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SUMMARY

A cohort of 16,711 residents of Hiroshima and
Nagasaki have participated in a program of
biennial clinical examination and history taking
that began in 1958, During 1958-74 a tofal of
621 confirmed cases of cerebrovascular disease
and 218 confirmed cases of coronary heart
disease (CHD) were incident. This study makes
a detailed examination of the relationship
between a series of biennial examination blood
pressure (BP) measurements and cardiovascular
disease risk. Two aspects are emphasized, 1) the
quantitative relationship between risk and both
systolic blood pressure (SBP) and diastolic
blood pressure (DBP), and 2) the predictive
value of BP levels some years in the past, given
more recent BP determinations. Cerebral
hemorrhage incidence is shown to depend
very markedly on recent DBP level, while carlier
DBP levels make an additional important
contribution to risk prediction. Corresponding
SBP levels have little additional predictive value.
With cerebral infarction (CI), SBP is the more
important predictor, though elevated DBP
conveys some additional risk at high SBP levels.
Recent BP levels are less strongly predictive for
CT than are BP levels some years earlier. Elevated
SBP is also an important predictor of CHD risk
in this population, while elevated DBP does not
appear to be predictive at specified SBP. SBP
levels several years in the past are more closely
associated with CHD risk than are recent SBP
readings. The dependence of BP relative risk
functions on sex and age is examined and
some departures from the results just listed
are noted at younger ages. Implications for
disease mechanism and hypertensive therapy
are discussed.
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INTRODUCTION

Many epidemioclogic studies have shown elevated
BP to be an extremely important predictor of
CHD'~? and cerebrovascular disease (CVA,
cerebrovascular accidents, stroke) events.®”16
With either disease class, the risk has usually
been found to depend monotonically and
smoothly on the level of either SBP or DBP,
and any designation into. normotensive and
hypertensive categories is necessarily arbitrary.
A number of these studies have attempted to
examine the simultaneous relationship of SBP
and DBP to cardiovascular disease (CVD) risk,
usually through the inclusion of linear terms
in each in a binary logisiic regression model.
Almost uniformly, SBP has emerged as the
more important risk factor of the two for
both CHD and CVA. As a possible exception,
two studies®? suggest that DBP may be more
closely related to ischemic heart disease in
young persens.

Elucidation of the relationship between various
BP measures and CVD risk is important, both
toward an understanding of the disease processes
and toward the clinical management of hyper-
tension. For example, differential dependence
of disease subtypes on SBP and DBP, or
dependence of the relative importance of SBP
and DBP on age, sex, or other individual charac-
teristics, can give rise to incisive hypotheses on
the nature of wvascular damage and disease
mechanism. On the clinical side, quantitative
estimation of the CVD risk as a function of both
SBP and DBP may provide a more comprehensive
aid to patient management than does such a
risk function for either BP measure alone. Similar
remarks apply to other univariate BP measures
" derived from SBP and DBP?.

The relationship between CVD risk and the
temporal patiern of BP levels and changes in
preceding years”’ls is also an important topic
in relation to disease mechanism and hypertensive
therapy. From the patient management point
of view, it is of interest to know whether
elevated BP levels some years in the past convey
additional risk, given recent BP levels. Regarding
Jisease mechanism, it is of interest to learn,
for example, whether BP must be elevated for
a substantial period of time before disease
incidence rates are noticeably increased.
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The high incidence of CVA in Japan'®*® provides
particular motivation for the study of disease
risk factors and disease mechanisms in Japanese
populations.  Partially because of this high
incidence, sufficient endpoint data exist with
the Hiroshima and Nagasaki cohorts, considered
herein, to allow comprehensive BP relative risk
estimation to be carried out, not only for total
CVA incidence, but also for the two major
subcategories, cerebral hemorrhage (CH) and CL
A recent study based onthese cohorts!® indicated
baseline BP to be more strongly predictive for
CH than for CI. With both disease types, SBP
appeared to be the stronger predictor of the two
baseline BP measures. DBP appeared to have
some additional predictive value for CH but
not for Cl. Another Japanese study®® also
reported SBP and DBP to be predictive for
both diseases, though only univariate analyses
were carried out. The incidence of CHD, on the
other hand, is low in Japan in comparison to
that among Japanese Americans,*»?122  Thig
difference in rates has only been partially
explained on the basis of differential levels of
known risk factors.

Readers interested in data analysis methodology
will note that the work described herein
represents one of the first reported uses of the
Cox regression model*®? for the analysis of
longitudinal risk factor data from a large
epidemiologic cohort study. Though not
fundamentally different from binary logistic
regression methods that have frequently been
used in such problems, the application does
incorporate a number of desirable features that
are described below.

MATERIALS AND METHODS

Study Population

The ABCC/RERF has, since 1950, utilized a
so-called Life Span Study cohort of over 100,000
persons with residence in Hiroshima or Nagasaki
(as of 1 October 1950), in order to ascertain the
effects of atomic bomb exposure on mortality.
This cohort includes a comparison group who
were residents of, but not in either city at the
time of the bomb (ATB) in 1945. In July 1958,
a program of biennial examination, termed the
Adult Health Study (AHS), began on a subset of
this cohort. A primary motivation for the AHS
is examination of the relationship between
radiation exposure and a variety of health
effects. The size of the sample and the follow-up
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duration make the corresponding data valuable
for a variety of other epidemiologic purposes.
Occasional epidemiologic surveys have enhanced
this value.

*

Selection of the AHS sample is described
elsewhere.?®?7 Nearly 5,000 proximally exposed
(<2,000m from the hypocenter) subjects with
early radiation symptoms were matched by age
and sex to an equal number who were either
proximally exposed without symptoms, more
distally exposed, or not-in-city ATB. The sample
of about 20,600 is, in most respects, thought
to be representative of these geographically
defined populations, Periodic data analyses,
including the present work, have failed to identify
any consistent relationship between CVD
incidence and radiation exposure. The present
analyses, therefore, make no accommodation for
radiation dose level in studying BP in relation
to CVD.

" This study is based on 16,711 persons who were
examined at least once during the follow-up
period 1958-74. This reduction in number from
the original sample size occurs primarily because
of death or outmigration from the two cities
between the early 1950s, when the population
was defined, and 1958 when the examination
program began. Of persons eligible for exami-
nation (alive, still resident in their city of origin)
zbout 85%-90% were examined in each cycle of
this study period.

General Procedures

Participants in the AHS program are scheduled
for biennial examination that includes clinical
history taking, physical examination, BP measure-
ment, urinalysis, complete blood count, blood
chemistry (including serum cholesterol), chest
Xray, electrocardiogram, stool examination, and
special tests to confirm suspected diagnosis.27
BP was obtained in a standard fashion with
mercury manometers, and regular cuffs were
applied to the subjects’ left arms at heart level
in the sitting position, The BP measurements
used here were typically taken near the beginning
of the examination. SBP and DBP were defined
as pressures at the point of onset and cessation
of Korotkoff’s sounds, that is, Swan’s first and
fifth points.

After the medical records are completed and
reviewed by a senior study physician, diagnosis
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and other data are coded and computerized.
Mortality information is obtained by making
periodic koseki (family register) checks on the
entire sample and by obtaining death certificates.
The mortality data are thought to be essentially
100% complete. An autopsy rate of 30% was
maintained during the study period.

Case Ascertainment and Criteria

Case ascertainment and review criferia for both
CVA and CHD have been described previously
in detail. 1628 Briefly, all medical records were
reviewed when there was an indication of stroke
or CHD from any one of the following sources:
AHS clinical diagnosis, electrocardiogram, death
certificate, or autopsy findings, regardless of the
principal diagnosis. Of the 16,711 attending at
least one examination in 1958-74, approximately
3,500 study -subjects were indexed by this
procedure.  The review of indexed medical
records used fixed detailed criteria which were
applicable to the entire study period.?®

CVA is limited to degenerative disease manifested
by clinical or autopsy evidence of cerebral
hemorrhage, cerebral infarction, subarachnoid
hemorrhage, or cerebral embolus. Clinical
diagnosis of stroke required a history of abrupt
onset of localized neurological deficit (e.g.,
hemiparesis or aphasia) with confirming signs on
physical examination; in those surviving the
acute episode, the criteria required that signs and
symptoms persist for at least one week and that
subsequent gradual progression not occur. The
unexpected onset of unconciousness with BP
elevation, but without fever, progressing to death
was considered to be stroke unless there was
evidence of another disease such as trauma or
cancer. A death certificate diagnosis of CVA
was not accepted unless there was confirming
clinical evidence such as hemiplegia. In reviewing
autopsy records, simple lacunae were not
considered evidence of stroke.

CHD was defined as angina pectoris, myocardial
infarction (MI), or death from CHD. Angina
pectoris diagnosis required steady substernal
discomfort, consistently brought on by exertion,
persisting between 2 and 30 minutes, relicved by
rest or nitroglycerin and not attributable to
gastrointestinal, pulmonary, or musculoskeletal
disease. MI diagnosis required the appearance of
changes in follow-up electrocardiogram, as
described by Robertson et al>?  When the
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history of prolonged chest pain was typical of
clinical MI, electrocardiographic changes not
meeting these strict criteria were accepted.
Death from CHD was defined as death within
24 hours of the onset of chest pain in an
ambulatory individual, or, in the absence of
chest pain, death within three hours of the onset
of the terminal illness. Once again death certifi-
cate diagnosis alone was not accepted. Cases
were excluded if there was evidence of another
serious disease such as pneumonia or ruptured
aortic aneurysm. MI diagnosis by aufopsy
required the finding of an area of necrosis or
discrete fibrosis measuring at least lcm in
greatest dimension, or an unmeasured area of
necrosis or fibrosis associated with 75% or more
narrowing of the diameter of an extramural
coronary artery.

Cases meeting the above criteria will be referred
to as confirmed cases. A few analyses are also
given for all indexed cases, A total of 220
persons had some evidence of CVA at their
first attended examination and are excluded
from the analyses discussed below. Of the
remaining 16,491 subjects, 1,162 subsequently
developed some evidence of stroke during the
study period, of whom 621 met the criteira
described above. Of these 621 cases, 108 were
classified as CH and 469 as CI.

A total of 421 persons had some evidence of
CHD at their first attended examination and are
excluded from the analyses of the disease given
below. Of the remaining 16,290 persons, 1,003
subsequently developed some evidence of CHD,
of whom 218 were confirmed cases by the
above criteria. Of these, about one-third had
angina pectoris as their initial CHD event during
the study period. Some of the angina pectoris
cases subseugently developed MI; in fact, by
the end of the study period, 175 of the 218
CHD cases had experienced a confirmed MI.

Risk Period Definition

The present analyses relate CVD incidence in a
particular examination cycle to BP levels in one
or more of the immediately preceding cycles.
A subject was taken to be at risk in a specific
cycle if the preceding examinations that enter
the analysis were attended and the necessary
BP measurements were taken. The risk period
terminates at the earliest CVA (or CHD) diag-
nosis, death, or the end of 1974. The study
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" period was not extended beyond 1974 since
the necessary adjudication of the diagnostic
information was incomplete for more recent data.

As an example of these risk period definitions,
consider an analysis to relate CVA incidence to
BP levels in the immediately preceding cycle.
A person attending, for example, the first,
second, and fourth examinations only will be
at risk in the second, third, and fifth cycles if
CVA diagnosis or death does not intervene,
This person will not be at risk during the fourth
cycle since the required preceding cycle BP
level is unavailable. The subject will not be
considered at risk after the fifth cycle since,
once again, the preceding cycle BP level is
unavailable and, also, the subject is no longer
up-to-date in biennial examination attendance.
This means, in particular, that persons experi-
encing CVA mortality will contribute case
information to this analysis provided death
occurs prior to the end of the cycle following
the last attended examination,

These definitions presume the biennial exami-
nation to be the principal source for the ascertain-
ment of nonfatal CVD events. Persons not
up-to-date on their biennial examination
attendance are therefore not assumed to be
up-to-date in regard to CVD event ascertainment.
The definitions implicitly assume CVD incidence
data to be brought up-to-date when a biennial
examination is attended, even though some
preceding examinations may have been missed.

Statistical Methods _

Study subjects were stratified on the basis of
sex and age (in 1960) in S-year classes. Let
A (t) denote the disease incidence rate for a
particular diagnostic category in stratum s
during cycle t. Let z(t)={z;(t), ..., zp(t)}
denote BP and other characteristics for a subject
in cycle t, while Z{t)={z(1), ..., z{t-D}
denotes the collective covariate information on
the individual from all cycles prior to t. The
disease incidence rate in cycle t for a person in
stratum s with covariate information Z(t) will
then be denoted A, {t;Z(t}}. The analyses of
this paper utilize a statistical model®»®* given by
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where, in any stratum s=1, 2, ...,Ay ()20
is an arbitrary disease incidence function,
x(t)={x, (t), ., Xq(£)} is a row vector
consisting of functions of Z(t) such-as SBP and
DBP levels in cycle t—1, t—2, ." ., and §'=(8,,
..., Bq) is a corresponding g-vector of coeffi-
cients to be estimated. Note, particularly, that
the relative risk associated with a covariate
value Z(t), as compared fo that at some standard
covariate value Z,(t) is

ZOBE, ()20, FEOEs=1,2,..., I
PUHSREECOHRBBEXERETH»Y, x(t)=
fx1(t), .., xq(E)} i3, EEIt—1, t—2, ... &t
ANMENRCHESHAERO L 5 2 Z(t) DEAK» S5
BEFRIINTHEY, F=(By... B)TEEL 2
B S 2WHET 3 q <7 P VOFEHTHSE. BRI
FEEHTREZ S, HAEBEETHE Z,()IIHTS
) A7 TS Z(1) & BEES S
YAZE, ROEBENTHS.

AGZEO A (G Zot) Y= exp{x() — xp (DI . [2]

In fact, since the basic incidence functions
Mos(-), s=1, 2, ... are completely unrestricted,
equation [1] is equivalent to specifying the
parametric form, equation [2], for the relative
risk. The relative risk as a function of BP level
can be allowed to depend on such characteristics
as sex, attained age, and cycle number by
suitable definition of x(t).

The partial Iikelihood function® was used as a
basis for estimation of f along with standard
asymptotic likelihood procedures. Strictly
speaking, the partial likelihood argument applied
to equation [1) would require Ag {t; Z(t)}to be
the instantaneous disease incidence rate at
follow-up time t. The partial likelihood approxi-
mation®® to accommodate grouped failure
time data is quite appropriate here, however,
since the fraction of persons at risk that develops
disease is small (typically less than 1%) in a
particular cycle for each of the disease types
considered. Further detail on this statistical
method can be found elsewhere.?®

The regression method just outlined is, in this
application, quite similar to the specification
of a binary logistic regression model for the
probability of disease development for each
person at risk in each examination cycle. In
fact, if egquation [2] were specified as the
odds ratio function and if the logistic location
parameter were allowed to be arbitrary in each
cell specified by a specific sex, cycle, and 5-year
age cohort, the model would be essentially
equivalent to equation [1]. Ordinary asymptotic
likelihood methods applied to such a logistic
model would be questionable because of the
large number of nuisance parameters, and
numerical convergence problems could be
expected. The partial likelihood approach
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mentioned above obviates these problems by
conditioning in each stratum and cycle on
covariate functions for the corresponding set
of persons at risk. The partial likelihood then
permits a more thorough than usval accommo-
dation of such confounding factors as age, sex,
and calendar year and it does so with little
sacrifice in estimation efficiency. This data
analysis method can also be viewed as a case-
control analysis in which cases and controls
are matched on sex, age (5-year intervals), and
chronological time (2-year intervals) and in
which every available control in the cohort is
utitized in each matched set. Other desirable
features of this Cox regression method include
the convenient accommodation of late entries
and early losses to follow-up during the study
period, convenient accommodation of missing
covariate data, and convenient accommodation
of competing risks and multivarjate failure time
data. Concerning missing covariate data, one
must assume, as usual, that persons with available
covariate data, in cycle t and stratum s, are
representative of cohort members having the
same covariate value Z(t).

RESULTS

Sample Descriptors

Table 1 shows the sex and age composition of
the sample along with the corresponding number
of confirmed CH, CI, and CHD cases. With each
disease class, persons dying or with disease onset
in the first examination cycle are excluded from
the table since they do not contribute to the
study of risk as a function of BP levels in
preceding cycles. Table 2 gives, for each exami-
nation cycle, the number of persons at risk and
the number of contributing cases for analyses
that relate risk to BP levels in one, two, three, or
four preceding cycles, The small number of cases
in cycle 9 occurs because the study period
extends only six months into this cycle.

CVD Risk as a Function of BP in the Preceding
Cycle

Consider first the topic of short-term risk
prediction on the basis of recent BP determi-
nations. In particular, consider how the risk in
the 2-year cycle t depends on BP levels, SBP
(t—1) and DBP (t—1), in the immediately
preceding cycle. Thistopicis clinically important
and may more effectively suggest hypotheses
concerning vascular problems that precipitate
CVD events than would longer term predictions.
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TABLE 1 PERSONS AT RISK AND CVD INCIDENCE BY AGE AND SEX
#1 HEAEEIVOBLERAZEEE, £ FER

Age in 1960
<35 35-44 45-54 55-64 65-74 75+ Total

Male

At Risk for CVA 2436 782 1172 1242 513 112 6257
CH Cases 3 4 11 21 6 4 49
CI Cases 1 11 48 106 85 19 270
At Risk for CHD 2422 715 1139 1209 501 107 6153
CHD Cases 1 12 25 56 28 7 129

Female
At Risk for CVA 3536 2307 1757 1728 633 174 10135
CH Cases 2 6 14 16 9 8 55
CI Cases 5 9 12 84 54 22 186
At Risk for CHD 3532 2291 1722 1699 629 171 10044
CHD Cases 1 3 16 3 27 7 85

For either CVA or CHD prevalent cases and persons with death or disease onset during the
first examiInation cycle are excluded.
MBBCHFOCEESFIIEMRECHELOVThPTRCREREH LTV AR TR £

TABLE 2 PERSONS AT RISK AND CVD INCIDENCE IN EACH EXAMINATION CYCLE
®2 ELERHMCHIIREFAERCLBLAERSRESR

Examination Cycle

2 3 4 5 6 7 8 g Total
cases
Analyses based on preceding cycle BP
At risk for CVA 11720 13476 12976 12684 12037 11155 10608 10067
CH cases 14 16 24 13 11 4 { 0 92
CI cases 53 92 64 65 43 52 35 2 406
Al risk for CHD 11552 13296 12837 12558 11913 11031 10519 9972
CHD cases 25 50 27 24 25 15 20 1 187
Analyses based on BP from two
preceding cycles
At risk for CVA 9761 11569 11551 11231 10368 9719 9306
CH cases 12 23 12 11 4 9 0 71
CI cases 4 59 60 36 46 31 2 308
At risk for CHD 9598 11427 11432 11113 10245 9613 9210
CHD cases 39 25 24 24 14 20 1 147
Analyses based on BP from three
preceding cycles
At risk for CVA 8671 10446 10412 9841 9176 B6T6
CH cases 16 9 11 4 8 0 48
CI cases 44 56 31 44 31 1 207
At risk for CHD 8544 10325 10298 9724 9070 BS74
CHD cases 19 22 23 13 19 1 97
Analyses based on BF from four
preceding cycles
At risk for CVA 7911 9477 9214 8763 8252
CH cases 6 8 4 7 1] 25
CI cases 46 30 42 28 1 147
At risk for CHD 7806 9363 9098 - 8664 8154
CHD cases 19 21 13 17 1 71
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Among persons at risk for CVA (Table 2), the
average value of SBP (t—1) ranged from 124
in cycle 3 to 129 in cycle 9. The corresponding
range for DBP (t—1) was from. 75 in cycle 1 to
80 in cycle 9. In contrast the average SBP (t—1)
and DBP (t—1) values for the 92 CH cases were
164 and 96, respectively. With CI, the average
SBP (t—1) and DBP (t—1) values were 160 and
89, respectively. The ranges of values for persons
at risk for CHD were virtually identical to
those given for stroke. The average SBP (t—1)
and DBP (t--1) values for the 187 contributing
CHD cases were 149 and 85, respectively. For
either stroke or CHD, the sample standard
deviations based on all BP values that contribute
to these analyses were 25.2 for SBP (t—1) and
13.8 for DBP (t—1), These simple calculations
suggest BP to be a stronger predictor for CH
than for CI, and a stronger predictor for CI
than for CHD, They also suggest SBP (t—1)
to be the more predictive of the two BP measures
for CI and CHD. These suggestions are readily
confirmed in the regression analyses that follow.

Linear and quadratic terms in previous cycle SBP
and DBP were included in the multiplicative
relative risk function given in equation {2] for
each of the endpoints, total confirmed CVA,
total CVA, confirmed CH, confirmed CI, total
confirmed CHD, and total CHD. Table 3 gives
the maximum (partial) lkelihood estimators
for regression coefficients when the log-relative
risk is either a general linear or a general
quadratic function of previous cycle SBP and
DBP levels, Significance levels for testing each
coefficient equal to zero are also given. Note
that risk factor standardization has not been
carried out here since we wish to display the
estimated relative risks directly in terms of the
measured BP levels. The asymptotic significance
levels permii comparison of the certainty of
relationship between specific factors and disease,
while simultaneously adjusting for the other
factors in the regression equation.

Table 3 shows a highly significant relationship
between the incidence rate of confirmed CVA
and both SBP and DBP in the previous cycle,
On the basis of this linear log-relative risk modetl
one would, for example, estimate a (SBP, DBP}
value of (180, 110) to be associated with an
incidence rate that is exp {0.0157 (180—110) +
0.0141(110-70)} = 5.3 times that at (SBP,
DBP} = (110, 70). These coefficient estimates
and their relative risks can also be used to study
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TABLE 3 COX REGRESSION ANALYSIS OF CVD INCIDENCE IN RELATION TO PREVIOUS CYCLE

SBP AND DBP LEVELS
#£3 LEBNEEAREHRD Cox MBERLAMOBMESFEICS T INEHAT
. PLRR AT & o %
Covarint Confirmed CVA ¥ All CVA CH
ovariale BIx10Y Bx109  BX100  PX109  A(x109 - AUX10Y)
SBP G- 1) 157 7.39 1.28 499 0.58 5.23
(<0.0001) (<0.0001) (<0.0001) (<0.0001} (0.30) (0.14)
DBP¢ -1 141 -469 1.32 —4.98 548 3.23
(0.001) (0.07) (<0.0001) - (0.005) (<0.0001) (0.60)
SBP (¢ — 17 -0.0282 —-0.0151 —-0.0365
(0.0002} (0.003) (0.09)
DBP (¢ — 1)* —-0.0059 0.0197 —0.0593
(0.79) (0.17 (0.34)
SBP(t — 1) x DBP {t — 1} 0.0407 0.0015 0.0810
0.08) {0.22) (0.23)
Maximized log-likelihood ~2061.581 —5306.949 —482.973
—2049.712 —5297.469 —-480.582
. cI Confirmed CHD All CHD
Covariate . - - -
Afex107 Bix10h Bix10% Alx109) Bx10n  Bx10Y
SBP (¢ — 1) 1.77 7.22 1.15 7.02 0.60 9.95
(<0.0001) {<0.0001) {0.003) (0.02) (0.002) {0.01)
DBP@—-1) 0.46 —3.43 —-0.46 6.52 0.86 0.97
(0.36) (0.32) {0.56) (0.32) (0.03) (0.67)
SBP (¢t — 1)® —0.0322 —~0.0234 0.0026
(0.0004) (0.08) (0.61)
DBP{ —1)* -0.0362 -0.0597 0.0311
(0.23) - 0.27) (0.09)
SBP (¢ — 1) x DBP (¢t — 1) 0.0603 0.0190 -0.0363
(0.03) (067} {0.02)
Maximized log-likelihood —2239.347 —1071.092 —5192.227
—2229.063 —1064.701 —5187.746

The analysis is stratified on sex ang age (5-year classes). Significance levels for testing =0 are given in parentheses.

BERUES{S ERRM) oW TRHILRTET - 4

ELHIEA=0REBELC ST IHREETRT.

* OVA, cerebrovascular disease; CH, cerebral hemorrhage; CI, cerebral infarction; CHD, coronary heart

disease,

CVA, %ch; CH, Badift; CI, EitE®; CHD, EBIRHE LKA,

t Each column represents a distinet analysis; B values are the maximum likelihood estimates of regres-

sion coefficients in each analysis.
AREBEORTERT: AERERIFCIE I 3PBREHORLREER.
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the predictive role for such linear combinations
of SBP and DBP as mean arterial blood pressure
(MBP=2/3DBP + 1/35BP) or pulse blood pressure
(PBP=SBP —-DBP). Forexample, the estimated
log-relative risk function having Hneax:\ terms in
MBP and DBP is 38, MBP+(8,-28;)DBP=
0.0471MBP—Q.0 173DBP. The variance of ,@1 , the
variance of f,, and the covariance of §; and
B, are estimated to be 0.0453x107*, 0.1930x
1074, and —0.0716x107*, respectively. it
follows, for example, that a test for no relation-
ship between CVA incidence and DBP, given
the inclusion of a linear term in MBP, will give
rise to an asymptotic standard normal statistic
of value —0.0173/[1072. {4(0.0453)+0.1930—
4 (—0.0716) }1/2] = —2.13 (p=0.03). This indi-
cates that there is evidence for a (negative)
contribution by DBP to risk prediction beyond
its effect on MBP. The estimated log-relative risk

function can similarly be wiitten (ﬁl——éﬁg)SBP
+ %ﬁzMBP =0.0087SBP + 0.0212MBP. The

coefficient of SBP again has significance level
p=0.03. The second column of Table 3 adds
quadratic terms in SBP and DBP and a product
term between the two to the log-relative risk
equation. A comparison of maximized log-
likelihcod shows that a significant improvement
in fit corresponds to these inclusions [x =
2(2961.581-2949.712) = 23,74, p<0.0001].
There is evidence for a quadratic dependence of
the logrelative risk on SBP with a negative
quadratic coefficient.,  Similarly there is an
indication (p=0.08) that SBP and DBP may
interact in this multiplicative relative risk model
with greater risk corresponding to large values of
both SBP and DBP than would be implied by a
log-relative risk model that has only linear and
squared terms in SBP and DBP. On the basis of
this general quadratic log-relative risk function,
one can compute, for example, (SBP, DBP) levels
of (180, 110) to be associated with a risk of 7.9
times that at (SBP, DBP)= (110, 70). This
relative risk function could also readily be used
to induce a general quadratic log-relative risk
function in MBP and DBP, for example.

The next two columns of Table 3 give cor-
responding results for all CVA, regardless of
whether the diagnosis was confirmed. The
general implication of these analyses is the same
as those based on the confirmed CVA cases,
though the relative risk function depends a little
less markedly on BP levels.
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Some very clear-cut and informative results
occur when the confirmed CVA analyses are
carried out separately for the subtypes CH and
CI. Linear terms in the CH log-relative risk
function show a powerful relationship with
previous cycle DBP, while the corresponding
SBP value does not convey significant additional
predictive value (p=0.30). The addition of
second order terms to the log-relative risk
function does not give rise to a significantly
improved fit [X? = 2(482.973-480.582) =4.78,
p=0.09]. An analysis with only a lincar term
in DBP gives a maximum likelihood estimate
of 0.0638 (p<0.0001) with corresponding
maximized log-likelihood of —483.509. These
analyses indicate that CH risk can be represented
by only a linear term in DBP in the log-relative
risk function. For example, the estimated CH
incidence rates at DBP values of 80, 90, 100,
and 110 are, respectively, 1.89, 3.58, 6.78, and
12.83 times that at DBP=70. It is perhaps
surprising that one can even detect a significant
role for DBP (p=0.04) beyond its contribution
to MBP. MEBP on the other hand does not make
a significant contribution (p=0.30) beyond that
atiributable to DBP. This analysis implicates
elevated DBP very specifically for short-term
CH risk.

The next column of Table 3 indicates SBP to
be an important predictor of CI incidence. On
the basis of the analysis with only linear terms
in SBP and DBP one ¢an obtain an estimated log-
relative risk function 0.0154SBP+0.0069MBP.
There is evidence (p=0.001) for greater msk
the higher the SBP level, given a specified value
for MBP. The addition of second-order terms to
the relative risk function gives a significantly
improved fit [x5 =20.6, p<0.0001], while the
significant (p=0.03) interaction term indicates
the relationship between BP and CI to be rather
complicated. Figure 1 gives estimated relative
risk contours as a function of preceding cycle
SBP and DBP with SBP=110 and DBP=70
taken as the standard. These contours indicate
SBP to be an important risk predictor over a
broad range of values, while DBP conveys some
additional predictive information if SBP is large.

With confirmed CHD, previous cycle SBP is a
highly significant predictor, while elevated DBP
does not convey additional risk. The negative
estimated DBP coefficient in the linear log-
relative risk model suggests that pulse blood
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FIGURE 1 ESTIMATED RELATIVE RISK* CONTOURS FOR CEREBRAL INFARCTION
INCIDENCE, AS A FUNCTION OF SYSTOLIC AND DIASTOLIC BLOOD PRESSURE
MEASUREMENTS TAKEN IN THE PRECEDING EXAMINATION CYCLE
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*Defined to be one at SBP=110, DBP=70. PBP=pulse blood pressure.
REEHIME=110, WRMOE=T00HE4% 1 2LERT 3. PBP={KE

pressure (PBP) may be important. One can
rewrite this estimated relative risk function as
exp{0.0068SBP +0.0046PBP). A test for the
SBP coefficient equal to zero gives p=0.22,
while the corresponding test for PBP gives
r=043, indicating that neither SBP nor PBP
is clearly important after controlling for the
other. The addition of quadratic terms to the
CHD log-relative risk function again gives a
significant improvement to the fit (p=0.002),
with an indication for a negative quadratic
coefficient in SBP. An analysis with only linear
and quadratic terms in SBP gives an estimated
risk function exp{0.0810SBP—0.0002265BP? }
with both coefficients significantly (p<0.01)
different from zero. The addition of linear and
quadratic terms in DBP and a product term
in SBP and DBP do not yield further improve-
ment in the fit (p=0.48), This quadratic log-
relative risk function in SBP, for example,
gives estimated CHD incidence rates at SBP
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exp (0.0068SBP+0.0046PBP) » # & X 3 T & #F
TEZ. IHHBAEFEHRIFIECORE TR p=
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i, BEMNTELRELHS»EEEEE LA L0
ZrHFR, k. CHD -4 A 7 MEC
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RUZKEORIZE SR CIE, fEY A7 MK
exp {0.0810SBP—0.000226SBP 2} 18 5 h, v»ih
OFEHEL0LDEIHFF(p<0.01) TH 7. dEE
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values of 120, 140, 160, and 180 that are,
respectively, 134, 2.09, 2.72, and 2.95 times
that at SBP=110,

The final two columns of Tablé 3 concern all
CHD without regard to the certainty of dizgnosis.
These analyses are similar to those based on
confirmed CHD though the quadratic coefficient
in SBP is not significantly negative,

Dependence of BP Relative Risk Functions on
Sex and Age

Table 4 compares the BP relative risk functions
between males and females, These and all
subsequent analyses are based on confirmed CVD
events. In general, there is excellent agreement
between the male and female relative risk func-
tions, both in respect to the relative importance
of SBP and DBP and in respect to the magnitude
of the estimated relative risks. With CH, the
SBP coefficient is somewhat larger in males
than females, but is not significantly different
from zero for either sex. A likelihood ratio
test of equality of SBP and DBP coefficients
between males and females is, however, not
significant (p=0.52). Similarly, a test of equality
between sexes of all five coefficients in the CI
relative risk function gives p=0.75. A cor-
responding test of equality of the linear and
quadratic coefficients in SBP in the CHD relative
risk function gives p=0.07, indicating mild
evidence for a difference in relative risk functions.
For example, relative risk estimates at SBP values
of 120, 140,160, and 180 are, respectively,
1.52, 2.69, 3.37, and 2.99 for males and 1.20,
1.66, 2.14, and 2.59 for females, with SBP=110
taken as standard.

The upper part of Table 5 gives similar analyses
to compare the BP relative risk functions
between persons less than 65 (at the beginning
of the examination cycle in question) and
persons 65 years of age or older. The relationship
between DBP and CH is stronger (p<0.001)
among younger {<65) persons than among older.
It appears that elevated SBP may contribute to
CH risk among younger persons. Similarly, the
CI relative risks, as a function of SBP level,
appear to be larger (p=0.05) among younger
persons. There is also an indication (p=0.09)
that SBP is more closely related to CHD risk in
younger (<65) as compared to older persons.
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TABLE 4 CVD INCIDENCE IN RELATION TO PREVIOUS CYCLE SBP AND DBP LEVELS BY SEX

F4 LEMEEAREELMOBIEESIC & 2 0HHR CHRNEMER S OBFH, M
CH cl
. Male Female Male Female
Covariate (43 cuses} {49 cases) (247 cases) {159 cases)
Aix 100 Ax107% Ax109 Ax107) BUx10% Alx10% HUx10% Ax109
SBP( - 1) 1.23 013 1.83 9.30 188 460 .
(0.15) (0.86) (<0.0001) (0.0002)  (<0.0001) 007
DBP {t - 1) 597 407 672 . 8.52 0,62 -5.29 020 . -0.35
(<0.0001) (001} {=0.0001) (<0.0001} (0.3 (0.23) (0.80) (0.9
SBP( -1 -0.0417 -0.0234
(0.001} (0.07)
DBP (¢t — 1) - 0,044 -0.0524
10.35) (0.33}
SBP(t-1)xDBP(-1) 0.0705 00573
(0.07) (0.20)
Maximized log-likelihood —229.544 —228,562 -253.770 —-253.7564 ~1325.551 -—1317.035 -$13.228 -910.710
CHD
. Male Female
Covariate {118 cases) (B9 cases)
B(x10% Bix107) Ax107 BUx10%)
SpP (¢ -1} 1.03 14.12 1.20 a7
(0.04) (0.0004} (0.05 0.23)
DBP (¢ - 1) -0.36 ~0.61
(0.72) {0.63)
SBP (¢ - 1)* -0.0433 -0.0081
{0.001) (039
DBP (¢ — 1P
SBP (¢ -1)x DBP(t — 1)
Maximized log-likelihood —671.960 —660.884 -402.782 —402.487

The Cox 1egression analyses are stratified on sex and age (5- -year classes). Significance levels for testing p=0 are piven in parentheses.
Cox MIAMM 2R UM SRR OMIEL 2bmL20 T BRAR A=0RE LN S Rtk T,

See fuumote Table 3. X3 OE8ud.
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TABLE § CVD INCIDENCE IN RELATION TO PREVIOUS CYCLE SBP AND DBP LEVELS BY ATTAINED AGE

#5 LRIFSEMSEERLAQOEMBE IS 3R UERBMER: OBE, REOFHS
CH CI
. Age <65 ' Age =65 Age <65 Age =65
Covariate (50 cases) {42 cases) (121 cases) (285 cases)
Ax10% B(»10?) Bi>x109) Aix10% A(x10% B(x10%) Bx10% A% 107
SBPG -1 171 —0.56 2,59 11.41 149 452
(0.02) (0.41) (<0.0001) (0.001) {<0.0001) (0.03)
DBPG-D 8.20 5.52 3.59 447 0.22 —12.36 0.33 4.52
(<0.0001)  (<0.0001) (0.0004) (0.006) (0.82} (0.02) (0.57) (0.34)
SBP (¢ - 1)? —-0.0547 —-0.0201
0.02) (0.04)
DBP (¢ — 1) —-0.0238 —0.0647
(0.68) 0.10)
SBP(t-1)xDBP{-1) 0.1002 0.0428
(0.14) (0.20)
Maximized log-likelihood —266.894 -264.512 —201.363 -201.118 —709.037 -703.312 —-1488010 —1482643
Age
<55 55—64 65—74 =75 <55 556—64 65—-74 =15
SBP ¢ ~ 1) 0.58 2.02 -0.26 -0.75 5.06 i.83 156 135
(0.70) (0.02) (0.83) (0.48) (<0.0001) (0.002) (<0.0001}) (0.0002)
DBP (& - 1) 8,57 4.36 4,10 4.63 ~2.74 0.92 0.29 0.379
(0.002) (0.01) (0.08) (0.04) (0.13) (0.44) (0.70) 0.71)
Maximized log-likelihood —~100. 267 —159.660 —115.026 —83.388 —197.969 —-499.227 -~1016.006  —433.483
Cases 19 31 20 22 36 85 182 103

The Cox regression analyses are stratified on sex and age (5-year classes). Significance levels for testing #=0 are given in parentheses,
Cox MR IER CER(SBREAIDOFBELELOIZ B THF A, FHBNG S=0B B 2EIEETT.

See footnote Table 3. # 3 oMz 2 M.
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TaBLe 5—Continued &5

i

CHD
C . Age <65 Age =65
ovariate (84 cases) (103 cases}
Bix10%) B(x10% #x10%) BLx10%
SBP( - 1) 201 8.32 0.67 7.20
{<0.001) (0.02) (0.18) (0.03)
DBP (¢ — 1) -1.30 -0.22
(0.30} (043)
Bl - 17 -0.0221 -0.0209
(0.06) (0.05)
DBP (¢ - 11
SBP{t — 1) * DBP( - 1)
Maximized log-likelihood -503.111 -501.423 —544.997 —542.728
Age
<b5 55—-64 65—T4 =76
SBP({ - 1) 0.09 2.20 1.39 -0.46
(0.96) (0.00062) (0.02) (0.56)
DBEP {t ~ 1) 3.24 -232 -1.18 1.05
(0.28) (0.08) (0.35) (0.54)
Maximized log-likelihood —110.831 —377.538 —366.930 -160.584
- Cases 19 65 66 37

I8-ZT UL JYdd
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The lower part of Table 5 gives a further break-
down by attained age with emphasis on the
relative importance of SBP and DBP. Of
particular interest is their relative importance
among very young {relative to CVD risk) subjects.
In spite of the small number of contributing
cases (19), a significant relationship between CH
risk and DBP can be detected among persons less
than 55. In fact, the corresponding estimated
relative risks, as a function of DBP, are enormous,
while there is no indication that SBP makss a
further contribution. Elevated DBP is a strong
CH risk predictor over a broad range of ages.
SBP appears to be less strongly predictive of CI
risk among very old {75+) subjects as compared
to younger subjects. It-is interesting to note
that in persons less than 55 there is a strong
relationship between CI risk and SBP with a
corresponding substantial, but not significant
(p=0.13), negative DBP coefficient. This
suggests young persons with elevated SBP and
large PBP to be at particularly increased risk
for CI. The youngest age-group also appears to
differ from the other age-groups in respect to
CHD risk. Among persons <55, there is a
large positive, but not significant, coefficient
for DBP with no additional contribution from
SBP. The number of contributing cases (19)
is, however, too small for precise estimation.
The calculations of Table 5 can readily be used
to display BP relative risk functions in specific
age classes.

Cerebral Hemorrhage Risk as a Function of BP
Levels in Several Preceding Cycles

Consider now the relationship between BF levels
in two or more preceding cycles and the risk of
CVD. The incremental predictive value of
earlier BP levels, given recent BP measurements,
can provide information on the importance of
such characteristics as marked fluctuations in
individual BP over time or the length of time
that BP levels have been elevated. These in turn
can provide insight into disease mechanism.

Table 6 gives selected relative risk estimates
for CH as a function of BP levels in two,
three, or four preceding examination cycles.
In an analysis in which log-relative risk is a
linear function of DBP (i—1) and DBP (t-—2),
(the DBP levels in the two preceding cycles),
the coefficient of DBP (t—2) is positive and
significant (p=0.05), while the coefficient of
the more recent DBP reading is highly significant
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=5 O TEIE, WHEE SRNE O HEx M EEN
REALPEVT, BEOoFRAN:FICHSHEL A
LoERT. BRUIAKEOR, EFRICHEVHRE
B A(CVD YR LOBEILHFTS)ZhE®
MM ETETH S EHTS 20 (I9F) 128 5 2
HEY, SHERMOETCEMBM Y A7 & ILER
mME: oMz BEELREEI FZbohs. #BE, #h
ST AILE MM O L LTOEEEES ) A 2
HEAA L OTH BN, EHHMEFEFST 3
iR aw. HEREMMmMES LR, BEEBOERIC
braTHALZRERY 2 7O TFHRTFTH 5. ED
T EBOE (T5+) ¢, IUEERETZA LY
EEROFIILR~S E, BEE) A 7O TFRRFL
LTk HicBbins. SHERMOSE T,
RIESEY A 7 LIUEHIME & oM 2w BEsSH D,
FhHizMBLTHYKREVAFRETL L {(p=0.13)
AOHBELEFREFRD SN S I & ERERG,
IO E, WHEBLED LR EHuRESFS S
SEERME T, MFEO VR 7RIS E-T
WEHRZELERET L., FAREERIIEVTE,
CHD YA ZizowW Tt ERELENH S L I 12
BEbhh 3. SHBEEHOZCR, EEMOEC>VT
BAXEVWEDER TS IXFFEETIRL L, M
MEI&2EMEEELR L0, Lal, M
TEAEAKOQMDRIEMR2EEL T IEDE
BEs, HSOHER, BFEOERFIHICHFTIMLE
D) A 7BEETTOILEBIARATES,

MBERIC s ONFEFECBHEE L TORELY 2
ZCTHENMO 2EL. EoFEMEIzH 5 MEHE S
CVDYRARZrOBF&®EZTAHAZEIZT 5. M
OmEMIFEOCDEMEMEMAZZE12L-T
FHIoMEFSLEL, SBHHRCIETAE4®
MEBEOHEL EH, LixMEGFIFERELTVS
HMMoEs 2 roFROBEHRCHTIEHLES
N3, VT, ZhAsiCE THEREBFI
S2BTOMRLTELNS.

#63, A2, 3IXG4ALERAMIISITI0EMHD
s LToBmizMtd 2 ) A 7iEEfE
BELTRLALOTH S, wE-fHEY 27 FaT2-
B o mAmEE (c—1) BT (t—2) o —KREH
THAMF T, HBRMALE (—2) 0EHRIET
HBNEEBETH 35 (p=0.05), ZHIZHLTIL
EROIBEHMENFREIBD THELALOTH S
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(p=<0.0001). The addition of SBP (i—1)
and SBP (t—2) to the regression equation does
not improve the fit. The addition of second-
order terms in SBP (t—1) and DBP (t—1) to
these and subsequent analysés {(not shown)
had virtually no effect on the coefficients of
SBP and DBP from earlier cycles.

When DBP values from the three preceding cycles
are considered, one can identify a highly signifi-
cant contribution to risk associated with DBP
(t—3), the DBP 4-6 years in advance, beyond
that attributable to the two more recent DBP
levels. For example, the estimated CH risk fora
subject with DBP=110 at each of the three most
recent biennial examinations is estimated to be
16.0 times that for a subject with DBP=70 at
each of the three visits.

The number of cases involved is rather small
for the four-cycle CH analyses, and the predictive
variables are highly correlated. It is, therefore,
not possible to identify a clear predictive role
for any of the four most recent DBP values
beyond that attributable to the others. The final
column of Table 6 shows that, in the absence
of intermediate BP data, DBP level 6-8 vears
in advance of the cycle in question may be
predictive of CH risk (p=0.10), while the
corresponding SBP value does not contribute
further. DBP is implicated specifically for shoxrt-
or long-term CH prediction.

Cerebral Infarction Risk as a Function of BP
Level in Several Preceding Cycles

Corresponding analyses are given for cerebral
infarction in Table 7, where it is indicated that
SBP level two cycles (2-4 years) earlier, as well
as the more recent SBP value, is strongly
predictive of CI risk. Either SBP level makes a
significant contribution beyond that attributable
to the other., When SBP levels from three
preceding cycles are simultaneously considered,
the most recent SBP level is significant (p=0.001)
as is the next most recent (p=0.03), while an
additional predictive role for SBP three cycles
back is not identified. When both SBP and DBP
levels from three preceding cycles are considered,
the correlations among the six predictors are
such that only SBP (t—2) can be seen to make a
significant contribution to risk beyond that
attributable to the other covariates, Once
again, the inclusion (not shown) of quadratic
and cross-product terms in SBP (t—1) and DBP

22

(p=<0.0001). EEAEA~EHLOE (t—1) & &
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FEoMEREMIA2EZ, IEELNTHEL1E
DIBOFLEFEIS.

HEEHE, 4B BT 5058008
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LaAoT, BIE4BOREMATEEN T IE,
2OMDOLOLECHAL FRMEHIERTE
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(t—1) leaves the estimators and significance levels
for BP levels in cycles t—2 or earlier virtually
unchanged.

The analyses based on BP levels in four preceding
cycles fail to show a predictive value for BP
measurements 6-8 years in advance of the cycle
in question, even if the two intermediate sets
of BP readings are omitted from the analysis.
The final column shows that SBP rather than
DBP is an important predictor of CI risk 6-8
years later, in the absence of more recent BP
- measurements.

Coronary Heart Disease Risk as a Function of
BP Levels in Several Preceding Cycles

Table 8 provides estimates of CHD relative
risk as a function of BP levels in two or more
preceding examination cycles. The SBP reading
two cycles back is more strongly predictive of
CHD risk than are the more recent SBP levels;
in fact, the estimated coefficients for the more
recent SBP level is negative, given the preceding
SBP reading. The inclusion of quadratic and
cross-product terms in previous cycle SBP and
DBP (not shown) improved the model fit, but
had virtually no effect on the coefficients for the
earlier cycle, The analyses based on data from
three preceding cycles fail to show (p=0.22)
that SBP levels 4-6 years prior to the cycle in
question have predictive values, given the data
from the two intermediate cycles.

In spite of the correlations among predictor
variables in the four-cycle analyses, a role for
SBP (t—2), the SBP 2-4 years in advance of the
risk examination cycle, can be distinguished
from that attributable to the other BP measure-
ments. When only BP (t—1) and BP (t—4)
levels are considered, a negative coefficient
estimate for DBP (t—1) again emerges. This
suggests elevated BP with subsequent increase
in PBP to be indicative of CHD risk. The final
column of Table 8 indicates that neither SBP
or DBP is significantly associated with CHD
risk 6-8 years later, given the corresponding SBP
or DBP value. On the other hand, (not shown)
SBP (t—3) is significantly (p=0.02) rclated to
CHD risk when DBP (t—3) is simultaneously
included in the log-relative risk function.

Other Analyses
A number of other analyses were also carried
out on the relationship between a sequence of

24

AomEECEtT 2EEHEUEFEAREISFE LD
Ebibhw,

T4 EHOmMEFIZETBERTE, 222280
RRMEEEBRFEA SR LALLTE, LB
&0 6~ 8 EaToMERERIZ2VTIE T A E
WED LAY, BEORME, HEOnERE S
VS, IRMLE L2 & IAROLED S A
6~BEBRDNIBEEV A7 ER L2 TRETTH S
ZEtEmY.

HMEEBICs 2O EEOME e LTOREIRE
DEBYRAY

#8132, 2HLULEMORERM T I0TEED
B$ & Lo CHD #HY R 7 DEBR &7 T, A2
B INHEFILE 12, EEOMEEY S CHD U A7
S FHT 5. B, LATONEHLERAE S
NTw 255, fEOJTHINMEEOHEE K
B&hsh, MEAMOIEMELER CHEHLE (22
TRRELTVEW)ITREV 7O ARHEL &
BIEE, TFELOESFNESEEH, Ll
OEHOGRHIZINE L AYRE 2 -2 W3 EM
ORBIIESCERTIE, DEO 2RO TR
BoshTwaBEE, YERAMID 4~6EHD
UHE RGO - FRIMEEIE RS s h & » {(p=0.22).

CO4FMOEFTIIEC T FNESMICMNAFS S
naitdadhsd, NEHAME (t—2), ¥4hb,
)27 BERIAE D 2~ 4 ERTOUNHR N MLIE D ZH1E,
FOMOmMENEBEAsNLNLEEMTE . ME
(t—1) R (t—) DEDH L EE L ZBE, Rk
HME C—1) HLTROGEREEHESABUES
na, Zhig, MEOLREZOECREO RN
CHD WAZEZTMTA2LDTHS. REDRHKED
W, BT AN EHERNMEEFAFSH
TV 54, MFEHXXEBEELEDTFhE 6~
BEMHD CHD VA2 L HELMEIFEWI & &R T,
R\, #ESME (t—3) AR -y 27
MEgbshTuaRA (I TiERs V),
IHEMAMIE (t—3) 12 CHD U A& L HEL (p=0.02)
BR{EA D .

F Db o B4R
ZhELC, ~HOMFRAEEL CVD YRAZE O



RERF TR 22-81

RO € ¢ 9[qRL J10W00] 935

CEWERHARC NS TIEH O =g NI YO LLACTIOS Y NN RO (EHHM S YN TR I %00
‘sasatpjuated Ul UaAIS 21 (=g 10J 5[249] SOUBDJIUTIS *(S355R[0 1BAL-G) o8¢ pue Xos U0 PAYJTIRIIS 2IE SASAJELE UOISsardar xo) ayL

829088 — 8GLIBE~ E8LLLE— SPO'6LE~ L0189 LEL'T1ES— 288’918~ gge'LI8— pooyLeI-8o]
PRZILITXEI
Lo} (EF0) (02'0)
P90 6T°1 802 F - nddd
0g'0 (89°0) (8%'0) (z26°0}
LEQ LE0 290 400 ¥ - 0 4ds
92°0) (¥9'0)
o' T- £9'0— (& -ndad
(£3°0) {eg (32 °0) (22'0)
SOt £v'o s8'0 ¥9'0 (£ = 0 4d8
(F50) (62'0) (E7°0)
860 1 080 (g — ndgd
(%0'0) (50°0) s1T0 (LOO'D) (€00°0) (1000°0>)
ot 82’1 201 9¥'1 I 0Lt (Z - 9 dds
(gz0 (g0} @50 (880
Pe1- 60— 8870 68°0- (I -9dda
(8L0) 62:41)] (60'0) (82°0) (90°0) (18'0) (0g'0)
0g0 gL'0- 60T— e~ 01— grQ=- (12 U (1-»nddgs
GOTx) 01X G01x)g GOTx)g 01 Go1x)¢ 01 L01x)d
5a]242 Surpadsed me.M“ M..a_mwwww‘“-n mohw“oﬁwo__%umwﬂa NBLIBAL)
Img] uo paseq sesA|BUY sosfeuy sasA[EwY

BRCIRITe QS SRMYCTE 2 T T R HHFHVHMERE 3%
STIIAD NOLLYNIWV XA ONIAEDTIHd TIOW 4O OML NI STIATT THNSSTHd (00T OL NOILVTIY NI FONIQIONI aHD 8 TT4VL

25



RERF TR 22-81

BP measurements and CVD risk. For brevity,
the results will only be verbally sumimarized:
Many of the analyses of Tables 6-8 were repeated
with the linear terms in SBP and DBP replaced
by hypertension indicator variables that take
value one if SBP 160+ or DBP 95+, and value
zero otherwise. With each disease class, linear
terms in SBP and DBP make a highly significant
contribution when added to a log-relative risk
model that contains only hypertension indicator
variables, whereas the converse is not true.
This reinforces the importance of examining the
actual BP level rather than simply categorizing
persons as normotensive or hypertensive.,

As another means of examining the relationship
between CVD incidence and BP levels in the four
preceding cycles, regression analyses were carried
out in which the Iogrelative risk function
included linear terms in preceding cycle SBP
and DBP along with the least squares slope and
deviation from regression mean squares terms
that were calculated from BP levels from four
preceding cycles, for each of SBP and DBP. In
general, larger values of the rate of BP increase,
as measured by the least square slopes, appeared
to be predictive of increased risk, given the
most recent BP levels, while the extent of BP
fluctuation, as measured by deviation from

Tegression mean squares, did not make an
additional significant conttibution to risk
prediction.

The question of risk as a function of BP change
was considered further by generalizing the
two-cycle analyses of Tables 7 and 8 to include
a general quadratic function of SBP (t—I) and
SBP (t—2) in the logrelative risk function. The
inclusion of quadratic terms tends to give larger
relative risk estimates at elevated SBP values,
as compared with the linear logrelative risk
analyses in column 1 of Tables 7 and 8. There
is, however, little indication that change in
BP level between the two cycles is, in itself,
indicative of risk; for example, values of {185,
150), (170, 170) and {155, 190) for [SBP (t-2),
SBP (t—1)] give nearly identical Cl relative
risk estimates, in the range of 3.68-3.72 with
(110, 110) as standard, on the basis of the first
columnn in Table 7. The corresponding relative
risk estimates based on the general quadratic
model are 5.60, 5.66, and 5.73, respectively.
These are larger than those given by linear
model, but the three values are still quite similar
in magnitude.
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DISCUSSION

Elevated BP is the strongest known predictor of
major forms of CVD.} CVD risk is strongly and
quantitatively related to the levels of casual
BP determinations in spite of the effects of
diurnal variation, lability, and hypertension
medication on BP levels.'*3 A number of
studies have examined the joint relationship
of SBP and DBP to CVD risk and have typically
found SBP to be the stronger predictor, both
for CHD and stroke1710:1516 1y the present
study, this joint relationship was examined in
somewhat greater generality than in the previous
studies through the inclusion of second-order
terms in SBP and DBP in the log-relative risk
function, and through a more flexible accomo-
dation of the confounding influences of age and
sex. Another distinguishing feature of the
analyses presented here is the emphasis on
short-term risk prediction. Specifically, CVD
incidence in a given 2-year examination cycle
is related to BP levels in one or more previous
cycles.

An original finding arising from this approach is
the extremely strong dependence of short-term
risk of CH on DBP level, while the corresponding
SBP level appeared to make little, if any,
additional contribution to disease prediction.
The specificity and strength of this relationship
is such that one can even identify a significant
role for DBP beyond that attributable to MBP.
There is no evidence for departure from a log-
relative function that is simply a linear function
of DBP at least in comparison to more general
models that include second-order terms in SBP
and DBP. This simple function gives, for
example, estimated CH relative risks of 6.78
and 12.83 at DBP=100 and 110, respectively,
when DBP=70 is taken as standard.

In comparison, the short-term risk of CI depends
most strongly on SBP, with elevated DBP making
an additional positive contribution to risk only
if SBP is large. The CI log-relative risk function
is decidedly nonlinear (Figure 1) with estimated
relative risks, for example, of 4.20 and 8.66 at
(SBP, DBP) values of (160, 95) and (200, 110),
respectively, with (110, 70) taken as standard.

Short-term CHD risk completes the progression
in that it depends fairly strongly on SBP risk,
as in many other studies, while there is no
indication, except possibly at young ages, that an
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elevated DBP level conveys additional risk at
specified SBP. The log-relative risk as a function
of SBP is significantly nonlinear with a negative
quadratic coefficient. It gives estimated relative
risks of 2.09 and 2.95 at SBP wvalues of 140
and 180, respectively, with SBP=110 taken
as standard.

In terms of relative risk, the dependence of CVD
incidence on BP is clearly strongest for CH,
intermediate for CI, and less remarkable for
CHD. The estimated relative risk functions were
generally quite similar for males and females
in spite of differences in the corresponding
incidence rates. This indicates the usefulness of
a multiplicative relative risk model for a unified
description of the relationship of BP to disease.
However, some interesting dependency of the
BP relative risk functions on attained age can be
detected. DBP is a somewhat stronger CH
predictor in younger persons than in older
persons, while elevated SBP may make a
contribution to risk in younger, but not in older,
persons. BP is also a stronger CI relative risk
predictor in younger as compared to older
persons. In young (<55) subjects there is a
suggestion that PBP makes a contribution to risk
beyond that attributable to SBP. BP may also
be a stronger CHD risk predictor in younger, as
compared to older, subjects. In the youngest
age-group (<55) considered, DBP rather than
SBP has a large positive (not significant)
regression coecfficient estimate. This lends
support to ecarlier reports®*® on the relative
importance of DBP in respect to CHD risk
among younger persons, though the number of
cases here is small.

In all the analyses described above, some caution
should be exercised in using the estimated
relative risk functions noted above at extreme
BP levels since paucity of data, modeling
assumptions, and the substantial correlation
between SBP and DBP can introduce instability
in such estimates.

It is interesting to consider the consistency of
these observations, with recent theories on the
pathogenesis of CVD, In commenting upon the
closer relationship of arterial BP level to CH
than to CI, and upon the differential epidemi-
ologic characteristics of the two diseases more
generally, Pickering®! offers the ‘delightfully
simple’ explanation that CH is a disease of the
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small cerebral arteries in which the media give
way causing aneurysin and rupture, while CI is
a disease of the larger cerebral arteries in which
intimal plaques narrow the lumen and ultimately
close the vessel. Recent comparative studies®
of Japanese populations in the US and Japan,
however, indicate that small vessel sclerosis and
necrosis make an important contrbution to
CI in Japan. Pickering’s view of pathological
changes preceding CH is supported by Russell®
who argues that aneurysm formation in the small
resistance arteries arises from mechanical
distension caused by elevated BP. Such
aneurysms, which tend to be concentrated in
small cerebral arteries that are close to high
pressure arteries, allow plasma insudation into
the vessel wall, finally leading to occlusion or
rupture.

With this line of thinking, the simplest explanation
for the extremely strong relationship between
DBP and CH risk is that the measured DBP
correlates most strongly, of the various univariate
BP measures, with the pressure, and in particular
the peak pressure, to which the small cerebral
resistance arteries and arferioles are exposed.
The higher relative risks in younger persons
can presumably be explained by the greater
background CH incidence in older persons with
moderate DBP values. The positive, but generally
not significant, SBP coefficients when SBP and
DBP are jointly related to CH risk suggest some
small partial correlation of measured SBP with
peak pressure on the small cerebral arteries
in proximity to high pressure arteries.

Consider now the importance of SBP, as compared
to DBP, in regard to the incidence of CHD and
CI. In discussing the prognostic importance of
systolic hypertension, Koch-Weser®® argues,
contrary to some earlier opinions, that any
increase in peripheral vascular resistance will
affect SBP more than DBP. Further, the attitude
that systolic hypertension is solely due to a loss
of arterial elasticity is criticized since diminished
elasticity, at specified cardiac output and
peripheral resistance, would be associated not
only with increased SBP but also reduced DBP,
in view of the near constancy of MBP. In
contrast, most hyperfensive patients experience
elevated levels of both SBP and DBP without
increased cardiac stroke volume, The lack of
clear association® between hypertension and
coronary occlusive disease, as determined by
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coronary arteriography, also supports the notion
that elevated SBP is not necessarily indicative
of arterial elasticity loss. With these ideas in
mind, one might expect incregsed peripheral
resistance, which is not caused by structural
vascular changes, to give rise to increased levels
of both SBP and DBP as well as increased cardiac
and vascular stress. Structural vascular changes
would be expected to have these same impli-
cations to the extent that such changes primarily
increase peripheral resistance. Loss of major
artery clasticity, on the other hand, may be
expected to particularly contribute to increased
SBP and PBP, with a possible decrease in DBP,
depending on the cardiac response. In respect
to cerebral arteries, BP elevation over a sustained
period of time can affect the range of BP levels
consistent with the antoregulation of cerebral
blood flow,? thereby exposing the cerebral
arteries to increased mechanical distension.

Such hemodynamic considerations can offer an
explanation for the CHD and CI results noted
above. Stress on the coronary arteries may arise
both from increased peripheral resistance with
consequent increased cardiac output, and from
foss of elasticity of the aorta and the coronary
arteries themselves. The above discussion suggests
that both of these processes markedly increase
SBP. The two processes, on the other hand,
at a specified level of cardiac output, may have
compensatory effects on DBP with peripheral
resistance tending to increase DBP and loss
of arterial elasticity tending to reduce DBP.
Interaction between these two processes may
then render DBP a very unstable predictor of
CHD, given the corresponding SBP level. The
CHD analyses presented above do not allow one
to identify separate roles for SBP and PBP
beyond that attributable to the other measure
(though SBP was somewhat the more evident
of the two). This may again reflect a dual disease
mechanism in which CHD risk is increased
either by increased peripheral vascular resistance
or by loss of major artery elasticity. If so, it may
be possible to identify separate contributions
to CHD risk by SBP and PBP with sufficient
sample size. The apparent importance of DBP%®
(Table 5) in young persons (<55} is consistent
with increased peripheral resistance, rather than
artery occlusion, being the primary contributor
to coronary disease at young ages. The negative
(not significant) DBP coefficient in the older
age classes is consistent with a role for loss of
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glasticity in the major arteries in the specification
of CHD.

As noted above, CI possesses .an intermediate
position to that of CHD and CH in its relationship
to BP. More specifically, SBP is considerably
the more important predictor of the two, while
DBP had some additional predictive value at
large values of SBP. Relative to the above
discussion on CHD, this intermediate position
may reflect the reduction in PBP that occurs as
the blocd branches out into the vascular bed.
That is, the maximal BP that reaches the larger
cerebral arteries may correlate most closely with
SBP, while that reaching the smaller arteries
and arterioles may correlate more closely with
DBP, giving a relative risk function that depends
on both SBP and DBP. In fact, the idea that
risk may correlate closely with the peak pressure
to which the relevant vessels are exposed in the
cardiac cycle may offer a simple explanation
for the sequence, noted above, for BP in relation
to the three disease classes. That is, the peak
pressure experienced by the coronary arteries
may correlate most closely with the measured
SBP alone (or even with a combination of SBP
and DBP with negative contribution from DBP),
the peak pressure experienced by the larger
cerebral arteries may correlate most closely with
SBP or a combination of measured SBP and
DBP with much greater weight associated with
SBP, while the peak pressure experienced by
the small cerebral arteries may correlate most
strongly with DBP. Empirical examination of
such a hypothesis would be worthwhile. The
relative importance of SBP and the (not signifi-
cant) negative DBP coefficient for CI among
persons less than 35 years of age (Table 5) may
suggest cerebral artery occlusion with resulting
[increased PBP, rather than dramatically increased
peripheral vascular resistance, to predominate
for the small number (36) of cases at young ages.
Alternatively, a highly elevated PBP, for reasons
that are unrelated to vascular changes, could
increase the likelihood of dislodgement of
atherosclerotic lesions and thrombosis.

Now consider the implications of results on the
predictive value of a series of BP measurements
(Tables 6-8). Two aspects should be kept in
mind in interpreting these results: 1) the diffi-
culty in obtaining a representative BP reading
for a study subject at a given point in time is
likely to have the effect of spreading the
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predictive value of the BP levels over two or
more examination c¢ycles, and 2) hypertensive
medication may effectively reduce BP levels,
but without a proportionate degrease in CVD
risk, Both of these limitations detract from the
ability of the most recent available BP levels
to be the sole risk predictors when a series of
BP measurements are simultaneously considered.

In spite of these limitations, the most recent
DBP level is a strong predictor of CH risk in the
presence of SBP and DBP levels from two or
three examination cycles. DBP levels 4-6 years
in advance of the risk cycle make an additional
important contribution to risk prediction. This
suggests that aneurysm formation, lipohyalinosis,
and ultimate hemorrhage of the small cerebral
arteries and arterioles constitute a cumulative
process that may involve a substantial period
of time. In line with the simple mechanical
distention explanation® mentioned above,
these analyses (Table 6) are comnsistent with
the notion that CH risk decreases when DBP
levels are reduced by medication or other
means. Data on hypertension medication in this
cohort, however, have yet to be assembled in a
retrievable form.

The greater predictive value, for CHD risk, of
BP levels 2-6 years in advance, as compared
to more recent values, suggests a progressive
process of arterial change and deterioration
that typically develops over a period of several
years. As discussed by Hollander,® both the
large and small arteries of hypertensive persons
experience fibromuscular thickening of the
intima and media with laminal narrowing of
the smaller vessels, In addition, hypertension
appears to increase the susceptibility of such
arteries to atherosclerosis, Both of these
processes lead to occlusive disease with corre-
sponding increased risk of myocardial infarction.
The relative lack of importance of the most
recent BP levels, given BP levels from two or
three earlier examination cycles could reflect,
to some extent, a rather uniform rate (within age
and sex categories) of progression of these
vascular changes, More likely, however, the lack
of importance of the most recent value reflects
the more frequent administration of hypertensive
medication among persons with elevated BP
levels for a number of years. Such medi-
cation may effectively reduce BP levels but
be only partially successful in bringing about

Ao sZ iz kaahtEsls5. 2)

CBREORKCEVREEGBROIEST IS

32

Livzuah, CVD oY A7 12134 hIcEiET 58P
BEsAZY. ZRsOZo2OFMIIEY, D
MEHEE % R EZ 5581, BLLLAE
LAMEEAE—0 Y 27 FRAERFE T 2 THEES
RT3,

Zhen@#Hzbrdrhst, 2~30BEHHEO
IWHEMECHERLIEE A AF EN TV 38481,
BHHLVIGENOIEE BBl Y 270D T
HBhr PHIEFE 4 5RKME, YAZERAO4~6F
MOMEEREFRIIEC) 22 PTHItERELFS 2
B, SO kA CINEERE CHITIRIZ 15
AR TR, NSIHRE TR e, UM ST RRAy 4 i
AR, 2L OOMMIZEZZE LN E L
ZEETETALOTH S, Lo B L BN IER
A AMMM AL, TS (E6) I,
BEPFOMOFIEITE - THBEMT D +h
o) A7 P TEEwIELE—EHT 5.
LA l, ZAEFEEMCE T2 E0EE T 508
R ARE, EAMBETCESAWTEHERIAT
VL,

2~6HEFIIETSMERED CHD Y A7 ZHT 5
FRIAEEAREOMICENTREV &I, HE
Mz b o CEIR I MBI 2 AL LB AETT 3
Z & #FREY 5. Hollander® P~ Tw 3 & 312,
B MEREFNC BT ARIOFIKEE, wFThE BIRME
RURPBOBEREIEE L 2 L5 NEBD
RS EEY. Ei, GMEICEIZOLI BEIRKEC
THFu— AEEEFELPT(E2LITHE.
STo0BRBIMEEKERELALL, FTHIIEST
LHBEED) 27 EHMT 4. EHHLOAEHI
FRIZFEESA LS, BRERM LY 2~ 31
MOBMEOEIFHhlE, ZhsoMEELD BN
BW—maETOES (RFBREUVEORIFT) &
HErBEITCEMmTALDEZLISNAL. LAL,
I BRENHMEEESR S oG VERELT
botWEEEFS 50, HEMIbE-TOE
EFAFERLTVWASIIHL THMLEHRORE
HFLELIETHA, LEHVEETRS STV S
ZrERBLTYS. ZORBIIOEELHRMIC
BETxgabblhznd, CHDOY A2z hic
HET2230RL 2425 T LB LR



a corresponding decrease in CHD risk. Note
that the impact of antihypertensive diug
therapy on CHD incidence and mortality is
controversial 390

The most recent SBP level is the strongest
predictor of CI incidence, while SBP levels
2-4 years in advance of the risk cycle make an
additional important contribution to risk
prediction. In the absence of intermediate
BP data, SBP readings taken as long as 6-8 years
earlier are closely associated with CI incidence.
These analyses suggest that occlusive disease
develops over a period of several years in hyper-
tensive persons, The relative importance of a
recent SBP reading, given such earlier readings,
suggesis BP control to be an important objective
in the prevention of CI.

On the whole, these resulis emphasize the
importance of both SBF and DBP control in the
clinical management of hypertension. When
overall CHD and stroke incidence is considered,
it is evident that SBP is 2 much stronger risk
indicator than DBP, DBP, however, is an
extremely important risk indicator for CH.
CH is an important cause of morbidity and
meortality in Japanese populations which may be
largely preventable by therapy.

A number of the analyses described above
were repeated with other known CVD risk
factors, such as serum cholesterol level and
smoking habits added {o the regression equation.
Such analyses can provide further insight into
the mechanism that links hyperiension to disease
incidence, though the BP relative risk functions
described above are largely unchanged by these
inclusions. A detailed presentation of the joint
relationship of BP and serum cholesterol level
to CVD in this cohort will be given elsewhere.
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