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Abstract
Background—Obstructive sleep apnoea
(OSA) causes recurrent rises in blood
pressure during sleep, and recent commu-
nity surveys have suggested a link between
mild OSA and diurnal hypertension. The
fact that OSA and hypertension share
some risk factors, as well as problems
accurately quantifying OSA severity, have
diluted the power of such studies. This
study tries to circumvent some of these
problems by measuring the overnight
change in blood pressure and relating it to
relevant measures of the severity of upper
airway obstruction on the same night.
Methods—Men born between 1930 and
1960 and their wives living in a market
town north of Oxford were identified from
a GP practice register. Enough couples
were recruited to provide approximately
10 (20 individuals) per year of birth.
Subjects were visited at home where a
questionnairewasadministered,anthropo-
metric measurements made, blood pres-
sures taken (including by the subject), and
sensors applied for a subsequent over-
night sleep study. The sleep study
measured indices of hypoxia, snoring,
autonomic arousal, degree of respiratory
eVort; the last two of these derived from
measurements of pulse transit time (indi-
rect beat to beat blood pressure). After
waking the following morning, the sub-
jects took their own blood pressures again.
Results—Data were available from 224
couples (448 subjects). On average, systo-
lic BP fell 8 mm Hg from evening to
morning. Only hypoxic dips (>4% SaO2

dips/h) and the measure of degree of
respiratory eVort were significant inde-
pendent predictors of this overnight
change in systolic BP, together accounting
for 7–10% of the variation (p<0.0001).
Dividing the subjects into quartiles ac-
cording to the respiratory eVort overnight
showed a progressive reduction in the fall
of systolic BP overnight: 13.6, 10.8, 7.3,
and 5.6 mm Hg, lowest to highest quar-
tiles.
Conclusions—This study suggests that
increased respiratory eVort during sleep
(seen in OSA and related syndromes of
increased upper airway resistance during
sleep) oVsets the normal fall in BP that
occurs overnight, even within this com-
munity population. This may be one of the
mechanisms by which hypertension is

carried over into the waking hours in
patients with OSA.
(Thorax 2000;55:393–398)
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Obstructive sleep apnoea (OSA) and its variant
(upper airways resistance syndrome) cause
recurrent arousals and thus rises in blood pres-
sure (BP) during sleep and, in addition, may be
independently responsible for increases in
awake BP. Proving the latter has been diYcult
because of the similarity of risk factors for
developing both OSA and diurnal
hypertension—for example, upper body obes-
ity and alcohol consumption. Recent work has
suggested that, even in a community popula-
tion, minor degrees of sleep apnoea may be an
independent risk factor for hypertension,1 2

although complete disentanglement of the risk
factors common to both conditions is almost
impossible. In addition, sleep apnoea is usually
assessed from a one night sleep study despite
considerable night to night variation, particu-
larly in the middle of the disease spectrum.3 4

This means that an inconsistent and possibly
unrepresentative one night measure is being
used to try to quantify a potential cardiovas-
cular risk that extends back over time, probably
for several years. Thus, there will be significant
dilution of any causal link between current
sleep apnoea and a potential consequence,
such as diurnal hypertension. Furthermore, if
the conventional index of sleep apnoea, apnoea
hypopnoea index (AHI), poorly represents the
precise aspect of the disease that may be
responsible for cardiovascular consequences,
then the situation is even worse. These
problems increase the chance that an index
such as AHI may actually code for some other
more powerful risk factor such as upper body
obesity, rather than being a measure of sleep
apnoea as intended.

There is a need for data that approach the
problem of causality in a way that may be able
to bypass the issue of the confounding variables
and/or the night to night variation. For
example, very closely matched case control
studies, randomised placebo controlled trials of
treating OSA on BP, and studies looking at
overnight changes in BP in relation to the
extent of the OSA on that particular night. This
study uses this latter approach.

The evidence is convincing that the end of
each apnoea is accompanied by a surge in
blood pressure when the arousal process briefly
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activates the brainstem cardiovascular control
centres with a transient resetting of the
baroreflex.5 6 However, there is no convincing
evidence as to the stimulus that may be present
during periods of OSA that might lead to a
longer term carryover of hypertension into the
waking hours. Increased sympathetic tone is a
possible intermediary7 but there are at least
three possible candidates for its initiation, act-
ing alone or in concert—namely, hypoxia,
recurrent arousal, and increased inspiratory
drive with greater subatmospheric pleural
pressure swings during the periods of actual
obstructions (whether partial or complete).

This study looks at the relationship between
overnight measures of these three potential
stimuli and the change in evening to morning
blood pressure over the same night in a
community based population of men and
women.

Methods
SUBJECTS

Potential subjects for this study were identified
from the register of a general practice serving
approximately one third of the population of
Bicester, a market town 10 miles north of
Oxford. The practice computer could generate
lists of husband and wife pairs according to
year of birth of the husband. Each couple was
then written to by their GP inviting them to
take part in the study. Years of birth between
1930 and 1960 were selected randomly for
sequential study over the 3.5 year recruitment
period. Enough couples were contacted to pro-
vide approximately 10 per year of birth (20
individuals) to be studied.

TECHNIQUES

Sleep studies
Sleep studies were performed in the subjects’
own homes using RM50 portable monitors
(Parametric Recorders, London, UK). These
devices record for eight hours and can be pro-
grammed to turn on and oV at particular times
(usually 23.00 and 07.00 hours, respectively).
The RM50 records oxygen saturation from a
finger probe, snoring via a throat microphone,
body position via a sensor in a chest box (held
on by one chest band), chest movements, heart
rate (from three ECG electrodes), and pulse
transit time. The latter is the time delay
between the ECG R wave and the arrival of the
pulse wave at the finger detected from the
transmittance signal of the oximeter probe.
This value is typically about 250 ms and varies
inversely with blood pressure. As BP falls, ten-
sion in the arterial wall falls and the pulse tran-
sit time increases; and vice versa. Thus, beat to
beat measures of pulse transit time provide an
estimate of beat to beat changes in blood
pressure.8 9

Analysis of these signals for this study
provided the following derivatives: the number
of >4% dips in oxygen saturation per hour of
study,10 minimum and mean oxygen saturation
overnight, numbers of snores per hour of study,
number of rises in blood pressure per hour of
study,11 12 number of heart rate rises per hour of
study (using either a six or 10 bpm threshold),11

and the average fall in blood pressure due to
each breath (pulsus paradoxus) across the
whole study.13 14 The exact methods used to
derive these indices have been described
elsewhere.15 Essentially, a fall in pulse transit
time of >15 ms (an approximate rise in BP of
15 mm Hg) over a time course of
5–45 seconds is classified as a “blood pressure
arousal”. This particular threshold of 15 ms
derives from previous work in normal subjects
and equates approximately to a three second
speeding of the EEG in response to an auditory
stimulus delivered during non-REM sleep.11

These “blood pressure arousals” correlate well
with EEG based definitions of arousal, and also
predict daytime sleepiness as eVectively as
EEG arousals.12 15 16 Oscillations in pulse tran-
sit time over a time course of 0.7–4.5 seconds
reflect respiratory eVorts and have been used
by other workers to diVerentiate central from
obstructive apnoeas.17 Thus, the units for the
latter are in milliseconds and the overnight
average of all the breaths can be calculated.

Blood pressure
Evening blood pressures were measured at
least in triplicate using the UA-751 auto infla-
tion monitor (PMS Instruments, Maidenhead,
UK). This device uses the oscillotonometric
method and has been well validated.18 Blood
pressures were taken by the nurse at about
20.30 hours after administration of the ques-
tionnaire (which took about 20 minutes) with
the subject sitting in a chair throughout; these
values are subsequently referred to as the
“casual BP”. Remaining seated, the subjects
were then shown how to use the BP device.
They took their own BP at least three times
until demonstrating proficiency, as judged by
the nurse and based on obtaining three
consistent readings. These figures are subse-
quently referred to as the “subject measured
evening BP”. Subjects took their BP again
three times immediately on waking the follow-
ing morning, before getting out of bed and
whilst sitting on the side of the bed. The results
were printed using the internal printer and
subsequently referred to as the “subject
measured morning BP”. The diVerence be-
tween the mean of the three evening and
morning BPs, both taken by the subject, was
used as a measure of the subject’s overnight
change in BP.

Questionnaire and anthropometric measurements
The questionnaire administered by the nurse
contained questions on sleep, sleepiness, snor-
ing, cardiovascular disease, medication, alcohol
consumption, and tobacco usage. In addition,
the nurse measured neck circumference at the
level of the cricothyroid membrane, waist
circumference at the level of the umbilicus,
height, and weight. The body mass index
(kg/m2) and the waist to height ratio19 were cal-
culated to provide indices of general and upper
body obesity, respectively.

PROTOCOL

Following the identification of suitable couples,
the GP with whom the man was registered
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wrote a standard letter to them explaining the
purpose of the study and informing them that a
nurse from the Churchill Hospital would con-
tact them soon to discuss participation in the
study. Within two weeks they were telephoned
and the study explained. If they both agreed to
be studied then an appointment was made to
visit them in the evening. At this time the ques-
tionnaire was administered and BP measured.
The anthropometric measurements were then
made, followed by application of the various
sensors and connection to the RM50 overnight
recorder. Following testing of the RM50, the
main cable to the recorder was disconnected
but the sensors left in place. Subjects were
instructed to reconnect the cable on retiring.
The following morning, after the BP measure-
ments by the subjects, the sensors were
removed and all the equipment left for
collection by the nurse.

Couples were studied together as a pair
mainly for reasons of economy but also, as part
of a diVerent study, because we were interested
in the possible eVect of one partner’s snoring
on the other’s sleep.

This protocol was approved by the Central
Oxford research ethics committee (94.086)
and funded by the Wellcome Trust (grant
number 0429022).

ANALYSIS OF DATA

The RM50 sleep studies were all reviewed
manually to identify approximate sleep periods
using the thoracic movement channel to
identify body movements. It was usually quite
clear when these ceased (to be replaced by
regular breathing movements only), and then
when body movements returned in the morn-
ing, following arousal. In addition, periods of
inadequate tracings due to disconnection of
any sensors could be excluded from the analy-
sis. If there were at least three hours of
adequate recordings, these periods of assumed
sleep were automatically processed to provide
the derivatives described above without further
manual editing.

All data were entered into a computer data
file for analysis by the SAS suite of statistical

software (SAS Institute Inc, Cary, NC, USA).
The relationships between the change in over-
night blood pressure and possible predictors
were first explored with simple linear
regression. Independence of any significant
correlation was then proved using the type III
sum of squares analysis within the general lin-
ear models procedure which tests whether a
particular variable is still significantly corre-
lated with the outcome measure of interest,
even after allowing for all other measured vari-
ables first. Potentially predictive factors were
then used within a multiple linear regression
model with forward selection to identify the
“best” predictors and model the overnight
change in BP. Predictors explored were
>4%SaO2 dips/h, minimum overnight SaO2,
mean overnight SaO2, BP rises/h, heart rate
rises/h, mean respiratory eVort, snores/h, actual
systolic and diastolic BP, obesity indices, as
well as the questionnaire measures of snoring,
alcohol, and tobacco consumption. In addi-
tion, interactive terms using two of the three
main sleep study indices were explored (>4%
SaO2 dips/h, BP arousals, and mean respiratory
eVort).

Results
A total of 1260 subjects (630 couples) were
identified from the GP computer records as
potentially suitable for the study and letters
were sent. Of these, 176 couples proved
uncontactable by telephone, either because
they had no phone, had moved away, or never
answered the telephone calls. Thus, 542
couples (1084 subjects) were contacted by
telephone. Of these, 264 couples (528 subjects,
49%) agreed to be visited at home and partici-
pate in sleep studies. Depending on the rate of
refusal, new letters were sent out until about 10
couples per male year of birth selected had
agreed to be studied. Of these 528 subjects,
504 had complete data on evening and
morning blood pressures, but only 448 of these
had complete data for all variables from the
sleep study (41% of original contacted popula-
tion). Failures were usually due to sensor
displacement during sleep (ECG electrode and
oximetry probe) which left less than three
hours of tracing that could be analysed.

Tables 1 and 2 show the basic data from the
population relevant to this study. The women
were slightly younger (by about two years) as
the selection of subjects was done by male date
of birth. Approximately 10% of subjects were
on antihypertensive medication and the aver-
age BP of this group was 147/86 compared
with the rest (129/82). The hypertensive
subjects were also more obese (mean body
mass index (BMI) 29.1 versus 26.5).

The average fall in systolic BP from evening
to morning was nearly 8 mm Hg (diastolic
nearly 3 mm Hg) with a considerable range
(table 1).

There were, of course, many single correla-
tions between the indices under investigation
(table 3). However, multiple regression using
type III sum of squares indicated that most
variables, except for >4% SaO2 dips/h and
mean respiratory eVort, did not have an

Table 1 Subject data (n = 448): continuous variables

Men Women

Mean SD Mean SD

Age (years) 50.9 8.0 48.6 8.5
Height (m) 1.76 0.07 1.64 0.07
Weight (kg) 84.1 12.8 70.7 13.3
BMI (kg/m2) 27.2 3.7 26.3 4.5
Waist (cm) 97.6 10.4 84.8 12.1
Waist to height (cm/m) 55.5 5.9 51.8 7.3
Casual evening systolic BP (mm Hg) 134.0 16.7 127.8 19.2
Casual evening diastolic BP (mm Hg) 83.1 9.6 80.8 11.9
Subject measured evening systolic BP (mm Hg) 130.9 15.9 126.6 19.0
Subject measured evening diastolic BP (mm Hg) 81.6 9.1 79.6 11.0
Subject measured morning systolic BP (mm Hg) 123.4 16.0 117.3 17.5
Subject measured morning diastolic BP (mm Hg) 79.1 9.5 74.7 11.3
Morning to evening diVerence: systolic (mm Hg) –7.8 13.3 –9.1 15.1
Morning to evening diVerence: diastolic (mm Hg) –2.6 9.4 –4.8 9.3
>4% SaO2 dips/h of study 2.47 4.64 1.17 2.81
Minimum SaO2 overnight 89.2 5.7 90.3 5.7
Mean SaO2 overnight 96.0 1.2 96.3 1.1
BP rises/h of study 24.2 14.9 15.6 11.4
Average respiratory eVort overnight (ms) 10.6 3.21 9.97 2.22
Snores/h of study 114 205 67.3 143
Heart rate rises/h of study (>10 bpm) 22.6 18.4 17.8 12.3
Heart rate rises/h of study (>6 bpm) 41.8 22.5 36.1 19.1
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independent contribution to the changes in BP
overnight, either systolic or diastolic. In par-
ticular, the actual BP had no predictive eVect
on the change in BP overnight, even when cor-
related singly (all p values >0.15). No signifi-
cant diVerences were found whether the
non-normally distributed variables were first
logged or not (>4% SaO2 dips/h, minimum
SaO2, BP or heart rate rises/h, and snores/h). A
separate analysis excluding those on hyperten-
sive medications did not significantly alter the
results. One diVerence emerged between men
and women when analysed separately—
namely, diastolic BP change overnight in
women did not seem to be aVected by either
>4% SaO2 dips/h or mean respiratory eVort.
The use of interactive terms, or the addition of
other uncorrelated variables, did not improve
the degree of fit. Table 4 shows the results of
the multiple regression analysis (stepwise/
forward) by sex, indicating that 5–10% of the
change in BP overnight could be accounted for
by both the >4% SaO2 dips/h and mean
respiratory eVort.

Although not part of this study, the domi-
nant independent predictor of actual blood
pressure, both systolic and diastolic, was the
waist to height ratio, which had no predictive
eVect on the evening to morning changes in BP.

Discussion
This study has looked at the sleep study
predictors of overnight change in blood
pressure in a community population and found
that both hypoxic dipping and increased respi-
ratory eVort may play a part in reducing the
normal overnight fall in BP. Table 5 shows the
magnitude of the overnight fall in systolic BP
and its degree of dependence on the overnight
respiratory eVort (men and women combined).
In the population quartile with the lowest over-
night respiratory eVort (2.8–8.2 ms) the over-
night fall in BP averaged about 14 mm Hg, but
fell only about 6 mm Hg in those in the highest
quartile (11.8–23.8 ms).

By looking at the change in BP overnight we
have tried to remove many of the confounding
variables that also influence both diurnal BP
and sleep apnoea, which makes apportionment
of independent eVects very diYcult. Indeed,
none of the usual predictors of diurnal BP were
predictors of overnight change. Furthermore,
by studying the sleep variables on the same
night as the BP change measurements we
hoped to remove some of the dilution eVects on
any relationships due to the night to night vari-
ation in severity of sleep apnoea.3 4 On the
other hand, there will have been an order eVect
from always measuring the evening figures first,

Table 2 Subject data (n = 448): discontinuous data

Women Men

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Snoring 28.0 26.5 20.1 10.8 14.6 11.5 18.8 22.4 15.0 32.3
Alcohol 72.9 25.1 1.6 0.4 59.4 33.5 5.9 1.2
Smoking 66.0 9.0 9.0 16.0 68.9 11.5 7.3 12.3

No Yes No Yes
Ever had raised BP 86.2 13.8 83.5 16.5
Ever had MI or angina 96.3 3.7 93.8 6.2
On anti-hypertensives 92.9 7.1 87.3 12.7

Values are percentages. Snoring: 1 = never, 2 = <1 night/week, 3 = 1–2 nights/week, 4 = 3–5 nights/week, 5 = almost every night. Alcohol: 1 = <1 unit/day, 2 = 1–3
units/day, 3 = 4–7 units/day, 4 = >7 units/day. Smoking: 1 = none, 2 = 1–5 cigarettes/day, 3 = 6–15 cigarettes/day, 4 = >15 cigarettes/day.

Table 3 Single correlations between sleep study indices and change in systolic and diastolic BP overnight in men and women (n = 448)

Mean
SaO2

Minimum
SaO2

BP rises/
h

>10 bpm
heart rate
rises/h

>6 bpm
heart rate
rises/h

Mean
respiratory
eVort Snores/h Age

Systolic BP*
change
overnight

Diastolic BP*
change
overnight

>4% SaO2 dips/h –0.53 –0.59 0.25 0.05 0.03 0.21 0.23 0.22 0.17 0.21
Mean SaO2 0.52 0.16 –0.08 –0.04 –0.21 –0.19 0.29 –0.09 –0.17
Minimum SaO2 0.17 –0.03 0.00 –0.23 –0.21 0.18 –0.14 –0.15
BP rises/h 0.44 0.39 0.42 0.06 0.17 0.07 0.11
>10 bpm heart rate rises/h 0.92 0.32 0.00 0.07 0.12 0.11
>6 bpm heart rate rises/h 0.28 0.00 0.13 0.10 0.05
Mean respiratory eVort 0.21 0.08 0.23 0.16
Snores/h 0.11 0.03 0.03
Age 0.04 0.15
Systolic BP change overnight 0.60

*Negative value indicates a fall overnight, positive value indicates a rise.
Any r value over 0.10 is significant at the 0.05 level, any r value over 0.17 is significant at the 0.0001 level.

Table 4 Multiple linear regression results, modelling BP change overnight (n = 448)

% variance explained

Men Women Combined â coeYcient (95% CI)

Systolic BP change overnight (mm Hg)
Mean respiratory eVort (ms) 6.5 (p = 0.0002) 4.5 (p = 0.001) 5.2 (p<0.0001) 0.95 (0.53 to 1.37)
>4% SaO2 dips/h 3.4 (p = 0.009) 1.6 (p = 0.09) 2.2 (p = 0.0013) 0.52 (0.18 to 0.89)
Total 9.9 6.1 7.4

Diastolic BP change overnight (mm Hg)
>4% SaO2 dips/h 7.1 (p = 0.0001) 5.1 (p<0.0001) 0.48 (0.26 to 0.70)
Mean respiratory eVort (ms) 1.7 (p = 0.05) 1.0 (p = 0.01) 0.34 (0.07 to 0.61)
Total 7.1 1.7 6.1
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but this will have been the same for all subjects
and should not influence other interrelation-
ships. In addition, by using the BP just after
waking we will have missed the nadir of the
sleep related fall in BP and allowed other
potential factors to influence the figure
obtained—for example, whether a subject woke
spontaneously or by alarm clock However, this
should have introduced random noise into our
data and there is no obvious reason why it
should have produced a confounding bias.

A community population, rather than a group
of clinic patients with OSA, was chosen for a
variety of reasons. Young et al have shown an
association between AHI and BP in a similar
community sample, and found almost as much
eVect on BP from a low AHI (<15) as from
higher values,2 20 although this was less obvious
in a later analysis.1 In addition, once severe OSA
has developed, other factors such as overnight
nocturia may come into play which might limit
hypertension21 22 and confound any potential
relationships still further. This may be why it has
been diYcult to prove an extra independent
eVect of OSA on BP at the severe end of the
spectrum where one might have thought the sig-
nal would be strongest.23 24

Although our studied group was only 36% of
the original randomly selected group (41% of
those actually contactable), this is unlikely to
influence the relationships discussed, although
to some extent it may have biased the group
away from the true population. Other potential
problems revolve around the use of our new
technique, pulse transit time (PTT), to esti-
mate both respiratory eVort and autonomic
arousal. The experimental evidence is good
that this indirect way of measuring beat to beat
blood pressure can usefully measure respira-
tory eVort and arousals.11–15 17 25 In recent stud-
ies autonomic arousal indices were at least as
good as conventional EEG based microarousal
detection in predicting daytime sleepiness, and
also its response to treatment.15 16 A reasonable
concern was that in some way blood pressure
itself might aVect the size of pulsus paradoxus
measured by PTT during respiratory eVorts,
and that the relationship we have established
could have been reverse causality. However, by
including measures of actual systolic and
diastolic BP in the multiple regression analysis,
and showing that they had no predictive ability
for overnight change, we are sure that we have
cause and eVect the right way round.

Others have shown that OSA may have a
greater eVect on morning BP in clinic patients
than later on during the day. For example, in
611 outpatients referred for sleep laboratory

investigation HoVstein et al26 showed that those
with AHI values of <10/h tended to have a fall
in BP night to morning of about 1 mm Hg
compared with a rise of 2 mm Hg if the AHI
was >50/h. In a multiple regression analysis the
AHI accounted for some of the variance
(7.8%) of morning mean arterial pressure.
They found that AHI was more predictive of
morning pressures than the desaturation indi-
ces, perhaps indicating that increases in
inspiratory eVort (or arousals) might be more
important than the hypoxia.

Using 24 hour BP measurements, Sullivan et
al27 and Davies et al28 found that patients with
OSA had less of a fall in BP actually during
sleep than normal subjects. Inspection of the
24 hour plots in a later paper from Sullivan’s
group,29 providing data from patients with OSA
before and after nasal CPAP, suggests that the
maximum eVects of OSA during the day are
seen between 08.00 and 12.00 hours, although
these data were uncontrolled. In a community
study from Wisconsin by Young et al2 24 hour
BP data from subjects with AHI values of >5/h
showed larger diVerences in BP during the first
three hours after rising than those with AHI
values of <5/h.

Thus, we are confident that in our study the
smaller falls in evening to morning BP are real
and are likely to be due in part to some aspect of
upper airway obstruction during sleep. The
novel finding is that this may be partly due to the
increased inspiratory eVort that OSA and its
variants engender, in addition to the hypoxia,
rather than to recurrent arousal—the clear cause
of the transient post-apnoea rises in BP.5 6

Any possible mechanism for this eVect of
increased respiratory eVort on morning BP is,
of course, entirely speculative. However, it may
be that, by dropping the blood pressure repeat-
edly throughout the night, recurrent pulsus
paradoxus during partially or completely ob-
structed inspiratory eVorts could lead to some
compensatory mechanisms such as increased
sympathetic tone which takes time to wear oV
the following morning. Certainly, diurnally
increased sympathetic tone is seen in clinic
patients with significant OSA.7 Alternatively,
minor but prolonged rises in PaCO2 due to the
inspiratory loading might contribute.

In conclusion, we suggest that some of the
stimulus to any raised BP outside sleeping hours
in subjects with even mild degrees of upper air-
way narrowing during sleep may be due to the
mechanical eVects of increases in inspiratory
eVort on blood pressure (pulsus paradoxus), in
addition to any attendant hypoxic episodes.

This study was supported by a grant from the Wellcome Trust.
The help and cooperation oVered by the GPs and practice staV
are gratefully acknowledged.
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