemented by the report of Otto et al., who 

assessed the impact of a Mars mission-relevant communication 

delay of 15 min on RG techniques for diagnosing and treating a 

simulated case of appendicitis.  13   Th e research team used a care-

giver who had a broad medical background but limited exper-

tise in US and surgical procedures. In the simulated Mars 

research environment at Devon Island, the team demonstrated 

that this level of caregiver was able to be successfully guided by 

remote experts through US imaging procedures to provide 

diagnostic-quality images. Taken together, these fi ndings sug-

gest that a physician crewmember would be a more successful 

US operator regardless of US experience level and they lend 

support to the current NASA requirement to have a physician 

for lunar and planetary missions of durations greater than 

210 d.  12   For missions not requiring a physician ( ,  210 d), 

but still involving signifi cant communication delays, further 

research is needed to determine the appropriate level of train-

ing to enable nonmedical personnel to perform diagnostic US 

and US-guided procedures.  17 , 18   

 Th e diffi  culty and frustration levels associated with the tasks 

were similar for all three groups. Although diff erences were not 

signifi cant, OPE-L tended to reduce the levels of perceived dif-

fi culty and frustration, suggesting that optimizing the OPE-L 

and allowing subjects to gain experience with computer-based 

procedure guidance might further improve confi dence and 

performance. Alternatively, other modes of information deliv-

ery could be used in certain scenarios. Th e  “ virtual guidance ”  

system developed by Martin et al. uses commercially available 

video glasses and audio/video guidance to collect diagnostically 

adequate US imagery for a given protocol.  10   

 Th e present study demonstrates that increasing the com-

munication delay to 5 s did not aff ect an RG expert ’ s ability to 

guide non-US experts to collect diagnostic-quality US images. 

However, further increases in communication delay could 

impair the eff ectiveness of RG, especially in complex proce-

dures requiring more than mere identifi cation of standard and 

easy-to-recognize target images. 

 Th e most important result of this experiment is the success 

at task performance in the group of subjects operating in full 

autonomy and drawing necessary directions from the OPE-L 

computer tool. Th is fi nding shows that the potential in future 

spacefl ight programs of adaptive multimedia tools for support-

ing US protocols of all levels of complexity warrants more 

attention, and so does their potential in limited-resource ter-

restrial settings. 

 Because of the limited scope of the experiment, the train-

ing for all subjects in the study occurred immediately before 

the experiment. Such timing is diff erent from just-in-time 

 Table IV.        Mean Task Completion Times for the FAST Assessment.  

  GROUP

MEAN COMPLETION 

TIME (min)

95% CONFIDENCE 

INTERVAL  

  Group A  –  RG Only 22.7 18.9-26.4 

 Group B  –  

Autonomous + OPE-L

20.4 16.6-24.2 

 Group C  –  RG + OPE-L 22.7 18.1-27.3  

   RG: remote guidance; OPE-L: Onboard Profi ciency Enhancer-Light.   

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via free access



1038  AEROSPACE MEDICINE AND HUMAN PERFORMANCE Vol. 86, No. 12 December 2015

SPACE EXPLORATION ULTRASOUND — Hurst  et al. 

US training experience on the ISS,  1 , 2 , 9   yet it is possible in 

case of a medical emergency if appropriate computer-based 

resources are available. Any degradation in profi ciency over 

time was not simulated in this study. Th e use of artifi cial 

limb phantoms for the fracture portion of the study substan-

tially simplifi es the task compared to actual trauma scenar-

ios. Also, it is understood that application of the results 

involving RG are limited to LEO, lunar, and possibly lunar 

Lagrangian point missions and are not applicable to a Mars 

expedition with much longer communication delays. Lastly, 

the study was conducted in a normal-gravity environment 

and without attempts to reproduce any ergonomic circum-

stances of spacefl ight.     
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