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Abstract. This work intends to generate evidence of acute, incremental human performance decrement similar to that due to space radiation and its impacts on the brain, to accompany ongoing human performance modeling work.  The planned work will explore the boundaries of human behavioral and performance decrement after exposure to stress, which may be expected based in part on rodent responses found after exposure to ionizing radiation.  The collection of evidence via simulation studies can characterize real human errors toward determining what stress levels lead to significantly-low levels of performance (below permissible outcome limits) which would imperil mission accomplishment.  If mission-relevant animal-study-linked tasks are used, human and animal performance levels may be aligned to enable quantitative assignment of permissible exposure limits based on animal exposure studies.  Ultimately, a transfer function between the performances of exposed rodents and humans under stress can be developed using shared impairment mechanisms. 
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1 Introduction

Acute stressors threaten operational mission accomplishment by hindering human performance.  Performance degradation may be modeled and predicted, or measured in real time to mitigate risks to task and mission completion during operations.  Ideally, human performance data collected during simulated or real task performance is used to verify models and fit parameters.  When used together, stress detection, psychophysiological monitoring, cognitive evaluation and performance measurement, simulation scenario design, and physiological response and cognitive impact modeling can be powerful tools for mitigating the risks of degraded operational task performance.  

To accompany ongoing work modeling human performance decrement due to the multiple stressors of space exploration [1], human performance data collection during simulated task completion is being planned.  This work intends to generate and gather evidence of acute, incremental human performance decrement similar to that due to functional impairment caused by space radiation (SR), and in particular due to the impacts of SR on the central nervous system including the brain.  The planned work intends to explore the boundaries of human behavioral and performance decrement after exposure to stress, which will vary across mission durations and functional domains.  These studies will be guided by performance decrement expectations based in part on rodent responses found after exposure to ionizing radiation [2].  Despite such literature, questions remain regarding how to set appropriate human exposure limits in a way that is based quantifiably on expected human performance and associated mission outcomes.  Additional human performance data - whether newly-generated or obtained via analysis of existing data sets - is needed to transfer outcome limits to exposure limits.  This will be further addressed in section 2.
Some level of human error is tolerable while still achieving mission objectives, regardless of whether those errors can be measured with statistical significance.  Levels of human error which imperil a mission are not tolerable.  These would be significantly-low levels of performance (SLP).  Thus, we plan the collection of evidence to characterize real human errors on either side of these limits toward answering the following questions.  
1.  What stress level (or simulated radiation exposure level) leads to a SLP, across task difficulty levels and functional task types?  This must be determined so that data may be collected for both simulated mission failure and accomplishment. 
2.  Given an acute impairment of <functional ability>, human performance decrement may be expected on tasks which rely on <functional ability>.  What is the impact to the mission if the <functional ability>-requiring tasks are not performed well?  At what point does that impact become significant to mission accomplishment?  
Relevant experimental design considerations are discussed in section 3.  Ultimately, a transfer function between the performances of exposed rodents and humans under stress can be developed using shared impairment mechanisms [3, 4] and SLP alignment based on this newly-gathered evidence that addresses operational significance.  

2 Transferring Human Performance Outcome Limits to Animal Exposure Levels 
Radiation exposure is limited via mission planning to protect crew health and mission accomplishment.  Given appropriate human subject data, permissible exposure limits (PEL) may be set in a way that is based quantifiably on expected human performance and associated mission outcomes.  The collection of evidence via human subject simulation studies can support the characterization of real human errors toward determining what stress levels lead to SLP on operational tasks which would imperil mission accomplishment.  Such low levels of performance would lead to undesirable mission outcomes - those below permissible outcome limits (POL).  
As illustrated in Fig. 1, mission-relevant POLs cannot be set effectively using animal studies alone.  It is unreasonable to expect rodents to perform complex multi-function tasks at the mission level in a way that approaches human performance.  However, if mission-relevant yet animal-study-linked tasks are used, human and animal performance levels may be aligned to enable quantitative assignment of PELs based on animal exposure studies, using POLs based on human SLP studies.  Task selection is discussed further in section 3.
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Fig. 1. Steps from exposure to mission impacts are shown, for animals (left) and for humans (right).  Given appropriate human subject data, permissible exposure limits (PEL) may be set in a way that is based quantifiably on expected human performance and associated mission outcomes.  Determination of the significantly-low level of performance (SLP) enables mission-relevant permissible outcome limits (POL) to be transferred through aligned analogous task performance outcomes to animal exposure limits (via the path depicted from POL to PEL). 
Further, human PELs cannot be set directly via human exposure studies for ethical reasons.  However, in-task human performance outcomes that align - as practically as possible - with animal performance outcomes would enable the tracing of human outcome limits to animal exposure limits, and the establishment of POL-based PELs via the path depicted from POL to PEL in Fig. 1.  Determination of the SLP threshold allows these limits to be set according to mission impact thresholds.  The SLP determines the minimum level of animal performance in response to radiation insult that corresponds to analogous human performance which supports mission success.  The dose at that response level points to the animal and the analogous human PEL.

Conserved stressors and impairment mechanisms, and shared functional pathways, provide additional touchpoints to underpin a quantitative connection to the animal data for human-animal translation.  Functional activity modeling enables the tracing of insult to certain brain regions or networks through cognitive performance and finally to behavioral outcomes.  It also supports the mapping of rodent to human brain functional impairment findings for documentation, communication, and understanding of the shared cognitive processes which underlie impairment effects and behavioral outcomes across species for future explorations and translation efforts.
This approach is limited by the complexity of dose response curves used to characterize operational task performance outcomes.  Lacking a mechanistic understanding that could provide information from theoretical considerations and having limited empirical data, the overall shape of the dose response for performance decrements is largely unknown.  This can provide particular difficulty in estimating thresholds or more generally the response in any portion of the curve where it may be rapidly changing.  This situation can be difficult to resolve empirically because measuring the response at many doses would be required, and this is typically limited by the practical cost considerations of running the required studies.  Simply fitting the data to a single model can often give misleading results because the resulting predictions can be heavily dependent on subjective model choice.  This dependency is typically not included in the statistical uncertainty estimates, ultimately giving a false sense of accuracy.  This type of problem is typically dealt with by using some form of model ensemble where multiple models are considered and used to estimate uncertainties that include the form of the model as well as different measures of central tendency.  Examples of this type of approach that have been developed specifically to handle the case of possible effect thresholds include models to estimate the cardiovascular disease risk from radiation exposure [5] as well as methods to estimate thresholds for regulatory applications in toxicology [6].  Ensemble models are also being considered more generally to estimate space radiation risks [7].

Further, when considering animal dose response curves that are flat with a low exposure threshold for performance impact, a PEL is not practical and the performance decrement due to that exposure may be unavoidable.  To protect human performance outcomes and enable mission accomplishment, compensatory mechanisms such as cognitive reserve may be relied upon, autonomous job aids may be added, or task load and other stressors may be reduced such that POLs may be met or exceeded.  In these cases, the understanding of the relevant POL afforded by well-defined SLPs becomes even more important to overall mission planning and the mitigation of overall integrated risk, since staying below the PEL is not an option.
3 Experimental Design Considerations
A potential human subject study approach to the collection of the needed human subject data includes the induction of stress responses via: impairment mechanisms shared across species (e.g., social stress, toxicity, or brain network interference), physiological symptom induction (e.g., weakness), or other sources of impairments (e.g., ethanol or sleep deprivation) [3].  Future studies might involve disruption of the default mode network in both species [8, 9] as it is relevant to human performance [10] and measurable in an ambulatory fashion [11, 12].  The purpose of the stress induction is to simulate the performance decrement that may be expected with radiation exposure that is otherwise unethical to perform on human subjects.  
An example general test plan is provided in Table 1.  Tasks and missions increase in difficulty and workload from I to IV.  Note that task performance will induce stress as well, which we separate from non-task-induced stress.  Simulated exposure levels for stress induction begin at I with no exposure.  Levels of non-task-induced stress due to simulated exposure increase from II to IV.  Data are collected for each case, or trial scenario.
Table 1.  An example general test plan for measuring performance decrement and mission outcomes to enable the identification of SLP.  Tasks and missions increase in difficulty, workload, and stress from I to IV.  Simulated exposure levels begin at I with no exposure.  Levels of non-task-induced stress due to simulated exposure increase from II to IV.
	
	Simulated Exposure I
	Simulated Exposure II
	Simulated Exposure III
	Simulated Exposure IV

	Tasks and Mission I
	Scenario 1A
	Scenario 1B
	Scenario 1C
	Scenario 1D

	Tasks and Mission II
	Scenario 2A
	Scenario 2B
	Scenario 2C
	Scenario 2D

	Tasks and Mission III
	Scenario 3A
	Scenario 3B
	Scenario 3C
	Scenario 3D

	Tasks and Mission IV
	Scenario 4A
	Scenario 4B
	Scenario 4C
	Scenario 4D


Participant groups may be: control participants (with no “exposure”) performing tasks and accomplishing a simulated mission, “exposed” participants performing the same tasks and missions under varying levels of stress, control participants performing more difficult tasks and missions, and “exposed” participants performing more difficult tasks and missions.  These methods enable determination of the combined mission difficulty and induced stress levels which lead to simulated mission failure, thus identifying the SLP for various scenarios.  

3.1 Task and Mission Selection
For this work, missions performed during simulation trials are made up of multiple sub-tasks collected together and adapted to simulate the achievement of an overall objective for each trial scenario.  The tasks selected must be multi-functional to cover multiple cognitive domains.  Note that these tasks are not operational performance readiness measures such as the Psychomotor Vigilance Test [10], but should address similar domains.  They also must be mission-relevant and well informed by ongoing programmatic work and SME-based publications describing skills and knowledge important and relevant to design reference missions (e.g., Stuster et al., 2018) [13].  Further, they must be analogous to those used in relevant animal exposure studies (see Kiffer et al., 2019 for a recent review) [2] to provide grounds for the SLP-to-response alignment discussed in section 2.  Additionally, some of the sub-tasks must be implementable with variable difficulty to allow for mission difficulty calibration with initial trials as discussed in section 3.2.  
For one mission example, a high workload human landing system simulation may be used, with an overall mission objective of landing on the lunar surface.  Sub-tasks could be included to require sensorimotor skill application for lander operation, vigilance and attention for landing configuration selection and off-nominal hazard awareness, and memory for landing site recognition.  For each domain, a task that is analogous to an established animal task would be adapted such that its performance is necessary for mission success for the trial.  Manual control inputs could be measured to track handling during descent.  Attentional set shifting [2, 14] could be implemented by changing cues to a preferred vehicle configuration depending on the current terrain to address vigilance and attention, or to exercise new rule acquisition to solve emergent problems.  The Novel Object Recognition task could serve as the analogous animal task for the memory domain [15, 16]. 
3.2 Determining Significantly-low Levels of Performance 

Mission outcomes may be recorded as success or failure, such as achieving (or not) a damage-free landing in the proper configuration at the correct site on the lunar surface for the example of section 3.1.  Once mission outcomes are determined, the measured performance levels on each of the sub-tasks that led to those not achieved may be identified as the SLP for that task.  This is the alignment that enables the transfer form POL to PEL as described in section 2, or informs the selection and implementation of alternate, non-PEL-based mitigation methods.  
Pilot trials will be needed to identify outcome range endpoints, to calibrate difficulty levels, and to determine gradual increases in simulated “exposure” stress.  Conceptually, scenario 1D should be easily doable while scenario 4D should be nearly impossible to accomplish.  Initial study results may indicate which level of mission difficulty and which level of simulated “exposure” stress combine to provide the required performance data on either side of the SLP.  Thus, once sufficient difficulty and stress levels have been determined, future trials may not require the full experimental design to produce per-task SLP metrics useful for alignment and translation.  
Whether each SLP should be identified on a per-person basis will have implications for how such studies are run.  Individualized SLP determination is inline with small astronaut population pools in which individual variability is significant.  If they are identified on a per-person basis, then each participant will be required to perform all scenarios in the test plan.  This points to a possible need for different scenarios 1A, 1B, 1C, 1D due to potential practice effects.  However, generalized SLP determination is likely a more realistic goal.  With a large enough group of participants, four different groups could be used while re-using the scenarios across them, obviating scenario versions A, B, C, and D.
3.3 Measures and Evaluation
Cognitive evaluation and performance data may be collected using physiological sensing including functional neuroimaging, and behavioural performance metrics.  The purposes of physiological measures are to verify stress induction, and possibly to detect high workload, executive attention, or perseveration [17, 18].  Behavioural performance metrics for each of the mission-related sub-tasks, and overall mission success metrics, are key to SLP determination.  Finally, cognitive task battery performance would be useful for baseline measures as warranted for the mission sub-tasks selected.
4 Conclusions
The currently planned work can serve to develop viable human subject study methods to: 1) generate evidence to support the validation of human performance models, 2) assist with bridging the gap of translation of performance variability evidence from rodents to humans, and 3) in general promote the collection of data on real human errors to complement modeling work with data-driven methods.  This can be achieved by beginning with one quadrant of the example test plan overview in Table 1.  Any transfer function determined would be evolving based on additional studies and dose response characterization, dependent upon the cognitive tasks used, and guided by functional activity modeling.  

References

1.
Dorbecker, M., and Nabity, J.: Development of a framework for a quantitative model for crew performance degradation due to radiation exposure in space. 49th International Conference on Environmental Systems (ICES), July 2019, Boston, MA (2019)
2.
Kiffer, F., Boerma, M., Allen, A.: Behavioral effects of space radiation: a comprehensive review of animal studies. Life Sciences in Space Research. 21, 1--21 (2019). 

3.
National Council on Radiation Protection and Measurements (NCRP), Radiation Exposure in Space and the Potential for Central Nervous System Effects: Phase II, Report No. 183 (2019)

4.
Cucinotta, F., Cacao, E.: Risks of Cognitive Detriments after Low Dose Heavy Ion and Proton Exposures. International Journal of Radiation Biology. 95(7), 985--998 (2019)

5.
Schöllnberger, H., Eidemüller, M., Cullings, H.M. Simonetto, C., Neff, F. & Christian Kaiser, J.: Dose-responses for mortality from cerebrovascular and heart diseases in atomic bomb survivors: 1950–2003. Radiation and Environmental Biophysics. 57, 17--29 (2018)

6.
European Food Safety Authority Scientific Committee, Update: use of the benchmark dose approach in risk assessment, European Food Safety Authority Journal 15, e04658 (2017)

7.
Simonsen, L.C. and Slaba, T.C: Ensemble Methodologies for Astronaut Cancer Risk Assessment in the face of Large Uncertainties, NASA TP 2020-5008710 (2020)

8.
Lu H., Zou Q., Gu H., Raichle M. E., Stein E. A., Yihong, Y.: Rat brains also have a default mode network. Proceedings of the National Academy of Sciences. 109(10), 3979--3984. (2012)

9.
Eichele, T., Debener, S., Calhoun, V., Specht, K., Engel, A., Hugdahl, K., von Cramon, D., Ullsperger, M.: Prediction of human errors by maladaptive changes in event-related brain networks. Proceedings of the National Academy of Sciences. 105(16), 6173--6178 (2008)

10.
Drummond, S., Bischoff-Grethe, A., Dinges, D., Ayalon, L., Mednick, S., Meloy, M.: The neural basis of the psychomotor vigilance task. Sleep. 28(9), 1059--1068 (2005)
11.
Harrivel, A., Weissman, D., Noll, D., and Peltier, S.: Monitoring attentional state with fNIRS. Frontiers in Human Neuroscience. 7, 861 (2013)
12.
Harrivel, A., Weissman, D., Noll, D., Huppert, T., and Peltier, S.: Dynamic filtering improves attentional state prediction with fNIRS. Biomedical Optics Express. 7(3), 979--1002 (2016)

13.
Stuster, J., Adolf, J., Byrne, V., Greene, M.: Generalizable Skills and Knowledge for Exploration Missions. Report prepared for National Aeronautics and Space Administration, NASA/CR-2018-220445 (2019)
14.
Jewell, J. S., Duncan, V. D., Fesshaye, A., Tondin, A., Macadat, E., & Britten, R. A.: Exposure to ≤15 cGy of 600 MeV/n 56Fe Particles Impairs Rule Acquisition but not Long-Term Memory in the Attentional Set-Shifting Assay. Radiation Research. 190(6), 565--575 (2018)
15.
Anderson, M.J. & McGraw, J.J.: Novel object recognition in the classroom: establishment of an online video resource for use by instructors in courses on animal learning, memory and behavior. J. Behav. Neurosci. Res. 9, 37--43 (2011)
16.
McGregor, M., Richer, K., Ananth, M., & Thanos, P. K.: The functional networks of a novel environment: Neural activity mapping in awake unrestrained rats using positron emission tomography. Brain and Behavior, 10(8), e01646 (2020)
17.
Harrivel, A., Stephens, C., Milletich, R., Heinich, C., Last, M., Napoli, N., Abraham, N., Prinzel, L., Motter, M., Pope, A.: Prediction of Cognitive States during Flight Simulation using Multimodal Psychophysiological Sensing. AIAA Infotech@Aerospace 2017, Applications of Sensor and Information Fusion, January 11, 2017, Grapevine, TX (2017)
18.
Dehais, F., Hodgetts, H. M., Caussea, M., Behrend, J., Durantin, G., Tremblay, S.: Momentary lapse of control: A cognitive continuum approach to understanding and mitigating perseveration in human error. Neuroscience and Biobehavioral Reviews. 100, 252--262 (2019)
[image: image1]