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A B S T R A C T

Background
The cru ​cial role of the hy​po​thal​a​mic-pi​tu ​itary-adrenal axis (HPA) in stress-re​lated home​osta​sis sug​gests dys ​reg ​u​-

lated HPA in ​volve​ment in the patho ​gen ​e​sis of post-trau ​matic stress dis ​or​der (PTSD), yet most stud​ies ex ​am​in ​ing link ​-
ages be​tween HPA axis mea​sures and PTSD have yielded null find ​ings. One untested ex ​pla​na​tion for this in ​con ​sis​-
tency is a fail​ure to ac​count for si​mul​ta​ne​ous adrenal and go​nadal in ​flu ​ence. Here we tested the sin​gu​lar and in ​ter ​ac​-
tive ef ​fects of cor ​ti​sol (C ) and testos ​terone (T ) as mod ​er ​a​tors of war-zone stress evoked PTSD emer ​gence in the
war-zone.
Methods

U.S. sol​diers (N = 120) sched ​uled for de​ploy ​ment to Iraq com​pleted pre-de​ploy ​ment mea​sures C  and T  stress
re​ac​tiv ​ity to a CO  in ​hala​tion chal​lenge. Once de​ployed, monthly as ​sess​ments of ex ​po​sure to trau ​matic war-zone
stres ​sors and PTSD symp​toms were col​lected via a web-based as ​sess​ment sys ​tem.
Results

Cor​ti​sol hypo-re​ac​tiv ​ity po​ten ​ti​ated the path ​o​genic im​pact of war-zone stres ​sors only in sol​diers for whom the
CO  chal​lenge did not el​e​vate testos ​terone, sug​gest​ing that the dual hor ​mone stress re​ac​tiv ​ity pro ​file of blunted cor ​ti​-
sol and testos ​terone may con ​fer in ​creased risk for PTSD emer ​gence when po​ten ​ti​at​ing the path ​o​genic ef ​fects of war-
zone stres ​sors.
Conclusions

Find​ings un​der ​score the util​ity of as ​sess​ing both HPA and HPG stress re​ac​tiv ​ity when as ​sess​ing PTSD vul​ner ​a​bil​-
ity and may help in ​form ef ​forts for en ​hanced sol​dier screen ​ing and in ​oc​u​la​tion to war-zone stres ​sors.

© 2016 Published by Elsevier Ltd.

1. Introduction

The HPA axis’ cen ​tral role in the main ​te​nance of stress-re​lated
home​osta​sis (see Charmandari et al., 2005) im​plies HPA dys ​reg ​u​la​-
tion should be in ​volved in the patho ​gen ​e​sis of stress-re​lated dis ​or ​-
ders, in ​clud ​ing PTSD. Sem​i​nal stud​ies sup​ported this view in demon ​-
strat​ing strong as ​so​ci​a​tions be​tween hypo-cor ​ti​col​ism and PTSD
(McFarlane et al., 1997; Resnick et al., 1995; Yehuda et al., 1995).
Sub​se​quent stud​ies have repli​cated these find ​ings (De Kloet et al.,
2007; Rohleder et al., 2004; Steudte-Schmiedgen et al., 2015), but
many stud​ies have not. In fact, ex ​ist ​ing meta-analy ​ses sum​ma​riz​ing
three decades of re​search have shown mixed, and over ​all null find ​-
ings for HPA dys ​reg ​u​la​tion in PTSD eti​ol​ogy (Klaassens et al., 2012;
Meewisse et al., 2007).

One po ​ten ​tial ex ​pla​na​tion for the mixed find ​ings across stud​ies is
a fail​ure to ac​count for go​nadal in ​flu ​ence on HPA-axis func​tion.
Testos ​terone and other an ​dro ​gens ex ​hibit po​tent anti-glu ​co ​cor ​ti​coid ​
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ef ​fects (Agarwal et al., 1979; Danhaive and Rousseau, 1988; Sasson
and Mayer, 2013), me​di​ated by an ​dro ​gen-sen​si​tive af ​fer ​ents to struc​-
tures cen ​tral to HPA-mod ​u​lated stress reg ​u​la​tion, in ​clud ​ing the me​-
dial pre-op​tic area, cen ​tral and me​dial amyg ​dala, and bed nu​clei of
the stria ter ​mi​nalis (Viau et al., 1999; Viau and Meaney, 1996). Fur​-
ther, testos ​terone has di​rect anx ​i​olytic ef ​fects (Hermans et al., 2006),
likely due to in ​hibitory ac​ti​va​tion of gamma-amino-bu​tyric-acid
(GABA) re​cep ​tors (Bitran et al., 1993).

PTSD is gen ​er ​ally re​garded as a dis ​or ​der of dys ​reg ​u​lated threat
re​ac​tiv ​ity. In line with this view, the per ​i​trau ​matic pe​riod is marked
by el​e​vated cor ​ti​sol and stress-evoked cor ​ti​sol hy​per-re​ac​tiv ​ity, fol​-
lowed by a tem​po​rally-graded re​duc​tion in HPA-axis ac​tiv ​ity, cul​mi​-
nat​ing in cor ​ti​sol hypo-re​ac​tiv ​ity (Meewisse et al., 2007; Resnick et
al., 1995; Rubinow et al., 2005; Valtysdóttir et al., 2001; Weems and
Carrion, 2007; Yehuda et al., 2007). By in ​hibit​ing trauma-evoked
HPA-axis hy​per-re​ac​tiv ​ity dur ​ing the peri-trau ​matic pe​riod (Handa et
al., 1994b), testos ​terone might short-cir ​cuit the tran ​si​tion to blunted
HPA-axis stress-re​ac​tiv ​ity in the post-trauma pe​riod. More​over,
testos ​terone's anti-glu ​co ​cor ​ti​coid ef ​fects may pro​tect against struc​-
tural dam​age in the hip ​pocam​pus (Gouras et al., 2000), pro ​duc​ing
long-term pro ​tec​tion against the stress-evoked glu ​co ​cor ​ti​coid-me​di​-
ated neural de​gen ​er ​a​tion thought to char ​ac​ter ​ize PTSD (Kitayama et
al., 2005; Sapolsky et al., 1990). Thus, ev ​i​dence for an ​dro ​gen mod ​u

http://dx.doi.org/10.​1016/​j. ​psyneuen. ​2017.​01.​013

a, b, d a, b a, b a, c, 1 a, b, c, ⁎

R R

R R
2

2

UN
CO

RR
EC

TE
D 

PR
OOF



UN
CO

RR
EC

TE
D 

PR
OOF

0306-4530/© 2016 Published by Elsevier Ltd.

UN
CO

RR
EC

TE
D 

PR
OOF

2 Psychoneuroendocrinology xxx (2017) xxx-xxx

la​tion of HPA-axis hy​per-re​ac​tiv ​ity sug​gests that per ​i​trau ​matic el​e​va​-
tions in testos ​terone might pro ​tect against the sub​se​quent emer ​gence
of PTSD.

1.1. Study overview

Cap ​i​tal​iz​ing on the es ​tab ​lished rep ​u​ta​tion of CO  in ​hala​tion as a
lab ​o​ra​tory stres ​sor (Harrington et al., 1996; Perna et al., 1995;
Schmidt and Zvolensky, 2007; Telch et al., 2011, 2010), we ex ​am​ined
whether dif ​fer ​ences in hor ​monal re​ac​tiv ​ity to a sin​gle 35% CO /65%
O  in ​hala​tion stress chal​lenge ac​counts for vari​abil​ity in war-zone
stress-evoked PTSD symp​toms. Prior to their first-ever mil​i​tary de​-
ploy ​ment, U.S. sol​diers bound for Iraq (N = 120) pro ​vided sali​vary
hor ​mone sam​ples im​me​di​ately prior to, and 30 min af ​ter CO  in ​hala​-
tion. Then, dur ​ing their 16-month de​ploy ​ment, sol​diers com​pleted
monthly web-based as ​sess​ments of war-zone stres ​sors and PTSD
symp​toms. This prospec​tive de​sign al​lowed us to ex ​am​ine the sin​gu​-
lar and joint ef ​fects of pre-de​ploy ​ment basal cor ​ti​sol (C) and testos ​-
terone (T) and CO  chal​lenge-evoked cor ​ti​sol re​ac​tiv ​ity (C ) and
testos ​terone re​ac​tiv ​ity (T ) as mod ​er ​a​tors of trau ​matic war-zone
stres ​sor ef ​fects on the sub​se​quent emer ​gence of PTSD symp​toms in
the​ater. The strength of PTSD pre​dic​tors should be pro ​por ​tional to
the de​gree to which they tap threat re​ac​tiv ​ity. There​fore, hor ​monal
stress re​ac​tiv ​ity in ​dices may ex ​ert a more po​tent in ​flu ​ence in the
patho ​gen ​e​sis of PTSD, rel​a​tive to basal con ​cen ​tra​tions.

2. Methods and materials

2.1. Participants and procedures

Par​tic​i​pants (N = 120) were re​cruited for the Texas Com​bat PTSD
Risk Pro​ject, which aimed to prospec​tively iden ​tify bi​o​log ​i​cal, cog ​ni​-
tive, and psy​choso ​cial risk fac​tors for war-zone psy​chopathol​ogy.
They were from 9 Army units (4 com​bat ser​vice sup​port units, 4
com​bat units, and 1 com​bat sup​port unit) plan ​ning to de​ploy from Ft.
Hood to Iraq be​tween Au​gust 2007 and Au​gust 2009. To re​duce the
pos ​si​bil​ity of per ​ceived co ​er ​cion to par ​tic​i​pate, unit lead ​ers did not
at​tend re​cruit​ment ses​sions. Sol​diers were briefed about the study by
the pro ​ject di​rec​tor and prin ​ci​pal in ​ves ​ti​ga​tor in the pres ​ence of an
Army om​buds ​man. Prior to de​ploy ​ment, par ​tic​i​pants vis ​ited the Uni​-
ver ​sity of Texas at Austin to com​plete an ex ​ten ​sive as ​sess​ment bat​-
tery that in ​cluded mea​sures in neu ​roimag ​ing, cog ​ni​tive, ge​netic, hor ​-
monal, and psy​choso ​cial do​mains. Dur​ing de​ploy ​ment, sol​diers re​-
ceived monthly email re​minders to com​plete a de-iden ​ti​fied, web-
based as ​sess​ment called the Com​bat Ex ​pe​ri​ences Log (CEL; Lee et
al., 2011; see Mea​sures for de​tails).

Sol​diers were re​quired to meet the fol​low ​ing cri​te​ria to en ​roll in
the study: (1) age 18 or older, (2) no prior de​ploy ​ment to a war-zone,
and (3) planned de​ploy ​ment to Iraq within 3 months of con ​sent. Of
the 223 sol​diers at​tend ​ing the brief ​ings, 184 (82.51%) con ​sented to
par ​tic​i​pate, 6 did not de​ploy, 1 with​drew con ​sent, and 16 com​pleted
no as ​sess​ments in the​ater. Of the re​main ​ing 161 sol​diers, 24 were ex ​-
cluded from hor ​monal analy ​sis due to en ​docrine dis ​or ​ders and/​or cur ​-
rent use of an ​ti​de​pres ​sants, stim​u​lants, or steroid hor ​mones, 8 were
ex ​cluded due to in ​valid hor ​mone mea​sures (i.e., co ​ef ​fi​cients of vari​-
ance ≥0.15), and an ad ​di​tional 9 did not com​plete the in-the​ater mea​-
sures in ​cluded in this analy ​sis. The fi​nal sam​ple there​fore in ​cluded
120 sol​diers (see Table 1 for de​mo ​graph ​ics and de​scrip ​tive sta​tis ​tics).
Post-hoc power analy ​ses us ​ing Op​ti​mal De​sign soft​ware (Spybrook
et al., 2006) re​vealed suf​fi​cient power to de​tect a medium ef ​fect size
(δ = 0.40–0.50, β = 0.82–0.95).

Table 1
De​scrip ​tive Sta​tis ​tics.

Demographic Variables N %

Lifetime Axis I Diagnosis 64 53.33
Male 104 86.67
Female 16 13.33
Prior Trauma 65 54.17

Pre-Deployment and Deployment Variables N M SD
Number of Monthly CEL Entries − PCL-Short 120 4.44 3.37
Monthly Average Number of PTEs 120 1.83 1.85
PTSD Symptoms (PCL-Short) 537 5.28 2.13
C (pg/ml) Pre-CO 120 0.12 0.06
C (pg/ml) Post-CO 120 0.15 0.13
C  (pg/ml) Post-Pre CO 120 0.03 0.12
T (pg/ml) Pre-CO 120 83.07 26.74
T (pg/ml) Post-CO 120 84.91 33.72
T  (pg/ml) Post-Pre CO 120 1.83 23.05

Descriptive statistics for all modeled variables.
a Indicates presence of lifetime DSM-IV-TR defined Axis I disorders.
b History of trauma based on DSM-IV PTSD Criterion A defining exposure to a
traumatic event prior to pre-deployment.
c PCL-Short = Post-traumatic Stress Checklist – 4 Item Version (N = 537 repeated
in theater observations).
d PTEs = Potentially traumatic war-zone stressors.
e Basal salivary cortisol (C) and testosterone (T) were measured before and 30 min
after a single inhalation of 35% CO /65% O  gas at pre-deployment, and reactivity
measures (C , T ) were derived by subtracting pre-CO  from post-CO  hormone
levels.

2.2. Institutional review board approval

All study pro ​ce​dures were ap ​proved by the In ​sti​tu ​tional Re​view
Board of the Of​fice of Re​search Sup​port at The Uni​ver ​sity of Texas
at Austin and the Brooks Army Med​ical Cen ​ter Sci​en ​tific and Hu​man
Use Re​view Com​mit​tee. All par ​tic​i​pants pro ​vided in ​formed con ​sent.

2.3. Pre-deployment measures

2.3.1. Demographics, lifetime history of mental disorders, and prior
trauma exposure

Sol​diers com​pleted a de​mo ​graph ​ics ques ​tion ​naire, and the SCID –
Struc​tured Clin ​i​cal In ​ter ​view for Axis I DSM-IV Di​ag ​noses. Doc​-
toral-level psy​chol​ogy stu​dents, with >1 year of as ​sess​ment ex ​pe​ri​-
ence ad ​min ​is ​tered the SCID un​der su​per ​vi​sion of the Prin​ci​pal In ​ves ​-
ti​ga​tor (M.J. Telch).

2.3.2. Hormone assessments
Two, 3 mL saliva sam​ples were taken for each par ​tic​i​pant to mea​-

sure basal cor ​ti​sol (C), basal testos ​terone (T), cor ​ti​sol re​ac​tiv ​ity (C ),
and testos ​terone re​ac​tiv ​ity (T ). Sam​ples were col​lected be​tween
1400 and 1700 h to min ​i​mize the im​pact of di​ur ​nal vari​a​tion. Par​tic​i​-
pants first com​pleted a 30-min rest pe​riod be​fore pro ​vid ​ing a pas ​sive
drool sam​ple used to as ​sess C and T. To as ​sess C  and T  evoked by
a po​ten ​tially stress ​ful task, par ​tic​i​pants then com​pleted a CO  chal​-
lenge. A sec​ond saliva sam​ple was taken 30 min af ​ter the CO  chal​-
lenge, and the dif ​fer ​ence in hor ​mone con ​cen ​tra​tion from the first to
sec​ond sam​ple (post-CO  level mi​nus pre-CO ) was used to cal​cu ​late
C  and T . Af​ter the col​lec​tion of the sec​ond sam​ple, both sam​ples
were frozen. Later they were packed in dry ice and sent to Sali​met​rics
(State Col​lege, PA, USA), where cor ​ti​sol and testos ​terone con ​cen ​tra​-
tions were as ​sayed in du​pli​cate. The in ​tra-as ​say and in ​ter-as ​say co ​ef ​-
fi​cients of vari​ance were in the ac​cept​able range (4.6% and 9.9% for
testos ​terone, 3.5% and 5.1% for cor ​ti​sol).
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2.3.3. 35% CO  stress reactivity challenge
The CO  in ​hala​tion chal​lenge oc​curred be​tween 2 PM and 4 PM

and fol​lowed pro ​ce​dures sim​i​lar to those de​scribed in other CO  chal​-
lenge stud​ies con ​ducted in our lab ​o​ra​tory (Telch et al., 2011, 2012).
Par​tic​i​pants were seated in ​di​vid ​u​ally in a sound​proof room and fit​ted
with an am​bu​la​tory heart rate mon ​i​tor. Fol​low ​ing a 5-min rest​ing
base​line pe​riod, par ​tic​i​pants viewed a 3-min video con ​tain ​ing the ra​-
tio ​nale, pro ​ce​dural in ​struc​tions, and a demon ​stra​tion of the CO  in ​-
hala​tion pro ​ce​dure. They were then in ​structed to take a full vi​tal ca​-
pac​ity breath of the gas mix ​ture con ​tain ​ing 35% CO /65% O  through
a plas ​tic mask and to hold it in their lungs for 5 s. Par​tic​i​pants were
then in ​structed to breath nor ​mally un​til the ef ​fects of the gas sub​sided
(ap ​prox ​i​mately 30 s), at which point they com​pleted the Acute Panic
In ​ven ​tory (Dillon et al., 1987) – a widely used self-re​port in ​stru​ment
for as ​sess​ing emo ​tional re​spond​ing to CO  chal​lenge (see Telch et al.,
2012 for ad ​di​tional in ​for ​ma​tion on the CO  chal​lenge pro​ce​dures).

2.4. Measures of war-zone stressors and PTSD symptoms

Dur​ing de​ploy ​ment, sol​diers com​pleted the Com​bat Ex ​pe​ri​ences
Log (CEL) – a web-based lon ​gi​tu ​di​nal track ​ing sys ​tem for col​lect​ing
re​peated self-re​port in-the​ater as ​sess​ments of sol​diers' ex ​po​sure to
war-zone stres ​sors, and their psy​cho ​log ​i​cal ad ​just​ment to the war-
zone en ​vi​ron ​ment (Lee et al., 2011). The date for each sol​dier’s
monthly en ​try was au ​to ​mat​i​cally recorded by the sys ​tem and used to
cal​cu ​late the num​ber of months de​ployed at the time of each sur​vey
en ​try. The CEL was de​signed to be com​pleted within 10–15 min and
uti​lized brief ver ​sions of em​pir ​i​cally es ​tab ​lished mea​sures of de​ploy ​-
ment-re​lated stres ​sors and psy​cho ​log ​i​cal symp​toms (see Lee et al.,
2011 for more de​tailed in ​for ​ma​tion on the CEL).

2.4.1. Assessment of war-zone stressors
Ex ​po​sure to war-zone stres ​sors in the past 30 days were mea​sured

with di​choto ​mous (pre​sent vs. ab ​sent) items from the CEL which
were adapted from the De​ploy ​ment Risk and Re​silience In ​ven ​tory .
Given our in ​ter ​est in ex ​po​sure to po​ten ​tially trau ​matic events likely
to evoke trauma-re​lated re​ac​tions, two ad ​vanced clin ​i​cal doc​toral stu​-
dents (AC and CL) and the PI (MJT) in ​de​pen ​dently se​lected sub​sets
of all stres ​sors from the orig ​i​nal check ​list that met PTSD DSM-5 cri​-
te​ria for a trau ​matic event (“ex ​po​sure to ac​tual or threat​ened death,
se​ri​ous in ​jury or sex​ual vi​o​lence”, p. 271) (American Psychiatric
Association, 2013). Ad​di​tion ​ally, two free-re​sponse items that al​-
lowed re​port​ing of stres ​sors not in ​cluded in the check ​list were in ​de​-
pen ​dently hand-coded. There was per ​fect in ​ter-rater agree​ment (see
Sup​ple​men ​tary Table S1 for se​lected items and their re​spec​tive fre​-
quen ​cies).

2.4.2. Assessment of post-traumatic stress symptoms
The Post-Trau ​matic Stress Dis​or ​der Check ​list (PCL-Short)

(Bliese et al., 2008) was used to as ​sess the three core symp​tom do​-
mains of PTSD (re-ex ​pe​ri​enc​ing, avoid ​ance, and hy​per-arousal
symp​toms) on a scale of in ​ten ​sity from 1, not at all, to 5, ex ​tremely.
The PCL-Short has demon ​strated di​ag ​nos ​tic ac​cu ​racy com​pa​ra​ble to
the full 17-item ver ​sion of the PCL (Bliese et al., 2008).

2.5. Statistical analyses

Two-level mixed ef ​fects growth mod ​els of monthly in-the​ater

(T ) to the 35% CO  chal​lenge on sub​se​quent symp​to ​matic re​ac​tions
to monthly po​ten ​tially trau ​matic war-zone stres ​sors. All analy ​ses
were con ​ducted us ​ing the lme4 (ver ​sion 1.1.8) and as ​so​ci​ated pack ​-
ages in R  (code avail​able upon re​quest). Stan​dard mod ​el​ing pro ​ce​-
dures be​gan with de​ter ​min ​ing the best-fit​ting lin ​ear and poly ​no​mial
change tra​jec​to ​ries, fol​lowed by the ad ​di​tion of pre​dic​tors, and
higher-or ​der in ​ter ​ac​tion terms .

Full in ​for ​ma​tion max ​i​mum like​li​hood es ​ti​ma​tion was used to de​-
ter ​mine func​tional forms of in-the​ater symp​toms, and to com​pare de​-
viance sta​tis ​tics of nested mod ​els, whereas re​stricted max ​i​mum like​-
li​hood was used to pro ​duce the fi​nal es ​ti​mates (Kenward and Roger,
1997). Un​struc​tured vari​ance-co ​vari​ance ma​tri​ces were spec​i​fied
across mod ​els, as other struc​tural re​stric​tions pro ​duced poorer model
fit. De​grees of free​dom for all fixed ef ​fect sig​nif ​i​cance tests were de​-
rived us ​ing Sat​terth ​waite ap ​prox ​i​ma​tions . Ef ​fect sizes for each pa​-
ra​me​ter es ​ti​mate were de​rived from t-sta​tis ​tics with the fol​low ​ing for ​-
mula: r = √ [t2/​( ​df + t )], where t equals the value of the t-sta​tis ​tic,
and df equals the de​grees of free​dom. All sta​tis ​ti​cal tests were two-
tailed, with the al​pha cri​te​rion set at 0.05. No p-value ad ​just​ments for
mul​ti​ple com​par ​isons were made, as our mod ​el​ing ap ​proach more ef ​-
fi​ciently ad ​dresses er ​ror in ​fla​tion through pre​ci​sion-weighted es ​ti​ma​-
tion (Gelman et al., 2012). Di​ag ​nos ​tic analy ​ses of fi​nal mod ​els re​-
vealed no vi​o​la​tions of sta​tis ​ti​cal as ​sump​tions, in ​clud ​ing no sys ​tem​-
atic pat​tern in miss ​ing ​ness (Raudenbush and Bryk, 2002).

The num​ber of days since de​ploy ​ment was cen ​tered at 8 months,
and in ​cluded in its raw met​ric. Di​choto ​mous pre​dic​tors in ​clud ​ing
gen ​der (male = 0, fe​male = 1) and past or cur ​rent DSM-IV Axis I
psy​chopathol​ogy (ab ​sent = 0, pre​sent = 1) were sig​nif ​i​cant in pre​lim​i​-
nary mod ​els, and were there​fore re​tained as con ​trol vari​ables in all fi​-
nal mod ​els. All con ​tin ​u​ous co ​vari​ates were z-trans ​formed for ease of
in ​ter ​pre​ta​tion. To al​low in ​clu ​sion of both males and fe​males in the
analy ​ses, basal hor ​mone as ​says (C and T) were z-trans ​formed sep​a​-
rately within gen ​ders. Fur​ther, both in ​dices of re​ac​tiv ​ity (T  and C )
were cen ​tered at zero, re​flect​ing no change from pre-to-post CO
chal​lenge, and scaled within gen ​ders. Trans ​form​ing within gen ​ders
ef ​fec​tively re​moved gen ​der dif ​fer ​ences from the ab ​solute lev ​els and
range of the hor ​mone in ​dices. As an ad ​di​tional check for the suit​abil​-
ity of in ​clud ​ing both gen ​ders, ef ​fects were ex ​am​ined sep​a​rately for
males and fe​males, re​veal​ing no sig​nif ​i​cant sex dif ​fer ​ences in the
mag ​ni​tude or pat​tern of hor ​mone ef ​fects.

War-zone stress was mod ​eled by in ​clud ​ing each in ​di​vid ​u​al's av ​er ​-
age monthly num​ber of po​ten ​tially trau ​matic com​bat stres ​sors
(PTE ). The ef ​fect of PTE  can be in ​ter ​preted as a to ​tal be​tween-
sol​dier ef ​fect of hav ​ing a higher monthly av ​er ​age level of stres ​sor ex ​-
po​sure. We also si​mul​ta​ne​ously mod ​eled within-sol​dier monthly de​-
vi​a​tions from their own av ​er ​age num​ber of stres ​sors (PTE ), which
re​flects the within-sol​dier ef ​fect of monthly de​vi​a​tions in stres ​sor ex ​-
po​sure. The PTE  analy ​ses can be found in Sup​ple​men ​tary Ta​bles
S2–S4. Mod​el​ing both PTE  and PTE  is use​ful be​cause it avoids
im​pos ​ing the prob ​lem​atic as ​sump​tion that their ef ​fects are equal
(Hoffman and Stawski, 2009). To eval​u​ate sig​nif ​i​cant stress-mod ​er ​a​-
tion ef ​fects, a stan​dard ap ​proach was used (Aiken et al., 1991) in
which hor ​mone in ​dices in in ​ter ​ac​tion with PTEs were cen ​tered 1 SD
above and be​low their re​spec​tive zero-points to es ​ti​mate the con ​di​-
tional main ef ​fects of PTEs given a par ​tic​u​lar hor ​mone pro ​file (i.e.,
high or low basal lev ​els, or CO2-evoked in ​creases or de​creases in
hor ​mone lev ​els).

Fi​nally, post-hoc analy ​ses were per ​formed to test the ro ​bust​ness of
the ob​served hor ​mone ef ​fects. Given that prior trauma ex ​po​sure may
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PTSS (PCL-Short) were used to es ​ti​mate the main, in ​cre​men ​tal and
in ​ter ​ac​tive mod ​er ​a​tion ef ​fects of pre-de​ploy ​ment basal cor ​ti​sol (C),
basal testos ​terone (T), and cor ​ti​sol (C ) and testos ​terone re​ac​tiv ​ity ​

have sen​si​tized hor ​monal re​spond​ing to stres ​sors, we con ​trolled for
the main ef ​fects of prior trauma, de​fined as events prior to de​ploy ​-
ment meet​ing DSM-IV PTSD cri​te​rion A (ab ​sent = 0, pre​sent = 1).​R
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We also tested whether emo ​tional re​ac​tiv ​ity to the 35% CO  stres ​sor
chal​lenge might ac​count for the ob​served ef ​fects. This in ​volved con ​-
trol​ling for the stress-mod ​er ​a​tion ef ​fects of the high ​est level of fear ​

Table 2
In ​cre​men ​tal Main Ef ​fects on In-The​ater PTSD Symp​toms.

Parameter b se df t p Effect Size

Time 0.02 0.03 54.60 0.66 0.511 0.09
Time x Time −0.02 0.00 213.20 −4.89 0.000 0.32
Sex 0.59 0.51 77.70 1.16 0.249 0.13
Lifetime Axis I Diagnosis 0.50 0.35 89.40 1.45 0.151 0.15
C −0.07 0.18 90.30 −0.37 0.711 0.04
T −0.21 0.18 89.20 −1.19 0.237 0.13
C  −0.10 0.17 70.00 −0.56 0.577 0.07
T  −0.08 0.18 89.70 −0.44 0.660 0.05
PTE 0.46 0.14 113.50 3.38 0.001 0.30
PTE 0.29 0.06 458.50 4.41 0.000 0.20

All modeled covariates were z-transformed with the exception of time, time , sex,
and DSM-IV lifetime Axis I diagnosis.
a Sex (male = 0; female = 1) and lifetime Axis I diagnosis (absent = 0; present = 1)
were dichotomously coded.
b Basal salivary testosterone (T), basal salivary cortisol (C), testosterone reactivity
(T ), and cortisol reactivity (C ) were z-transformed separately within males and
females.
c C  and T  were calculated by subtracting post-CO  salivary levels from pre-CO
challenge levels, and were centered at zero reflecting no change.
d PTE = potentially traumatic event. PTE : Reflects the total between-soldier
effect of having a higher monthly average exposure to PTEs, across deployment
months. PTE : Indicates the effect of having 1 additional PTE relative to the
individual soldier’s monthly average number of stressors, in any single deployment
month. P-values ≤ 0.05 are in bold type.

(0 = “no fear”; 100 = “ex ​treme fear”) ex ​pressed dur ​ing the stres ​sor
chal​lenge. These ef ​fects were en ​tered si​mul​ta​ne​ously, with the peak
fear x PTEs in ​ter ​ac​tion term in ​cluded for both the be​tween (PTE )
and within (PTE ) stres ​sor ef ​fects. Re​sults of these analy ​ses are pre​-
sented in Sup​ple​men ​tary Table S4.

3. Results

In ​cre​men ​tal main ef ​fects for all mod ​eled vari​ables are pre​sented
in Table 2. Con​trol​ling for all co ​vari​ates, sol​diers’ pre-de​ploy ​ment
cor ​ti​sol re​ac​tiv ​ity to the CO  chal​lenge mod ​u​lated the ef ​fects of war-
zone stres ​sors on PTSD symp​tom emer ​gence dur ​ing de​ploy ​ment. As
pre​sented in Fig. 1 and Table 3, rel​a​tive to sol​diers who ex ​hib ​ited an
in ​crease in cor ​ti​sol in re​sponse to the CO  chal​lenge (b = 0.25,
se = 0.17, t = 1.48, p = 0.142, r = 0.15), sol​diers show ​ing a de​crease
in cor ​ti​sol showed greater PTSD vul​ner ​a​bil​ity to in ​creas ​ing war-zone
stres ​sors (b = 0.72, se = 0.19, t = 3.75, p < 0.000, r = 0.32).

Next, to test the joint ef ​fect of dual-hor ​mone re​ac​tiv ​ity, we ex ​am​-
ined whether the cor ​ti​sol-re​ac​tiv ​ity ef ​fects de​picted in Fig. 1 were
con ​tin ​gent on sol​diers’ testos ​terone re​ac​tiv ​ity to the pre-de​ploy ​ment
CO  chal​lenge. As pre​sented in Fig. 2 and Table 4, there was a large
and sta​tis ​ti​cally sig​nif ​i​cant three-way in ​ter ​ac​tion be​tween cor ​ti​sol re​-
ac​tiv ​ity, testos ​terone re​ac​tiv ​ity and war-zone stres ​sor ex ​po​sure
(b = 0.60, se = 0.13, t = 4.62, p < 0.000, r = 0.41). Prob​ing re​vealed
that sol​diers dis ​play ​ing a pre-de​ploy ​ment hor​mone pro ​file of blunted
cor ​ti​sol re​ac​tiv ​ity and blunted testos ​terone re​ac​tiv ​ity to the CO  stress
chal​lenge were sig​nif ​i​cantly more vul​ner ​a​ble to the ef ​fects of war-
zone stres ​sors with re​spect to PTSD symp​tom emer ​gence (b = 1.39,​
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Fig. 1. Pre-De​ploy ​ment Cor​ti​sol Re​ac​tiv ​ity x Be​tween-Sol​dier Ef ​fects of Trau ​matic War ​zone Stres ​sors on In-The​ater PTSD Symp​toms. Ef ​fects of be​tween-sol​dier dif ​fer ​-
ences in av ​er ​age monthly ex ​po​sure to po​ten ​tially trau ​matic war-zone stres ​sors (PTEBP) for sol​diers ex ​hibit​ing in ​creases (+1 SD) or re​duc​tions (−1 SD) in sali​vary cor ​ti​sol
fol​low ​ing a sin​gle in ​hala​tion of 35% CO2/​65% O2 gas at pre-de​ploy ​ment. Shaded re​gions in ​di​cate asym​met​ric boot​strap-de​rived 95% con ​fi​dence lim​its. Un​du​la​tions re​flect
vari​a​tion in data den ​sity across the length of each re​gres ​sion line.
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Table 3
Sin​gle Hor​mone Stress-Mod​er ​a​tion Mod​els of In-The​ater PTSD Symp​toms.

Parameter b se df t p Effect Size

C × PTE 0.09 0.11 129.50 0.86 0.393 0.08
PTE  | Low C 0.35 0.19 116.50 1.87 0.064 0.17
PTE  | High C 0.54 0.16 126.60 3.37 0.001 0.29
T × PTE 0.16 0.14 106.10 1.15 0.255 0.11
PTE  | Low T 0.33 0.18 100.60 1.83 0.071 0.18
PTE  | High T 0.65 0.21 106.30 3.15 0.002 0.29
C  × PTE −0.23 0.12 92.00 −1.95 0.054 0.20
PTE  | C − 0.72 0.19 124.70 3.75 0.000 0.32
PTE  | C + 0.25 0.17 97.50 1.48 0.142 0.15
T  × PTE −0.11 0.16 93.10 −0.73 0.469 0.08
PTE  | T − 0.55 0.18 109.00 3.05 0.003 0.28
PTE  | T + 0.33 0.24 95.90 1.38 0.171 0.14

Results from multi-level growth models including only one of the pre-deployment
hormone moderator variables in interaction with the between-soldier variance
component of stressors, which reflects average monthly stressor exposure (PTE ).
Hormone reactivity stress-moderation effects (i.e., C  × PTE , T  × PTE ) were
estimated controlling for basal hormone levels (i.e., C, T) as main effects. Omnibus
effects (C × PTE ; C  × PTE , etc.) are followed by conditional effects (PTE  |
Low C; PTE  | C −, etc.), which indicate the effects of PTE  given each
combination of high (+1 SD from the mean) or low (−1 SD from the mean) basal
hormone levels (i.e., C, T) measured prior to the pre-deployment CO  challenge, or
increases (+1 SD from 0) or reductions (−1 SD from 0) in salivary hormone levels
(i.e., C −/ +, T −/+) from pre-to-post CO  challenge. P-values ≤ 0.05 are in bold
type.

se = 0.24, t = 5.78, p < 0.000, r = 0.46). This is in sharp con ​trast to
those sol​diers ex ​hibit​ing blunted cor ​ti​sol re​ac​tiv ​ity but ro ​bust testos ​-
terone re​ac​tiv ​ity (b = −0.04, se = 0.36, t = −0.10, p = 0.919, r = 0.01).
In light of these dual-hor ​mone re​ac​tiv ​ity ef ​fects, the main ef ​fect of
cor ​ti​sol re​ac​tiv ​ity (pre​sented in the pre​vi​ous para​graph and dis ​played
in Fig. 1 and Table 1) is mis ​lead ​ing; cor ​ti​sol re​ac​tiv ​ity was only as ​so​-
ci​ated with vul​ner ​a​bil​ity to the ef ​fects of war-zone stress among sol​-
diers ex ​hibit​ing blunted testos ​terone re​ac​tiv ​ity.

Fi​nally, to test the ro ​bust​ness of the stress-mod ​er ​a​tion find ​ings,
post-hoc analy ​ses con ​trolled for the main ef ​fects of trauma ex ​po​sure
prior to de​ploy ​ment, and in ​cor ​po​rated in ​ter ​ac​tion terms in ​clud ​ing
peak fear ex ​pressed dur ​ing the CO  stres ​sor chal​lenge in in ​ter ​ac​tion
with PTE  and PTE . Re​sults re​vealed only neg ​li​gi​ble changes to
the pa​ra​me​ter es ​ti​mates (see sup​ple​men ​tal on​line text, Table S4), in ​-
di​cat​ing the hor ​mone re​ac​tiv ​ity ef ​fects were in ​de​pen ​dent of prior
trauma​ti​za​tion, and sub​jec​tive dis ​tress in re​sponse to the CO  chal​-
lenge.

4. Discussion

Our find ​ings iden ​ti​fied a spe​cific pre-de​ploy ​ment dual-hor ​mone
pro ​file of PTSD risk vul​ner ​a​bil​ity among healthy first-time de​ployed
sol​diers. Af​ter con ​trol​ling for rel​e​vant co ​vari​ates in ​clud ​ing basal lev ​-
els of cor ​ti​sol and testos ​terone, prior trauma, and emo ​tional stress re​-
ac​tiv ​ity, sol​diers dis ​play ​ing a hor ​mone pro ​file of blunted cor ​ti​sol and
blunted testos ​terone re​ac​tiv ​ity to a CO  stres ​sor chal​lenge showed
height​ened PTSD symp​tom emer ​gence at high lev ​els of war-zone
stres ​sor ex ​po​sure (see Fig. 2). Height​ened cor ​ti​sol re​ac​tiv ​ity was not
path ​o​genic in sol​diers dis ​play ​ing el​e​va​tions in testos ​terone in re​-
sponse to the CO  stress re​ac​tiv ​ity chal​lenge.

At first glance, our data show ​ing no ap ​pre​cia​ble ef ​fects of pre-de​-
ploy ​ment cor ​ti​sol in pre​dict​ing PTSD symp​tom emer ​gence (see Fig.
1) are con ​sis​tent with the many pub​lished re​ports show ​ing no re​li​able
in ​flu ​ence of the HPA-axis on PTSD (Klaassens et al., 2012;
Meewisse et al., 2007). Yet, con ​sis​tent with ev ​i​dence for the pro ​tec​-
tive role of cor ​ti​sol re​lease (de Quervain and Margraf, 2008; Soravia
et al., 2009), and with re​cent find ​ings from a study of Ger​man sol​-
diers that lower cor ​ti​sol stress re​ac​tiv ​ity pre​dicted in ​creased PTSD
symp​to ​ma​tol​ogy at 12 months post-de​ploy ​ment (Steudte-Schmiedgen
et al., 2015), our data show that height​ened cor ​ti​sol re​ac​tiv ​ity pro ​tect
against the in-the​ater path ​o​genic ef ​fects of war-zone stres ​sors. How
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Fig. 2. Pre-De​ploy ​ment Cor​ti​sol Re​ac​tiv ​ity × Testos ​terone Re​ac​tiv ​ity × Be​tween-Sol​dier Ef ​fects of Trau ​matic War ​zone Stres ​sors on In-The​ater PTSD Symp​toms. (A) rep ​re​-
sents the ef ​fects of be​tween-sol​dier dif ​fer ​ences in av ​er ​age monthly ex ​po​sure to po​ten ​tially trau ​matic war-zone stres ​sors for sol​diers ex ​hibit​ing in ​creases (+1 SD from no
change) or de​creases (−1 SD from no change) in sali​vary cor ​ti​sol and/​or testos ​terone fol​low ​ing a sin​gle in ​hala​tion of 35% CO /65% O  gas at pre-de​ploy ​ment. Sub​plots on
the right con ​trast the ef ​fects of stres ​sors on symp​toms as a func​tion of in ​creases and de​creases in sali​vary cor ​ti​sol for sol​diers ex ​hibit​ing in ​creases (B) or de​creases (C) in
sali​vary testos ​terone. Shaded re​gions in ​di​cate asym​met​ric boot​strap-de​rived 95% con ​fi​dence lim​its. Un​du​la​tions re​flect vari​a​tion in data den ​sity across the length of each re​-
gres ​sion line.
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Table 4
Dual-Hor​mone Stress-Mod​er ​a​tion Mod​els of In-The​ater PTSD Symp​toms.

Parameter b se df t p Effect Size

C × T × PTE 0.05 0.14 108.90 0.36 0.723 0.03
PTE  | Low C, Low T 0.34 0.25 102.20 1.38 0.172 0.13
PTE  | High C, Low T 0.36 0.26 115.20 1.37 0.174 0.13
PTE  | Low C, High T 0.51 0.32 98.00 1.59 0.116 0.16
PTE  | High C, High T 0.73 0.24 107.30 2.99 0.003 0.28
C  x T  x PTE 0.60 0.13 103.00 4.62 0.000 0.41
PTE  | C −, T − 1.39 0.24 124.10 5.78 0.000 0.46
PTE  | C +, T − −0.61 0.30 115.80 −2.05 0.043 0.19
PTE  | C −, T  + −0.04 0.36 101.50 −0.10 0.919 0.01
PTE  | C +, T  + 0.37 0.22 93.10 1.65 0.103 0.17

Results from multi-level growth models that included either both basal hormone
variables, or both hormone reactivity variables in interaction with the between-
soldier variance component of stressors (PTE ). Hormone reactivity stress-
moderation effects (i.e., C  × T  × PTE ) were estimated controlling for basal
hormone levels (i.e., C, T) as main effects. Omnibus effects (C x T x PTE ;
C  × T  × PTE  etc.) are followed by conditional effects (PTE  | Low C, Low T;
PTE  | C  −, T −, etc.), which indicate the effects of PTE  given each
combination of low (+1 SD above the mean) or high basal hormone levels (i.e., C,
T), or increases (+1 SD from 0) or reductions (−1 SD from 0) in salivary hormone
levels (i.e., C −, C +, T −, T  +). P-values ≤ 0.05 are in bold type.

ever, this pro ​tec​tion was only ob​served for the sub​set of sol​diers who
show blunted testos ​terone re​ac​tiv ​ity (see Fig. 2). Sim​i​larly, our data
sug​gest that testos ​terone re​ac​tiv ​ity may too pro ​vide a pro ​tec​tive func​-
tion for PTSD by re​duc​ing the path ​o​genic im​pact of war-zone stres ​-
sors; how ​ever, this pro ​tec​tive ef ​fect was ob​served only for sol​diers
dis ​play ​ing blunted HPA re​ac​tiv ​ity. These find ​ings con ​verge in high ​-
light​ing the im​por ​tance of the in ​ter ​ac​tion be​tween the HPA and HPG
axes in PTSD.

An​other re​mark ​able as ​pect of our find ​ings is that we ob​served sig​-
nif ​i​cant mod ​er ​a​tion of be​tween-sol​dier dif ​fer ​ences in over ​all stres ​sor
ex ​po​sure (PTE ), but not more acute within-sol​dier changes in stres ​-
sor ex ​po​sure (PTE ). This pat​tern is con ​sis​tent with a dose-re​sponse
model of the re​la​tion be​tween stress-evoked hor ​mone el​e​va​tions, and
trauma-re​lated psy​chopathol​ogy. Specif ​i​cally, whereas acute de​ploy ​-
ment of glu ​co ​cor ​ti​coids in re​sponse to stres ​sors is adap ​tive, un​en ​-
cum​bered chronic el​e​va​tions may pro ​mote neu ​ro ​toxic ef ​fects
(Kitayama et al., 2005; Sapolsky et al., 1990), ul​ti​mately con ​tribut​ing
to the emer ​gence of psy​chopathol​ogy. Thus, in ad ​di​tion to em​pha​siz​-
ing the need for more com​plete and func​tional neu ​roen ​docrine mod ​-
els, the pre​sent find ​ings demon ​strate the im​por ​tance of si​mul​ta​ne​-
ously mod ​el​ing the im​pact of chronic and acute stres ​sor ex ​po​sure, in ​-
stead of im​pos ​ing the un​ten ​able as ​sump​tion that their ef ​fects are
equal (Hoffman and Stawski, 2009).

4.1. Potential mechanisms of hormonal stress moderation effects

Sev​eral pu​ta​tive causal mech ​a​nisms war​rant dis ​cus ​sion. Glu​co ​-

glu ​co ​cor ​ti​coid re​lease ex ​erts bi-di​rec​tional ef ​fects on emo ​tional
mem​ory, serv ​ing to en ​hance mem​ory con ​sol​i​da​tion, but to im​pair
sub​se​quent re​trieval (Wolf, 2009), pos ​si​bly by blunt​ing ac​ti​va​tion in
the me​dial tem​po​ral lobe .

Con​sis​tent with cor ​ti​sol’s im​pair ​ment ef ​fects on fear mem​ory re​-
trieval, cor ​ti​sol ad ​min ​is ​tra​tion has been shown to fa​cil​i​tate fear ex ​-
tinc​tion dur ​ing ex ​po ​sure to pho​bic stim​uli of pub​lic speak ​ing
(Soravia et al., 2006), spi​ders (Soravia et al., 2014), and heights (de
Quervain et al., 2011). Cor​ti​sol has also been shown to re​duce trauma
symp​toms in PTSD pa​tients (de Quervain and Margraf, 2008), and
chronic stress symp​toms fol​low ​ing crit​i​cal ill​ness and surgery
(Schelling et al., 2004). Taken to ​gether, these data sug​gest the ob​-
served pro ​tec​tive ef ​fects of height​ened stress-evoked cor ​ti​sol re​ac​tiv ​-
ity may op​er ​ate by dis ​rupt​ing re​trieval of trau ​matic mem​o​ries in the
war-zone.

Like glu ​co ​cor ​ti​coids, the lit​er ​a​ture also sug​gests sex hor ​mones are
reg ​u​la​tors of fear ac​qui​si​tion and ex ​tinc​tion (Hermans et al., 2006;
Milad et al., 2010; van Wingen et al., 2011). For in ​stance, testos ​-
terone has been demon ​strated to at​ten ​u​ate per ​ceived fear and fa​cil​i​-
tate fear ex ​tinc​tion in an ​i​mals (Aikey et al., 2002; Bitran et al., 1993)
and hu​mans (Hermans et al., 2006). The testos ​terone metabo ​lites an ​-
drostane​diol and an ​dros ​terone are po​tent GABA-a ag ​o​nists, which in
turn have been im​pli​cated in fear re​duc​tion via reg ​u​la​tion of amyg ​-
dalar nor ​ep ​i​neph ​rine (NE) (Aikey et al., 2002), con ​sis​tent with ev ​i​-
dence that GABA-er ​gic ag ​o​nist drugs re​duce anx ​i​ety pri​mar ​ily by
reg ​u​lat​ing NE within the amyg ​dala (Hatfield et al., 1999; McGaugh,
1989). Fur​ther, some ev ​i​dence di​rectly links GABA-a to PTSD, in ​-
clud ​ing one re​port of 41% lower pre-frontal GABA bind ​ing affin ​ity
in vet​er ​ans with PTSD ver ​sus con ​trols (Bremner et al., 2000). Thus,
along with ex ​ist ​ing ev ​i​dence, the pre​sent re​sults sug​gest that stress-
evoked el​e​va​tions in testos ​terone may serve as an en ​doge​nous safety
sig​nal through its GABA-er ​gic ef ​fects, thereby at​ten ​u​at​ing the emo ​-
tional im​pact of trau ​matic war-zone stres ​sors.

In ad ​di​tion to di​rect stress-mod ​er ​at​ing ef ​fects, the ob​served in ​ter ​-
ac​tion ef ​fects de​serve em​pha​sis, given that the di​rec​tion of the ef ​fects
of both hor ​mone re​ac​tiv ​ity in ​dices were con ​tin ​gent on the other. Re​-
ports show ​ing cor ​ti​sol-me​di​ated sup​pres ​sion of HPG func​tion far out​-
num​ber re​ports of testos ​terone-me​di​ated sup​pres ​sion of HPA func​-
tion. How ​ever, in sup​port of the pre​sent ev ​i​dence that testos ​terone
may in ​ter ​fere with the stress-reg ​u​la​tory ca​pac​ity of the HPA-axis,
sev​eral anatom​i​cal loci for the HPA-sup​pres ​sive ac​tion of testos ​-
terone have been iden ​ti​fied, in ​clud ​ing within the pe​riph ​ery (Rubinow
et al., 2005) and the CNS (Handa et al., 1994a). It should also be
noted that HPG sup​pres ​sion of the HPA-axis may not be lim​ited to
testos ​terone, as other sex hor ​mones have been re​ported to in ​hibit
HPA func​tion (Saltzman et al., 1998), sug​gest​ing the pre​sent find ​ings
may gen ​er ​al​ize to other forms of hor​monal cross-talk.

The pos ​si​ble mech ​a​nisms gov​ern ​ing the ef ​fects of CO  in ​hala​tion
on HPA and HPG ac​ti​va​tion also de​serve men ​tion. CO  chal​lenge is
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cor ​ti​coids and an ​dro ​gens ex ​hibit both show ge​nomic and rapid non-
ge​nomic ef ​fects sub​ject to a num​ber of bi​o ​log ​i​cal, ge​netic, and con ​-
tex ​tual in ​flu ​ences be​yond those con ​sid​ered here (Joëls et al., 2011;
Johnson et al., 2015), and the in ​ter ​play of their ef ​fects are thought to
ac​count for ro ​bust sex dif ​fer ​ences in the preva​lence of mood, anx ​i​ety
and stress-re​lated dis ​or ​ders (McHenry et al., 2014). More​over, these
hor ​monal ef ​fects oc​cur in brain re​gions that have been im​pli​cated in
emo ​tion reg ​u​la​tion as well as the for ​ma​tion, con ​sol​i​da​tion, and re​-
trieval of fear and ex ​tinc​tion mem​ory (Kindt and Kindt, 2014; Shin
and Liberzon, 2010). For in ​stance, glu ​co ​cor ​ti​coid in ​volve​ment in fear
ac​qui​si​tion and ex ​tinc​tion is very well-es ​tab ​lished (Rodrigues and
LeDoux, 2009; Roozendaal et al., 2009). Specif ​i​cally, stress-in ​duced ​

known to in ​duce panic-like re​ac​tions in both clin ​i​cal and healthy hu​-
mans (Harrington et al., 1996; Perna et al., 1995; Schmidt and
Zvolensky, 2007; Telch et al., 2011, 2010), and freez​ing and anx ​i​ety-
like be​hav ​ior in an ​i​mals, by sig​nal​ing both amyg ​dalar and ex ​tra-
amyg ​dalar fear cir ​cuitries, which are re​spon​sive to hy​per ​car ​bia and
aci​do​sis in ​duced by CO  in ​hala​tion (Feinstein et al., 2013; Taugher et
al., 2014; Ziemann et al., 2009). Ac​com​pa​ny​ing the sub​jec​tive re​-
sponse is a phys ​i​o​log ​i​cal stress re​sponse, with clear ev ​i​dence for
CO2-in ​duced ac​ti​va​tion of both the HPA and HPG axes, and for the
func​tional in ​volve​ment of these hor ​mones in hy​poxia chemo-sen​si​-
tiv ​ity (Semple et al., 1981; Tatsumi et al., 1994; van Duinen et al.,
2005).
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4.2. Study limitations

Sev​eral study lim​i​ta​tions should be noted. First, sole re​liance on
sali​vary mea​sures pre​cluded in ​fer ​ences per ​tain ​ing to cen ​tral vs. pe​-
riph ​eral in ​volve​ment in the ob​served hor ​monal ef ​fects. Sec​ond, we
were not able to col​lect hor ​monal mea​sures in the war-zone. Reijnen
et al. (2015) found that al​though testos ​terone lev ​els steadily in ​creased
from pre- to post-de​ploy ​ment, the tra​jec​tory of change did not dif ​fer
be​tween those with low ver ​sus high post​trau ​matic stress symp​toms at
1 and 2 years post-de​ploy ​ment. Third, in ​fer ​ences from the pre​sent
find ​ings are lim​ited to the emer ​gence of symp​toms dur ​ing de​ploy ​-
ment, and can ​not speak to the emer ​gence of dis ​or ​der, or longer-term
post-de​ploy ​ment out​comes. Fourth, ef ​forts to col​lect monthly web-
based as ​sess​ments of sol​diers’ war-zone stres ​sors and psy​cho ​log ​i​cal
symp​toms dur ​ing de​ploy ​ment were not with​out its chal​lenges. Al​-
though we were suc​cess ​ful in ob​tain ​ing in the​ater data from most sol​-
diers (91%), miss ​ing data were com​mon (see Lee et al., 2011 for de​-
tails). Thus, al​though se​lec​tion bias may have in ​flu ​enced study find ​-
ings, there was no pat​tern to miss ​ing ​ness, and our an ​a​lytic ap ​proach
is well suited for han ​dling miss ​ing ob​ser​va​tions (Raudenbush and
Bryk, 2002). Fi​nally, woman in the sam​ple were too few in num​ber to
al​low for re​li​able test ​ing of gen ​der-spe​cific hor ​monal stress-mod ​er ​a​-
tion ef ​fects.

5. Conclusion

De​spite a strong the​o​ret​i​cal ba​sis, the sum of prior work in ​ves ​ti​-
gat​ing re​la​tions be​tween HPA mark ​ers and trauma-re​lated psy​-
chopathol​ogy has re​vealed over ​all null ef ​fects across stud​ies
(Klaassens et al., 2012; Meewisse et al., 2007). Con​sis​tent with our
ap ​proach, ef ​forts to re​solve this con ​flict​ing lit​er ​a​ture have as ​sumed
ubiq ​ui​tous model mis ​spec​i​fi​ca​tion is re​spon​si​ble, and have ap ​pro ​pri​-
ately called for more in ​te​gra​tive and com​pre​hen ​sive neu ​roen ​docrine
mod ​els, in ​clud ​ing iden ​ti​fy ​ing mod ​er ​a​tors of the HPA-PTSD as ​so​ci​a​-
tion (e.g., ma​jor de​pres ​sion; see Morris et al., 2012). The pre​sent
study also em​pha​sizes the need to de​velop func​tional mod ​els, both
with re​spect to hor ​monal mea​sures of stress re​ac​tiv ​ity (cf. Steudte-
Schmiedgen et al., 2015), as well as im​ple​ment​ing diathe​sis-stress
frame​works to de​ter ​mine how con ​tex ​tual fac​tors gov​ern their ex ​pres ​-
sion.

Guided by ev ​i​dence for HPA-HPG cross talk, we iden ​ti​fied a pre-
de​ploy ​ment hor​monal risk pro ​file – namely, blunted cor ​ti​sol and
testos ​terone stress re​ac​tiv ​ity, that prospec​tively pre​dicted PTSD
symp​tom emer ​gence in the war-zone. Within a diathe​sis-stress frame​-
work, we found pre​lim​i​nary ev ​i​dence sug​gest​ing that this hor ​monal
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