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Introduction

Exaggerated cardiovascular response during exposure to acute laboratory stressors has been
postulated to be a risk factor for the development of hypertension (Manuck et al., 1990;
Pickering & Gerin, 1990). Historically, research has focused on cardiovascular reactivity,
defined as the magnitude of cardiovascular arousal occurring during acute stress exposure
(Linden et al., 1997). Repeated elevations in blood pressures (BP) are believed to favor
pathogenic adaptations, such as left ventricular remodeling and reduction in endothelial
integrity (Lovallo & Gerin, 2003; Manuck et al., 1990; Obrist, 1981; Schwartz, 2003).
However, recent commentaries have criticized reactivity research as being conceptually and
methodologically narrow, with limited predictive ability (Carroll et al., 2001; Kamarck &
Lovallo, 2003; Linden, et al., 2003; Schwartz et al., 2003; Treiber et al., 2003).

An aspect of the stress response that is receiving increasing attention is the stress recovery
phase (Christenfeld et al., 2000; Haynes et al., 1991; Stewart & France, 2001; Stewart, et al.,
2006). BP recovery may be defined as the extent to which elevations in BP persist following
the cessation of a stressor (Linden et al., 1997). In other words, recovery emphasizes the
persistence of the stress response rather than its acute magnitude. The measurement of recovery
BP centers on the notion that persistently elevated BP can lead to sustained cardiovascular
burden, which has been linked with end-organ damage (Devereux & Pickering, 1991). The
available evidence regarding BP recovery supports its potential pathophysiological
significance. Hypertensive individuals have been characterized by abnormally persistent BP
responses following acute stressors (Borghi et al, 1986; Falkner & Kushner, 1989; Frederikson
& Engel, 1985; Light et al., 1987; Schuler & O’Brien, 1997; Seibt et al., 1998). Prospective
studies in normotensive populations have demonstrated poorer systolic BP recovery following
laboratory stressors (Stewart & France, 2001; Stewart et al., 2006). Risk factors for
hypertension, including African American ethnicity, male gender, and family history of
hypertension also have been related to poor BP recovery (Gerin & Pickering, 1995; Gillin et
al., 1996; Jackson et al., 1999).
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However, the utility of evaluating BP recovery has been questioned due to its potential
redundancy after considering reactivity (Linden et al., 1997). Although recovery and reactivity
are unlikely to be independent characteristics, their relative importance has received little
systematic scrutiny to date. Recent investigations point towards the independent utility, and
perhaps superiority, of recovery compared to reactivity in predicting future BP (Rutledge et
al., 2000; Stewart & France, 2001; Stewart et al., 2006).

A key criticism of the laboratory-based reactivity/recovery literature is its questionable
generalizability to psychophysiological responses to real-world stressors, such as job stress or
marital discord (Ming et al., 2004; Verdecchia at al., 1990). This criticism has been addressed
methodologically by using laboratory BP to predict ambulatory measures of BP (ABP),
typically taken over a 24 hour period outside of the laboratory. Twenty-four hour ABP
measures are considered superior to laboratory measures in predicting preclinical and clinical
disease states as it allows for aggregating across multiple real-world stimuli (Mancia et al.,
1997; Perloff etal., 1983; Staessen et al., 1999). Earlier studies examining the predictive power
of laboratory based stress reactivity have demonstrated mixed results. Morales-Ballejo
(1988) reported strong correlations between systolic and diastolic BP reactivity with systolic
and diastolic ABP at work, when the stressor response was aggregated. Cornish, Blanchard &
Jaccard (1994) found laboratory BP to be consistent predictors of ABP, although resting BP
was superior to BP measured during the stress response. In contrast, Ironson et al. (1989) found
that although work ABP was correlated with laboratory-based resting BP, reactivity BP did
not correlate significantly with work ABP. Similarly, Langewitz et al. (1989) did not find
correlations between laboratory reactivity BP and ABP, nor did they find variability in the
laboratory BP comparable to the variability in ABP. In their study of 56 hypertensive
participants, Floras et al. (1987) concluded that variability of laboratory-based reactivity BP
was a poor predictor of ABP variability. Results from these studies are difficult to interpret as
they often did not control for covariates or were based on correlational data. Knox, Hausforff,
& Markovitz (2002) found that the reactivity response to two stressors (cold pressor and star
racing) significantly predicted ABP 3 years following laboratory measurement in African
American, normotensives participants but not in White participants. These mixed findings may
reflect the methodological challenges inherent in the measurement of reactivity BP. Indeed,
various authors have argued that reactivity measures may be neither reliable predictors of 24-
h ABP nor reliable predictors of diurnal variation in BP (Kamarck & Lovallo, 2003; Manuck,
Kasprowicz & Muldoon, 1990; Parati et al., 1991).

To date, studies examining the relationship between recovery BP and ABP are limited. In a
sample of 22 normotensives and 30 hypertensives, Guasti et al. (1998) found that DBP and
SBP recovery were correlated to ABP, although their predictive power was not examined.
Conversely, Seibt et al. (1998) found that laboratory recovery measures did not significantly
improve predictive models of ABP despite finding that hypertensives demonstrated impaired
recovery compared with normotensives. Recent prospective studies suggest that SBP and DBP
recovery provide incremental validity in daily ABP measurements 3 years following baseline
measurements, after controlling for baseline BP and reactivity (Moseley & Linden, 2006;
Rutledge et al., 2000). In their sample of young, healthy college students, Rutledge et al.
(2000) found that while reactivity, recovery, and resting BP were predictive of ABP, only
resting and recovery BP remained significant in models which simultaneously assessed all
three measures. Moseley & Linden (2006) also found recovery to be a significant predictor of
ABP at 3-year follow-up. Whereas both studies provide evidence regarding the value of
recovery BP, their generalizability is limited as both samples consisted of normotensives
participants and were primarily Caucasian.

The purpose of the current investigation was two-fold: first, to determine the generalizability
of laboratory measures of BP in predicting ambulatory daytime and nighttime BP, and second,
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to further evaluate the unique contribution of BP recovery to the prediction of ABP in a biracial
sample of men and women with BP extending from normal through Stage 11 hypertension. We
hypothesized that recovery BP measured in the laboratory would predict daytime and nighttime
ABP after accounting for resting BP and BP reactivity.

One hundred and eighty-two employed men and women (85 females) were enrolled in the
Duke Biobehavioral Investigation of Hypertension Study. Participants were self-selected in
response to printed advertisements. Volunteers were excluded if they reported use of
exogenous reproductive hormones (e.g., hormone replacement therapy, oral contraceptives);
hysterectomy; history of cardiovascular disease or other systemic disease affecting the
cardiovascular system; BP >180/100 mm Hg on BP screening examination; chronic use of
drugs which alter systemic hemodynamics (e.g., antihypertensives, antidepressants,
sympathomimetic agents); and current tobacco or recreational drug use. Eligibility following
screening was determined by obtaining seated BP on three separate occasions, one week apart.
At each clinic visit, 3 readings were taken by a trained technician such that readings were
separated by 2 minute intervals.

All assessment procedures were reviewed and approved by the Duke University Medical
Center’s Institutional Review Board. Participants provided verbal and written consent prior to
participation.

Participants completed laboratory and ABP assessments on separate days, less than one week
apart. All laboratory test procedures were conducted in a private, electrically shielded, sound
attenuated, temperature-controlled (24°C) room. Participants were seated in a comfortable
chair and fitted with an appropriately sized occlusion cuff. BP during laboratory visits was
measured via a Suntech 4240 monitor (Suntech Corporation, Raleigh, NC), which is an
automated auscultatory BP monitor.

The laboratory protocol involved an initial 20 minute resting period, followed by the alternating
presentation of a task and a 10 minute recovery period. During the initial resting period, BP
was measured every 5 minutes for the first 15 minutes, and at minutes 18, 19 and 20. BP was
measured throughout each task, and at minutes 1, 5 and 10 during the recovery period following
the completion of a task. Systolic BP (SBP) and diastolic BP (DBP) were measured. Task order
was fully balanced across participants, using a Williams’ Square Design. The tasks are briefly
described below (for a detailed description of each task, see Sherwood et al., 2002 and
Sherwood et al., 1997).

1. Anger Recall Interview: Participants had 3 minutes to describe an interpersonal
situation which had made them angry during the previous week. A 2-minute
preparation preceded this task and participants were encouraged to adhere to an
outline describing the situation, their responses, and their satisfaction regarding the
outcome.

2. Reaction Time-Shock Avoidance: Participants were presented with a loud audible
tone presented at varying, unpredictable intervals over a 3 minute period. Participants
were required to press a key as fast as possible on hearing each tone and were
instructed that if the reaction time was considered too slow, a “painful but harmless”
electric shock would be delivered immediately by electrodes previously applied to
the leg. In fact, shocks were never delivered.
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3. Foot Cold Pressor: Participants placed one foot, up to the ankle, in a bucket containing
a mixture of two parts ice to one part water (0°C to 4°C) for 2 minutes.

4. Mirror Trace: Participants had 3 minutes to outline a star while viewing its reflection
in a mirror, as many times as possible, while making a minimum of errors. Deviating
from the star activated an aversive buzzer and a counter which recorded the number
of errors.

ABP Monitoring

Participants were fitted with an Accutracker II ABP monitor, a programmable auscultatory BP
monitor (Suntech, Raleigh, NC), during the morning on a typical workday. Calibration
procedures conducted in the laboratory ensured that the Accutracker 11 was within 5 mm Hg
of stethoscopic measurements. The monitor was programmed such that measurements occurred
at variable intervals averaging every 15 minutes during the participant’s self-reported waking
period, and every 30 minutes during their sleep period. All readings were reviewed and
artifactual readings were edited by trained staff members using criteria described in Hinderliter
etal. (1991).

Data Reduction and Analyses

The last three minutes of the initial rest period were averaged to obtain resting BP values. BP
reactivity was calculated as the difference between mean BP value during a task and the resting
BP level. BP recovery levels were defined as the difference between resting BP and the
recovery period BP at 1, 5, and 10 minute following completion of a task. To calculate BP
recovery, minute 1, 5, and 10 readings were individually subtracted from the resting BP to
yield simple change scores. Following this, three aggregate recovery measures were obtained
by averaging minute 1, 5, and 10 recovery BPs across tasks. Calculating BP recovery and
reactivity scores in this manner has been shown to reduce the effects of measurement error and
improve reliability (Kamarck et al., 2000; Rutledge et al., 2000).

The use of simple changes scores when addressing unique contributions of recovery follows
established traditions in the recovery literature (Moseley & Linden, 2006; Stewart et al.,
2006). The absence of frequent or moment-to-moment recovery readings in our data precluded
the utility of curve-fitting methods, which have been proposed as optimal ways of
operationalizing recovery (Christenfeld, Glynn, & Gerin, 2000). While residualized change
scores are often undertaken in the absence of frequent data points, correlations between
residualized changes scores and simple change scores are known to be high and yield similar
findings (Swain & Suls, 1996). Therefore, simple change scores were used to operationalize
recovery BP in this study.

Pearson product moment correlations were calculated to assess the relationship between
daytime and nighttime ABP with aggregate BP reactivity and recovery values. One-way
ANOVAs were conducted to ensure the continuation of recovery between minute 1 and minute
10. Hierarchical regression analyses were used to assess the relative contribution of BP
recovery towards predicting daytime and nighttime ABP readings. In Step 1, resting BP was
entered. In Step 2, reactivity BP was entered. Finally, minute 10 recovery BP was entered in
Step 3 to assess whether recovery enhanced the prior models.

In ABP monitoring, the intermittent BP measurement has a greater probability of capturing the
hemodynamic events following a stressor (i.e., recovery) than the response produced in the

presence of a stressor (i.e., reactivity). Because the minute 10 recovery BP was the most distant
point from the cessation of the stressor, this data point was chosen to best estimate the persistent
state of arousal likely being captured by the ABP measures. Although this methodology does
not include the rapid recovery effects documented elsewhere (Linden et al., 1997), it has been
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suggested that rapid recovery from an acute stress has less prognostic value than delayed
recovery (Schwartz et al., 2003). Using minute 10 BP may therefore capture the pathogenic
effects of delayed recovery when compared to minute 1 or minute 5 recovery measures and
was chosen a priori for inclusion in our hierarchical analyses.

Statistical significance was defined as effects of p<.05. All analyses were conducted using the
SAS® Version 8.2 statistical package (SAS Institute, Cary, NC).

Sample Characteristics

Demographic composition and baseline hemodynamic characteristics are summarized in Table
1. Results of one-way ANOVAs conducted between minute 1, 5, and minute 10 recovery BP
were statistically significant (p’s <.0001), suggesting that recovery had continued to take place
after the first minute. The graphical representation of stressor-induced BP change from resting
BP is seen in Figure 1. The referent, mean resting BP, is transformed to 0 to represent baseline.

BP Recovery as a Predictor of ABP

Table 2 summarizes Pearson’s product moment correlations between laboratory-based
reactivity and recovery BP and daytime and nighttime ABP. For recovery measures, all
correlations were significant at the p<.01 level and ranged from r=.23 to r=.39. Correlations
between DBP reactivity and daytime and nighttime DBP were .45 and .21 respectively (p<.
01). SBP reactivity was correlated with daytime SBP (r =.22; p <.01) but no association was
found between SBP reactivity and nighttime SBP.

Hierarchical regression analyses were employed to evaluate the contribution of resting BP,
reactivity BP, and recovery BP in the prediction of daytime and nighttime ABP (see Tables 3
and 4). The total variance accounted for by these models ranged from 49% to 70%. Resting
BP was the single largest predictor in each model. Reactivity scores accounted for an additional
0-8% of the variance in these models after controlling for resting BP. The inclusion of minute
10 recovery BP significantly improved the prediction model in all four analyses: daytime SBP
(AR2=,04; p<.001), nighttime SBP (AR2=.05; p<.001), daytime DBP (AR2=.01, p<.001),
nighttime DBP (AR2=.01; p<.001). Of note, the effects of reactivity in predicting daytime SBP
became non-significant after the inclusion of recovery in the model.

We also wish to note that we performed additional hierarchical regression analyses, expanding
upon the a priori models depicted in Tables 3 and 4. When BPs measured at post-task recovery
minute 1 and minute 5 were added to the hierarchical regression models, they did not show
significant independent associations with ABP, yielding models that accounted for no
additional explanatory variance than had already been accounted for by the inclusion of
recovery BP captured at the post-task minute 10 time point.

Discussion

We found that post-stress recovery BP was an independent predictor of real-life blood pressure,
measured according to daytime and nighttime ABP, after controlling for resting BP and BP
reactivity. While examining the ecological validity of laboratory-based stress responses, the
recovery phase may be a more useful analog of real-life stress response patterns than the
reactivity phase. Recovery BP may be especially important in predicting aggregate nighttime
ABP, now considered a more important prognostic marker than daytime ABP (Palatini et al.,
1992; Rizzoni et al., 1992). The absence of a nighttime drop in SBP, or “non-dipping”, is
associated with higher cardiovascular morbidity and mortality (Staessen et al., 1999). While
the current study did not examine the relationship between recovery BP and nighttime dipping,
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the association between recovery BP and nighttime ABP provides further impetus to the study
of persistent arousal states.

Delayed BP recovery from stress is believed to be a potential marker of chronic sympathetic
activation and low parasympathetic activity (Amerena & Julius, 1995; Julius, 1993). Yet, the
mechanism resulting in sustained arousal following the cessation of a stressor has not been
definitively established. One theory suggests that perseverative cognitions may not only
mediate the effects of psychosocial stressors, but may serve as stressors themselves (Brosschot
et al., 2006). Support for this theory can be found in recent studies demonstrating that
ruminative thinking is associated with slower recovery following anger recall tasks (Gerin et
al., 2006; Glynn et al., 2002). This may then be the pathogenic pathway through which both
acute and chronic life stressors translate into chronic patterns of physiological arousal.

In our study, the combination of reactivity and recovery accounted for greater variance in all
four models predicting ABP, compared with either one individually. Examination of previous
studies demonstrated similar patterns, where the consideration of both reactivity and recovery
yielded more robust predictive models (Moseley & Linden, 2006; Rutledge et al., 2000; Stewart
& France, 2001; Stewart et al., 2006). An implication is that while both constructs capture
unique information of hemodynamic changes occurring under stressful situations, neither
reactivity nor recovery may be independently sufficient to explain the complex
psychophysiological processes occurring in the presence of stress. Indeed, recent advances in
statistical analyses have advocated the use of curve-fitting techniques that capture the entire
stress response, rather than focusing on either aspect alone (Christenfeld et al., 2000; Llabre
et al., 2004). Such approaches were precluded in our study as the use of curve-fitting requires
frequent BP assessments during the recovery period, optimally involving beat-by-beat BP
assessment. Therefore, a limitation of our study was the utilization of simple change scores to
measure recovery, as this methodology does not account for the interdependence between the
reactivity and recovery measures. By forcing the recovery BP as the last step in hierarchical
regression models, we statistically controlled for the effects of resting BP and reactivity BP.
As our eventual goal was to examine the additional variance explained by recovery BP, the
collinearity was considered acceptable despite the subsequent loss of power (Moseley &
Linden, 2006). Furthermore, the known interdependence between these measures would in
reality reduce the probability of finding independent effects for recovery. The additional
explained variance of recovery BP in these analyses emphasizes its potency in predicting ABP.

Using the final recovery BP may capture the effects of delayed recovery and improve prediction
of both ABP and clinical disease states. However, it may also raise concern that the BP
elevations observed reflect anticipatory anxiety of the next task, rather than recovery from the
preceding task. The cardiovascular effects of anticipatory anxiety have been documented in
anticipation of psychological laboratory tasks such as math problems (Contrada, Wright, &
Glass, 1984). However, these results are not consistently reproduced (Gerin, Peiper, &
Pickering, 1994). Furthermore, participants in these studies were aware of the nature of the
tasks in which they would next participate, which potentially increased the anxiety response.
In our study, this issue was addressed in two ways. One, the tasks were presented in a Williams’
Square counter-balanced design. By presenting tasks in this manner we ensured that within
each of the 4 randomized groups of participants, each task was presented first, last, preceded
each task, and followed each task. Second, participants were unaware which task would follow
their recovery period. The aggregate effects of anticipatory anxiety were likely to be diminished
due to the unfamiliarity of the tasks and the counterbalanced task presentation.

A potential criticism of our study is our use of the minute 10 recovery BP in our hierarchical
regression models as it does not take into account the rapidity through which recovery may
occur following a stressor. Because the effects of delayed recovery are considered pathogenic,
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we were most interested in examining the effects of recovery BP at the farthest point following
the cessation of the stressor. In our study, this was captured by the minute 10 BP. Moreover,
the 10 minute interval was more likely to correspond with the intermittent ABP readings,
thereby enhancing the generalizability of a laboratory-based measure of stress responsivity.

In summary, the addition of recovery measures may potentially enhance our understanding of
the stress response. Optimally, the simultaneous consideration of the acute and chronic phases
may be more valuable than the consideration of either phase in isolation. Future studies may
also focus on understanding the pathophysiological mechanisms which mediate the
relationship between the presence of stress and the development of disease states.
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Figure 1.
Mean Difference Scores from Baseline across the Laboratory Protocol (Baseline=0)
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Demographic Characteristics

Table 1
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N

Gender

Ethnicity

Age, yr

Weight, Ibs.

BMI, kg/m?

Resting SBP, mm Hg

Resting DBP, mm Hg

Mean Reactivity SBP, Amm Hg

Mean Reactivity DBP, Amm Hg

Mean Recovery SBP min. 1, Amm Hg
Mean Recovery SBP min. 5, Amm Hg
Mean Recovery SBP min. 10, Amm Hg
Mean Recovery DBP min. 1, Amm Hg
Mean Recovery DBP min. 5, Amm Hg
Mean Recovery DBP min. 10, Amm Hg

182
97 Males, 85 Females
92 African Americans, 90 Caucasian Americans
33.48+5.85
170.48 + 27.14
26.06 +3.44
110.87 + 12.64
73.78 £ 8.75
16.79 +8.13
10.64 £5.61
5.08 + 6.00
3.95+5.40
3.39+5.38
2.24 +4.15
2.03+3.94
1.50 + 3.83

SBP=Systolic BP; DBP=Diastolic BP; BMI=Body Mass Index; min.=minute
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Table 2

Correlations of BP reactivity and BP recovery with ABP
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Daytime SBP Nighttime SBP
P Kk
SBP Reactivity 22 70.994 ns
SBP Recovery at Minute 10 347 23
Daytime DBP Nighttime DBP
DBP Reactivity 457 _21:*
DBP Recovery at Minute 10 397F 27

*:

*
p< .01,

FokKk

p <.001,

*+
p<.0001
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