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ABSTRACT

INTRODUCTION: Longitudinal analysis on how spaceflight affects human health requires significant amounts of data. Missing data could threaten the validity of ongoing occupational surveillance and research. Astronaut occupational health data have been collected since 1959 in various formats and during several flight programs. Due to changing methodologies, epidemiologists in the NASA Lifetime Surveillance of Astronaut Health (LSAH) project regularly compile data sets with important exposure or outcome data missing.
METHODS: The authors compiled NASA medical records of astronauts participating in voluntary annual LSAH examinations to develop Individual Exposure Profiles (IEP) for each astronaut. These data were later supplemented by an interview. If the interview yielded new medically-relevant information, that information was considered an update. The authors analyzed the IEPs to identify trends regarding the characteristics of astronauts who provided updates and what kinds of information were consistently updated.
RESULTS: 190 astronauts have participated in the IEP project. Medical information was updated for 119 individuals. The astronauts’ likelihood of updating was not related to their spaceflight experience, era of active spaceflight, or duration of longest spaceflight. The most commonly updated categories of medical information were on-orbit symptoms like vision changes, back pain, CO2 symptoms, headaches, and space motion sickness.
DISCUSSION: No group of astronauts was more likely to update, but the most commonly updated information categories correspond to areas of ongoing analysis and do not appear to have been reported at random. This article addresses identification of missing astronaut health data and trends and forward work identified by the IEP project.
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INTRODUCTION
Research was a component of early human spaceflight, but the goal of winning the space race dominated the agencies’ focus. Physicians had an important role in selection, training, and operations, but research on the biological effects of spaceflight per se was quite limited in Project Mercury2. This changed moving into the Gemini and Apollo programs, but it took some time before biological research became a priority in spaceflight8. The Space Shuttle and International Space Station (ISS) have enabled enormous expansion in the volume and quality of human spaceflight research and resultant data from that research. In 2018, less than 60 years after the first spaceflight, the argument can be made that biomedical research is a primary goal of human spaceflight. 
This explosive growth of aerospace medicine research also accompanied huge advances in medical knowledge and technology. The types of research questions being investigated were changing just as quickly as the monitoring, record-keeping, training, and selection methods being used. When a field is evolving in this way, it can become exceedingly difficult to maintain sufficient consistency in variables, measurement methods, and record-keeping for rigorous longitudinal analysis. This complicated situation can easily lead to the development of datasets with significant missing information. Making matters worse, datasets that grow increasingly complex with every new technology, program, or research priority can make longitudinal analysis impossible. To compound on these practical difficulties, the nature of spaceflight exposure has changed significantly since the Mercury days. Rather than a few brutal hours of flight in a tiny, spartan environment, modern astronauts live in microgravity for months at a time. The ISS could hardly be considered spacious, but life inside is certainly different than inside a Mercury capsule. This is a necessary change for the scale on which human spaceflight now operates. 

The responsibilities of the aerospace medical and research teams have similarly been forced to adapt from short- to long-term considerations. For this reason, NASA developed a longitudinal research program. In 1989, a research study, the Longitudinal Study of Astronaut Health was initiated to investigate the long-term morbidity and mortality associated with spaceflight4,6. The program proved valuable and in 2010 it was converted from a research study to an occupational health surveillance program, the Lifetime Surveillance of Astronaut Health (LSAH)1,3,5,7. LSAH investigates how astronauts’ occupational exposures relate to various health outcomes. One of the main mechanisms for longitudinal data collection is a voluntary annual physical exam for each astronaut. In 2011, LSAH developed an Individual Exposure Profile (IEP) questionnaire for participating American and Canadian astronauts. The IEPs were intended to capture each astronaut’s lifetime occupational exposures and medical information as well as backfill missing information on important spaceflight exposures. Having a concise record of this sort enables thorough evaluation of each subject’s individual health and risk profiles in an efficient manner, as well as address data gaps. Figure 1 shows a blank IEP for the sake of demonstrating project format. 
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Figure 1: Blank IEP

Both current and former astronauts were opportunistically selected for an IEP based on their annual exam schedule at the Johnson Space Center and informally prioritized according to number of missions, likelihood of returning in subsequent years, and willingness to participate in the interview. The initial IEP was compiled by LSAH epidemiologists by manually extracting information from multiple sources. Each IEP was then reviewed with the astronaut as a semi-structured interview and appended with information garnered during the interview. During this process, special care was taken to note which information in the IEP was already present in NASA records and which was found through the interview. For the current study, an IEP with new information found through the interview is considered ‘updated’. 
In the process of compiling the IEPs, it became clear that they could potentially be used to assess the completeness of LSAH records across the astronaut corps. By tracking and systematically comparing which astronauts had updated IEPs (uIEP) and which types of exposures and medical information were most commonly updated, it may be possible to identify trends in the missing or incomplete data. Comparing update rates between astronaut groups and exposure/symptom groups is not a guaranteed way to identify systematic error but can be a useful data exploration tool. 

If specific groups of astronauts in terms of age, experience, or flight era were most likely to provide updates to their IEPs during the interview, that could indicate the existence of a subset of astronauts with incomplete records. It might help identify a type of historical systematic error that can be accounted for in future data collection efforts. Similarly, if specific medical or exposure categories were being updated far more than others, that could represent a systematic gap in record-keeping or data continuity. Gaps like this could present serious challenges in meeting long-term occupational surveillance or research goals, so it is important to identify and address them before any data losses become irretrievable. The goal of the current analysis is to conduct a search for trends in order to minimize or mitigate any systematic error in record keeping that may have occurred or may be occurring.
METHODS
All interviews were conducted by an LSAH epidemiologist in 2012 or 2013. IEPs include full individual lifetime medical histories, NASA training records, previous professional training exposures, mission medical records, and lifestyle considerations like sports participation and hobbies. Many data sources were utilized to make the records as complete as possible. IEPs were compiled based on data retained in medical records, LSAH databases, the Shuttle Data Archive, the Life Sciences Data Archive, mission documents, training documents, and public biographical data. The final IEPs were manually converted into a database and non-medical information was separated into logical categories such as ‘flight experience,’ ‘on-orbit symptoms,’ and ‘pre-selection occupational exposures.’ The medical history component of each IEP was divided into logical categories such as ‘spinal problems’, ‘metabolic problems’, ‘reproductive’, and ‘cancers’ in construction of the database. In addition, a category called ‘childhood exposures’ is used to capture information surrounding the astronauts’ early life exposure to farm environments, toxins and pesticides, rural areas, or other notable details of upbringing.
An astronaut’s era was assigned based on the program of their most recent spaceflight at the time of the interview. The ‘pre-Shuttle’ era includes all astronauts whose most recent flight was on a Mercury, Gemini, Apollo, Apollo-Soyuz Test Project, or Skylab flight. The Shuttle era includes all astronauts whose most recent flight was on a space shuttle (STS) mission. The ISS era includes all astronauts whose most recent flight was on an ISS long-duration mission. The era designation of ‘No Flights” refers to participating astronauts who never flew or were awaiting their first flight assignment at the time of the interview. The individuals in this category are referred to as “unflown” in the current article. This includes both recently selected astronauts awaiting assignment and astronauts who left the astronaut corps without ever having flown. Missions lasting less than 27 days were designated as ‘short duration’ and missions lasting longer than 28 days were designated as ‘long duration’, therefore the 28-day Skylab 2 mission was considered long-duration in the current analysis. Spaceflight hours is used as a surrogate measure for astronauts’ amount of spaceflight experience.
Tableau data visualization software was used in exploratory data work, but all statistical analyses were performed in R open source statistical software (Version 3.3.0). 
All subjects are current or former members of the NASA or CSA Astronaut Corps and participated in the IEP interview voluntarily. The findings of the current study have been approved by NASA export control for public release. LSAH protocols were followed to ensure that results of this study cannot reasonably link a specific participating astronaut to any specific medical data.
RESULTS

Of the 295 astronauts who were living in 2012, 190 astronauts (64%) participated in the LSAH IEP Project. Each era of spaceflight is well-represented in this sample, with 17 astronauts from the Pre-Shuttle era (8.9%), 145 from the Shuttle era (76.3%), 24 from the ISS era (12.6%), and 4 who have not flown in space (2.1%). Of the 190 astronauts, 119 (62.6%) IEPs were updated based on information shared during the interview phase. The astronauts with updated IEPs (uIEP) were members of every era of human spaceflight: 10 Pre-Shuttle astronauts, 90 Shuttle, 17 ISS, and 2 unflown (Table I). 
	
	Pre-Shuttle
# (%)
	Shuttle
# (%)
	ISS
# (%)
	Unflown
# (%)
	Row Total

	IEP Conducted
	17 (8.9)
	145 (76.3)
	24 (12.6)
	4 (2.1)
	190

	IEPs Updated
	10 (8.4)
	90 (75.6)
	17 (14.3)
	2 (1.7)
	119

	IEPs Not Updated
	7 (9.9)
	55 (77.5)
	7 (9.9)
	2 (2.8)
	71


Table I: Percent of Updating Astronauts by Era (relative likelihood of each era’s astronauts to provide updates to their IEP upon interview) 
Update Rates Between Groups of Astronauts
The proportion of astronauts in a certain category providing update(s), or the update rate, was compared among the different eras to see if a pattern of difference in update rates may simply be associated with when the astronauts flew. The update rates were 58.8% for Pre-Shuttle astronauts, 62.1% for Shuttle, 70.8% for ISS, and 50% for unflown astronauts (Figure 2). There did not appear to be any relation between astronauts’ spaceflight era and update rate.
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Figure 2: Update Rate by Astronaut Era

Further analyses were conducted to determine if astronauts’ experience, as measured in spaceflight hours, was related to their likelihood to update their IEP upon interview. 

There did not appear to be any link between astronauts’ spaceflight hours and update rates (Figure 3). 
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Figure 3: Update Status and Spaceflight Hours

These analyses indicate that age and spaceflight experience did not appear to influence completeness of NASA records, as indicated by similar rate of IEP update on interview.
Over fifty categories of lifetime exposure and medical history were considered in the IEP database and analyses (Figure 1). Most categories were updated sporadically and without identifiable trend, and are therefore not fruitful for focus in the current paper. However, a few categories were updated at an exceptionally high rate. Most notably, high-g exposure, on-orbit symptoms (aggregate), childhood exposures, EVA training information, tobacco exposure, and hazardous noise exposure were updated in more than 50% of the updated IEPs (uIEPs, Figure 4). When the “On-Orbit Symptoms” are disaggregated, it is clear that on-orbit CO2-related symptoms are the most commonly updated medical symptom by a wide margin (Figure 5). Among medical IEP updates, on-orbit CO2 symptoms were updated in 88.5% of cases. Vision changes (68.3%), back pain (54.8%), headaches (52.9%), and space motion sickness (37.5%) were the other most commonly-updated pieces of medical data. It is important to note that the percentages cited in Figure 4 and Figure 5 do not refer to the percentage of all subjects (ntotal=190) who updated a specific item. Instead, Figure 4 represents the proportion of astronauts updating a specific item among the astronauts who provided any updates (nu=119). This approach is taken to get a better idea of Similarly, Figure 5 represents the proportion of astronauts updating a specific item among the astronauts who provided on-orbit medical symptom updates (nmed-u=104).
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Figure 4: Commonly-Updated Exposure/Symptom Categories
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Figure 5: Commonly Updated On-Orbit Symptoms
Stratification by Era, Experience, and Symptom/Exposure Category
By combining era-oriented and category-oriented stratifications, other possible trends regarding group-specific data gaps were explored. Update rates for each medical history component were compared between the astronaut eras and between long- and short-duration flight astronauts. The following figures show the percentage of uIEPs that included an update in a specific medical category when the astronauts are stratified by era (Figure 6) and participation in long-duration spaceflight (Figure 7). Neither astronauts’ spaceflight eras nor their experience with long duration flight appeared to be related to their likelihood to provide updates for any specific medical information category.
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Figure 6: Category-Specific Update Trends by Era
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Figure 7: Category-Specific Update Trends by Spaceflight Duration

DISCUSSION

The astronauts that participated in this study came from a wide variety of backgrounds and represent the full spectrum of the experience of human spaceflight. Some only flew for minutes or hours in the 1960’s, while others have undergone multiple short and long duration missions. Despite the differences in their experiences, the results of these analyses do not indicate that any particular group of astronauts is more likely than the rest to be missing data from their health and occupational exposure records. The systems and methods used for developing and maintaining these records have changed since NASA’s inception, so this speaks positively to the rigorous record-keeping and compilation protocols used by the medical, research, and LSAH teams at NASA. 

When looking at symptom categories, the situation is slightly different. Some medical symptoms and occupational exposures were not just commonly updated, but were actually updated in most of the astronauts interviewed (Figures 4 and 5). Astronauts’ records on high-g exposure, in-flight CO2 symptoms, childhood environmental exposures, EVA training information, tobacco exposure, and in-flight vision changes were updated in at least half of the astronauts interviewed. This may be due to a number of factors. It could be a sign of systematic error at some level of screening, medical care, research, longitudinal analysis, record-keeping, or compilation. However, the more likely explanation is that the most updated categories reflect the current growth areas in the field of aerospace medicine. The aerospace community’s understanding of vision changes in spaceflight, the effects of increased CO2 exposure, the effects of spaceflight on spinal health, the importance of occupational training exposures, and the influence of early life factors in longitudinal health are receiving attention and all evolving very quickly. This means that the amount and specificity of information being gathered on these specific topics is expanding quickly over time. That is to say that a pre-Shuttle astronaut updating their record for vision changes in spaceflight was not necessarily missing that information, but was more likely adding greater resolution to their previous information, which was complete at the time of original data collection. However, it is up to the discerning reader to determine for themselves if this represents systematic error or the natural outcome of operating in a constantly-changing environment.
Even when contextualized by this model of understanding updates, these results may still indicate potential areas of growth for the aerospace medical community, such as high-g exposure. Current records for high-g exposure appear to be subjective, non-specific, or missing entirely. The growth of the field only partially accounts for the gap identified in this analysis. High-g exposures are typically recorded as ‘18 years as a Navy pilot’ or ‘200 skydives,’ rather than something that can be reliably compared between astronauts. A quantitative metric that accounts for the heterogeneity of exposures could be very useful for ongoing medical research and record-keeping in this area. 
There are three main limitations of the results discussed in the current study. First, this sample does not represent the entire NASA/CSA astronaut corps, so one cannot rule out the possibility that some unidentified group is being under-documented in terms of occupational exposures and medical information. The potential selection bias inherent to an opt-in volunteer participation study cannot be eliminated. Second, the historical progression of human spaceflight from short- to long-duration missions represents an inherent correlation between astronauts’ age, era of flight, and flight hours. This represents a potential confounding factor in some of the analyses (Figures 3, 6, and 7). Third, the variable of ‘updated’ vs ‘non-updated’ does not mean the same thing for every update provided. Some updates represented the inclusion of previously absent data, while some represented smaller changes to existing data. Therefore, one cannot say exactly what it means when a specific item has been ‘updated.’ It represents a relatively low-resolution metric, but is an efficient way of understanding changes in records upon in-person review at a broader scale. 
Overall, trends in missing or incomplete astronaut medical and occupational exposure data do not appear to be the result of an error, whether systematic or random. It is most likely that gaps in the IEP data are a symptom of growth and change in the field of aerospace medicine, as opposed to systematic error in data collection, compilation or record-keeping. Finally, no identifiable group of astronauts appears to be significantly under-documented based on the current sample. The completeness of longitudinal astronaut health data is crucial studying how spaceflight affects human health both long-term and short term, so caution should always be taken to ensure that gaps in this data do not develop. 
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