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Abstract 54 

The development of robust laboratory procedures for acute stress induction over the 55 

last decades has greatly advanced our understanding of stress responses in humans 56 

and their underlying neurobiological mechanisms. Nevertheless, attempts to uncover 57 

linear relationships between endocrine, neural, and affective responses to stress have 58 

generally yielded inconsistent results. Here, 79 healthy females completed a well-59 

established laboratory procedure of acute stress induction that was modified in order to 60 

prolong its effect. Endocrinological and subjective affect assessments revealed stress-61 

induced increases in cortisol release and negative affect that persisted 65 and 100 62 

minutes post stress onset, respectively, confirming a relatively prolonged acute stress 63 

induction. Applying latent class linear mixed modelling (LCMM) on individuals’ patterns 64 

of cortisol responses identified three distinct trajectories of cortisol response: hyper-65 

response (n=10), moderate-response (n=21), and mild-response (n=48). Notably, while 66 

all three groups exhibited a significant stress-induced increase in cortisol release and 67 

negative affect, hyper-response and mild-response groups both reported more negative 68 

affect relative to the moderate-response group. Structural MRI revealed no group 69 

differences in hippocampal and amygdala volumes, yet a continuous measure of 70 

cortisol response (area under the curve) showed that high and low levels of stress-71 

induced cortisol release were associated with less hippocampal gray matter volume 72 

compared to moderate cortisol release. Together, these results suggest that distinct 73 

trajectories of cortisol response to prolonged acute stress among healthy females may 74 

not be captured by conventional linear analyses; instead, quadratic relations may better 75 
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describe links between cortisol response to stress and affective responses, as well as 76 

hippocampal structural variability. 77 

 78 

 79 

 80 

 81 
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Significance Statement 82 

Despite substantial research, it is unclear if and how individual neuroendocrine stress 83 

response patterns are linked to affective responses to stress and structural variability in 84 

neuroendocrine regulatory brain regions. By applying latent class linear mixed modelling 85 

on individuals’ patterns of cortisol responses to a prolonged acute stressor, we identified 86 

three distinct trajectories of cortisol response. Relative to the group showing moderate 87 

cortisol response, groups characterized by hyper and mild cortisol response were both 88 

associated with more negative affect. Moreover, a continuous measure of cortisol 89 

response showed that high and low levels of stress-induced cortisol release correlated 90 

with reduced hippocampal gray matter volume. Given that neuroendocrine stress 91 

responses are conceptualized as biomarkers of stress susceptibility, these insights may 92 

have clinical implications. 93 

 94 
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Introduction 95 

Stress sensitivity is a key element in the etiology and pathophysiology of 96 

psychopathology (Harkness et al., 2015). Accordingly, extensive scientific effort has 97 

been devoted to the characterization of the neural, physiological, and affective 98 

responses to stress in humans, and their potential mutual interactions. This work 99 

established that the physiological response to acute stress involves the activation of 100 

endocrine stress-response systems, most prominently the hypothalamus-pituitary-101 

adrenal (HPA) axis (Herman et al., 2016). The corresponding affective response to 102 

acute stress often include a temporary shift towards more negative affective states. As 103 

the end-point of HPA system, salivary cortisol is the most frequently used variable to 104 

evaluate endocrine stress response in laboratory settings, with a cortisol increase ≥2.5 105 

nmol/l following stress induction typically taken as a threshold for “stress-response” 106 

(Foley and Kirschbaum, 2010). A wealth of laboratory acute stress procedures 107 

established that approximately 50-80% of individuals can be classified as “stress-108 

responders” based on this cutoff (Dickerson and Kemeny, 2004). Interestingly, however, 109 

in most cases links between stress-induced cortisol and affective responses are not 110 

clear, with the majority of studies not reporting significant differences in affective 111 

responses to stress among “stress-responders” compared to “non-responders” 112 

(Campbell and Ehlert, 2012). Further, only about 25% of studies report a linear relation 113 

between cortisol and affective responses to stress (Campbell and Ehlert, 2012). 114 

The endocrine stress-response systems have also been the focus of 115 

neuroimaging research, particularly targeting the hippocampus and amygdala structures 116 

owing to their pivotal roles in HPA regulation. Results have been mostly inconsistent, 117 
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with hippocampal volume being positively associated (Pruessner et al., 2007), 118 

negatively associated (Cho, 2001), or not associated (Liu et al., 2012) with the 119 

magnitude of cortisol response to stress. Similarly mixed results also emerged with 120 

regard to amygdala volume (Klimes-Dougan et al., 2014; Cacciaglia et al., 2017). Taken 121 

together, attempts to link patterns of stress-induced cortisol response to both affective 122 

responses and structural variability in HPA-regulating brain regions have yielded mixed 123 

results. One potential explanation for these inconsistencies may relate to the fact that 124 

studies typically report on mean cortisol response, or use predetermined values to 125 

classify individuals as “stress-responders” vs. “non-responders”, thus disregarding the 126 

important role of individual differences in determining stress sensitivity (Monroe and 127 

Simons, 1991; Liu, 2015). In addition, given that current laboratory protocols induce 128 

stress for a relatively short time period (typically < 20 minutes), it is possible that 129 

induced effects were too brief to allow for sufficient endocrine and emotional variability 130 

to evolve.  131 

To address these limitations, the first aim of the current study was to effectively 132 

induce acute stress for a relatively prolonged time period among healthy females, while 133 

capturing individual endocrine and affective response patterns. To this end, healthy 134 

females completed the Maastricht Acute Stress Test (MAST), a robust laboratory acute 135 

stress procedure (Smeets et al., 2012), which was modified in order to prolong its effect 136 

by informing participants that, due to their poor performance, they would need to repeat 137 

the task later in the session. Our second aim was to identify distinct trajectories of 138 

cortisol response to such prolonged acute stress without a priori assumptions regarding 139 

the number, size, or pattern of change of these trajectories. This was accomplished by 140 
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applying latent class linear mixed modelling (LCMM) on individuals’ patterns of cortisol 141 

responses. Our final aim pertained to investigating in a subsample (n=69) with MRI data 142 

potential links between cortisol response to stress and structural variability, with a priori 143 

hypotheses relating to key regions implicated in HPA regulation, such as the amygdala 144 

and hippocampus. Overall, we hypothesized that applying a data-driven approach on 145 

cortisol patterns of response to stress may provide a more accurate account for 146 

individual variability, and that these insights may enable linking stress-induced cortisol 147 

responses with affective responses, as well as with structural variability in regions 148 

implicated in HPA regulation. 149 

 150 

Materials & Methods 151 

Participants: A total of 88 right-handed psychiatrically, medically and neurologically 152 

healthy female participants were included. Only females were investigated to avoid 153 

potential sex-dependent variability in HPA axis stress response (Kudielka and 154 

Kirschbaum, 2005). All participants were recruited using community advertisements. 155 

Exclusion criteria included any current or past psychiatric disorder as assessed by a 156 

Structured Clinical Interview for the DSM-IV [SCID; (First et al., 2005)]. Additionally, 157 

individuals were excluded for five or more lifetime exposures to any illegal substance, 158 

as well as due to recent use of illegal drugs, psychotropic medications or nicotine. For a 159 

complete summary of relevant demographic characteristics, please see Table 1.  160 

Study procedure: Participants were tested in individual sessions between 11am and 161 

4pm to minimize the effects of diurnal variation on endogenous cortisol levels 162 

(Blascovich et al., 2011). The stress procedure itself occurred between 1pm to 2pm. 163 



Trajectories of cortisol response to acute stress    Admon et al., 

9 
 

Further, to allow for controlled saliva collection, participants were asked not to brush 164 

their teeth and to refrain from food, drinks, and intense physical exercise at least 1 hour 165 

prior to the test phase. None of the participants reported to have violated these 166 

directives. Upon arrival, participants received information about the study and the 167 

measurements that would be taken, and provided written informed consent to a protocol 168 

approved by the Partners IRB board. Next, participants completed two tasks (one 169 

reward task (PRT) and one reaction time task (RT); these data will be reported 170 

separately) and a clinical interview to determine eligibility (SCID). Following the 171 

interview participants completed the modified MAST stress task, which was then 172 

followed again by administration of the two tasks (Figure 1). Following this first 173 

laboratory session, participants were asked to return to the lab within approximately one 174 

month to complete an MRI scanning session (mean days = 25, SD = 21). The scanning 175 

session included an fMRI task, [described in (Treadway et al., in press)], as well as a 176 

high resolution anatomical scan. 177 

MAST stress task: Stress was induced via a modified version of the Maastricht Acute 178 

Stress Test [MAST; (Smeets et al., 2012)], a laboratory acute stress procedure that was 179 

previously shown to yield robust endocrine and affective stress responses among 180 

healthy individuals (Smeets et al., 2012). The MAST consists of a 5 minute preparation 181 

phase and a 10 minute acute stress phase that combines the physical aspects of 182 

immersing one hand in ice-cold water from the Cold Pressor Test (CPT) with the 183 

unpredictability, uncontrollability, negative social-feedback, and mental arithmetic 184 

elements of the Trier Social Stress Test (TSST). See (Smeets et al., 2012) for additional 185 

details. Unlike the original task, immediately upon MAST completion participants were 186 
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told by a non-emphatic male study staff they had not yet met that their performance in 187 

the math portion was not good enough and that they would need to repeat the task 188 

following the administration of the remaining tasks and questionnaires. This 189 

manipulation was intended to prolong the effect of the acute stressor. Later in the 190 

session, participants were informed that repeating the task was not necessary since 191 

their performance was “good enough” (i.e., relief was provided). 192 

Stress measurements: In order to validate the effectiveness of the stress manipulation 193 

endocrine and subjective indices of the stress response were assessed at multiple time 194 

points throughout the session. Saliva samples were taken at six time points: upon 195 

arrival (T-80 min), before the MAST (T0 min), slightly following its completion (T+25 min), as 196 

well as 50 (T+50 min), 65 (T+65 min), and 100 (T+100 min) minutes following stress onset. 197 

These samples were used to track fluctuations in cortisol levels as well as in alpha-198 

amylase - an established measure of sympatho-adrenal-medullary (SAM) adrenergic 199 

system (Nater and Rohleder, 2009). Saliva samples were obtained by placing a cotton 200 

swab in participants’ mouth using salivette collection devices (Sarstedt, Germany) and 201 

were stored at -20°C until analysis. Cortisol and alpha-amylase concentrations from 202 

saliva samples were assayed at the Laboratory for Biological Health Psychology at 203 

Brandeis University (Directors: Dr. Nicolas Rohleder and Dr. Jutta Wolf).  204 

Affective responses to stress were assessed via a modified 100-point visual 205 

analogue mood scale (VAMS) at the same six time points as the saliva collections, as 206 

well as at two additional times: before the clinical interview (T-40 min) and immediately 207 

following the relief (T+90 min). The VAMS consisted of five 100mm horizontal lines each 208 

representing a bipolar dimensional mood state: Happy-Sad, Relaxed-Tense, Friendly-209 
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Hostile, Sociable-Withdrawn, Quick Witted-Mentally Slow. Participants indicated their 210 

response by moving a computer cursor on each line to the point that best described 211 

their current mood state. Such continuous, on-line, assessment of mood was designed 212 

in order to avoid potential inaccuracies in retrospective post-stress affect reporting 213 

(Hellhammer and Schubert, 2012). Finally, self-report measures of positive and 214 

negative affect [PANAS; (Watson et al., 1988)] and state anxiety [STAI-S; (Spielberger 215 

et al., 1983)] were assessed at three time points: upon arrival (T-80 min), following the 216 

MAST (T+25 min), and 100 minutes following stress onset (T+100 min) (Figure 1). 217 

MRI Acquisition and pre-processing: MRI data were acquired using a 3-Tesla Siemens 218 

Tim Trio scanner and a 32-channel head coil at the McLean Imaging Center. Scanning 219 

protocol included high-resolution T1-weighted MPRAGE images [TR = 2200ms; TE = 220 

1.54ms; FOV = 230mm; matrix = 192x192; resolution = 1.22mm3; 144 slices]. MRI data 221 

were analyzed using the voxel-based morphometry (VBM) module of the Computational 222 

Anatomy Toolbox (CAT12) (http://www.neuro.uni-jena.de/cat/) for SPM12 (Wellcome 223 

Department of Cognitive Neurology). VBM analysis incorporated the following 224 

preprocessing steps: (1) spatial registration to a reference brain, (2) tissue classification 225 

(segmentation) into gray and white matter and CSF, (3) bias correction of intensity non-226 

uniformities, and (4) smoothing (8mm).  227 

Statistical analysis: Out of the 88 participants who were recruited, saliva samples of 228 

nine participants were excluded from analyses due to missing data, leaving a total 229 

sample size of 79 participants for cortisol and alpha amylase analyses. Ten additional 230 

participants did not undergo structural MRI leaving a total sample size of 69 for MRI 231 

analyses. Cortisol responses were log transformed prior to statistical analysis to reduce 232 
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skewness. Main effects of time were tested using a repeated measures ANOVA with the 233 

six sampling time points as a within subject factor. A similar approach was implemented 234 

for alpha amylase. Regarding the VAMS, ratings were transformed so that higher 235 

scores indicate greater negative affect. Further, in order to probe parallel endocrine and 236 

affective patterns only the six VAMS ratings that were assessed alongside saliva 237 

samples were included in the analyses. VAMS ratings were analyzed using a repeated 238 

measures ANOVA with the six sampling time points and the five VAMS scales as within 239 

subject factors. Repeated measures ANOVAs were also separately implemented for 240 

self-report measures of state anxiety (STAI-S), positive affect (PANAS-PA), and 241 

negative affect (PANAS-NA) with the three time points as a within-subject factor. For all 242 

post-hoc tests alpha was set at 0.05 and adjusted (Bonferroni) for multiple comparisons. 243 

Latent class linear mixed modelling (LCMM), also called growth mixture models 244 

(GMM) (Bauer and Curran, 2003), was used in order to identify distinct classes (i.e., 245 

groups) of participants featuring similar trajectories of cortisol response to stress. 246 

Specifically, we tested whether the model that best fits our data included 2, 3 or 4 247 

classes of distinct trajectories of cortisol response. Within LCMM time was modeled as 248 

polynomials while allowing for linear, quadratic and cubic trajectories to be derived 249 

empirically based on trajectory subgroups. For continuous outcomes, such as cortisol 250 

values, the LCMM is an extension of the standard linear mixed model for handling 251 

various subpopulations of longitudinal trajectories (O'Brien and Fitzmaurice, 2005). 252 

Importantly, this approach captures all the heterogeneity in individual trajectories and 253 

identifies subgroups of participants with similar profiles of trajectories, independently of 254 

observed participant’s characteristics. In other words, LCMM estimates the number of 255 
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distinct trajectories of cortisol response that best capture variability in the data, without 256 

requiring a priori assumptions regarding the number, size, or pattern of change of these 257 

trajectories. Bayesian information criterion (BIC) was used to compare different models 258 

allowing for 2 vs 3 vs 4 classes and determine the optimal number based on variability 259 

in the data (Nylund  et al., 2007). Low BIC values indicate a better fit of the model to the 260 

data. Analyses were performed using RStudio V0.99.879 [R foundation, Vienna, 261 

Austria] and the lcmm package (Proust-Lima et al., 2015). Notably, the first saliva 262 

sample, taken approximately 80 minutes prior to stress onset, was excluded from these 263 

analyses, leaving a total of five samples per participant. This was done in order to 264 

include in the models only stress-related cortisol responses while avoiding endogenous 265 

variation in cortisol levels.  266 

Next, cortisol and affective responses to stress were examined with regard to the 267 

three classes identified using LCMM. Notably, despite the fact that the LCMM models 268 

were defined based on cortisol data, running an ANOVA on cortisol patterns with the 269 

resulted classes as a factor is not circular and is in fact regarded as the most valid post-270 

hoc test (Jung and Wickrama, 2008). Accordingly, cortisol response to stress was 271 

examined using a mixed-effect ANOVA with the three classes as a between-subjects 272 

factor and the five sampling time points as a within-subjects factor (after omitting the 273 

first saliva sample, see above). For VAMS ratings, to compare only endocrine and 274 

affective data that were acquired concurrently, the first VAMS rating was used as an 275 

individual baseline score to which all other five VAMS samples were normalized. These 276 

data were then analyzed using a mixed-effect ANOVA with the three groups as a 277 

between-subjects factor and the five sampling time points and five VAMS scales as 278 
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within-subjects factors. Significant interactions were pursued for each VAMS scale 279 

separately using a mixed-effect ANOVA with groups (3) and sampling time points (5) as 280 

between- and within-subjects factors, respectively. Similarly, STAI-S, PANAS-PA, and 281 

PANAS-NA scores were separately examined using a mixed-effect ANOVA with groups 282 

(3) and sampling time point (3) as between- and within-subjects factors, respectively. 283 

For all post-hoc tests alpha was set at 0.05 and adjusted (Bonferroni) for multiple 284 

comparisons. 285 

In addition to LCMM, cortisol response to stress was examined by calculating the 286 

area under the curve (AUC), a continuous measure that captures the total hormone 287 

concentration versus time-dependent change (Pruessner et al., 2003). Both area under 288 

the curve with respect to ground (AUCg), and area under the curve with respect to 289 

increase (AUCi) were computed, as it was shown that these formulas may reveal 290 

different associations across variables (Pruessner et al., 2003). Finally, for descriptive 291 

purposes, a responder rate of participants showing a cortisol increase ≥2.5 nmol/l was 292 

also calculated.  293 

For structural MRI, gray matter volumes were extracted for each participant from 294 

anatomical masks of the amygdala and hippocampus following a priori hypotheses 295 

relating to their key role in HPA regulation. Potential relations between amygdala and 296 

hippocampus gray matter volumes and cortisol response to stress were examined using 297 

a mixed-effect ANOVA with the three cortisol classes as a between-subjects factor and 298 

left and right amygdala and hippocampus gray matter volumes as a within-subjects 299 

factor (separately per region). In addition, exploratory analyses were also conducted to 300 

compare gray matter volumes of the hippocampus and amygdala with continuous 301 
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indices of cortisol release (individual AUCi and AUCg values) using hierarchical 302 

regression, with linear regression in the first step and quadratic regression in the second 303 

step, such that a significant F change would indicate a quadratic effect. Given a total of 304 

eight regression analyses (2 regions, 2 sides, 2 AUC measures), p value for 305 

significance was set at 0.05/8 = 0.00625 (Bonferroni corrected). 306 

 307 

Results 308 

Overall effect of stress: Repeated measures ANOVA with cortisol responses to stress 309 

revealed a main effect of time (F(5,390) = 47.25, p < 0.001), with a strong quadratic effect 310 

(F(1,78) = 40.70, p < 0.001). Post-hoc analyses revealed significant stress-induced 311 

increase in mean cortisol levels from before the MAST (T0 min) to 25 (T+25 min), 50 (T+50 312 

min) and 65 minutes (T+65 min) (all p’s < 0.001); but not 100 minutes following its onset 313 

(T+100 min; p = 0.2) (Figure 2A). For alpha amylase the main effect of time was also 314 

significant (F(5,390) = 9.29, p < 0.001). Post hoc tests revealed some increase from before 315 

the MAST to slightly following its completion, though it did not reach significance level 316 

(T+25 min; p = 0.151). There was, however, a significant decrease in alpha amylase levels 317 

from 25 minutes following MAST onset to 40 minutes later (T+25 min > T+65 min; p < 0.001) 318 

(Figure 2B).  319 

When considering VAMS ratings, repeated measures ANOVA also resulted in a 320 

highly significant main effect of time, indicating an overall increase in negative affect 321 

across all five VAMS scales (F(5,400) = 96.93, p < 0.001), with the expected quadratic 322 

effect (F(1,80) = 124.40, p < 0.001). Mirroring the cortisol results, negative mood across 323 

all scales was elevated 25 (T+25 min), 50 (T+50 min) and 65 minutes (T+65 min) following 324 
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stress onset relative to before stress (T0 min; all p’s < 0.001). Furthermore, unlike cortisol, 325 

negative mood was still elevated at the final sampling time point, 100 minutes post 326 

stress onset, relative to before stress (T+100 min > T0 min; p < 0.001), yet it was significantly 327 

less negative at that point relative to 65 minutes post stress onset (after additional 35 328 

minutes that included the relief component; T+65 min > T+100 min; p < 0.001) (Figure 2C).  329 

Repeated measures ANOVA on self-reported anxiety state (STAI-S) revealed a 330 

main effect of time (F(2,162) = 80.62, p < 0.001), due to significantly higher anxiety levels 331 

after the MAST (T+25 min) compared to both arrival (T-80 min) and session completions 332 

(T+100 min) (p’s < 0.001). Interestingly, anxiety levels were still significantly higher at 333 

session completion relative to arrival (T+100 min > T-80 min; p = 0.004) (Figure 2D). A similar 334 

analysis for positive affect (PANAS-PA) also revealed a main effect of time (F(2,162) = 335 

29.52, p < 0.001) that was driven by significant reduction in positive affect after the 336 

MAST compared to arrival (T+25 min < T-80 min; p < 0.001), a reduction that was still evident 337 

at session completion (T+100 min < T-80 min; p < 0.001) (Figure 2E). Correspondingly, a 338 

main effect of time (F(2,162) = 38.88, p < 0.001) for negative affect (PANAS-NA) was 339 

found to be driven by significantly higher negative affect after the MAST compared to 340 

both arrival and session completion (T+25 min > T-80 min; T+25 min > T+100 min; p’s < 0.001) 341 

(Figure 2F). See (Treadway et al., in press) for additional analyses from this cohort. 342 

Latent class linear mixed modelling (LCMM): Approximately 72% of participants from 343 

our sample (57/79) could be classified as cortisol “responders” based on a cortisol 344 

increase ≥2.5 nmol/l, suggesting that the laboratory procedure succeeded in activating 345 

HPA response. Despite these robust overall effects, patterns of cortisol response 346 

throughout the session greatly differed across participants, showing various patterns of 347 
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change over time (Figure 3A). Accordingly, individual cortisol response patterns were 348 

analyzed via LCMM aiming to estimate whether 2, 3, or 4 distinct trajectories of cortisol 349 

response best captured variability in the data without requiring a priori assumptions. BIC 350 

criteria comparing the different LCMM models yielded BIC2 = 424, BIC3 = 413, BIC4 = 351 

416, indicating that model allowing for 3 latent classes was optimal. These three classes 352 

were labeled based on their distinct trajectories of cortisol response to stress as hyper-353 

response (n = 10), moderate-response (n = 21), and mild-response (n = 48). Figure 3B 354 

depicts the estimated mean trajectories of the three groups. Note that in the second-355 

best model (4-class model) the 4th class was small (7.6% of the sample), thus 356 

contributing very little value beyond the 3-class model. The model allowing for 3 latent 357 

classes also had a good discrimination ability, with <15% of participants a posteriori 358 

classified in other classes than the one initially assigned (see Table 2 for full statistic 359 

description).  360 

Mixed-effect ANOVA with the three groups from LCMM as a between-subjects 361 

factor and the five cortisol sampling time points as a within-subjects factor revealed, as 362 

expected, a significant main effect of time, which was not pursued by post-hoc tests. 363 

The ANOVA further revealed a main effect of groups (F(2,76) = 6.17, p = 0.003) due to 364 

significantly higher overall cortisol release in the hyper-response class relative to the 365 

mild-response class (p = 0.009). Critically, a significant group by time interaction (F(8,304) 366 

= 36.92, p < 0.001) also emerged, which was followed up by within- and between-group 367 

post-hoc comparisons. Within-group analyses raveled a significant stress-induced 368 

increase in mean cortisol release from before the MAST (T0 min) to both 25 (T+25 min) and 369 

50 (T+50 min) minutes following MAST onset (all p’s < 0.05) in all three classes (Figure 370 
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3B). Between group comparison, however, revealed that the moderate-response class 371 

exhibited significantly increased cortisol release 25 minutes following MAST onset (T+25 372 

min) relative to both mild-response and hyper-response classes (p < 0.001, p = 0.008, 373 

respectively), while the hyper-response class exhibited significantly increased cortisol 374 

release 50 (T+50 min) and 65 (T+65 min) minutes following MAST onset relative to both mild-375 

response and moderate-response classes (all p’s < 0.001) (Figure 3B). 376 

Effects of stress by cortisol class: When considering the VAMS ratings, mixed-effect 377 

ANOVA revealed a main effect of time (F(4,304) = 23.96, p < 0.001), a group x scale 378 

interaction (F(8,1216) = 2.74, p = 0.006), and a group x time x scale interaction (F(32,1216) = 379 

2.46, p < 0.001), which was pursued for each scale separately. This resulted in three 380 

out of the five scales showing a significant group x time interaction (Happy-Sad, F(8,304) = 381 

2.06, p = 0.039; Relaxed-Tense, F(8,304) = 3.10, p = 0.002; Friendly-Hostile, F(8,304) = 382 

2.15, p = 0.031). For the Happy-Sad scale post-hoc tests indicated that these results 383 

were driven by significantly higher sadness scores 50 minutes (T+50 min) following stress 384 

onset in the hyper-response class relative to both the mild-response and moderate-385 

response classes (p = 0.006, p = 0.003, respectively) (Figure 4A). A similar pattern 386 

emerged with regard to the Relaxed-Tense scale, only that increased tension among 387 

hyper-response relative to the mild-response and moderate-response classes occurred 388 

25 minutes following stress onset (T+25 min) (p = 0.05, p = 0.023, respectively) (Figure 389 

4B). For the Friendly-Hostile scale, the analysis revealed that the mild-response class 390 

was driving the effect, exhibiting a trend towards more hostility 25 minutes following 391 

stress onset (T+25 min) compared to the moderate-response class (p = 0.080) (Figure 392 

4C). For state anxiety (STAI-S) and positive affect (PANAS-PA) the mixed-effect 393 
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ANOVAs revealed no effect of groups (Figure 4D-E). For negative affect (PANAS-NA), 394 

however, there was a significant group x time interaction (F(4,148) = 3.17, p = 0.016) 395 

driven by significantly more negative affect 25 minutes following stress onset in the 396 

mild-response class compared to the moderate-response class (p = 0.037) (Figure 4F). 397 

Structural variability and cortisol class: Mixed-effect ANOVA with the three groups from 398 

LCMM as a between-subjects factor and left and right hippocampal gray matter volume 399 

as a within-subjects factor revealed only a significant main effect of side due to overall 400 

more gray matter volume on the right compared to the left side (F(1,66) = 33.52, p < 401 

0.001), with no group or group x side effects (p = 0.99, p = 0.36, respectively, data not 402 

shown). Analyses of amygdala gray matter volume yielded similar results, including a 403 

main effect of side (right > left; F(1,66) = 138.04, p < 0.001), and no group or group x side 404 

effects (p = 0.99, p = 0.16, respectively, data not shown). 405 

Structural variability and cortisol AUC: Hierarchical regressions with the continuous 406 

cortisol response measure AUCg separately for participants’ gray matter volumes in the 407 

left and right amygdala and hippocampus revealed a significant relation only for the right 408 

hippocampus. Further, a significant F change in the hierarchical regression model 409 

(F(1,66) = 12.56, p = 0.001; significant after Bonferroni correction (p < 0.00625)) indicated 410 

that high and low AUCg values were both associated with less right hippocampal gray 411 

matter volume compared to moderate AUCg levels (r = 0.421) (Figure 5). Similar results 412 

appeared when using AUCi as the dependent measure in the regression, showing only 413 

a significant, quadratic, relation between AUCi magnitude and right hippocampal gray 414 

matter volume (F(1,66) = 4.86, p = 0.031; r = 0.262). AUCi result, however, did not survive 415 

multiple comparison correction and should therefore considered with caution. 416 
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Discussion 417 

The overarching goal of the current study was three-fold. First, we aimed to 418 

evaluate an acute stress laboratory procedure specifically designed to yield a prolonged 419 

effect. Towards this end, participants completed the MAST, a robust laboratory 420 

procedure for acute stress induction (Smeets et al., 2012), and were told immediately 421 

afterwards that they would soon need to repeat the task due to their poor performance. 422 

Results indicated that this revised version of the MAST yielded stress-induced increase 423 

in cortisol release 25, 50, and 65 minutes post stress onset, as well as a shift towards 424 

more negative affect in all of these time points and up to 100 minutes following stress 425 

onset. Taken together, this represents a relatively prolonged period of acute stress 426 

induction compared to previous reports, including studies using the original MAST 427 

procedure. Given the inherent delay between stress onset and increase in salivary 428 

cortisol, and uncertainties whether individuals differ in such latency, efficient 429 

manipulations that induce a sustained acute stress response could be useful in future 430 

research. 431 

 432 

Trajectories of cortisol response to prolonged acute stress  433 

By probing individual patterns of stress-induced cortisol release over this 434 

relatively prolonged time-period and analyzing these patterns using latent class linear 435 

mixed modelling (LCMM), our second aim was to investigate the number of distinct 436 

trajectories of cortisol response that best captured variability in our data without a priori 437 

assumptions. This analysis revealed three distinct trajectories of cortisol response, 438 

labeled as hyper-response, moderate-response, and mild-response, all exhibiting a 439 
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significant, quadratic increase in cortisol release. Generalization of this finding should 440 

proceed with caution. First, since only healthy females were included no predictions can 441 

be made regarding cortisol patterns that may emerge in response to stress in males, or 442 

among psychiatric samples. More critically, it is possible that specific sample 443 

characteristics influenced the final number of classes identified. In fact, we expect that a 444 

higher number of cortisol trajectories may emerge among larger as well as more 445 

environmentally and/or genetically diverse samples. While the exact number of classes 446 

may vary based on sample characteristics, our results point to the importance of 447 

adequately modeling individual differences in cortisol response to stress, as well as 448 

including multiple measures of the response trajectory when probing endocrine stress-449 

response. In this regard it is important to note that the endocrine stress-response 450 

system, and most prominently HPA axis, acts via tightly regulated negative feedback 451 

loops that control the onset, magnitude, and duration of stress response activation 452 

(Joels and Baram, 2009). Accordingly, these different parameters of the stress 453 

response system may all contribute to determine its physiological and affective 454 

outcomes.  455 

 456 

Linking cortisol and affective responses to prolonged acute stress  457 

In parallel with variability in cortisol stress response patterns, individuals are also 458 

known to differ in their affective responses to stress, including in measures of response 459 

threshold, amplitude, and rise time to peak (Davidson, 2000). In the current study, we 460 

found that while all the three cortisol groups experienced a shift towards more negative 461 

affective state, individuals in the moderate response class exhibited less stress-induced 462 
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sadness and tension relative to individuals in the hyper-response class, as well as less 463 

hostility (trend) and negative affect relative to individuals in the mild response class. 464 

Such quadratic association between the magnitude of cortisol response to stress and 465 

affective responses may account for the paucity of studies reporting a linear link 466 

between the two (Campbell and Ehlert, 2012). This quadratic pattern also dovetails with 467 

the well-established inverted U-shape relationship between basal levels of cortisol and 468 

cognitive performance, with beneficial effects of moderately elevated cortisol levels on 469 

cognition (de Kloet et al., 1999). Why “too little” and “too much” cortisol are associated 470 

with reduced cognitive performance and/or heightened affective response to stress is 471 

not clear. One potential explanation may relate to the notion that, at least for some 472 

susceptible individuals, repeated hypersecretion of cortisol may have caused 473 

desensitization of the HPA axis, eventually resulting in reduced HPA sensitivity (Heim et 474 

al., 2000). This interpretation remains speculative in regard to our sample however, as 475 

we did not assess participants’ life-time exposure to stress. In this regard, it has been 476 

suggested that life-time exposure to stress itself may affect stress vulnerability via a 477 

quadratic pattern, challenging the assumption that stress and negative outcomes show 478 

a simple, linear relationship (Liu, 2015). Our findings suggest that cortisol and affective 479 

response to stress may also exhibit a non-linear relation. 480 

 481 

Linking cortisol responses to prolonged acute stress and hippocampal structural 482 

variability 483 

The third aim of the current study was to investigate potential relations between 484 

cortisol response to stress and structural variability in the amygdala and hippocampus, 485 
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key HPA regulatory regions. Resembling the link between cortisol and affective 486 

responses, a quadratic link was also present between a continuous measure of cortisol 487 

response to stress (AUCg) and hippocampal gray matter volume. Specifically, both high 488 

and low levels of stress-induced cortisol release were found to be associated with less 489 

right hippocampal gray matter volume compared to moderate cortisol release. This 490 

finding may be discussed in light of extensive preclinical evidence showing that 491 

exposure to cumulative stress may translate to morphological damage, most 492 

pronouncedly in the hippocampus (Sapolsky et al., 1990; Joels et al., 2004). Increased 493 

susceptibility of the hippocampus to the effects of stress was attributed to its important 494 

role in stress regulation, as reflected by its substantial number of cortisol receptors 495 

(McEwen, 1999). In humans, reduced hippocampal volume has been the most 496 

commonly described neural structural abnormality in people who were exposed to 497 

traumatic stress and consequently develop an anxiety disorder such as posttraumatic 498 

stress disorder (PTSD) (Smith, 2005). Accordingly, reduced hippocampal volume 499 

among individuals exhibiting mild cortisol response may further link such response 500 

pattern to repeated hypersecretion of cortisol. This interpretation, again, could be tested 501 

in studies assessing participants’ life-time exposure to stress.  502 

 503 

Limitations and conclusions  504 

A few limitations of our study should be emphasized. First, it is not clear why 505 

alpha-amylase levels did not increase in response to stress in the current study, nor 506 

why only some affective scales showed a significant relation with cortisol trajectories 507 

while other did not. Second, our LCMM-based classes did not differ in their hippocampal 508 
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and amygdala gray matter volumes and the link between cortisol response and 509 

hippocampal volume only emerged when treating cortisol response as a continuous 510 

measure. This could relate to our modest sample size for these analyses, with only 511 

seven participants with MRI data in the hyper-response class (20 in the moderate-512 

response class and 42 in the mild-response class). Whether the link between cortisol 513 

response to prolonged acute stress, affective responses, and hippocampal gray matter 514 

volume is categorical or continuous by nature, is the topic for future research. A third 515 

limitation relates to the fact that factors that were previously shown to impact emotional 516 

and cortisol responses to acute psychosocial stressor in healthy volunteers, including 517 

menstrual cycle phase (Duchesne and Pruessner, 2013), contraceptives usage (Roche 518 

et al., 2013), and personality traits (Childs et al., 2014), did not interact with cortisol 519 

classes in the current study [Chi-square tests revealed no effects of menstrual cycle 520 

phase or contraceptives use on cortisol class (χ2 = 1.82, χ2 = 2.83, respectively); mixed-521 

effect ANOVA revealed no interaction of NEO five-factor personality scores with cortisol 522 

class (p = 0.82)]. These inconsistencies could stem from the fact that previous work did 523 

not apply LCMM to classify cortisol response but rather relied on mean group 524 

measures. Alternately, it may also be the case that additional factors we did not control 525 

for may have influenced current results, including age (Hostinar et al., 2014), fatigue 526 

(Bower et al., 2005), and body shape (Epel et al., 2000), to name a few. While 527 

controlling for all potential contributors to the stress response is practically impossible, 528 

future studies may choose to assess multiple factors and try to incorporate them into 529 

multi-dimensional models to account for additional variability in the data. 530 
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Taken together, our results suggest that investigating cortisol responses to stress 531 

without a priori assumptions regarding pattern of change can uncover distinct 532 

trajectories of cortisol response to prolonged acute stress among healthy females that 533 

would have been overlooked in conventional analyses parsing participants into cortisol 534 

responders and non-responders. Most critically, identifying such distinct cortisol 535 

trajectories enabled us to discover the often-hidden link between stress-induced cortisol 536 

release and patterns of affective responses to stress as well as hippocampal structural 537 

variability. Given that neuroendocrine stress responses are also conceptualized as 538 

biomarkers reflecting individual differences in stress resilience and susceptibility to 539 

psychopathology and disease (Feder et al., 2009), these insights regarding individual 540 

differences in trajectories of cortisol response to stress may have clinical implications.  541 
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Figure Legends 670 

Figure 1. Timeline: Schematic diagram illustrating the design of the study session. 671 

Participants provided written consent before completing two tasks [one reward task 672 

(PRT) and one reaction time task (RT)], a clinical interview to determine eligibility 673 

(SCID), the MAST stress task, and the PRT and RT tasks again. To prolong the effect 674 

of the acute stressor, immediately upon MAST completion participants were told by a 675 

non-emphatic male study staff they had not yet met that their performance in the math 676 

portion was not good enough and that they would need to repeat the task following the 677 

administration of the remaining tasks and questionnaires. Later in the session 678 

participants were informed that repeating the task was not necessary since their 679 

performance was “good enough” (i.e., relief). Throughout the session participants 680 

provided six saliva samples, eight VAMS ratings, and three self-report measures of 681 

anxiety and affect. MAST - Maastricht Acute Stress Test; VAMS - Visual Analogue 682 

Mood Scale. 683 

 684 

Figure 2. Overall effect of stress: Change in (A) cortisol, (B) alpha amylase, (C) VAMS 685 

rating, (D) state anxiety, (E) positive affect, and (F) negative affect throughout the 686 

session. Across all measures, there was a significant effect of time driven by stress 687 

induced increase in cortisol release and negative affect. Notably, cortisol levels and 688 

negative affect were still elevated 65 and 100 minutes post-stress onset, respectively, 689 

reflecting a relatively prolonged acute stress induction. Participants were fully debriefed 690 

and their mood had returned to baseline before they left the laboratory. * p < 0.05. 691 

 692 
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Figure 3. Latent class linear mixed modelling (LCMM): (A) Individual patterns of cortisol 693 

response throughout the session (n=79). (B) Applying LCMM on these data revealed 694 

that the model that best fit our data included three latent classes, labeled based on their 695 

distinct trajectories of cortisol response to stress as hyper-response (n = 10), moderate-696 

response (n = 21), and mild-response (n = 48). Note that all three groups exhibited a 697 

significant stress-induced increase in cortisol release 25 as well as 50 minutes following 698 

stress onset. * p < 0.05. 699 

 700 

Figure 4. Effects of stress by cortisol class: Change in (A) Happy-Sad scale, (B) 701 

Relaxed-Tense scale, (C) Friendly-Hostile scale, (D) state anxiety, (E) positive affect, 702 

and (F) negative affect throughout the session as a function of cortisol class. Note that 703 

individuals in the moderate response class exhibited less stress-induced sadness and 704 

tension relative to individuals in the hyper-response class, as well as less hostility 705 

(trend) and negative affect relative to individuals in the mild response class. * p < 0.05. 706 

 707 

Figure 5. Structural variability and cortisol AUCg: A hierarchical regression model 708 

revealed a quadratic link between the continuous cortisol measure AUCg and 709 

hippocampal gray matter volume (r = 0.421, p = 0.001, n=79), such that individuals with 710 

both high and low levels of stress-induced cortisol release had less right hippocampal 711 

gray matter volume compared to individuals with moderate cortisol release. 712 
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Table 1. Sample demographic information 
 

 n (%) 
Gender  

Female 88 (100%) 
Handedness  

Right 88 (100%) 
Race  

Caucasian 61 (69%) 
Black 15 (17%) 
Asian 10 (12%) 
Unknown 2 (2%) 

Ethnicity  
Non-Hispanic 81 (92%) 
Hispanic 5 (6%) 
Unknown 2 (2%) 

Income  
<$10,000 11 (13%) 
$10,000–$25,000 10 (11%) 
$25,000–$50,000 21 (24%) 
$50,000–$75,000 18 (20%) 
$75,000–$100,000 17 (19%) 
>$100,000 11 (13%) 

Marital Status  
Married 17 (19%) 
Unmarried 71 (81%) 

Smoking Status  
Non-Smoker 88 (100%) 

Menstrual cycle phase  
Follicular 62 (70%) 
Luteal 26 (30%) 

Contraceptives usage  
Yes 44 (50%) 

 Median (S.D.) 
Education (years) 16.5 (1.7) 
BMI 22.6 (3.4) 



 

 1 

Table 2. LCMM model statistics 

 
 

aNumber of Model Parameters 
bBayesian Information Criterion 
cPosterior proportion for each class 

 
 
 
 
 
 

Between Model Comparison 

 Log 
likelihood NPMa BICb %class1c %class2c %class3c %class4c 

2 Classes -185.89 12 424.22 40.5 59.5   
3 Classes -169.81 17 413.89 26.6 12.7 60.7  
4 Classes -159.67 22 415.47 7.6 26.6 11.4 54.4 

 
Within the 3 Class Model -  Fixed effects allowing for cubic time (t) trends  
 n (%)  Coefficient Se Wald p 

Class 1 21 (26) 
t 8.47 3.06 2.78 0.0055 
t2 32.88 5.51 5.97 <0.0001 
t3 0.13 1.84 0.07 0.9441 

Class 2 10 (13) 
t -40.52 3.46 -11.69 <0.0001 
t2 -34.27 3.95 -8.67 <0.0001 
t3 -12.14 1.62 -7.51 <0.0001 

Class 3 48 (61) 
t 4.29 2.52 1.71 0.0878 
t2 -17.07 4.02 -4.25 0.0002 
t3 -3.97 1.36 -2.92 0.0035 

 
Within the 3 Class Model -  Mean of 

posterior probabilities (%) in each class  
 Class 1  Class 2 Class 3 
Class 1 
(n=21) 91 4 5 

Class 2 
(n=10) 8 85 7 

Class 3 
(n=48) 4 1 95 


