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Objective: To delineate more precisely an operational threshold for making clinical 
decisions based on ambulatory blood pressure (ABP) measurement by studying the 
ABP in subjects who were diagnosed as either normotensive or hypertensive by 
conventional blood pressure (CBP) measurement. 

Subjects: Twenty-four research groups recruited 7069 subjects. Of these, 4577 were 
normotensive (CBP 11 40190 mmHg), 71 9 were borderline hypertensive (systolic 
CBP 141-1 59mmHg or diastolic CBP 91-94 mmHg) and 1773 were definitely 
hypertensive. Of the subjects in the last of these categories, 1324 had systolic 
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hypertension (systolic CBP 11 GOmrnHg) and 1310 had diastolic hypertension 
(tliastolic CUP 295 rn~iiHg). Combined systolic and diastolic hypertension was present 
in U G I  subjects. Hypertension had been diagnosed from the mean of two to nine 
(median two) CBP riieasuretnents obtained at one to three (median two) visits. 
Results: The 95th centiles of the ABP distributions in' the normotensive subjects 
were (systolic and diastolic, respectively) 133 and 82 mmHg for 24-h ABP, 140 
and COmrnt-lg for daytime ABP and 125 and 7GmmHg for night-time ABP, 
respectively. O f  the subjects with systolic hypertension, 24% had 24-h systolic ABP 
<I33 rnrnHg. Similarly, 30% of those with diastolic hypertension had 24-h diastolic 
AUP <82 rnrnHg. The probability that hypertensive subjects had 24-h ABP below these 
thresholds tended to increase with age and was two- to fourfold greater i f  the CBP 
of the subject had been measured at only one visit and if fewer than three CBP 
nieasurements had been averaged for establishing the diagnosis of hypertension. By 
contrast, for each 10-mmHg increment in systolic CBP, this probability decreased by 
54% lor 24-11 systolic AUP and by 26% for 24-h diastolic ABP, and for each 5-mmHg 
increriient in diastolic CBP it decreased by G arid 9%, respectively. In comparison 
with 24-11 ABP, the overlap in tlie daytime and night-time ABP between normotensive 
and liypertensive subjects was of similar magnitude and was influenced by the same 
factors. 
Co~tclusioris: The ABP distributions of the normoterisive subjects included in the 
present in~erriational database were not materially different from those in previous 
reports in tlie literature. One-fifth to more tlian one-third of hypertensive subjects had 
an AUP whicli was below the 95tll centile of the AUP of normotensive subjects, but 
tliis proportiori decreased i f  the hypertensive subjects had shown a higher CBP upon 
repeated measurement. The prognostic iniplications of elevated CBP in the presence 
of riormal ABP remain to be determined. 
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Auscultatory blood pressure rneasurelnents made by an 
observer using a s p l i y g ~ i o ~ ~ i a ~ ~ o ~ i l e t e r  are part o f  the 
clilrical routine worldwide. The relationship of conven- 
tio~ial blood pressure (CUP) nieasureriients to tlie inci- 
dence of cardiovascular coniplications is well established, 
as they have guided patient recruitnierit and experin~eri- 
tal therapy in all outcolile trials 011 tlie treatnient of 
hypertension [I]. 111 spite of their proven record, CBP 
teadings are subject to the so-called white-coat effect 
[2,3] a~id  arc cllaractcrized by a higli variability [4], liln- 
iti~ig their reproducibility. CDP ~neasurelnents are ofien 
made ill an artificial ~iiedical enviro~iment arid d o  not 
riecessarily rellect tile habitual blood pressure of a sub- 
ject. Ainbulatory blood prcssurc (N3P) nieasurenients, 
by contrast to CDP readings, provide at1 estiniate of 
tlie blood pressure of the subject tlirougliout the day 
[5-91. Tliey are Gee of the white-coat effect [2,3] and 
of observer bins, and are tliercfore ~liore reproducible 
[IO.ll]. However, tile widespread cli~iical applicatiorl of 
hl lP n~onitoring retli~ires tile defi~litiorl of operational 
thrcsllolds [12]. Prcli~iii~iary proposals [I3191 have been 

published, but continuing research has not yet reached a 
widely e~idorsed consensus [9]. 

A recent meta-analysis [16] pooled statistics Gom 23 
publislied studies of 3476 normotensive subjects. The  
N3P ~iieasurenlents in those studies had bee11 processed 
using &&rent nlatheniatical techniques, various defini- 
tions of day and night and different editing criteria for 
the exclusiorl of invalid readings. In an attempt to de- 
lineate more precisely an operational threshold for ABP 
nlonitoring, tlie objective of the present study was to 
constitute and arialyse an international database of ABP 
recordings. The  perceived advantage of studying record- 
ings fro111 individual subjects, rather than the surnmary 
statistics of published reports, was that the same math- 
errlatical approacli [20], the same quality standards and 
a uliiforrrl definition of day arid night could be applied . 
to 7069 recordiiigs fiolri 24 clinical research units. The  
database also provided the rneans to contrast the distri- 
butior~s of the ABP nleasure~nellu G o ~ n  subjects who 
were either lior~notensive or hypertensive according to  
co~iveiitioiial sphygmomaiiomet [21,22] and to exam- 
uie liow niany liyperterisive subjects would have ABP 
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within the normotensive range if certain thresholds were 
applied. 

Methods 

Experts in ABP monitoring were identified fiom the 
list of attendants of the Second International Consensus 
Meeting on 24-Hour Ambulatory Blood Pressure Meas- 
urement (Dublin, 23 September 1991; organized by Pro- 
fessor E.T. O'Brien), fiom computer searches of the En- 
glish, French and German literature fiom January 1980 
to June 1991 using the Medical Literature Analysis and 
Retrieval System, and through contacts at international 
meetings. A total of 33 research groups were invited to 
make available for analysis ABP recordings and relevant 
clinical information. Twenty-four centres co-operated, 
six units did not have suitable data and three either did 
not reply or decided not to take part. 

Unedited ABP recordings were available fiom 7595 peo- 
ple. Of  these, 526 subjects were excluded because there 
was no record of their CBP, because their ABP record- 
ing covered <20 h, because fewer than 10 readings were 
available for the computation of average daytime blood 
pressure or because fewer than five readings were avail- 
able for night-time blood pressure.The study group thus 
totalled 7069 subjects. 

In agreement with current medical practice [21,22], nor- 
motension and hypertension &ere defined solely on the 
basis of CBP measurements. Normotension was de- 
fined as CBP <140/90 rnrnHg. Borderline hypertension 
was present if either systolic CBP was 141-159mmHg 
or  diastolic CBP was 91-94 rnrnHg, or both. Definite 
hypertension was defined as systolic CBP 2160mmHg 
or diastolic CBP 295 rnrnHg, or  both. 

The vast majority of the hypertensive subjects had been 
\ 

examined on several occasions. However, the number of 
visits for which CBP readings could be made available 
for the present analysis varied fiom one to three. The 
CBP was the average of at least two measurements in 
all subjects with borderline or definite hypertension. By 
contrast, some normotensive subjects had been exam- 
ined once only and, in a few normotensive subjects, one 
blood pressure reading within the normotensive range 
had been deemed sufficient to exclude hypertension. 

In all subjects ABP had been recorded non-invasively 
either with auscultatory (Accutracker I1 [23], Del Mar 
Avionics Pressurometer P4 [24], Novacor Diasys 200R 
[25], Oxford Medilog (261, SpaceLabs 5200 [27] or 
Takeda A & D TM-2420 [28]) or  oscillometric (Space- 
Labs 90202 [29] or  90207 [29]) devices. Whenever the 
ABP had been recorded with both techniques (using the 
Colin Medical ABPM-630 [30]) only the oscillomet- 
ric measurements were used for the present analysis. All 
ABP recordings were truncated so that their total dura- 
tion did not exceed 24 h. In order to eliminate the trans-. 
ition periods between daytime activity and sleep, during 

which blood pressure ofien changes rapidly, daytime was 
defined as 1000-2000 h and night-time as 00004600 h 
[15,20]. To contrast the distributions of ABP among 
normotensive and hypertensive subjects, subjects with 
definite hypertension were subdivided into two partially 
overlapping groups: subjects with systolic hypertension 
(systolic CBP 2160mmHg) and subjects with diastolic 
hypertension (diastolic CBP 295 mmHg). 

DBMS/COPY (Conceptual Software Inc., Houston, Texas,', 
USA) was used to convert the available data to  a database 
compatible with the SAS format (SAS Institute Inc., Cary, 
North Carolina, USA). After conversion all ABP record- 
ings were processed by the same computer program, us- 
ing SAS software. The ABP recordings were not edited. 
Within-subject means of the ABP measurements were 
weighted for the interval between successive blood pres- 
sure readings [20]. Exact confidence intervals forpro- 
portions were computed using STATXACT software (CY- 
TEL Software Corporation. Cambridge, Massachusetts. 
USA). Group means were compared using Student's t- 
test, and proportions were compared using a standardized 
normal deviate [3 11. Multiple logistic regression [31,32] 
was used to identif) the factors determining the proba- 
bility that hypertensive subjects had ABP below the 95th 
centile of the corresponding distribution in normoten- 
sive subjects. 

Results 

Characteristics of the study population 
The study population included 7069 subjects (3600 
male, 3469 female; mean +SD age 48 + 16 years, range 
10-99). The age distribution was similar among men 
and women: 2.7% were aged 10-19 years, 13.1% were 
20-29, 14.5% were. 30-39, 27.4% were 40-49, 17.8% 
were 50-59, 15.3% were 60-69 and 9.2% were 270. 

Body mass index was available in 5052 subjects 
(mean +SD 24.6 k4 . l  kg/m2, range 14.0-52.7). The 
nunlber of subjects for whom data were contributed by 
each investigator, the criteria by which these participants 
had been recruited, and their age and sex distributions 
are summarized in Table 1. 

Blood pressure measurements 
The median number of visits for which CBP readings 
had been made available for the present analysis was two 
throughout the database and two among the 1776 sub- 
jects with definite hypertension (Table 1). CBP was the 
average of two readings in 2519 persons, three readings 
in 3551, four in 262, five in 396 and nine in 110 subjects 
(Table 1). In 231 subjects only one sphygmomanometric 
blood pressure reading had been obtained, which was 
found to be normal. The median number of CBP read- 
ings averaged for the present analysis was three in all 
7069 subjects, and two in the 1776 subjects with definite 
hypertension. 
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Table 1. Clraracteristics of tlie stucly ~,ol,irlation. 

Investigator n Subjects Age (years) Men (%I NBP (%) Device(s) used Visils CBP 

Uaunigart 103 S (r) 24 (20-29) 50 92 
Ve Gauderiraris 

52.57 C 2 (6) S (4) 
150 E (v,d,n) 4 1 (1 5-75) 49 100 55, ND2 S 1 (3) 

Ve Corl 35 2 P ( 4  72 (59-97) 4 2 49 
S (3) 

S7 P2(12) S(3) 
Vegaute 4 5 E,S (v) 35 (19-72) 1 00 76 OM 
EristrBlrr 

C 1 (3) S (3) 
159 C (r,d) 52 (40-64) 100 45 s5 P 3  (1) R (3) 

Fagard 3 7 P (v,li) 41 (26-56) 62 3 55 C2(10)  R(5) 
Gosse 23 1 E (v,ri) 39 (2 1-74) 6 1 79 S5, ND2 S 1 (1) 
Gourlay 

S (1) 
76 C (r) 47 (21-68) 59 64. 

Hayashi 
All s 1 (2) S (2) , 

311 ? (v.d.n) 40 (1 5-86) 60 87 
l~na i  

CM6 S 3  (1) s (3) 
429 C (r) 55 (1 2-72) 3 1 77 C"6 5 1 (2) 

Jarires 
s (2) 

00 E (v,d,n) 30 (21-50) 0 1 00 
Kawasaki 

s5, 57 s 1 (5) 5 (5) 
700 . ! (v,d) 54 (1 2-72) 57 70 

Kuschnir 
C"6 S 2 (6) S (3) 

110 P (h) 55 (39-74) 45 0 T C 3 (9) S (9) 
Kuwajinia 99 P (v) 70 (62-99) 56 43 CM6 s 1 (3) s (3) 
Liu Lislieng 26 E (v,d,n) 65 (44-76) 05 100 52 C 3 (1) S (3) 
Middeke 02 r' (v) 39 (16-77) 46 50 S2es7 c 1 (5) s (5) 
O'IJrieri 09 6 E (v) 46 (29-5 1 ) 40 90 S2vs7 s 2 (2) 5 (2) 
O'Urien 930 P (v,h) 50 (16-01) 49 0 s2, S7 C 2 (2) S (2) 
Ornboni 9 P (y) 43 (21-64) 4 4 100 S7 C 1 (3) S (3) 
Otsuka 32 1 C (v,d,n) 30 (1 6-09) 4 1 90 CM6 5 1 (3) S (3) 
Otsuka 151 S (v,d,n) 20 ( 1  8-27) 0 99 CM6 s 1 (3) s (3) 
Otsuka 122 P (v) 52 (15-01) 45 0 C"6 C 1 (3) S (3) 
l'alatini 21 4 P (v) 31 (10-01) 06 17 S5, D, T C 1 (3) S (3) 
Pieper 159 E (v) 43 (30-60) 89 99 SS S 2 (6) S (4) 
Staesserr 739 C (r) 50 (20-07) 40 79 52 H2(10)  S(3) 
Slaesse~r 36 I' b,h) 50 (1 9-69) 50 14 s2rs7 C 2 (10) S (5) 
Staesseri 161 E,S (v,d) 34 (1 9-62) 52 76 521 s7 C 2 (10) S (5) 
Verdecclria 145 E (v,d,n) 46 (1 6-91) 53 100 S2, s5, S7 C 1 (3) S (3) 
Weizlrong Zlrarig 54 E (v,d,n) 47 (22-76) 50 100 52 C 1 (2) S (2) 
Zacliariali 126 C (v,d,n) 49 (21-04) 44 95 D S 2 (2) S (2) 

Subjects: C, conrrnunity; E, employees (wliite- or blue-collar); I: patients; S, s~udents. Selection criteria are given i n  parentheses: d, subjects 
with concornitarrt disease excluded; Ii, borderlirie hyperterision, i.e. 140< systolic blood pressure c 160 mmHg or 90cdiastolic blood pres- 
surec95 nr~nHg or definite hypertension, i.e. systolic blood pressure 21601n1rrHg or diastolic blood pressure 295mmHg; n, normotension, 
i.e. systolic blood pressure ~140nrmHg and diastolic blood pressure 590mrnHg; r, random sample; v, volunteers. Age: mean (range). NBP, 
percentage of subjects witli normal blood pressure upon conventional measuremerit. Devices: All, Accutracker 11; CM6, Colin ~ e d i c a l  ABPM- 
630; V, Del Mar Avionics Pressuromeler P4; OM, Oxford Medilog; ND2, Novacor DIASYS 2OOR; S5, S2 and S7, SpaceLabs 5200, 90202 and 
90207; T, Takeda A &  D 1M-2420. Visits: tlie number of visits (total number of conventiorral blood pressure readings) available for analysis for 
each subject. The letter indicates where the blood pressure readings were obtained: S, special centre; C, clinic; H, home; P, surgery of general 
practiliorier. CUP, conventional blood pressure readings (number of readings averaged for tlie present analysis): R, recumbent, S, sitting. 

Table 2. Ulood pressure in  norr1,otensive subjects and irr those witli 
lwrderlirre and definite hyperterision. 

Borderline Definite 
Normotensive Iiypertensive hyperterisive 

11 4577 
Meri (%) 40.6 
Age (years) . 452 15. 
Systolic blood pressure (mrnHg) 

Coriventiorial 119f12' 
24-11 Arrrbulatory 11 6 f  10' 
Vayli~ne 122+-11. 
Night-tinie 106 f  11* 

Diastolic blood pressure (nir~iHg) 
Converrtional 73+_9* 
24-11 Ambulatory 70+7* 
Vaytiriie 7 5 f  0* 
N ight-time 61 +0* 

Age arid b l d  pressure are expressed as means+SV. 'Yc0.05, 
versus borderli~ie and definite hypertensive. 

T h e  technique of ABP l l leasurernent used was oscil lo- 
l n e t r i c  i t1  5572 subjects, auscultatory in 1417 and  e i ther  
auscultatory (using t h e  SpaceLabs 5200) or osci l lomet- 
r i c  (using the  SpaceLabs 90202) in 80 (those data con-  
t r i bu ted  by James G; Tab le  1). 

A tota l  o f  4577  subjects h a d  CBY w i t l l i n  t l ie n o n n o t e n -  
sive range (Table 2). 582 of who111 (Staessen JA, Tab le  
1) h a d  had  t l ie i r  CBP measured in the  relaxed h o m e  
environnlei l t .  However ,  exc lud ing  these subjects from 
t h e  database did not substantially alter the distr ibut ions 
o f  AJ3Y n~easurements a n l o n g  t i le  normotensive subjects 
(Table 3). These d is t r ibut io i ls  were  also unchanged by 
t l i e  exc lus io l l  o f  44 adolescents (aged 4 8  years). 

T h e  database i n c l u d e d  2492 hypertensive subjects, of 
wl lo~l l  719 h a d  a border l i ne  elevat ion o f  systolic or dia- 

stolic C13E or both, a n d  1773 were def in i te ly  hyperten- 

sive (Table 2). Of the  latter. 1324 h a d  systolic and  1310 
h a d  diastolic hypertension. Dot11 systolic a n d  diastolic 
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Table 3. Ambulatory blood pressure in norrnotensive subjects, in- 
cluding and excluding 582 subjects in whom conventional blood 
pressure had been measured at home. 

Table 5. Percentages of hypertensive subjects with conventional 
blood pressure above and ambulatory blood pressure below speci- 
fied thresholds. 

Blood pressure (mmHg) Hypertensive subjects (%) 

Systolic Diastolic 

All subjects (n = 4577) 
24-h Ambulatory 116f 10 (133, 142) 7027 (82, 88) 
Daytime 122f 11 (1 40, 149) 752 8 (88, 94) 
Night-time 106f 11 (125; 140) 61 28 (76, 83) 

Excluding subjects examined at home (n = 3995) 
24-h Ambulatory 11 6f 10 (133, 143) 70f 7 (82, 88) 
Daytime 122+11(140,149) 75f8(88,94) 
Night-time 106f12(126,142) 62f8(77,83) 

Values are expressed as meansf SD (95th, 99th centiles). 

Table 4. Blood pressure measurements in three subgroups of subjects 
with definite hypertension. 

Hypertensive 

Isolated Isolated Systolic and 
systolic diastolic diastolic 

n 463 449 861 
Men (%) 50.3 65.3 47.4 
Age (years) 58f18 43f13 52f 13 
Systolic blood pressure (mmHg) 

Conventional 173513 148f8 178216 
24-hAmbulatory 141f14 135f17 147f17 
Daytime 147215 141 f 18 154f18 
Night-time 1302 18 122f18 135f19 

Diastolic blood pressure (mmHg) 
Conventional 83f10 104f7 111 f11 
24-h Ambulatory 802 10 85f 10 90f11 
Daytime 85f12 91 f11 95f12 
Night-time 722 11 75f11 81f 12 

Values are expressed as meansfSD. Hypertension was defined as 
blood pressure 5160/95 mmHg upon conventional blood pressure 
measurement. 

hypertension were present in 861 subjects, 463 subjects 
had isolated systolic hypertension and 449 had isolated 
diastolic hypertension (Table 4). 

As expected, ABP was. on average, higher in the hyper- 
tensive than in the normotensive subjects (Table 2). The  
mean AEIP throughout the day and the correspond- 
ing 95% confidence interval and SD are shown for 
the normotensive subjects, by country, in Figs 1 and 
2. The 95th centiles of the ABP distributions in the 
normotensive subjects were (systolic and diastolic, re- 
spectively) 133 and 82mrnHg for 24-h blood pressures, 
140 and 88 mmHg for daytime blood pressures and 125 
and 76 mmHg for night-time blood pressures (Table 5). 

Ambulatory blood pressure in normotensive 
compared with hypertensive subjects 
By definition there was a difference of 120mmHg in 
systolic CBP between the 4577 normotensive subjects 

Conventional Conventional 
systolic diastolic 

blood pressure blood pressure 
Threshold 21 60 mmHg 295 mmHg 
(mmHg) (n = 1324) (n=1310) 

24-h Ambulatory blood pressure 
Systolic 

90th Centile el29 15 23 
95th Centile 4 3 3  24 32 
99th Centile 4 4 2  47 54 
Mean + 250 4 3 6  3 1 39 
Mean + 3SD 4 4 6  57 62 

Diastolic 
90th Centile <79 27 21 
95th Centile <82 37 30 
99th Centile <88 57 44 
Mean+2SD <84 44 38 
Mean+35D 4 1 66 61 

Daytime ambulatory blood pressure 
Systolic 

90th Centile <I36 18 24 
95th Centile <I40 26 34 
99th Centile 4 4 9  46 53 
Mean+2SD 4 4 3  34 42. 
Mean +3SD <I54 59 62 

Diastolic 
90th Centile <85 32 25 
95th Centile <88 41 34 
99th Centile 4 4  5 7 5 1 
Mean + 250 4 1 4 7 40 
Mean + 35D 4 8  70 65 

Night-time ambulatory blood pressure 
Systolic 

90th Centile <I20 27 35 
95th Centile 4 2 5  37 46 
99th Centile .<I40 68 72 
Mean + 2SD 4 2 8  44 53 
Mean+3SD <I40 67 7 1 

Diastolic 
90th Centile <72 36 32 
95th Centile <76 4 7 45 
99th Centile <83 66 . 63 
Mean + 2SD <78 52 49 
Mean + 3SD <86 73 69 

Thresholds were determined from ambulatory blood pressure in 
4577 normotensive subjects. 

and the 1324 subjects with systolic hypertension. Indeed, 
in the former the distribution had been truncated at 
140 mmHg and in the latter a t  160 mnHg (Fig. 3). Sim- 
ilarly, diastolic CBP was 15  mmHg higher in the sub- 
jects with diastolic hypertension (n=1310) than in the 
normotensive subjects. Nevertheless, there was consid- 
erable overlap between the normotensives and hyperten- 
sives when their ABP distributions were analysed (Fig. 3. 
Table 5). For instance, the 95th centile of 24-h systolic 
ABP in normotensive subjects (133 mmHg) was not ex- 
ceeded by 24% of the subjects with systolic hypertension 
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Fig. 1. A~rlhlatory blood pressure in nor~notensive subjects recruited in (a) Australia, (b) Belgium, (c) the People's Republic of 
Cl~i~ia, (rl) France, (el Germany and (0 Ireland. Values are expressed as llourly means (with 95% confidence interval) kSD, for 
systolic and diastolic b l w d  plessure in men Rh and women (e) separately. l'lie stladed h n d r  indicate the 95% confidence 
interval of the mean conventional blood pressure. 
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