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Abstract: The effect of confined and isolated experience on astronauts’ health is an important factor to
consider for future space exploration missions. The more confined and isolated humans are, the more
likely they are to develop negative behavioral or cognitive conditions such as a mood decline, sleep
disorder, depression, fatigue and/or physiological problems associated with chronic stress. Molecular
mediators of chronic stress, such as cytokines, stress hormones or reactive oxygen species (ROS) are
known to induce cellular damage including damage to the DNA. In view of the growing evidence of
chronic stress-induced DNA damage, we conducted an explorative study and measured DNA strand
breaks in 20 healthy adults. The participants were grouped into five teams (missions). Each team was
composed of four participants, who spent 45 days in isolation and confinement in NASA’s Human
Exploration Research Analog (HERA). Endogenous DNA integrity, ex-vivo radiation-induced DNA
damage and the rates of DNA repair were assessed every week. Our results show a high inter-individual
variability as well as differences between the missions, which cannot be explained by inter-individual
variability alone. The ages and sex of the participants did not appear to influence the results.
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1. Introduction

There is no doubt that stress caused by long-term isolation and confinement negatively
influences our physical and mental health. The health consequences of social isolation have
been extensively studied in animal models (for review see [1]). For example, short-term
social isolation induced depressive-like behavior, increased corticosterone concentration [2],
and caused memory deficits and oxidative stress in mice [3]. In rats, 11 days of isolation
stress strongly upregulated plasma interleukin-1β (IL-1β) and the stress hormone adreno-
corticotropic hormone (ACTH) levels while corticosterone levels declined [4]. Oxidative
stress markers in the hypothalamus were increased in rats as early as two weeks after social
isolation [5]. Similar effects have been reported after extended isolation. For instance, an
isolation period of 42 days increased glucocorticoid levels, oxidative damage and telomere
degradation in prairie voles [6], while individually housed rats for 28 days showed higher
levels of adrenocorticotropic hormone (ACTH), as well as in the cytokines tumor necrosis
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factor alpha (TNF-α), inteleukin-4 (IL-4) and interleukin-10 (IL-10) [7]. The overarching
message from these studies is that physical and mental stress induced by isolation can be
manifested in altered stress hormones, release of inflammatory molecules and production
of reactive oxidative species (ROS), all of which are recognized mediators of DNA dam-
age [8–17]. Therefore, it is plausible to postulate that isolation stress would induce DNA
damage. Indeed, 8-hydroxy-2-deoxyguanosine (8OhdG), a DNA damage marker, has been
detected in the hypothalamus of rats isolated for 2 weeks [5].

With the implementation of terrestrial space analogs, the detrimental effects of iso-
lation have also been identified in humans; for example, fatigue, misaligned circadian
rhythm, sleep disorders, altered stress hormone levels, and immune modulatory changes
have been noted [18]. A recent systematic meta-analysis reveals an association between
loneliness, social isolation and C-reactive protein (CRP), fibrinogen and Interleukin-6 (IL-6),
thus suggesting a possible link between social isolation and loneliness with systemic inflam-
mation [19]. Granulocyte-mediated H2O2 production and shedding of the cell adhesion
molecule CD62L were increased in six men confined for 105 days to a simulated space
module of ~500 m3 [20]. Healthy humans confined in a chamber for 520 days presented
signs of behavioral disturbances and psychological distress [21], decreased cortical activity,
increased salivary cortisol [22–24], increased lymphocyte count and heightened immune
responses [24]. In a study of men isolated during the Antarctic winter, anti-inflammatory
cytokines (IL-10 and IL-1RA) decreased whereas proinflammatory IFN-γ increased, sug-
gesting that long term isolation of human beings could shift the plasma cytokine balance
towards a proinflammatory profile [25].

Results from studies of humans confined in the NASA underwater habitat NEEMO
suggested that short-term (10- to 15-d) confinement and isolation leads to oxidative stress,
including DNA oxidation, and changes in biomarkers of DNA damage and repair [26–28].
However, NEEMO is a very special setting with hyperbaric hyperoxic conditions, which act
as a confounder [18]. Therefore, for our present study of DNA damage we utilized NASA’s
human exploration research analog (HERA), which supports isolation and confinement of
humans under normal atmospheric conditions. In general, HERA was built to allow the
investigation of reaction to stress, signs of early depression, anxiety and anger and their impact
on human performance and health as well as biopsychosocial adaptation under confinement.

There is extensive evidence of stress-induced DNA damage mediated by cytokines [8,13,15],
ROS [9–11] and stress hormones [12,14,16,17]. However, to our knowledge, how social
isolation affects DNA integrity in humans has not been explicitly investigated. Explorative
studies can provide vital information to support more robust evaluations and are a key
step in assessing the feasibility and value of progressing to an effectiveness study [29].
Therefore, we conducted an explorative study assessing the DNA integrity in immune cells
from individuals of the HERA cohort. In our study, we detected changes in endogenous
DNA integrity, ex vivo radiation-induced DNA damage and DNA repair in volunteers
undergoing 45 days of isolation and confinement in the HERA facility. We also provide
possible explanations for the observed effects that can help to design future research.

2. Results

We observed a high inter-individual variability leading to no significant effects when
including all subjects of all missions in the analyses. Interestedly, the inter-individual
variability is considerably reduced within the mission. Therefore, the effects of confinement
on DNAI and ADRR are analyzed and plotted for each mission separately.

2.1. Effect of Confinement on DNAI before Irradiation

The overall effect of confinement varied considerably between missions (χ2(28) = 167;
p < 10−20). No significant changes were observed in the DNA integrity (DNAI) in blood cells
from subjects during missions 1 and 4 (Figure 1a,b), while it changed significantly during
missions 3 and 5 (Figure 1c,d). The estimated median DNAI was between 2% and 14% lower
than baseline for all confinement and both recovery sessions of mission 3 (Figure 1c), with
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the most notable reductions being 14% for day 24 (95% conf = (−20%, −8%; adj p = 0.0007)),
for 12% for day 45 (95% conf = (−16%, −8%; adj p < 10−6)), and 10% for recovery day 7
(95% conf = (−15%, −5%; adj p = 0.005)). For mission 5 (Figure 1d), a large loss in median
DNAI (20%) was also observed on day 24 (95% conf = (−24%, −16%; adj p < 10−14)) and
on day 31 (8%) (95% conf = (−13%, −4%; adj p = 0.012)). Unlike the case for mission 3,
estimates of median DNAI for mission 5 were generally lower than baseline only up to
day 31, but not afterwards.

Figure 1. Percent changes in DNAI pre-irradiation (pre rad.) median relative to DNAI baseline
(day C-10); # denotes adjusted p < 0.1 for false-discovery rates (FDRs). Error bars represent 95% CI.
(a–d) are missions 1, 4, 3 and 5 respectively.

2.2. Effect of Irradiation on DNAI during Confinement

Immediately after irradiation, median DNAI was reduced by about 40% ± 2.4% (1SE)
for samples obtained at the baseline session when compared to non-irradiated samples.
As was the case for DNAI before irradiation, the effect of confinement on the response to
irradiation varied considerably between missions (χ2(28) = 245; p < 10−35). Here again, no
significant differences were observed in the DNAI response to irradiation in blood cells
from subjects during missions 1 and 4 (Figure 2a,b), while it changed significantly during
missions 3 and 5 (Figure 2c,d). The most obvious exacerbation to the effect of irradiation
on DNAI occurred on days 10 through 31 of mission 5, where the reduction in median
DNAI after irradiation was about 20% higher than on the baseline day. We also observed a
general pattern of an exacerbated effect of irradiation throughout mission 3, even 7 days
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after recovery, the effect of irradiation was still about 17% higher than at baseline (adjusted
p = 0.0004) (Supplementary Table S1).

Figure 2. Percent difference between irradiation (post rad.) effect on DNAI median at each session
relative to irradiation effect at baseline (day C-10). Irradiation effect is defined as the ratio of median
DNAI post irradiation to DNAI median pre-irradiation. # denotes adjusted p < 0.1 for false-discovery
rates (FDRs). Error bars represent 95% CI. (a–d) are missions 1, 4, 3 and 5 respectively.

2.3. Effect of Confinement on DNA Repair Rate

The effect of confinement on mean average DNAI repair rate (ADRR) varied consid-
erably between missions. In missions 1 and 5 (Figure 3a,d) the mean ADRR (DNAI/hr)
was higher than at baseline, whereas the opposite effect was observed in missions 3 and 4
(Figure 3b,c), in which the mean ADRR was significantly lower (Supplementary Table S2).

2.4. Effect of Age and Sex

Ages of subjects varied between 29 and 55 years; however, there is no evidence of age
affecting DNAI either before or after irradiation (p = 0.82). With only 20 subjects (13 male,
7 female) we did not observe conclusive evidence of an overall sex difference in median
DNAI (p = 0.07). While the 95% confidence interval for median DNAI (−4.4%, +0.2%)
suggests a possible overall lower DNAI for females versus males, there was no evidence of
a differential sex effect on DNAI with respect to irradiation (p = 0.97) (or any of the days
in HERA (χ2(9) = 9.4; p = 0.40). There was also no evidence of an overall effect on mean
DARR either with sex (p = 0.67) or with age (p = 0.83), nor of any interaction between sex
(p = 0.91) or age (p = 0.95).
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Figure 3. Difference in mean ADRR (DNAI/hr) between each session and baseline ADRR (day C 10).
# denotes adj p < 0.1 for false-discovery rates (FDRs). Error bars represent 95% CI. (a–d) are missions
1, 4, 3 and 5 respectively.

3. Discussion

Animal models have produced a significant contribution to our understanding of the
effects of several kinds of stress on the human body [30]. However, studies addressing the
effect of confinement- and isolation-induced stress on DNA integrity in healthy humans
has not been reported so far. Analogs used in spaceflight research represent an opportunity
to investigate the effects of confinement and isolation in humans. HERA provides a unique
controlled environment to investigate the effects of prolonged isolation as well as the body’s
adaptation and resilience to isolation, confinement and social stress.

Including all subjects from all missions in the analyses, our results show a high inter-
individual variability. This is not surprising, considering data from several decades of
molecular epidemiology indicating that DNA repair capacity varies significantly among
individuals (for an extensive review see [31]). However, the inter-individual variability de-
creased when analyzing the subjects grouped by missions. We found significant differences
in DNAI during the time of confinement in missions 3 and 5 but not in missions 1 and 4.
This gives rise to the question of team composition. Interpersonal issues have been consis-
tently identified as substantial sources of stress during spaceflight and in Isolated, Confined
and Extreme (ICE) environments [32–35]. However, subject selection prioritized individu-
als considered to be “astronaut-like” in terms of technical skill, educational status, military
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experience and age range [36]. Individuals of a high-performance working team should
have complementary skills to cope with stress and adapt to difficult environments. Al-
though, the possibility of higher stress due to interpersonal issues cannot be excluded, the
crew selection criteria should reduce this risk.

Another highly interesting point to mention is the diet. In this study, subjects of two
missions were on a shelf-stable spaceflight “standard” diet and subjects of the two other
missions were on an “enhanced” shelf-stable spaceflight diet with 25% more foods rich in
omega-3 fatty acids, lycopene, flavonoids and more fruits, and vegetables in general [37].
Although we do not know which team was on which diet, considering this possibility
for future analyses is entirely plausible since the protective effect of micronutrients and
antioxidants on DNA integrity has been extensively reported. Several essential nutrients
are required for the prevention of DNA oxidation (vitamin C, vitamin E, zinc, manganese,
selenium), and DNA damage sensing and repair (niacin, zinc, iron, magnesium). Defi-
ciency in these micronutrients increases genomic instability and the susceptibility to DNA
damage caused by endogenous and environmental stressors [38]. These observations
have led to the emerging science of genome health nutrigenomics, which is based on the
principle that DNA damage could be nutritionally prevented [39]. Furthermore, the DNA
damage and repair trial—the DART study—investigated the inter-individual variation
in DNA damage, the capacity for base excision repair (BER) and the responses of both
variables to supplementation with antioxidants for 6 weeks in 48 volunteers. The authors
reported a high inter-individual variation in endogenous lymphocyte DNA strand breaks
(8-fold variation), in damage after a challenge with H2O2 (16-fold variation) and in DNA re-
pair (41-fold variation). Pre-supplementation significantly reduced the level of endogenous
DNA damage but there was no effect of supplementation on BER [40], indicating that the
BER pathway might not be affected by diet. Our results indicate an impaired DNA repair
rate after radiation in all missions, which also suggest that these changes might not depend
on diet. Genetic factors could also explain, at least in part, the individual differences in
DNA repair rate. Indeed, several amino acid variants have been identified in DNA repair
genes [41–43]. However, in all four completed missions, the DNA repair rate did not differ
from baseline 7 days after egress suggesting a confinement (environmental)-associated
effect rather than a genotypic effect. On the other hand, the impact of genetic variation
might become “visible” under confinement conditions. Interestingly, missions 1 and 5
showed a “faster”, while mission 3 and 4 a “slower”, DNA repair rate. Therefore, the
question of team composition arises again.

Our results also show a decrease in radiation-induced DNA damage in missions 3
and 5 but not in 1 and 4. Paradoxically, missions 3 and 5 showed a higher endogenous
DNA damage and one would expect these cells to be more radiosensitive. However, cells
exposed to chronical sublethal stress might develop adaptive responses that enhance the
ability of the cells to cope with more severe and acute stress such as radiation. There is
evidence that an adaptive response to chronic, low-level oxidative stress results in genomic
protection and up-regulated maintenance of cellular homeostasis [44]. Interestingly, DNA
single strand breaks induced through prolonged oxidative stress trigger cell survival in
response to genotoxic stress under nutrient restriction [45].

Although our data generally indicate an impaired DNA damage response in subjects
undergoing confinement, efforts at making definitive conclusions from this study are
compromised due to the limited number of samples that can be analyzed at once and
the fact that the missions were scheduled at different times of the year, thus creating
unavoidable confounding effects of missions and time of measurements. Furthermore,
uncertainties in estimates of median DNAI and ADRR were large because of the small
number of subjects taking part in each mission, as well as the relatively high variability
between missions. In particular, the etiology of differences in DNA damage between days
within a mission are difficult to assess with this limited amount of information.
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4. Materials and Methods
4.1. Subjects

The NASA Human Research Program Human Exploration Research Analog (HERA) is
a high-fidelity space analog isolation facility located at the Johnson Space Center in Houston,
TX, USA. The total space comprises 148.6 m3 distributed as follows: core 56.0 m3, loft
69.9 m3, airlock 8.6 m3, and hygiene module 14.1 m3. Capabilities, standardized conditions
and study requirements are specified in the Research Operations and Integration (ROI)
document published by the NASA Human Research Program [36] Twenty healthy men and
women participated in this study. Informed consent was obtained from all participants. Five
teams of four subjects each participated in 45-day “missions” (missions 1–5) in isolation
inside the HERA facility, with the exception of the four participants in mission 2 who were
required to leave the facility at day 17 due to extreme weather conditions in the Houston
area (Hurricane Harvey 2017).

Participants were recruited and initially screened by the National Aeronautics and
Space Administration (NASA) at the Johnson Space Center. Participants must pass a mod-
ified Class III flight physical. They must demonstrate technical skills. They must have
demonstrated motivation and a work ethic similar to the current astronaut population.
Psychological assessment by a clinical psychologist is necessary to qualify for participation.
Astronaut-like characteristics that are considered during HERA test subject selection in-
clude a bachelor’s degree from an accredited institution in engineering, biological science,
physical science, or mathematics. An advanced degree (e.g., M.S.) in STEM field is preferred
and may be substituted for experience as follows: master’s degree = 1 year of experience,
Doctoral degree = 3 years of experience. Military experience may be considered equivalent
years of experience [36]. Only healthy subjects with no history of cardiovascular, neurologi-
cal, gastrointestinal, or musculoskeletal problems were selected. On each of ten selected
mission time points (days C-10, 3, 10, 17, 24, 31, 38, 45, R + 1, and R + 7, where “C-10”
denotes 10 days prior to confinement, “R + 1” denotes 1 day after recovery, and “R + 7”
denotes 7 days after recovery), blood was drawn in the morning after an overnight fast. The
study was approved by the Institutional Review Board of NASA (NASA 7116301606HR)
and was carried out in accordance with the Declaration of Helsinki.

4.2. Blood Draw and Sample Processing

Venous blood was obtained using BD Vacutainer®® Acid Citrate Dextrose (ACD)-
Glass tubes (BD Biosciences, Franklin Lakes, NJ, USA). Peripheral blood mononuclear
cells (PBMCs) were isolated from whole blood by Ficoll-PaqueTM PLUS (GE Healthcare,
Uppsala, Sweden) density gradient centrifugation following the manufacturer’s instruc-
tions. Isolated PBMCs were transferred into 15-mL tubes and washed with phosphate
buffered saline (PBS) (Gibco®®, Waltham, MA, USA). Tubes were then centrifuged at
300× g for 10 min, the supernatant was removed, and the cell pellet was resuspended in
TexMacs medium (Miltenyl Biotec, Auburn, CA, USA). Cells were counted using Guava
ViaCount technology (EMD Millipore Co., Hayward, CA, USA). Isolated cells were sus-
pended in 1 mL of freezing medium containing 20% Roswell Park Memorial Institute
medium (RPMI-1640) medium, 10% dimethyl sulfoxide (DMSO), and 70% fetal calf serum
(FCS), and stored overnight at −80 ◦C in a Mr. Frosty™ Freezing Container (Thermo Fisher
Scientific, Waltham, MA, USA). The cells were then transferred to a liquid nitrogen tank at
−180 ◦C until shipment to Konstanz (Germany), where cells were kept at−196 ◦C until analysis.

4.3. Cell Thawing Procedure

PBMCs were carefully thawed by immersing cryovials in a water bath at 37 ◦C until a
small amount of ice remained in the cryovial. Cells were transferred to a polypropylene
15 mL tube and a thawing medium (90% RPMI and 10% FCS) was gradually added (1 mL,
1 min later additional 2 mL, 1 min later additional 4 mL). The tube was centrifuged at 300× g
for 10 min. The cell pellet was gently resuspended in 1.3 mL RPMI medium supplemented
with 1% penicillin/streptomycin (without phenol red, without FCS), wherein the cell
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concentration and viability (determined by electric current exclusion) were assessed using
CASY cell counter technology (Innovatis, Zürich, Switzerland).

4.4. Induction of DNA Strand Breaks through Irradiation

Cells (4 × 106/mL) in suspension buffer (0.25 M meso-inositol; 10 mM sodium phos-
phate, pH 7.4; 1 mM magnesium chloride) were irradiated (Biological X-ray Irradiator
X-RAD 225 iX from Precision X-Ray, Inc., North Branford, CT, USA) on ice for 380 s at a
dose rate of 0.59 Gy/min (70 kV, 30 mA, 70 cm distance, 1.25 mm Al filter) resulting in a
total dose of 3.73 Gy. Radiation-induced DNA strand breaks were assessed immediately
after irradiation. In order to track repair of DNA strand breaks through time, cells were
incubated at 37 ◦C for either 10, 20, 30, 40, and 50 min.

4.5. Detection of DNA Strand Breaks

Both prior to and after radiation, cells were transferred to a 96-well plate using a
liquid handling device. Within each well, DNA strand breaks were detected using the
automated version of the “Fluorimetric detection of Alkaline DNA Unwinding” (FADU) as-
say [46,47]. This assay is based on controlled (time, pH, and temperature) DNA unwinding.
Double-stranded DNA is then detected by fluorescence using the specific dye SybrGreen®®

(ThermoFisher, Göttingen, Germany). More specifically, the higher the florescence signal,
the higher the amount of DNA without strand breaks. In order to determine the total
amount of intact double-stranded DNA in a cell lysate, the unwinding of DNA was pre-
vented by first adding a buffer to neutralize the effect of the alkaline unwinding solution.
The resulting fluorescence signal was taken as a reference value assumed to reflect 100%
of the original DNA amount. For each experimental condition (Supplementary Table S3),
after reversing the order of alkaline treatment and neutralization, a decrease in the fluores-
cence intensity indicates an increase of DNA unwinding and, consequently, a higher number
of DNA strand breaks. DNA integrity (DNAI) was then defined by the ratio of the fluorescence
signal measured from the experimental sample to the corresponding reference value.

4.6. Experimental Design

For each of the 20 subjects, the original experimental design called for 28 measuring
points (seven irradiation conditions × four replicates) at each of the ten mission time points
(Supplementary Table S3). Additionally, four samples (one for each replicate) at each
of the ten mission time points served as reference values for maximal DNAI, making a
total of 320 measuring points per subject. However, due to uncontrollable weather events,
technical failures and missing blood samples, data were obtained at all ten mission time
points for only eight subjects, at nine time points for an additional eight subjects, and at
four time points for the remaining four subjects.

4.7. Data Analysis

Separate mixed-model regression analyses were performed, one with log DNAI as the
dependent variable and another with average repair rate (DNAI/minute) as the dependent
variable. Mixed-model residuals under the log transformation of DNAI closely conformed
to model assumptions of normality as did residuals with an untransformed average repair
rate (ADRR). Differences in means of log DNAI can be expressed as ratios of median DNAI,
whereas differences in mean ADRR can be estimated directly from the fitted regression
model. ADRR was estimated from a cubic-spline fit to DNAI time-response data after
irradiation. More specifically, these regressions were used to estimate the effects of days
within the missions, missions, and irradiation while adjusting for missing data as well
as random differences between subjects and batches. Although the limited amount of
available data from mission 2 was used in the regression analyses, there were not enough
of these data to allow reporting of results for this mission. In addition, modifications to the
original regression analysis models were made to investigate the possible effects of age and
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sex. Error bars represent 95% CI. Mathematical details of these statistical models along with
examples showing how values in Results tables were obtained are given in Appendix A.

For all regressions, standard errors were estimated by bootstrapping with 200 repli-
cates, implemented with the “bootstrap” and “mixed” commands in Stata16 statistical
software StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX, USA:
Stata Corp LP. For all outcomes, p-values for testing the effect of each confinement ses-
sion or post-confinement session relative to their own baseline were adjusted upwards
to reflect false-discovery rates (FDRs) for multiple testing of 111 null hypotheses (37 for
pre-irradiation, 37 for post-irradiation, and 37 for DNAI repair rate scenarios). In the
reporting of results, an FDR of 0.10 or less was used as a basis for flagging interesting
session effects in this exploratory study. FDR values, denoted by “adj p,” were computed
using the qqvalue command in Stata 16 software [48].

5. Conclusions

Despite the above limitations, we nevertheless observed substantial evidence of change
in the level of DNA integrity in some of the five groups of subjects undergoing confinement
and isolation. Further scrutiny of the four HERA mission parameters for which we had
fairly complete data resulted in indications of possible team-composition and/or diet-
associated effects on DNAI. Other factors that could have affected the DNAI and DNA
repair rate in the HERA subjects are stress level, exercise habits and sleep quality/amount.
Conjectures such as those stated above could be better assessed with a larger controlled study
of team reaction to stress, whether it be due to confinement or other situational environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb44020046/s1, Table S1: Percent reduction in median DNAI
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time point as originally planned.
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Appendix A

This supplement contains a detailed description of the experimental design of this
Study, upon which the statistical models for the observed data were based. It also includes
a detailed description of the models themselves and how they were used to produce the
results reported in the main manuscript.

Appendix A.1. Experimental Design (as Originally Planned)

• 20 subjects
• 10 HERA sessions (Table A1)
• Separate sample of lymphocytes for each combination of subject and session = 200 samples total
• 4 subsamples for each sample (“replicates”)
• 8 sub-subsamples (7 experimental conditions plus one viability assessment) (Table A2,

Figure A1)

Each subsample is divided into 8 sub-subsamples (one for each experimental condition
plus one for reference value assessment). This makes a total of 32 sub-subsamples taken
from each of the 200 samples, resulting in 6400 sub-subsamples of leukocytes for potential
processing (Figure A1).

• 100 fluorescence microplates

Sub-samples were originally planned to be allocated to fluorescence microplates in a
partially balanced design with 64 subsamples per plate (Table A3)

Table A1. HERA Sessions (=mission days).

HERA Session Day

1 pre-confinement

2 Day 3

3 Day 10

4 Day 17

5 Day 24

6 Day 31

7 Day 38

8 Day 45

9 Recovery Day 1

10 Recovery Day 7

Table A2. Sub-subsample characteristics–Viability assessment and 7 experimental conditions for
assessing DNAI. Irradiation was for 380 sec. at a dose rate of 0.59 Gy/min. Total dose = 3.73 Gy.

Sub-Subsample Exp Condition X-ray Radiation Incubation Time (min)

1 Viability none none

2 Pre-irradiation none none

3 Time Point 1 3.73 Gy 0

4 Time Point 2 3.73 Gy 15

5 Time Point 3 3.73 Gy 30

6 Time Point 4 3.73 Gy 45

7 Time Point 5 3.73 Gy 60

8 Time Point 6 3.73 Gy 75



Curr. Issues Mol. Biol. 2022, 44 664

Figure A1. Depiction of Experimental Design.

Table A3. Allocation of sub-samples to fluorescence microplates.

Plate Subjects Mission Session # of Sub-Samples

1 1,2 1 Baseline 64 *

2 3,4 1 Baseline 64

3 5,6 2 Baseline 64

4 7,8 2 Baseline 64

5 9,10 3 Baseline 64

6 11,12 3 Baseline 64

7 13,14 4 Baseline 64

8 15,16 4 Baseline 64

9 17,18 5 Baseline 64

10 19,20 5 Baseline 64
11 1,2 1 Day 3 64

12 3,4 1 Day 3 64
* 4 reps × 8 experimental conditions × 2 subjects = 64 subsamples.
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Table A3. Cont.

Plate Subjects Mission Session # of Sub-Samples

13 5,6 2 Day 3 64

14 7,8 2 Day 3 64

15 9,10 3 Day 3 64

16 11,12 3 Day 3 64

17 13,14 4 Day 3 64

18 15,16 4 Day 3 64

19 17,18 5 Day 3 64

20 19,20 5 Day 3 64

Plates 21–30: same as above, except session is Day 10

Plates 31–40: same as above, except session is Day 17

Plates 41–50: same as above, except session is Day 24

Plates 51–60: same as above, except session is Day 31

Plates 61–70: same as above, except session is Day 38

Plates 71–80: same as above, except session is Day 45

Plates 81–90: same as above, except session is R + 1

Plates 91–100: same as above, except session is R + 7
* 4 reps × 8 experimental conditions × 2 subjects = 64 subsamples.

Appendix A.2. Missing Samples/Data

The realized allocation reflects the failure to collect samples or usable data for certain
combinations of missions and sessions:

• The 4 participants (subjects 5–8) in the second mission were required to leave the HERA
facility at day 17 due to extreme weather conditions in the Houston area (Hurricane
Harvey 2017).

• No data was gathered for day 31 of Mission 1 (Subjects 1–4) because of technical
problems with the fluorescence measurements.

• Blood samples were not gathered in the HERA on day R + 1 of Mission 4 (Subjects 13–16).

As a result, 5376 of 6400 (84%) planned observations were available for data analysis.

Appendix A.3. DNAI Mixed-Model Regression Analysis

For this analysis, the dependent variable was DNAI measured before irradiation and im-
mediately after irradiation (experimental conditions 2 and 3, Table A2). Let y ≡ y(m, i, k, v, j, r)
denote DNAI observed for subject i in HERA mission m, during HERA session k based on
the r-th replicate of fluorescence measurements obtained from the v-th microplate under
experimental condition j. Then in the mixed-model regression analysis for this study,
log y was represented as

log y = µ + αm + βk + (αβ)mk + Pj + (Pα)mj + (Pβ)kj + (αβP)mkj + ui + hv + e (A1)

where
µ = mean DNAI for the HERA protocol associated with mission 5 prior to confinement

and prior to irradiation.
αm = mean effect of the m-th mission relative to mission 5. (Note: Mission 5 is treated

as the “baseline” mission, hence α5 = 0, by definition. The choice of which mission is
baseline is arbitrary and does not affect the results.)

βk = mean effect of the m-th HERA session relative to the baseline session.
(αβ)mk = interaction effect between the m-th mission and k-th HERA session.
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Pj is the indicator for irradiation (Pj = 0 pre-irradiation and Pj = 1 for post-irradiation)
(Pα)mj = interaction between the effect of the m-th mission and irradiation.
(Pβ)kj = interaction between the effect of the k-th session and irradiation.
(αβP)mkj = 3-way interaction between the effects of the m-th mission, k-th session and

irradiation.
ui = random perturbation associated with the i-th subject.
hv = random perturbation associated with the v-th fluorescence microplate.
e = random error term representing the effects of replicates and all interactions involv-

ing subjects and plates.

Appendix A.4. Calculation of Plotted Values Shown in Figures 1 and 2 of the Primary Article

Under the assumption that the distribution of log y is symmetric, exponentiated
differences in E(log y) become ratios of median y. In particular, for session k and mission m,

med(y|k, m)

med(y|baseline, m)
= exp{E(log y|k, m)− E(log y|baseline, m)},

which in terms of the model parameters in Equation (A1) becomes

med(y|k, m)

med(y|baseline, m)
= exp{βk + (αβ)mk} (A2)

These ratios, calculated from estimates of the model parameters, were then converted
to percent changes (i.e., % change = 100× (ratio− 1), which are the point estimates shown
in Figure 1. Confidence limits in Figure 1 were obtained by exponentiation of corresponding
confidence limits for βk + (αβ)mk and subsequent conversion to percent changes.

Similarly, the reduction in median DNAI after irradiation relative to the reduction
at baseline is exp

{
∆2E(log y)

}
, where for session k and mission m, ∆2E(log y) is the 2nd

difference

[E(log y |post− irradiation , k, m)− E(log y |pre− irradiation , k, m)]− [E(log y |post− irradiation , baseline, m)
−E(log y |pre− irradiation , baseline, m)]

(A3)

In terms of the model (Equation (A1)), Equation (A3) reduces to

∆2E(log y) = (Pβ)k1 + (αβP)mk1 (A4)

Point estimates and confidence limits for the percent change in the irradiation effect
shown in Figure 2 and Table S2 were obtained after substituting parameter estimates into
Equation (A4) followed by exponentiation and conversion to percent change as above.

The command used in Stata 16 software to fit the model (Equation (A1)) with zy = log y
as the dependent variable and with standard errors of parameter estimates obtained from
200 bootstrap samples is shown below:

. bootstrap _b, strata(isess) cluster(id) reps(200) seed(7777777) dots(10) : mixed zy
i.isess##i.mission i.isess##i.post##b5.mission ||_all: R.id ||_all: R.plate ,reml

(running mixed on estimation sample)

Appendix A.5. Mixed-Model Regression Analysis for Average DNAI Repair Rate (ADRR)

For this analysis, the dependent variable was the average DNAI repair rate (ADRR)
in units of DNAI/hour calculated from cubic spline fits to the DNAI repair data after
irradiation for every combination of subject and session.

For a given subject and HERA confinement session, let yrt be the observed DNAI
obtained from replicate r at time t minutes after irradiation and let ŷ(t) be the spline fit to
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the values {yrt} as a function of t. Then the average rate of DNAI repair (ADRR) in units of
DNAI repair per hour was calculated as

ADRR = 60
ŷ(75)− ŷ(0)

75

Let A ≡ ADRR(m, i, k, v) denote the ADRR calculated from DNAI repair data ob-
served for the i-th subject during session k of HERA mission m, based on fluorescence
measurements obtained from the v-th microplate. Then in the mixed-model regression
analysis for this outcome variable, A was represented by

A = µ + αm + βk + (αβ)mk + hv + e (A5)

where
µ = mean ADRR for the HERA protocol associated with mission 5 prior to confinement.
αm = mean effect of the m-th mission relative to mission 5. (Note: Mission 5 is treated

as the “baseline” mission, hence α5 = 0, by definition. The choice of which mission is
baseline is arbitrary and does not affect the results.)

βk = mean effect of the m-th HERA session relative to the baseline session.
(αβ)mk = interaction effect between the m-th mission and k-th HERA session.
hv = random perturbation associated with the v-th fluorescence microplate.
e = random error term representing the effects of replicates and all interactions involv-

ing subjects and plates.

Appendix A.6. Calculation of Plotted Values Shown in Figure 3 of the Primary Article

The effect of confinement on mean ADRR for mission m and session k is

E(A|m, k)− E(A|m, baseline) = βk + (αβ)mk (A6)

Values of the estimated confinement effects plotted in Figure 3 were obtained after
substitution of parameter estimates for actual parameters in Equation (A6).

The command used in Stata 16 software to fit the model given by Equation (A5) with
standard errors of parameter estimates obtained from 200 bootstrap samples is shown
below:

. bootstrap _b, strata(isess) cluster(id) reps(200) seed(7777777) dots(10) : mixed A
i.isess##b5.mission ||plate: ,reml
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