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Abstract Cardiovascular responsiveness in the laboratory and in the field was investigated in male
students, 40 with borderline hypertensive blood pressure (SBP > 140mmHg and/or DBP > 90mmHg), 17
with mildly elevated blood pressure, and 41 with normotensive blood pressure. The behavioral tests and
physically demanding tasks in the laboratory included mental arithmetic, free speech condition, the Cold
Pressor Test, upright tilt, climbing stairs, and ergometer exercise. Subsequently, subjects participated in a
24-hour psychophysiological ambulatory monitoring. Borderline hypertensive and normotensive subjects
differed in baseline, task, and recovery levels of SBP, DBP, and HR. A laboratory-field comparison showed
that some laboratory tasks substantially predicted average daytime blood pressure and heart rate. Measures
that were obtained during upright tilt and the stairs test were found to explain a higher portion of criterion
variance than psychological tasks, e.g., mental arithmetic. The elevated heart rate (baseline and task level)
that was evident in borderline hypertensive subjects in the laboratory disappeared during ambulatory
monitoring. This finding suggests differential adaptations to the laboratory.

The average daytime and the average night-
time blood pressure which constitute the over-
all strain for the blood vessels and the heart are

relevant parameters for diagnosis and therapy
evaluation of hypertension. The methodology
of ambulatory monitoring was developed to
overcome the obvious sampling bias occurring
when measurement is restricted to casual mea-

surement in the physician
's office or to the

rather specific conditions of the research labo-
ratory. Empirical findings on office hyperten-
sion and increasing concern about external va-
lidity of "laboratory stressors" underline the
utility of ambulatory monitoring as possibly
the most important method for assessing the
relevant aspects of blood pressure. Psycho-
physiological approaches that employ certain
laboratory tasks to elicit blood pressure re-
sponses, obviously, were not adopted as rou-
tine methods in this domain, e. g.. for diagnosis
of essential hypertension or evaluation of ther-
apy. With the development of the ambulatory
monitoring methodology, thus, the utility of
laboratory measurements concerning such
practical decisions and related research issues
comes into question, e. g., the generalizability

of the effects of relaxation therapy from one
setting to another (Jacob, Shapiro, O'Hara,
Portser, Kruger, Gatsonis, & Ding, 1992).

The first aim of the present research was to
study the association between laboratory mea-
surements and practically relevant mean day-
time levels of blood pressure and heart rate ir-
respective of etiological concerns. Do labora-
tory measures - at least - predict the daytime
mean substantially? What is the incremental
validity of certain laboratory measurements in
prediction of the relevant criterion?

With regard to blood pressure, a multiplicity
of empirical studies on ambulatory monitoring
exists. However, only recently is a systematic
and large scale evaluation of the laboratory-
field issue discernible. Findings from such in-
vestigations indicate that most correlations be-
tween measurements in the laboratory and in
the field are significant, but such relationships
obviously depend on the selection of tasks that
are employed in the laboratory and the choice
of response measure, i. e., change scores or task
levels (e.g., Fredrikson, Tuomisto, Lundberg,
& Melin, 1990; Harshfield, James, Schlussel,
Yee, Blank, & Pickering, 1988; Morales-Bal-
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lejo, Eliot, Boone, & Hughes, 1988; van Door-
nen & van Blokland

. 1992; van Egeren & Spar-
row, 1989). The results of such studies have
been discussed in terms of whether enhanced
responsiveness in the laboratory predicts a sus-
tained elevation of blood pressure or recurrent
peaks of blood pressure throughout the day
(see Fredrikson et al., 1990). A few generaliz-
ability studies concerning blood pressure and
heart rate exist (Fahrenberg, Foerster,
Schneider

, Miiller, & Myrtek, 1984, 1986;
Llabre

, Ironson, Spitzer, Gellman. Weidler, &
Schneiderman

, 1988). However, the coeffi-
cients of generalizability that are derived from
such G-studies are largely dependent on the
selection of measurement conditions in the
laboratory and field so that further differenti-
ation (e. g., by regression analysis) is desirable.

The predictability issue,
of course

,
needs to

be specified with respect to methodological as-
pects (see Fahrenberg et al., 1986). There are
several aspects of laboratory-field prediction
that deserve consideration

. First, the predic-
tion of individual differences in a habitual dis-

position, for example, blood pressure respon-
siveness, requires a sufficient degree of stabil-
ity of both the predictor and the criterion
variable. Second

, the kind of behavioral chal-

lenge that is employed in the laboratory to elic-
it blood pressure responses is relevant here.

Mirror image tracing,
mental arithmetic

,
or

playing a video game may be less suited to rep-
resent behavioral challenges in real life.

There-
fore

, such laboratory tasks should be examined
in comparison to conventional physical de-
mands like ergometer exercise and upright tilt
(orthostatic response). Third, change scores,
i
.e., task-baseline differences or residual

change scores, are generally less reliable than
task levels and appear to be biased estimates
of responsiveness when initial-value depen-
dencies are present (e.g., Fahrenberg,

Foer-
ster, & Wilmers

, 1993).
With respect to the criterion variable that

should be employed in laboratory-field predic-
tion studies several issues can likewise be

raised. The assumption that daytime and night-
time averages constitute the most valid aspects
in development of hypertension may be ques-
tioned. Other parameters that were suggested
in the research literature include spontaneous
variability, i. e., total variance of BP measures

,

the incidence of BP increases exceeding cer-
tain limits

, the recovery function at night,
and

the BP responsiveness (reactivity) that is elic-

ited by emotional episodes or certain tasks (cf.

Devereux & Pickering, 1991; Weber & Drayer
,

1984). The evaluation of the etiological or

prognostic relevance of such indices is beyond
the scope of the present investigation.

However
, ambulatory monitoring itself

would allow for further differentiation of the
overall mean daytime BP if the methodology
is further developed so that measures of phys-
ical activity, protocols on types of behavioral
activity and settings, and self-ratings of mood
could be obtained simultaneously. Such multi-
modal assessment was employed in two previ-
ous investigations.

The first laboratory-field study was confined
to comparing distinct conditions that

, by and
large, appear to elicit a psychologically and
metabolically equivalent response pattern in
the laboratory and the field, e. g., ergometry at
maximum load compared to 1000 m run in the
stadium or conditions of active relaxation in
both settings (Fahrenberg et al.. 1984). This
matching of specific tasks and corresponding
conditions in daily life may be persuasive,

and

more recently other researchers have pointed
out that fair comparisons should be aimed at
in laboratory-field prediction studies (e.g.,

Matthews, Owens
, Allen, & Stoney, 1992; van

Doornen & Turner
, 1992). However, this

matching of complex situations,
which was al-

ready suggested by Lewin's concept "gleicher
Geschehenstyp" (psychological equivalent
type of event), is obviously restricted to a few
conditions because many laboratory tasks
seem to lack ecological validity (for further dis-
cussion, see Fahrenberg et al., 1984,1986).

The confounding of cardiovascular respons-
es with changes in physical activity in ambula-
tory monitoring was examined in a second
study (Fahrenberg, Heger, Foerster, & Miiller,
1991). Cross-correlation technique was em-
ployed to estimate the common variance be-
tween cardiovascular measures

,
a measure of

physical activity, and a self-rating of physical
activity. Furthermore, residual scores were de-
rived by partialling out such effects.

The con-
clusion, however

, was that such techniques ap-
pear to be inadequate to remove the confound-
ing of metabolic and psychological effects in
intermittently measured blood pressure.

Such

methodology may be appropriate with contin-
uously recorded heart rate and physical activi-
ty (see Johnston, Anastasiades, & Wood, 1990;
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Myrtek, Briigner, Fichtler, Konig, Miiller,
Foerster, & Hoppner, 1988) or with continu-
ously recorded finger blood pressure (see
Schmidt, Steinmetz, Wittenhaus, Piccolo, &
Lupsen, 1992). But "correction" procedures of
this kind are questionable in most instances
and instead a segmentation of records that re-

lates to simultaneously assessed psychological
data is preferable (Fahrenberg et al., 1991).
The development and refinement of this meth-
odology is referred to in a recent article (Kap-
pler, Becker, & Fahrenberg, 1993).

Reference data are available in the litera-
ture regarding linear regressions of systolic and
diastolic mean daytime blood pressure on the
office blood pressure (Baumgart, Walger, Jiir-
gens, & Rahn, 1990). Findings that were ob-

tained by ambulatory monitoring of 1039 nor-
motensive subjects indicated correlation coef-
ficients of .73 (SBP) and .71 (DBF) between
office blood pressure (mean of two readings on
different days) and mean daytime values, and
.59 (SBP) and .57 (DBP) between office and
mean nighttime values. A fall in blood pressure
values can be expected with serial observations
in the laboratory but not in ambulatory moni-
toring or self-determined measurement (e. g.,
Marolf, Hany, Battig, & Vetter, 1987).

The research question of the present study
has been whether such predictions could be in-
creased when standardized laboratory tasks
that are specifically developed to assess cardio-
vascular responsiveness are included. The
scope of tasks and the number of subjects that
are examined allowed for testing the incre-
mental validity of specific laboratory tasks and
permitted a comparison of mentally and emo-
tionally challenging tasks with physical tasks
(i. e., ergometer exercise, climbing stairs, and
upright tilt) in prediction of mean blood pres-
sure and heart rate level in real life. In this in-
vestigation, it was particularly important to fa-
miliarize subjects with laboratory procedures
to adjust for possible differences in apprehen-
sive anticipation and increased levels of activa-
tion under rest conditions in the laboratory
(Jennings, Kamarck, Stewart, Eddy, & John-
son

, 1992). Baseline values from the laboratory
and mean nighttime blood pressure values
were employed as reference values. A multiple
regression model has been employed instead
of reporting a large number of correlation co-
efficients.

Further research questions refer to group
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differences among subjects selected according
to their normal or borderline hypertensive
blood pressure levels under rest conditions. It
would, for instance, be interesting to know
whether a higher level of heart rate among bor-
derline hypertensives sometimes found by in-
vestigators in the laboratory (see Fredrikson &
Matthews, 1990) prevails throughout daytime
and nighttime ambulatory recordings. The hy-
pothesis concerning recovery functions at
night would be that borderline hypertensive
subjects exhibit a more sustained level of high
blood pressure and heart rate.

To search for valid laboratory-field relation-
ships, it appears to be more appropriate to
have comparatively young subjects with mildly
elevated or with borderline hypertensive blood
pressure levels instead of chronic hyperten-
sives. This should reduce the risk of heteroge-
neity, and the effect of labeling as hyperten-
sive, increased health concerns, and treatment.

Thus a broad screening of potential subjects
among a student population was required. This
might have the consequence of reducing effect
size in comparison with other designs but
seemed likely also to enhance validity.

The present communication is part of an ex-
tended research project and findings concern-
ing a number of other research questions will
be published elsewhere, e. g., issues in response
scaling, initial-value dependency of blood
pressure measures, group differences in re-
sponse specificity, and haemodynamic profiles
(Fahrenberg et al., 1993).

Method

Subjects

In this study. 98 male university students (none
from psychology courses) served as paid vol-
untary participants. They ranged in age from
19 to 30 years, with a mean age of 23.9 (S.D. =
2

.5), and all reported being in good health.
The subjects were recruited by advertise-

ment for the study and via an invitation to have
their blood pressure measured. The apparatus
(Stavomed BMC 5000, Speidel & Keller) was
installed for the public in the University Cafe-
teria and the University Library. The screening
of more than a thousand students led to a se-

lection of subjects with presumably normal,
mildly elevated, or borderline hypertensive
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blood pressure so that these subjects were in-

vited to come to the laboratory for a more pre-
cise examination (for a criteria of blood pres-
sure groupings, see below).

The subjects were informed that the experi-
ment would investigate individual differences
in cardiovascular functions under various con-

ditions of mental load and physical exercise.

Recordings of blood pressure and the ECG
were conducted and psychological question-

naires were administered
. The assessment con-

sisted of examination in the laboratory on two
days and a 24-hour psychophysiological ambu-

latory monitoring. Subjects were paid DM 150
for their participation.

Apparatus

The laboratory equipment used were one 16-

channel and one 8-channel polygraph (Hel-
lige), a calibrated automatic blood pressure
measurement device (Infraton-Tensiomat FIB
4/6. Boucke), two mercurcy manometers
(Erkamed), one impedance cardiograph (In-
struments for Medicine Inc

., model 400) that
was replaced after subject 81 by another (Med-

data, Faust), a respiratory function analyzer
(Pneumotest, Jaeger), a tilt table, a bicycle er-
gometer (Mijnhardt), a Hewlett Packard com-
puter 1000/65, and an Amiga 1000 PC for pre-
sentation of instructions and tasks

. The config-
uration that was employed in ambulatory
monitoring consists of three recorders: a four-

channel recorder for blood-pressure,
heart

rate
, respiration rate and activity (Physio-

port/Tonoport, Par-Natic/Hellige), a pocket-
sized computer (PB 1000, Casio) that was pro-
grammed to obtain self-ratings at fixed inter-
vals, and a walkman recorder (WM 202, Sony)
to record the subject's free comments on the
more specific aspects of behavioral settings
and events (see Fahrenberg et al., 1991).

Procedure and Methods

Laboratory First Day
After obtaining informed consent from the
participants in this study, several psychological
questionnaires were administered. Then in an-
other room

, two measures of systolic and dia-
stolic (phase 5) blood pressure were taken af-

ter 5 min in reclining position employing a mer-

cury manometer (Erkamed). The subjects
were next led to the polygraph laboratory and
then to the cardiovascular laboratory.

The rel-

evant tasks were demonstrated and practised
to familiarize the subjects, for example, with
the mental arithmetic test and orthostatic reac-

tions using the tilt table. Furthermore
. ECG re-

cordings and blood pressure measurements
were conducted during a short psychological
interview to facilitate habituation

.

Laboratory Second Day

Subjects could choose between an 8 a
.m. or

11a.m. appointment. Subsequent to an adap-
tation phase that was also used for a short
questionnaire and a further 5 min rest

, blood
pressure was measured twice in reclining posi-
tion. Then, subjects were seated in a semi-re-
clining padded chair in a sound-dampened and
air-conditioned room adjacent to the poly-
graph laboratory. After electrodes and trans-
ducers were fastened and checked

, general in-
structions were given concerning the initial rest

phase, and specific instructions were presented
via tape recorder, slide, or computer display
prior to each subsequent condition. The fol-
lowing conditions were employed in fixed or-

der to assess individual differences:
- Initial rest: to establish the baseline Labora-

tory 1 (duration of 210 s).

- Mental arithmetic: Subjects were requested
to perform the continuous addition of one-

and two-digit numbers as quickly and accu-

rately as possible while distracted by noise
sequences of realistic content (music,

air

plane, traffic, football stadium) at maximum
level of 80dBA (duration of 180 s

, recovery
for 60s).

- Concentration task: Subjects performed a
multiple reaction tracking task that required
the inspection of matrices of two-digit num-
bers. An increase in number of correct re-
sponses automatically reduced the given in-
spection time so that the algorithm provided
a constant level

, e. g., 30% hit rate.
The sub-

ject could not exceed this criterion, although
additionally motivated by visual and acous-
tic feedback

, as well as by monetary incen-
tive (duration of 300s

, recovery for 60s).
- Handgrip exercise: Subjects were asked to

press a handgrip with their left hand exerting
maximal pressure (duration of 55 s

, recovery
of 45 s).

- Free speech: Subjects were instructed to give
a speech containing critical comments on the
present investigation and to frankly rate the
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present investigators (preparation of the
free speech of 60s, delivering the speech for
90 s, recovery for 60 s).

_
Cold Pressor Test: Subjects were instructed
to immerse their left hand in cold water that

was kept at a steady temperature of 4
°

C by
continuous cooling (duration of 55 s + 55 s,

recovery for 50 s).
_

Concluding rest: (duration of 120 s).
Multiple recordings of cardiovascular and
other physiological functions were obtained.
However, in the present context, only blood
pressure and heart rate are relevant and the

other recordings are not referred to. The soft-

ware system BIO 14 developed by Foerster
was employed for parameterization (Fahren-
berg & Foerster, 1989,1991).
- Heart rate (HR, bpm) was derived from the

ECG using standard lead II.
- Blood pressure (SBP, DBP, MBP, mmHg)

was recorded intermittently by a non-inva-

sive automatic procedure (Boucke Infraton

Tensiomat) that provides Korotkov sounds
on the first channel and the calibrated cuff

pressure signal on the second channel. The

software algorithm for parameterization of

these signals to obtain blood pressure values
was developed by Foerster (see Fahrenberg
& Foerster, 1989). Thirty measures of blood
pressure were obtained during rest, task,

and

recovery phases of the experiment.
After the assessment in the polygraph labora-
tory was concluded, the subject had time to re-
lax and subsequently the assessment was con-
fined to Laboratory 2, i. e., the cardiovascular
laboratory.
- Rest: The subject rested in reclining position

on the tilt table to establish baseline Labo-

ratory 2 (duration of 240 s).
- Upright tilt: After tilting the subject in up-

right (75
°) position within four seconds the

registration was continued (duration of

420 s).
- Exercise 100 Watt: Subjects exercised on the

bicycle ergometcr in reclining position cy-
cling at 50 to 60 revolutions per minute (du-

ration of 240 s at 50 watt; 240 s at 100 watt;

the last 60 s of a 300 s recovery period were
used as recovery level).

- Heart rate (HR, bpm) was obtained from the
ECG using Nehb anterior leads.

- Blood pressure (SBP, DBP, MBP, mmHg)
was measured at 1 min intervals employing
the mercurcy manometer.

Ambulatory Monitoring

A 24-hour ambulatory monitoring was subse-
quently conducted to obtain records of physi-
ological and psychological variables in real life.
After electrodes and transducers were at-

tached subjects were instructed and trained in
the use of the monitoring system and the pock-
et-sized computer to obtain concurrent self-re-
ports on setting variables and mood. Blood
pressure measurement was carefully checked.
Climbing stairs (42 steps) in the laboratory
building as fast as possible was used as an ini-
tial behavioral test. Then subjects left the lab-
oratory and continued their normal daily activ-
ities. After returning the next day subjects
were thoroughly interviewed regarding the re-
corded profiles of changes in heart rate, blood
pressure, activity, and concurrent self-ratings.
- Blood pressure (SBP, DBP, MBP, mmHg)

was recorded intermittently (a daytime in-
terval of 15 min and 60 min at night). The
Physioport employs the ECG to define a
window for detecting Korotkov sounds that
are transmitted by a microphone attached
over the brachial artery (for further techni-
cal information, see Kiparski & Steffens,
1985). The calibration certificate (Landes-
amt fiir Mess- und Eichwesen, Berlin) states
a measurement precision ± .5 mmHg for the
pressure transducer. However, precision of

blood pressure measurement depends on
careful checks of equipment, positioning,
and initial readings.

- Heart rate (HR, bpm) was automatically de-
rived from the continuous ECG recordings
from Nehb anterior leads.

- Activity (units/minute) was derived from
continuous registration of physical activity
by means of a three-dimensional piezoelec-
tric transducer (Par) that was attached to the
left lower arm (above flexor digitorum mus-
cle). In the study

's second part from subject
53 onward, the transducer was attached to
the left upper thigh because physical activity
during climbing stairs test had not been as-
sessed satisfactorily, i.e., as a maximum val-

ue, in all subjects prior to this. The signal was
filtered, rectified, smoothed, sampled at
100 Hz and, finally, integrated per minute.
The maximum value that is obtained from
each individual is referred to as a reference
value of 100 so that an intraindividually cal-
ibrated range from 0 to 100% of activity is
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defined. This index provides a rough esti-
mate of gross physical activity and within-
subject changes in activity which involve
limb movements. For 46 subjects, who had
the transducer attached to their upper thigh,
a segmentation of daytime recordings was
conducted. BP and heart rate measures were

grouped according to high (>30%) and low
(<30%) physical activity as recorded during
the 5 min prior to the measurement.

Measurement and Classification of Blood

Pressure

Blood pressure in this study was always mea-
sured according to Riva Rocci's method, i.e.,
employing an arm cuff (pressure release at a
rate of 2 to 3 mm per second), a calibrated ma-
nometer, and detecting Korotkov sounds.
However, different strategies had to be used,
i

.
e., auscultation or automatic measurement

by means of the Boucke system or the Physio-
port. Therefore, a measurement reliability
study appeared to be mandatory although all
manometer systems were recently calibrated
and the three investigators who made the aus-
cultatory measurements had been thoroughly
trained employing a double stethoscope. Cor-
relation coefficients were computed within and
between methods of blood pressure measure-
ment. Such consistency coefficients obviously
must be conservative estimates of the true in-

strumental reliability since these coefficients
also reflect temporal (in-)stability of blood
pressure level.

Blood pressure measurements that are ob-
tained at an interval of about one minute under

rest conditions are highly correlated within
methods. The obtained correlation coefficients

concerning the sphygmomanometer method
range between .96 and .97 for SBP (df= 96,

P

< .01) and between .86 and .95 for DBP; con-
cerning the Boucke method .92 for SBP and .86
for DBP. Stability coefficients within methods
between two rest conditions are: sphygmoma-
nometer method .61 for SBP and .56 for DBP

(interval approx. 120min), Boucke method .73
for SBP and .62 for DBP (interval approx. 90
min). The coefficient of consistency between
sphygmomanometer and Boucke method ap-
pear to be of the same order, namely .71 for
SBP and .63 for DBP (interval approx. 30 min).
However, between methods and conditions

the coefficients are smaller: Physioport meth-

od (night mean) with sphygmomanometer

method during rest conditions in the laborato-

ry between .54 and .57 for SBP and between

.31 and .45 for DBP; Physioport method (night
mean) with Boucke method during rest be-

tween .32 and .39 for SBP and between .33 and
.
34 for DBP.

The blood pressure measurements by means
of the ambulatory monitoring system Physio-
port generally appear to be satisfactory
(Langewitz, Dahnert, & Riiddel, 1987). The
Boucke method that was employed in the poly-
graph laboratory still has some problematic as-
pects in precisely detecting diastolic (phase 5)
values (see Fahrenberg & Foerster, 1989). The
reliability coefficients and the stability coeffi-
cients within each method may be considered
satisfactory. The consistency (generalizability)
coefficients between methods or across meth-
ods and conditions, as expected, are much low-
er. The conclusion was to only employ sphyg-
momanometric measures for the classification
of subjects into blood pressure groups.

Six blood pressure measurements were used
for the classification: two measures obtained
on the first day in the laboratory, two measures
obtained at the beginning of the assessment on
the second day (before conducting the poly-
graph recordings), and the first and second
reading from the rest condition preceding the
tilt test in the cardiovascular laboratory. All
measurements were taken after a 5 min rest in

the reclining position. Mildly elevated blood
pressure was assumed when one or more val-
ues met the criterion SBP > 140mmHg and/or
DBP > 90mmHg; borderline hypertensive
blood pressure was assumed when the mean of
these six measurements met this criterion. Ac-

cording to this definition 40 subjects were clas-
sified as "borderline," 17 subjects as "mildly el-
evated," and 41 subjects as "normotensive."

This classification is needed when differenc-

es between blood pressure groups in a labora-
tory-field comparison are investigated,

but the

classification, at present, is not relevant for the
regression analysis concerning prediction of
ambulatory blood pressure.

Data Analysis

A number of data were missing due to record-
ing artifacts; however, the missing data rate for
blood pressure and heart rate was on the order
of less than 3% and appeared to be negligible.
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/ui exception was the handgrip task which was,

therefore, excluded, from the analyses.

With respect to the multivariate statistical

proce
dures, missing data were replaced by an

estimate that takes into account not only the

sample mean (x..) but also the individual's

mean across tasks (x;.) and the mean for the

specific task (xy):

x
'

ij = x.. + (xi. - x..) + (x.j - x
..
).

Multiple regression analyses were employed to
evaluate the relationship between laboratory

task levels and daytime means of blood pres-

sure and heart rate. The incremental validity

of specific tasks in prediction of daytime mea-

sures was of particular interest here. The am-

bulatory monitoring and the laboratory assess-

ment were combined to evaluate group differ-
ences between subjects with borderline

hypertensive, mildly elevated, and normoten-

sive blood pressure. A multivariate analysis

was conducted for 12 conditions and 98 sub-

jects. The MANOVA was also computed

across four subsets of conditions.
Tentatively, a recovery index was defined to

represent individual differences in the de-
crease of blood pressure level and heart rate

after sleep onset.
Sleep onset appears to be suf-

«. . SBP, DBP, HK tato8 « ----- 1
monitoring for 98 subjects. _ _ _ _

"

monitoring for 98 subjects.
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135 9 14.3 80.0 11.4 61.4 10.7
OA A 11

Baseline laboratory 2 131.3 13.1 94.8 9
.
9 84.4 lo.O

no 118
Upright tilt
Exercise 100 Watt

181.5 17.4 84.1 15.7 ilZ.3 ii.o

163.9 24.2 82.9 13.1 107.3 22.0
Q/i ft i n (S

Climbing stairs 136 7 12.6 83.6 9
.
4

fa o O T

Daytime (mean) 119 2> 12
.
2 69.7 7

.
9 58.8 8./

CA 1 Q

Night (mean)
Night (minimum)

1 J. J

104.'1 11.6

nvjm l o nip bVa1id BP

54.1 o.D

measurements for 81 subjects
.

u to nnt available bValid BP measurements for 81 subjects

dBP measurements for 85 subjects;heart rate not available. Van

ficiently well established from ambulatory

monitoring ofheart rate and activity and by re-
ferring to protocol entries and a retrospective

interview. Pre-sleep baseline is defined as the

minimum value of SBP, DBP, and HR within
the two-hour interval before sleep onset.
Based on nightly measurements (interval of
60 min) the shape of the recovery function was

defined by the average successive difference of
measures yoi (slope), the average successive
difference of differences yoz (flexure or curva-

ture of slope), and the ratio ym/yoa = (expo-
nential deceleration). Within subjects the indi-
ces, on the average, are based on seven mea-

sures. Univariate t-tests were applied to test
the hypothesis concerning group differences in

recovery functions at night.

Results

Laboratory-field comparison

From Table 1, it is evident that blood pressure

and heart rate manifest a large range and vari-
ability across the screening and baseline condi-
tions and across the mental and physical tasks,
as well as from daytime to nighttime averages
during ambulatory monitoring. Multiple re-
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Task/
Situation

Systolic
BP

P

Diastolic
BP

P

Mean
BP

P

CCIS.

Heart
Rate

P

BaseMne f r the oratory (fixed)
.
19

.
35*

Mental arithmetic
Concentration task
Free speech

.
02

.
43*

-

.
41*

.
01

.
22

.
01

.
19

.
14

-

.
15

-

.
21

.
42*

.
08

Upright tilt
Rf/R2adja .

66**

.48/.45
.
26*

.35/.32
.
42**

.
46/.43

.
02

.
44/.41

Smealr S118
.

Climbing stairs
.47** ;59 'g

/Radj- -WAS .70/.69 .62/
.
62

.
29**

.
63**

.59/.58

Model III: All seven predictors together in a stepwise solution
Night mean 24**(2)b 37**("nClimbing stairs gj gj jj-g) .19**(1)

.52**(3)
Baseline lab

.
1

Mental arithmetic
Concentration task
Free speech
Upright tilt

Notes:

.40**(1)
.56/.53c

.19**(3)

.73/.71

.18**(3)

.16*(4)
.
68/.66

.29**(2)

.
64/.61

Notes:

orieH whfjhVa!UeSHare highly siSnificant (p < -01); for the p-weights: * P < 05 ** P < 011 tie order m which a predictor was entered is given in parenthesis

SSST" ,eS""8 - "» "« "A- -- were in ed in R,

gression analyses were conducted with respectto daytime mean ambulatory measures as cri-
terion variable

. The rationale for the three re-

gression models was to examine the utility oflaboratory measures for the prediction of day-
time means as compared to the night mean and
stairs test as field-based predictors.

Model I is concerned with the predictive va-
lidity of five measures from the laboratory as-
sessment

, namely baseline Laboratory 1,
men-

tal arithmetic, concentration task
, free speech,and upright tilt. Measures from the Cold Pres-

sor Test and physical exercise were disregard-
ed here because their predictive validity ap-
peared to be in the same order of magnitude
or even lower

.

Findings from the multiple regression anal-
ysis with forced inclusion of the five predictor

variables (fixed model) are depicted in Table
2. The R2 values in the last row of that block
display that the portion of the explained vari-
ance ranged from one third to almost one half

.

Interestingly, measures from the upright tilt
were here the most important predictors for
the blood pressure variables SBP

. DBP
,

and
MBP. Likewise the measure from the concen-
tration task and baseline Laboratory 1 are out-
standing in prediction of mean daytime heart
rate. Baseline (with the exception of heart
rate) and measures from mental arithmetic ap-

pear to be redundant compared to other pre-
dictor variables of this regression model

.

Laboratory measurements substantially pre-
dict average daytime levels of blood pressure
and heart rate. Since a standard of comparison
to evaluate the observed effect size is not avail-
able in the literature

, a different approach is
preferred in the present investigation. Individ-
ual differences in average daytime blood pres-
sure presumably can be explained to a substan-

tial amount of variance when a baseline mea-

sure (average blood pressure at night) and a
response measure (e.g., climbing stairs) are
employed. Of interest is whether laboratory
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tasks that were specifically designed to assess
cardiovascular responses can explain compar-
atively more variance or predict specific com-
ponents of variance in blood pressure respon-
siveness that is manifest in an average daytime
level.

Model II was therefore designed to examine
the amount of variance in average daytime
blood pressure that can be explained by two
readily available measures from ambulatory
monitoring, i.e., average night value and the
climbing stairs measure. Obviously, the two
field-based measures substantially predict day-
time blood pressure and heart rate. With re-
spect to DBP, MBP, and HR the values of R2

are noticeably higher as compared to Model I
which employs the laboratory tasks.

Model III is concerned with a comparison be-
tween laboratory-based and field-based predic-
tors by including both sets of variables in a mul-
tiple regression. Results from a stepwise regres-
sion and from a model with forced inclusion of
all predictors are essentially in accordance, but
only the stepwise model is presented here. The
night mean and climbing stairs test appear to be
substantial predictors with respect to blood
pressure variables and heart rate. Measures
from upright tilt are significant for SBP and
MBP. However, the predictor variables that are
derived from psychophysiological tasks in the
laboratory are generally less important. Only
the free speech task with respect to DBP and
the concentration task with respect to heart rate
and MBP seem to have an incremental validity.

When the R2 values are compared across the
three models, it appears, according to model
III that a significant (P < .05) but relatively
small increase in explained variance is
achieved. The increase of 8% for SBP in Mod-

el III as compared to Model 11 is highly signif-
icant (P < .01). It should be taken into account
that in Model II a relatively large R2 was al-
ready apparent.

The regression analyses were conducted for
the total sample. However, the relationships
may not be the same among the different blood
pressure groups. Nevertheless, the Box-Test
for the set of eight variables (seven predictors
and criterion) in each of the four physiological
variables revealed that homogeneity of vari-
ance-covariance matrices can be assumed for

the groups of 41 normotensive and 40 border-
line hypertensive subjects (P > .05 for SBP and
HR: P = .04 for DBP and MBP).

The question can be raised whether the lab-
oratory-field prediction depends on the
amount of physical activity during ambulatory
monitoring. The segmentation that was ob-
tained for daytime records of 46 subjects,

i. e.,
from the second part of the present study,

al-

lowed for separation of blood pressure and
heart rate measurements at high vs.

low levels

of activity. The pattern of significant beta
weights appears to be very similar. The predic-
tive validity of the climbing stairs measure-
ments is slightly reduced for low activity BP
measurements as compared to high activity BP
measurements, but variables from psychologi-
cal laboratory tasks have no specific advantage
in prediction of low activity BP measurements.
These findings are tentative and need further
refinement and control (see Kappler et al,
1993).

Coefficients of correlation between daytime
mean systolic blood pressure and single tasks
were upright tilt r = .66 (df- 96), pretest day
rest .54, climbing stairs .53, baseline labora-
tory 1 .44, physical exercise .43, concentration
task .40, Cold Pressor Test .37, free speech .35,
and mental arithmetic .34. Similarly, the corre-
lation coefficients concerning heart rate were
baseline laboratory 1 .63, concentration task
.63. Cold Pressor Test .55, upright tilt .53. free
speech .52, mental arithmetic .48, climbing
stairs .48, and physical exercise .42, Findings in-
dicate higher correlation coefficients between
daytime means and measures obtained during
upright tilt and during climbing stairs than be-
tween daytime means and measures during
physical exercise.

For comparison with the findings by Baum-
gart et al. (1990), correlation coefficients were
computed between blood pressure measure-
ments in the laboratory (after five minutes rest
in reclining position, mean of two days) and
ambulatory measures. The coefficients were
for mean daytime values r = .60 (df = 96) for
SBP, .57 for DBP, and .68 for MBP; for mean

nighttime values .49 for SBP, .48 for DBP, and
.
60 for MBP.

Group differences

The ambulatory monitoring and the laboratory
assessment were combined to evaluate group
differences between subjects with borderline
hypertensive, mildly elevated, and normoten-
sive blood pressure. A multivariate analysis
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pigure 1 Mean responses for systolic (top) and diastolic (middle) blood pressure and heart rate (bottom) in subjects
with borderline, mildly elevated, and normotensive blood pressure. . = 40 borderline hypertensive subjects,

= 17

subjects with elevated blood pressure, = normotensive subjects.

was conducted for 12 conditions and 98 sub-
jects. The three groups under study have, of
course, different systolic blood pressure levels.
This finding is highly significant in the
MANOVA overall test (F-statistic for Pillai's
Trace F = 3.96, df= 24/122, P < .0001) and in
each separate MANOVA in all four subsets of
conditions: Pretest day including rest and in-
terview (F = 9.61, P < .0001), Laboratory 1
(Polygraph Laboratory) including baseline,
mental arithmetic, concentration task, free

speech, and Cold Pressor Test (F = 4.73, P <
.0001), Laboratory 2 (Cardiovascular Labora-
tory) including upright tilt, exercise 100 Watt
(F = 14.85, P < .0001), and ambulatory moni-
toring including climbing stairs, daytime mean
and night mean (F = 8.05, P < .0001).

However, of interest is that the results for

heart rate are inconsistent (see Figure 1). Bor-
derline hypertensive subjects exhibit a higher
heart rate on pretest day (F = 3.31, df= 24/138,
P < .01), in Laboratory 1 (F=2.40, P < .01) and
in Laboratory 2 (F= 4.33. P < .01), but not dur-
ing ambulatory monitoring (F = 1.01, P > .05).
The overall test for group differences in heart
rate, therefore did not attain significance (F =
1

.27, P > .05). Whereas the ANOVA for single
laboratory tasks all show significant F-values,
the three F-values relating to heart rate levels
during real life are insignificant (P > .05).

Recovery function after sleep onset

The assumption was tested whether subjects
with elevated and borderline hypertensive
blood pressure would exhibit a different shape
of the recovery function after sleep onset as
compared to normotensive subjects, i. e., larger
Alpha index. Actually, there is no significant
difference between the three blood pressure
groups for any of the three indices employed
to assess individual differences in recovery,
yoi, yD2, and a in SBP, DBF, and HR (the
greatest F-value was found for HR, F= 1.6, df
= 2/89

, P > .05).

Discussion

The laboratory-field issue in blood pressure
measurement closely corresponds to a basic is-
sue in the theory of psychological tests: To
what extent is a psychological test score that is
derived from a restricted sample of behavior
under highly standardized test conditions pre-
dictive for the individual's actual performance
in relevant life situations? Pertaining to the
methodology of psychological tests,

a number

of essential concepts and designs were devel-
oped and applied, especially in personality as-
sessment and prediction. This methodology in-
cludes concepts of reproducibility (stability)
with respect to single and aggregate measures,
generalizability theory, prediction of individu-
al differences by multiple regression equa-
tions, evaluation of internal validity, i. e., pre-
cision of measurement, and external validity,
i

. e., ecological relevance.
A laboratory-field comparison was designed

to investigate the extent of cardiovascular re-
sponses elicited by a variety of mental and
physical tasks in predicting daytime mean
blood pressure and heart rate obtained by am-
bulatory monitoring. Here, response levels
were preferred to change scores in a multiple
regression design. It is noteworthy that initial-
value dependencies were found for blood pres-
sure responses in the present investigation
(Fahrenberg et al, 1993). Compared to depict-
ing a table of correlation coefficients, examin-
ing the amount of criterion variance that is ex-
plained by responsiveness to mental and phys-
ical tasks in the laboratory and evaluating the
incremental validity of such tasks in prediction
of blood pressure and heart rate in real life
proved more valuable.

It may be concluded that several laboratory
measurements substantially predict daytime
blood pressure and heart rate. However, the
incremental validity of psychological tasks is
relatively small due to the overlap in explained
variance. Only a few such predictors from the
laboratory, such as concentration task with re-
spect to heart rate, attained significance in the
multiple regression when compared to predic-
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tion by a baseline and the climbing stairs mea-

sure.

The systolic blood pressure level during up-
right tilt explained more criterion variance
than other SBP measures

. The regression ana-
lyses depict that this aspect of blood pressure
responsiveness in the counterregulation of
coping with orthostatic hypotension is not ad-

equately assessed by the other laboratory
tasks. It could equally mean that orthostatic
regulatory processes due to change in posture
essentially contribute to daytime mean systolic
blood pressure. Cardiovascular response to
upright tilt reflects habitual differences in
baroreflex function

. A more thorough ap-
proach, however, should account for different
haemodynamic response patterns (e. g., Thu-
lesius, 1976). In the present study upright tilt,

nevertheless
, provided a more substantial pre-

dictor than physical exercise which is appar-
ently more often employed in diagnostic test-
ing of borderline hypertensives (e. g., Franz,
1986).

Our investigation contributes to the evalua-
tion of extensive and costly laboratory assess-
ments such as ergometry or certain psycholog-

ical tasks when assessing cardiovascular re-

sponsiveness as compared to ambulatory
monitoring. The finding that psychological
tasks had comparatively little incremental va-
lidity could also mean that cardiovascular re-
sponsiveness that is elicited by such tasks as
mental arithmetic

, concentration and tracking,

or preparation of free speech contributed little
criterion variance in daytime values.

Or it
could mean that such challenges were not pres-
ent for subjects during ambulatory monitoring.

The relevance of segmenting the ambulatory
monitoring protocol according to behavioral
aspects is evident here when the external va-
lidity of such laboratory tasks is examined.

The psychophysiological assessment re-

vealed group differences in blood pressure and
heart rate levels at rest and during behavioral
challenge, i.e., mental and physical tasks,

and
also in recovery levels. Further evaluation us-
ing correlation and regression analyses showed
that such group differences actually are attrib-

utable to baseline differences persisting
throughout the assessment (see Fahrenberg et
al, 1993). Findings indicate, however, that
there is a noticeable difference between blood
pressure and heart rate responsiveness.
Whereas group differences in systolic blood

pressure persist across the extended assess-

ment in the laboratory and the ambulatorymonitoring, the corresponding group differ-
ences in heart rate only seem to develop in the
laboratory under task conditions and rest con-
ditions (which apparently are of a challenging
nature). Such group differences in heart rate
tend to disappear in daytime and night aver-
ages.

If this finding is confirmed
, it may explain

some of the inconsistencies in the literature
concerning elevated heart rate in borderline
hypertensive subjects (see, Fredrikson & Mat-
thews

, 1990; Pickering & Gerin, 1988). Wheth-
er these subjects exhibit an elevated heart rate
(suggestive of an increased cardiac output)
may depend on when heart rate baseline is
sampled and the amount of time provided for
rest and adaptation.

Heart rate reactivity corresponds to blood

pressure reactivity phenomena (office hyper-
tension

, white-coat hypertension) that appar-
ently are introduced by social interaction

,

awareness of high blood pressure
, and re-

sponse to specific settings in the laboratory,
of-

fice, or clinic (e.g., Pickering, Devereux
,

Gerin
, James, Pie per, Schlussel, & Schnall

,

1990; Rostrup, Mundal, Westheim, & Eide
,

1991). It is noteworthy that this prolonged el-
evation of heart rate appeared in spite of the
attempts to control apprehensive anticipation
and test anxiety by providing for comparative-
ly long time intervals between sessions

(screening, first day and second day in the lab-
oratory) and by including a pre-test interview
together with specific attempts at familiariza-

tion of subjects and a training experience at
the tasks. This finding underlines the impor-
tance of ambulatory monitoring because a
thorough laboratory assessment that extend-

ed over two days and included many tasks did
not reveal this differential heart rate activa-

tion-recovery profile.

Currently, daytime mean levels are selected
as a criterion measure for laboratory-field pre-
diction because measures of BP variability,

at

least in a student population, would include
even more unsystematic variance due to dif-
ferences in daily activities. Obviously,

such
findings concerning laboratory-field predic-
tion need confirmatory evidence from assess-
ments that allow for more controls and from
subject samples which are more homogeneous
in their pattern of daily activities.

Such an in-
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vestigation is presently conducted with hyper-
tensives participating in a stationary rehabili-
tation program.

Reproducibility ofmeasures, of course, is an

essential prerequisite for generalizability and
laboratory-field prediction, and the predictive
validity has to be considered within the restric-
tions imposed by imperfect stability. The long-
term stability of cardiovascular measures that

were obtained by ambulatory monitoring was
examined recently by Kappler et al. (1993). A
follow-up study was conducted with 24 of the

98 subjects from the present study after 18

months. The coefficients of stability were .77
for daytime mean SBP, .69 for night mean SBP,

.

70 for daytime heart rate, and .72 for night
mean heart rate (df= 22, P < .001). The rank
order of subjects appears to remain rather sta-

ble and the change in mean blood pressure was
not significant (first examination daytime
mean 98.7 mmHg, s. d. 6

.
8; second examination

96.5 mmHg, s.d. 5.2, df = 23, P = .10). It may
be concluded that ambulatory monitoring is
appropriate for assessing rather stable traits of
the individual. The increase in coefficients of

stability as compared to previous studies (Fah-
renberg et al., 1986; Myrtek

, 1985) may be due
to the fact that aggregate measures, i. e., aver-

age daytime values, were employed here rath-
er than single measurements.

The evaluation of our findings concerning
the laboratory-field predictability of blood

pressure will also depend on empirical mea-
sures or estimates of utility, especially the prac-
tical relevance of such assessment to guide de-

cision-making in hypertension management.

Such issues are beyond the scope of the present
investigation. From a psychophysiological per-
spective it may be concluded that further dif-
ferentiation of24-hour ambulatory monitoring
is desirable. Concurrent registration of behav-
ior settings, activities, and mood would allow
for adequate segmentation of records (see
Fahrenberg et al., 1991) and would facilitate
symptom-context analyses of sudden blood

pressure peaks. Such segmentation should ac-

count for posture and physical activity and
should thereby attempt at reliable demarca-

tion of sleep onset and of awakening so that
the recovery function at night and the rise
function in the early morning can be adequate-
ly discerned.

The recovery function ofblood pressure also
appears to be a relevant aspect of blood pres-

sure regulation as individual differences in the
recovery curve would reflect the restitution
(dampening) of elevated arterial pressure
caused by demands of daily behavioral activi-
ties. The recovery index defined in the present
study is a preliminary attempt to attain an op-
erational definition for this plausible concept.
The blood pressure groups, however, did not
differ with respect to this index. It may, never-
theless, still be a valid measure of recovery pro-
vided that there are sufficiently reliable time
series of cardiovascular measurements. A

measurement interval of 15 or 20 minutes
would be preferable. This index should be
again employed among groups of subjects who

are more homogeneous concerning daily activ-

ities and sleep onset time.
In conclusion, findings from the present in-

vestigation are suggestive with regard to the ex-

ternal validity of laboratory tasks that elicit
blood pressure and heart rate responses. How-
ever, physical challenges such as upright tilt and

the climbing stairs test apparently provide bet-
ter estimates of individual differences in day-
time mean blood pressure and heart rate than
psychological tests. The incremental validity of
such tests is less than expected. Findings under-

line the relevance of 24-hour ambulatory mon-
itoring for the practical assessment of habitual
differences in blood pressure level. It is evident
that changes in physical activity and changes in
posture should be recorded and accounted for
when the evaluation of more specific psycho-
physiological aspects in borderline hyperten-
sion is intended (e. g., symptom-context analys-
es of sudden blood pressure rises).
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