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ABSTRACT This study illustrates the very complex nature of gene by 
environmental interactions influencing the blood pressure (BPI distribution in 
a series of genetically distinctive populations undergoing rapid acculturation. 
We report the results of two BP and anthropometric surveys on Solomon 
Islands societies separated by an interval of 14 to 19 years. While differences in 
acculturation existed at the time of the initial survey, the interval between 
surveys was marked by rapid acculturation in almost all societies. Seven of the 
eight societies originally covered were included in the resurvey, and a large but 
variable proportion of the original sample subjects was recovered in the 
follow-up. 

Because the genetic relationships of the societies have been described, we 
were able to establish the following points concerning the role of genetic 
differences in determining the distribution of BP among these populations 
and, more important, the interaction of these genetic differences with changes 
associated with increasing acculturation: 1) In the initial survey, mean ad- 
justed systolic and diastolic BPs were significantly heterogeneous among 
societies within and among genetically related clusters of societies (genetic 
clusters) and sexes. At the same time, rank differences in these means were not 
associated with rank differences in acculturation status among societies 
ignoring cluster membership. 2) Importantly, in the follow-up survey increas- 
ing acculturation resulted in  the disappearance of  significant differences in  
mean systolic and diastolic BP among genetic clusters in males, despite 
continued significant heterogeneity among societies within genetic clusters. 
In females, differences among genetic clusters persisted, but the degree of 
significance was substantially less with increasing acculturation. We inter- 
pret these changes as evidence for genotype by environment interaction. 
3) There were significant differences in interindividual variances of both 
systolic and diastolic BPs among genetic clusters in the first survey. Ranks of 
these variances were not significantly associated with acculturation rank. In 
the follow-up survey, however, most societies showed striking increases in the 
variance of both systolic and diastolic BPs with increased acculturation. These 
increases in variance of both systolic and diastolic BPs may be related to 
a) shifts in demography andor anthropometry of some societies; b) increased 
range and intensity of environmental factors affecting BP and associated with 
increased acculturation; andor c) genotype by environmental interactions. 
4) The correlation between systolic and diastolic BP decreased over the 
interval for all societies within and among genetic clusters. This trend was 
partly the result of larger changes in variances for systolic than diastolic BP in 
the resurveys. This study illustrates the enormous heterogeneity in the BP 
distribution- that can occur even among populations with Felatiiely similar 
ethnic and cultural backgrounds. ~- 
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Elevated blood pressure (BPI is a risk 
factor for cardiac, cerebrovascular, and pe- 
ripheral vascular diseases. Both genetic and 
environmental factors are involved in deter- 
mination of interindividual variation in BP 
within populations. Among populations, 
most interest has focused on environmental 
differences as an explanation for different 
incidence rates of essential hypertension 
(EH), defined as systolic BP greater than 140 
mm Hg or diastolic BP greater than 90 mm 
Hg. For example, cardiovascular disease is 
cosmopolitan in distribution, but in studies 
of traditional societies with little Western 
influence and urbanization it is uncommon 
(Thomas, 1927; Donnison, 1929; Morse and 
Beh, 1937; Murrill, 1949; Whyte, 1958; Ab- 
bie and Schroder, 1960; Lowenstein, 1961; 
Maddocks, 1961; Mann et al., 1962, 1964; 
Hoobler, 1965; Shaper et al., 1969; Burns- 
Cox and Maclean, 1970; Glanville and 
Geerdink, 1972; Truswell, 1972; Page et al., 
1974; Prior et al., 1974; Oliver et al., 1975; 
Ward, 1983). Traditional societies subjected 
to increasing acculturation by migration to 
more accultured areas (Cruz-Coke et al., 
1964; Prior et al., 1968; Marmot and Syme, 
1976; Hanna and Baker, 1979; Ward et al., 
1979; McGarvey et al., 1980; James et al., 
1983; Poulter et al., 1985) or in situ changes 
in acculturation (Cruz-Coke et al., 1973; La- 
Barthe, 1973; Page, 1976,1980; Cruz-Coke, 
1987; Friedlaender and Page, 1987) often 
show an increase in BP, lipid levels, and 
incidence of cardiovascular disease. Cross- 
sectional studies comparing island migrants 
versus nonmigrants (e.g., McGarvey and 
Baker, 1979; Ward, 1983) and studies of in 
situ acculturation (e.g., LaBarthe, 1973; Mc- 
Garvey and Schendel, 1986) suggest that 
sociocultural changes rather than genetic 
factors are primarily responsible in the ob- 
served changes in BP during the process of 
acculturation. Almost nothing is known, 
however, about the interaction of genetic 
differences among populations with accul- 
turation in the determination of interpopu- 
lation differences in BP distribution. 

Our study addressed the association 
between initial genetic and acculturation 
differences among seven societies in the So- 
lomon Islands and properties of the fre- 
quency distributions of systolic and diastolic 
BPs, and the changes in these associations 
during the process of rapid in situ accultura- 
tion over a period of 14-19 years. We present 
evidence for enormous heterogeneity of the 
distributions of systolic and diastolic BPs 

among the Solomon Islands societies. The 
exact causes of this great heterogeneity re- 
main unknown, but initial survey differ- 
ences in BP distributions were associated 
with genetic strata rather than with initial 
differences in degree of acculturation. How- 
ever, as these societies became rapidly accul- 
turated over the 14-19 year interval, the BP 
distributions changed. With increasing ac- 
culturation, some of this heterogeneity is 
most likely related to 1) shifts in demogra- 
phy and/or anthropometry of some societies; 
2) increased numbers of environmental fac- 
tors associated with increased acculturation; 
and 3) gene by environment interactions. We 
will suggest that without measuring both 
genotypes and specific individual environ- 
mental exposures, comparisons among pop- 
ulations of multifactorial traits such as BP 
are likely to be very complex and difficult. 

MATERIALS AND METHODS 
Samples 

A comprehensive description of the survey 
design and samples is given by Friedlaender 
(19901. The Solomon Islands are located in 
the South Pacific, northeast of Australia and 
southeast of New Guinea. Maps of the study 
area are given by Page et al. (1974) and by 
Friedlaender (1990) in this issue. For this 
study, seven societies were intensively sur- 
veyed as part of the Harvard Solomon Is- 
lands Project by a team of anthropologists 
and physicians (Friedlaender et al., 1987). 
Six of the societies are Melanesian, includ- 
ing the non-Austronesian-speaking Nasioi, 
Nagovisi, and Aita from the island of Bou- 
gainville and the Austronesian-speaking 
Lau, Kwaio, and Baegu from the island of 
Malaita. The seventh society is Polynesian- 
Micronesian, living on the atoll Ontong Java. 
All seven societies were surveyed during the 
time period 1966-72, resurveyed in 1978-80, 
and six of the populations (excluding Kwaio) 
resurveyed in 1985-86. A presentation of the 
1978-80 survey results is given elsewhere 
(Friedlaender and Page, 1987). In this report 
we used the more complete data from the 
1966-72 and 1985-86 surveys. We refer to 
the 1966-72 surveys as survey 1 and the 
1985-86 surveys as survey 3. 

For the first survey, 1,822 persons were 
sampled (859 males and 963 females). For 
the third survey, 1,427 persons were sam- 
pled (620 males and 807 females). The first 
survey team attempted complete sampling 
of defined villages and hamlets within a 
specific region. In Baegu and Aita these 



BLOOD PRESSURE DIFFERENCES IN SOLOMONS 495 

strictly defined samples were enlarged with 
nonsystematic inclusion of individuals from 
adjacent areas. The follow-up survey (survey 
3) included as  many of the first survey sub- 
jects as possible and augmented the samples 
with children, spouses, and first degree rela- 
tives of survey subjects who were not part of 
the first survey. However, in Ontong Java, 
because of the exceptionally high recovery 
rates and a lack of time, almost no children 
were added in the resurvey. Recovery rates 
a s  percentages of individuals in survey 1 
included in the follow-up 1 6 1 9  years later 
were overall, 38.6%; Nasioi, 53.5%; Nagovisi, 
54.1%; Aita, 28.8%; Lau, 25.7%; Baegu, 
34.1%; and Ontong Java, 63.1%. 

We tested for selection bias of individuals 
resampled in survey 3 by comparing, for each 
society and sex separately, the means (t test) 
and variances (Hartley test, approximate 
because of unequal sample sizes) of systolic 
and diastolic BPs for the subsamples of indi- 
viduals in survey 1 who were and were not 
subsequently resurveyed. We found no sig- 
nificant differences in mean levels, but there 
were significant differences in variances in 7 
of the 28 comparisons. These were not sys- 
tematic in direction, although variances 
were more often smaller in the resurveyed 
subsamples. This may be a consequence of 
smaller sample sizes in these groups, which 
have not included the entire range of effects 
that influence BP. 

Blood pressure measurements 
BP was recorded by L.B. Page in the first 

survey (1966-72) and by J.S. Friedlaender in 
the third survey (1985-86). BP was obtained 
from the right arm with the subject seated 
comfortably. Systolic and diastolic (Korot- 
koff phases I, IV, and V) BPs were recorded, 
but only phases I and IV measurements were 
used in these analyses. Anthropometrics 
were taken by Friedlaender in survey 3 and 
by three different observers in survey 1. 
Inter- and intraobserver biases in anthropo- 
metric measurements were not formally 
treated, but all observers were trained by A. 
Damon. Friedlaender and Page overlapped 
in the second surveys in 1978-80, and anal- 
ysis of variance indicated no systematic or 
significant differences in their BP measure- 
ment techniques (Friedlaender and Page, 
1987). 

Genetic clusters 
Overall, genetic differences among soci- 

eties were reflected in separation of societies 

geographically by islands and atoll into three 
distinct clusters (hereafter called genetic 
clusters) of Bougainville, Malaita, and On- 
tong Java (Table l), and are discussed in 
detail by Friedlaender (1990). Briefly, ge- 
netic differences were determined in the 
first survey from a complex set of multivari- 
ate relationships among 1) blood groups, red 
cell enzymes, and immunoglobin markers 
(Rhoads and Friedlaender et al., 19871, 
2) dermatoglyphics (Froehlich, 19871, and 
3) odontometrics (Harris and Bailit, 1987). 
An overall similarity ranking was derived 
from these three data sets. Within the Bou- 
gainville cluster, the Nasioi and Nagovisi 
were more similar genetically, while the Aita 
were distinctly separate. Within the Malaita 
cluster, the Lau and Baegu were most simi- 
lar, with Kwaio being distinctly separate. 
The Ontong Javanese, although different 
from the other two genetic clusters, showed 
more affinities with the Malaita group than 
with the Bougainville group. 

Acculturation 
Acculturation differences among these so- 

cieties in duration and intensity of contact 
with industrialized societies with conse- 
quent alterations in diet, education, religion, 
medical care, demography, anthropometry, 
and basic economy were first described and 
systematically compared in detail by Page et 
al. (1974, except for Ontong Java) and subse- 
quently by Friedlaender and Page (1987) 
and by Friedlaender (1990). Our analyses of 

TABLE 1. Description of genetic clusters' and 
degree of acculturation2 among the 

Solomon Island societies 

Degree of acculturation Genetic 
cluster Society 1966-72 1985-86 

Rougainville Nasioi +++ ++++ 
Nagovisi +++ ++++ 
Aita + ++ 
Baegu + ++ 
Kwaio 0 Not sampled 

Malaita Lau f t  fft 

Ontong J a v a  Ontong J a v a  + +++ 
'Genetic clusters were determined from a complex s r t  1 1 1  multi- 
variate relationships among 1) blood groups, rrd cell enzymes, and 
immunoglubin markers; 2)  detailed anthropometric measurements: 
:lj dermatoglyphics; and4 j  odontometrics and compared with lingu- 
istir and geographical relationship among  societies and  are  d is -  
russed in drtail by Friedlaendrr (199i)). 
-1)egree of acculturatiun represents the following reduced to a n  
ordinal scale (0-++++I: acculturation dlffrrenccs among sorietirs 
in duration and  intensity of contact with industrialized sorieties 
with consequent alterations in diet, education, religion, medical 

iffcrrnces were first described in 
Ontong J a v a )  and subsequently 
and  Frirdlacnder ( IWi)). 
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the effects of acculturation on BP (see below) 
are based on their summary “degree of accul- 
turation,” a ranking of the acculturation dif- 
ferences reduced to an ordinal scale (Fried- 
laender et al., 1987; Friedlaender, 1990). 
During the initial set of surveys, the Nasioi, 
Nagovisi, and Lau were considerably more 
acculturated than the Aita, Baegu, Kwaio, 
and Ontong Javanese (Table 1). The Kwaio 
were the least acculturated of all the soci- 
eties, although all were considered quite un- 
acculturated by Western standards. By the 
last set of surveys nearly 20 years later all 
societies (except the Kwaio, who were not 
resurveyed because of political unrest in the 
region) had increased substantially in their 
degree of acculturation, with an accompany- 
ing decrease in acculturation differences 
among societies. This observed general in- 
crease in degree of acculturation over the 
interval was a primary focus of our analyses. 

Statistical design and analyses 
The three distinct genetic clusters of soci- 

eties on Bougainville, Malaita, and Ontong 
Java (Friedlaender, 1990) provided a qua- 
siexperimental nested design (sensu Ward, 
1983) of societies within genetic clusters by 
which we could examine the effects of rapid 
in situ acculturation on individuals surveyed 
over a 14-19 year interval. Our analytic 
strategy was 1) to test for homogeneity in the 
contribution of age, weight, and height to the 
variation in systolic and diastolic BPs among 
societies and genetic clusters; 2) after appro- 
priate adjustment for the effects of these 
biological concomitants, to examine the pat- 
tern of means of systolic and diastolic BPs 
among societies and genetic clusters; 3) to 
examine the homogeneity of variances of 
systolic and diastolic BPs across the same 
strata; 4) to examine the homogeneity of cor- 
relations of systolic and diastolic BPs across 
the same strata; and, finally, 5) to examine 
the differences in the results of these analy- 
ses between surveys 1 and 3. Genetic differ- 
ences among societies were considered con- 
stant during this study because the time 
interval between surveys 1 and 3 was less 
than one generation and intersociety migra- 
tion was negligible. Therefore, if we observed 
systematic differences in results of analyses 
from the first survey compared with the 
third, they could be at least partially attrib- 
uted to environmental effects of accultura- 
tion andor gene by environment interaction. 

All analyses employed the Statistical 
Analysis System (SAS Institute, 1985). 

When specialized techniques were unavail- 
able with standard SAS procedures, they 
were programmed using SAS interactive 
matrix language (Proc IML). All analyses 
were performed separately by survey and 
sex. We set (Y levels for all tests of signifi- 
cance at  0.05. Distributions were skewed 
and variances unequal among societies for 
many of the traits. Since all of the statistical 
tests we used are robust against even moder- 
ate departures of normality and heterosce- 
dasticity and because we wanted the vari- 
ables presented in commonly used scales, we 
chose not to use transformations. 

We defined our nested analysis of variance 
(NANOVA; Neter et al., 1985) model as 

Y ~ ~ k  = k + + PJCII + Ek(lJb (l) 

where YIJk is the phenotype of the kth indi- 
vidual in the jth society and ith genetic clus- 
ter, p. is the grand mean, a, is the effect of 
the ith genetic cluster, pJCll is the effect of the 
jth society in the ith genetic cluster, and E is 
the error term associated with the kth indi- 
vidual in the jth society and ith genetic clus- 
ter. This model was used to test the null 
hypothesis of no differences among means of 
the concomitants age, weight, height, and 
body mass index (BMI) among societies 
within and among genetic clusters. We used 
Scheffe’s multiple comparisons procedure 
(Neter et al., 1985) to make specific a poste- 
riori pairwise comparisons among genetic 
clusters of concomitant means. 

We used multiple regression models 
(Neter et al., 1985) to study in detail the in- 
dependent relative contribution of variation 
in age, age2, weight, height and body mass 
index (BMI), wt[kgl/ht[cml’) to variation in 
systolic and diastolic BPs in each society. 
Conditional on age and age’, multiple re- 
gression models of the relative contribution 
of the linear effects of height and weight 
together versus BMI to variation in systolic 
and diastolic BPs indicated that in general 
height and weight together contributed 
about equally, or more, than BMI to the total 
coefficient of determination for most socie- 
ties. Consequently, we used age, age‘, 
height, and weight as concomitants in all 
subsequent analyses. We tested the null hy- 
pothesis of homogeneity of the regression on 
concomitants among societies within and 
among genetic clusters using the analysis of 
covariance (Neter et al., 1985). 

Since there was significant heterogeneity 
in slopes of concomitants among societies 
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within and among genetic clusters (see 
Results), we adjusted systolic and diastolic 
BPs for concomitants, using the following 
strategy, for each survey and sex separately: 
We first regressed dependent variables on 
concomitant variables for each society sepa- 
rately. The mean systolic and diastolic BP 
for each society was then added back to the 
respective residuals of the regressions. 
There was still variability in BP among indi- 
viduals of societies within genetic clusters 
because of concomitants. Consequently, we 
regressed dependents on concomitants for 
each genetic cluster separately. The mean 
systolic and diastolic BPs for each genetic 
cluster was then added back to the respec- 
tive residuals of the regressions. To remove 
the remaining variability among individuals 
of genetic clusters caused by concomitants, 
we regressed dependents on concomitants 
for all individuals and added the grand mean 
of systolic and diastolic BPs back to the 
respective residuals. It is these adjusted sys- 
tolic and diastolic BPs that were considered 
in the primary analyses of the effects of 
genetic distance and degree of acculturation. 
This adjustment preserves the means for 
survey, sex, and genetic clusters, with only 
slight changes in original means of societies 
caused by nesting of societies within genetic 
clusters. 

We used the NANOVA in equation 1 above 
to test the null hypothesis of no differences in 
mean systolic or diastolic BP among soci- 
eties within and among genetic clusters. 
Now Y,, in the model represents BP phe- 
notype adjusted for concomitants. We used 
Scheffe’s multiple comparisons procedure to 
make specific a posteriori pairwise compari- 
sons among means of genetic clusters. We 
then used Bartlett’s tests for homogeneity of 
variances (Neter et al., 1985) to test the null 
hypotheses of homogeneity of variances in 
systolic and diastolic BPs among societies 
within and among genetic clusters. 

We used Kendall’s tau (Sokal and Rohlf, 
1981) to test the null hypothesis of no differ- 
ences in ranks of mean systolic and diastolic 
BP and degree of acculturation among soci- 
eties, ignoring cluster membership in survey 
1. We also compared ranks of mean systolic 
and diastolic BPs among societies within 
genetic clusters, but performed no statistical 
tests because of only three societies within 
each of the Bougainville and Malaita clus- 
ters. Finally, we tested the null hypothesis of 
no differences in relationship (correlation) 
between adjusted systolic and diastolic BPs 

among societies within and among genetic 
clusters with tests of heterogeneity of corre- 
lations (Sokal and Rohlf, 1981). 

RESULTS 
Samples and concomitants 

Sample sizes and mean age, weight, 
height, and BMI for each survey, sex, genetic 
cluster and society are presented in Table 2. 
For survey 1, sample sizes for males ranged 
from 74 for Nasioi to 188 for Ontong Java 
and for females from 83 for Nasioi to 251 for 
Ontong Java (Table 2). For survey 3, sample 
sizes for males ranged from 33 for Lau to 158 
for Ontong Java and for females from 49 for 
Lau to 243 for Ontong Java (Table 2). There 
was very little overall change in concomitant 
means over the 14-19 year interval between 
surveys 1 and 3, with the exception of an 
average increase of about 4 kg body weight. 

Results of NANOVAs comparing concomi- 
tants among societies within and among ge- 
netic clusters are presented in Table 3. There 
were significant differences in means among 
genetic clusters for every concomitant and, 
except for height of males and age of females 
in survey 1, among societies within genetic 
clusters for both surveys and sexes, Some 
differences were also observed among soci- 
eties within the Bougainville and Malaita 
clusters, but they were not consistent for all 
concomitants, sexes, or surveys. 

Comparisons of survey changes in demo- 
graphic and anthropometric relationships 
among societies and genetic clusters are pre- 
sented in Tables 2 and 3. The Ontong Java 
sample was taller and generally heavier 
than the other groups, although the Lau 
from the Malaita cluster approximate their 
BMI values at that time. In the interval 
between the two surveys, the great differ- 
ence was in weight gain, with the Ontong 
Java women averaging a 12 kg increase over 
14 years compared with a 7 kg gain over 18 
years for the Lau women. In men, the in- 
crease was 7 and 8 kg in the Ontong Java and 
Lau, respectively. While other group means 
for weight increase during this interval (with 
the exception of the Baegu), none were close 
to these values. In height, the increases were 
substantial in individual cases (e.g., Ontong 
Java males and females with 3 cm in- 
creases), especially considering the short 
time interval and the semilongitudinal na- 
ture of the samples. In age structure, the 
major shift is the significantly older compo- 
sition of the Ontong Java sample in survey 3, 
as expected. 
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Recall that Ontong Java underwent quite 
extreme acculturation in the interval be- 
tween surveys 1 and 3, while the Lau, who 
were relatively acculturated in survey 1, 
have not subsequently acculturated so dra- 
matically. It is interesting to note that the 
Bougainville groups are generally the small- 
est and have low BMI values in both surveys, 
especially the most acculturated Nasioi and 
Nagovisi. They have become taller but not 
much heavier. This is in contrast with the 
Lau and Ontong Javanese, whose increased 
acculturation has been accompanied by dra- 
matic weight gain. The Baegu, the least 
acculturated group in survey 3,  show rela- 
tively little change and even a decrease in 
some values. 

Blood pressure 
A description of unadjusted systolic and 

diastolic BP means and standard deviations 
(SD) for the Solomon Islands societies is 
presented in Table 4. There was an increase 
in overall mean systolic BP of 4 mm Hg 
between the surveys, while mean diastolic 
BP did not change. Males in general had 
slightly higher mean systolic BPs and about 
the same diastolic BPs compared with fe- 
males in the first survey, while in the third 
survey both sexes had about the same mean 
systolic and diastolic BPs. 

Contribution of concomitants. Variations 
in systolic and diastolic BPs, within societies 
and explained by age, age2, height, and 
weight, are presented in Table 5 .  Although 
the range of variability in systolic BP ex- 
plained was similar in the two surveys, five 
of six societies of males and four of six soci- 
eties of females showed dramatic increases 
in the contributions in the third survey (the 
Kwaio were not included in these compari- 
sons since they were not resurveyed). These 
trends were not concordant across sex within 
societies. The contributions did not change 
between surveys for Ontong Java males and 
Lau females. For these two societies, contri- 
butions remained low for Ontong Java males 
(8 to 10%) and high for Lau females (29 to 
30%). Further, there was about a 50% de- 
crease in the contributions for Nagovisi fe- 
males between the first and third surveys. 
Similar results were observed for diastolic 
BP. Slopes of relationships between concom- 
itants and systolic and diastolic BPs were 
generally homogeneous among societies 
within genetic clusters, but not in all cases. 

It is notable that concomitants did not play 
a significant role in determining interindi- 

vidual variability of systolic and diastolic BP 
for some of the societies (Table 5). For sys- 
tolic BP, those societies were males, Nago- 
visi; females, Aita, Kwaio, and Baegu in 
survey 1. For diastolic BP, those societies 
were survey 1-males, Nagovisi and Nasioi; 
females, Baegu; and survey 3-females, 
Nagovisi and Ata.  There were no general 
trends in these relationships among soci- 
eties within genetic clusters or sex from one 
survey to the next. 

Variations in systolic and diastolic BP 
within genetic clusters, ignoring society dif- 
ferences and explained by age, age2, height, 
and weight, are presented in Table 6. Un- 
like the mixed results observed among soci- 
eties within genetic clusters, there were dra- 
matic increases in the contribution of con- 
comitants for all genetic clusters and both 
sexes with increasing acculturation between 
the surveys. In contrast, only males showed 
dramatic increases in contributions of con- 
comitants to diastolic BP variation with in- 
creasing acculturation. Among females, the 
Bougainville and Ontong Javanese, but not 
Malaita, showed increases in contributions 
with increasing acculturation. In addition, 
the observed increases were not as large as 
those for males. For systolic BP, slopes were 
significantly heterogeneous for all but males 
in survey 1. For diastolic BP, slopes were 
significantly heterogeneous for both males 
and females in survey 1, but not survey 3. 

Mean adjusted systolic and diastolic BPs. 
Results of NANOVAs comparing means of 
adjusted systolic and diastolic BPs among 
societies and genetic clusters are presented 
in Table 7 and Figures 1-3. For males in 
survey 1, there were significant differences 
in mean systolic and diastolic BPs among 
societies within and among genetic clusters; 
the mean adjusted BPs for Malaita were 
significantly higher than the other two clus- 
ters (Table 7; Fig. 3A,C). Increases in  accul- 
turation in  survey 3 resulted in  the disap- 
pearance of  differaces among genetic 
clusters for males for both systolic and dia- 
stolic BPs despite continued significant het- 
erogeneity in means among societies within 
genetic clusters, including both the Bougain- 
vitle and the Malaita genetic clusters (Table 
7 ) .  These differences for males are reflected 
in only 2 mm Hg differences in mean ad- 
justed systolic BP and 3-4 mm Hg differ- 
ences in mean adjusted diastolic BP among 
genetic clusters in survey 3 compared with 6 
and 5 mm Hg differences, respectively, in 
survey 1 (Table 4; Fig. 3A,C). 
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TABLE 6. Contribution o f  age, age2, height, and weight to variation in systolic and diastolic blood pressures iBP) 
(R2 X 100) and heterogeneity o f  slopes among genetic clusters ignoring society differences 

Systolic BP Diastolic BP 
Sex Genetic cluster Survey 1 (1966-72) Survey 3 (1985-86) Survey 1 (1966-72) Survey 3 (1985-86) 

Males Bougainville 
Malaita 
Ontong J a v a  

Heterogeneity 
of slopes 
F 
P 

Females Rougainville 
Malaita 
Ontong J a v a  

Heterogeneity 
of slopes 
P 
P 

4.8** 
10.6*** 
8.0** 

1.73 
0.089 
&I*** 

17.6*** 
9.1*** 

4.61 
<o.o01 

21.3*** 
37.9*** 

9.7** 

2.71 
0.006 

15.0*** 
30.5 * * * 
19.2*** 

3.12 
0.002 

5.5** 
8.4*** 
5.5* 

2.90 
0.003 
5.6** 

15.7*** 
10.2*** 

3.72 
<0.001 

19.3*** 
20.6*** 
19.5*** 

0.86 
0.553 
9.0*** 

15.0*** 
14.4*** 

1.50 
0.153 

Regression significant a t  ' 0  0.5 > P =I 0.01: * * M I  > P > 0.001; 4**P < 0.001 

TABLE 7. Contrast of age, age2, weight, and height adjusted systolic and diastolic blood pressures (BPI 

Males Females 
Systolic BP Diastolic BP Systolic B P  Diastolic BP 

Source 1966-72 1985-86 1966-72 1985-86 1966-72 1985-86 1966-72 

Genetic clusters 
F 
P 
df 

genetic clusters 
F 
P 
df 

Among societies 
(Rougainville) 
P 
P 
df 

(Malaita) 
F 
P 
df 

Societies/ 

Among societies 

31.78 0.72 
<0.001 0.487 

2,812 2,578 

5.95 23.85 
<0.001 <0.001 

4,812 3,578 

2.81 29.23 
0.061 <0.001 
2,812 2,578 

9.10 13.10 
<O.OOl <0.001 

2,812 1,578 
Scheffe's contrasts among genetic clusters 
Bougainville vs. 

Malaita * 
Bougainville vs. 

Ontong J a v a  
Malaita vs. 

Ontong ,Java * 

26.17 
<0.001 

8.05 
<0.001 

1.10 
0.333 

15.00 
<0.001 

* 

* 

1.91 
0.149 

12.29 
<0.001 

17.59 
<0.001 

1.69 
0.194 

* 

68.30 
<0.001 

2,916 

16.06 
<0.001 

4,916 

3.06 
0.047 
2,916 

29.05 
<0.001 

1,916 

* 

* 

26.45 
<o.oo I 

2,765 

15.83 
<0.001 

3,765 

12.68 
<0.001 

2,765 

22.12 
<o.o01 

1,765 

* 

* 

40.75 
<0.001 

14.36 
<0.001 

8.33 
<o.o01 

20.40 
<0.001 

* 

* 

* 

1985-86 

13.92 
<0.001 

5.06 
0.002 

5.80 
0.003 

3.58 
0.059 

A 

* 

* 

*Contrast significant at P < 0.06 

For females in both surveys there was nificantly higher than that for the other two 
significant heterogeneity of means of sys- clusters, while the adjusted diastolic BP 
tolic and diastolic BPs among societies mean for Malaita females was significantly 
within and among genetic clusters (Table 7; higher than that for Ontong Java, which was 
Figure 3B,D). In survey 1, the adjusted sys- significantly higher than that for Bougain- 
tolic BP mean for Malaita females was sig- ville. The differences among genetic clusters 
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M A L E S  F E M A L E S  
1966-72 
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Fig. 1. Description of adjusted systolic blood pressure (BPI for the Solomon Islands societies. 
NAS, Nasioi; NAG, Nagovisi; AIT, Ata; M U ,  Lau; KWA, Kwaio; BAE, Baegu; ONT, Ontong 
Java. Arrows represent mean adjusted BP for each society. Numbers below society abbrevia- 
tions are mean and standard deviation, respectively. 

in survey 3 were much less than in survey 1 
(Fig. 3B,D), although still significant, as in- 
dicated by large decreases in F statistics. 

Ignoringcluster membership, the survey 1 
differences in mean systolic and diastolic 
BPs among societies were not significantly 
correlated (Kendall’s tau) with initial differ- 
ences among societies in degree of accultur- 
ation for either males or females (Tables 1, 
41, suggesting these differences must be at- 
tributable to other factors than the degree of 
acculturation at that time. 

Variances of adjusted systolic and dia- 
stolic BPs. Comparisons of adjusted interin- 
dividual variances among societies within 
genetic clusters is presented in Table 8. The 
estimates of the interindividual systolic BP 
variances were significantly heterogeneous 
only among societies of the Bougainville 
cluster for both sexes in survey 1 and for 
females in both Bougainville and Malaita 
clusters in survey 3. Interindividual vari- 
ances of diastolic BP were significantly het- 

erogeneous among societies only for Malaita 
females in survey 3. In general, there were 
striking increases in systolic BP variances 
for survey 3 compared with survey 1 for all 
societies and sexes except the Nasioi. Nota- 
ble are the Lau females, who showed a four- 
fold increase. This increase was largely due 
to  two older, hypertensive individuals (Fig. 
1). Diastolic BP variances increased with 
increasing acculturation between surveys 
for all surveys and sexes except Nasioi fe- 
males (Fig. 2). Some of these increases were 
dramatic, including roughly twofold in- 
creases by Nagovisi and Baegu males and by 
Lau females. 

Comparisons of interindividual variances 
of adjusted systolic and diastolic BPs among 
genetic clusters is presented in Table 9. For 
males and females in both surveys, there 
was significant heterogeneity of systolic BP 
variances among genetic clusters. For males, 
there was significant heterogeneity of dia- 
stolic BP variances among genetic clusters 
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MALES FEMALES 
1966-72 

1985-86 

Fig. 2. Description of adjusted diastolic blood pressure for the Solomon Islands societies. 
Abbreviations, arrows, and numbers as in Figure 1. 

for survey 3 but not survey 1, whereas tor 
females there was significant heterogeneity 
for survey 1 but not survey 3. In every ge- 
netic cluster, survey 3 estimates of interindi- 
vidual adjusted systolic BP variance repre- 
sent increases from corresponding values in 
survey 1. Adjusted diastolic BP interindivid- 
ual variances were again generally less than 
systolic BP. 

Correlations between adjusted systolic 
and diastolic BPs. There were universal de- 
creases in correlations between adjusted sys- 
tolic and diastolic BP among societies and 
genetic clusters from survey 1 to survey 3 
(Tables 10 and 11). For societies within ge- 
netic clusters the correlations were signifi- 
cantly heterogeneous for Malaita males in 
survey 3 and for Bougainville and Malaita 
females in survey 1 (Table 10). Among ge- 
netic clusters, there was significant hetero- 
geneity of correlations only for males in sur- 
vey 1 (Table 11). 

DISCUSSION 
Our study reveals the underlying prob- 

lems many researchers in the area of biosta- 

tistics of blood pressure ignore at their peril. 
All too often, it is assumed that the relation- 
ships between dependent and independent 
variables are homogeneous from one popula- 
tion to the next or from one environment to 
the next. We have presented here examples 
of how heterogeneous such relationships can 
be, even in a series of surveys in which there 
was substantial overlap in subjects and rela- 
tively similar ethnic and cultural back- 
grounds among the populations. 

The most striking feature of this study was 
the enormous heterogeneity of the distribu- 
tions of BP in this set of rapidly acculturat- 
ing and genetically diverse societies from the 
Solomon Islands. Clearly, in a multifactorial 
trait such as BP, both genetic and environ- 
mental factors are involved. At the level of 
individual societies the contributions of age, 
age2, height, and weight to systolic and dias- 
tolic BP variability and patterns of mean 
adjusted systolic and diastolic BPs among 
societies within genetic clusters were com- 
plex with respect to increasing accultura- 
tion. This heterogeneity in the contribution 
of concomitants to these distributions can be 
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Fig. 3. Description of mean adjusted blood pressure (BPI for the genetic clusters of Solomon 

Islands societies with increasing acculturation from survey 1 to survey 3. A: Males, systolic BP. 
B: Females, diastolic BP. C: Males, diastolic BP. D: Females, diastolic BP. 

due differences in sampling and demograph- 
ics as well as real differences in regression 
relationships. It is impossible to distinguish 
among these explanations. This great het- 
erogeneity in responses to acculturation, 
however, suggests that there must be sub- 
stantial and significant heterogeneity in en- 
vironments experienced by individual soci- 
eties. Many studies of primitive societies 
undergoing increased acculturation have fo- 
cused on the role of biological factors, includ- 
ing diet, exercise, stature, salt intake and 
infectious disease, and on psychosocial fac- 
tors in the intrapopulation distribution of BP 
(Scotch and Geiger, 1963; Henry and Cassel, 
1969; Cassel, 1975; Ward, 1983; James, 
1987). Ward et al. (1979) in a study of pre- 
migrant Tokelauans noted heterogeneity 
among atolls in contributions of concomi- 
tants, including age and weight, to variabil- 
ity in BP. They attributed this heterogeneity 
to differences in environments among atolls. 

The influence of acculturation became 
more lucid at the genetic clusters level. With 

the rapid increase in acculturation in all 
societies recovered in survey 3, concomitants 
became much more important in explaining 
BP variability. Further, there were dramatic 
changes in mean adjusted BP. Differences 
among genetic clusters disappeared for 
males and decreased dramatically for fe- 
males (Fig. 3A-D). The variances of systolic 
and diastolic BPs, which had been heteroge- 
neous across genetic clusters and not related 
to acculturation rank, all increased mark- 
edly. There are four explanations for these 
increases in variance: 1) Increases in vari- 
ance such as these are expected given the 
varying influences of acculturation among 
individuals, e.g., changes associated with 
entry into the world cash economy are not 
distributed equally among individuals 
(Friedlaender et al., 1987). 2) Increased vari- 
ances in some societies may be related to 
increased proportions of older individuals, 
who are more sensitive to environmental 
variation. Some societies shifted demo- 
graphically, showing increased mean age in 
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TABLE 8. Interindividual systolic and diastolic blood pressures (BP) oariances for  societies within genetic 
clusters after adjustment for  contomitants and Bartlett’s tests (H) for homogmei t y  o f  varianccs among societies 

within genetic clusters 

Sex 
Genetic 
Cluster 

Males Bougainville 

Homogeneity 
of variances 

R 
P 

Malaita 

Homogeneity 
of variances 

B 
P 

On tong J a v a  
Females Bougainville 

Homogeneity 
of variances 

B 
P 

Malaita 

Homogeneity 
of variances 

B 
P 

Ontong J a v a  

Diastolic BP Systolic BP 
Society 1966-72 1985-86 1966-72 1985-86 

Nasioi 220.7 190.4 

Aita 103.3 148.9 
Nagovisi 139.2 234.9 

12.54 1.12 
0.002 0.291 

Lau 208.7 243.2 
Kwaio 148.7 
Haegu 167.4 182.0 

3.29 1.12 
0.193 0.291 

Ontong J a v a  112.5 136.5 
Nasioi 191.4 156.8 
Nagovisi 94.6 120.3 
Aita 77.3 89.0 

Lau 
Kwaio 
Baegu 

22.02 8.25 
<0.001 0.016 

167.4 744.6 
250.8 
198.2 190.6 

5.58 38.53 
0.061 <0.001 

Ontong J a v a  116.2 255.0 

104.9 
83.0 
81.2 

0.61 
0.738 

85.3 
75.2 
74.7 

0.61 
0.738 

68.4 
79.1 
67.6 
59.9 

1.78 
0.410 

84.0 
84.5 
69.2 

1.63 
0.443 

63.6 

115.2 
176.2 
93.8 

3.23 
0.072 

$11.4 

156.1 

3.23 
0.072 

72.2 
77.5 

114.4 
100.4 

5.00 
0.082 

166.5 

89.3 

7.52 
0.006 

93.9 

TABLE 9. Interindividual systolic and diastolic hlood pressures (BPI variances for  genetic clusters after 
adjustmrnt f o r  concomitants and Bartlett’s tests (B) for  homogrneity o f  uariances among genetic clusters 

Genetic 
Sex cluster 

Males Bougainville 
Malaita 
Ontong J a v a  

Homogeneity 
of variances 

B 
P 

Hougainville 
Ma 1 a i t a 
Ontong J a v a  

Homogeneity 
of variances 

B 
P 

Females 

Systolic BP 
1966-72 1985-86 

149.5 233.3 
177.8 209.3 
112.5 136.5 

12.53 13.99 
0.002 <0.001 

116.9 138.3 
229.1 357.2 
116.2 255.0 

54.16 63.33 
<0.001 <0.001 

Diastolic BP 
1966-72 1985-86 

87.9 148.4 
83.7 
68.4 

3.69 
0.158 

71.6 
86.7 
63.6 

7.89 
0.019 

143.3 
72.2 

25.91 
<0.001 
101.8 
110.5 
93.9 

1.41 
0.494 

survey 3, particularly the Lau and Ontong likely to be increased range and intensity of 
Javanese (Table 2). The only other study of environmental factors acting on BP associ- 
BP variance over a broad age range showed ated with increased acculturation that 
that increased variance in systolic BP is causes increased interindividual differences 
associated with age in whites in Rochester, in blood pressure. This explanation may be 
Minnesota (Turner et al., 1989). 3) There is more likely in those societies that had been 



508 K.E. ZERBA ET AL. 

T A B L E  10. Pearson product-moment correlations between adjusted systolic and diastolic blood pressures (BP) 
and heterogeneity of correlations among societies within genetic clusters' 

Genetic Survey 1 Survey 3 
Sex cluster Society ( 1966-72) (1985-86) 

Males Bougainville Nasioi 
Nagovisi 
Aita 

Heterogeneity of 
correlations 

X Z  
P 

Malaita Lau 
Kwaio 
Raegu 

Heterogeneity of 
correlations 

X 2  

Females 

P 
Ontong J a v a  
Bougainville 

Heterogeneity of 
correlations 

X Z  
P 

Malaita 

Ontong J a v a  
Nasioi 
Nagovisi 
Aita 

Lau 
Kwaio 
Raegu 

0.76 
0.73 
0.77 

0.48 
0.787 
0.71 
0.74 
0.71 

0.34 
0.844 
0.64 
0.57 
0.47 
0.71 

7.94 
0.019 
0.59 
0.75 

0.43 
0.41 
0.38 

0.16 
0.923 
0.30 

0.68 

6.50 
0.011 
0.58 
0.55 
0.41 
0.49 

2.26 
0.323 
0.46 

0.62 0.48 
Heterogeneity of 
correlations 

X 2  6.76 0.02 
P 0.034 0.888 

Ontong J a v a  Ontong J a v a  0.62 0.57 
' In  every case the correlations presented here are significantly different from zero a t  the 0.001 level of probability. 

TABLE 11. Pearson product-moment correlations between adjusted systolic and diastolic blood pressures (BP) 
and heterogeneity of correlations among genetic clusters' 

Sex 

Males 

Genetic 
cluster 

Survey 1 
(1966-72) 

Heterogeneity of 
correlations 

X 2  
P 

Females 

Heterogeneity of 
correlations 

X 2  
P 

Bougainville 
Malaita 
Ontong J a v a  

Bougainville 
Malaita 
Ontong J a v a  

0.75 
0.72 
0.64 

5.28 
0.071 
0.58 
0.69 
0.62 

6.30 
0.043 

Survey 3 
(1985-86) 

0.46 
0.60 
0.57 

4.73 
0.094 
0.46 
0.48 
0.57 

3.45 
n . i m  

'In every case, the correlations presented here are  significantly different from zero at the 0.001 level of probability. 

the least acculturated in survey 1 since in- 
creased acculturation is more likely to ex- 
pose individuals to  increased numbers of 
environmental factors. 4) There could be in- 

creased numbers of environmental factors 
with increased acculturation. 

However, the most important factors in- 
fluencing BP could be present in both sur- 
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veys with their effects on BP increased with 
more intense acculturation, with some geno- 
types within societies being more sensitive to  
these environmental changes. In this case, 
increases in variances would be the result of 
genotype by environment interactions. This 
explanation is more likely in those societies 
already more acculturated in survey 1 since 
environmental factors affecting BP and asso- 
ciated with acculturation are more likely to  
be already present. Since we did not measure 
genotypes within or distinguish environ- 
mental factors among these societies, it is 
not possible to separate explanation 2 
from 3. 

The high correlations between systolic and 
diastolic BPs typical of the first survey all 
decreased sharply with rapid acculturation 
to  survey 3. This trend was at  least partially 
the result of the more intense and diverse 
effect acculturation had on systolic BP vari- 
ances. Clearly, systolic and diastolic BPs 
were not perfectly correlated initially, and 
the decrease in correlations with increased 
acculturation suggests that there are differ- 
ences in impacts of genes and environments 
upon these traits. 

The relative involvement of genetic or en- 
viromental factors in the heterogeneity of 
the BP distributions is unknown given the 
study design. There were, however, distinct 
differences among genetic clusters in mean 
adjusted BP in the initial survey. It is well 
known that there can be considerable ge- 
netic differentiation, even among local prim- 
itive societies (Neel and Ward, 1970; Ward, 
1972; Rothhammer et al., 1973; Neel et al., 
1974; Friedlaender, 1975; Ward and Neel, 
1976; Neel, 1978) as well as ethnic andor 
racial differences in BP (Barbosa et al., 
1983). In our study, since ranks of society 
means ignoring cluster membership were 
unassociated with acculturation rank, it is 
probable that a t  least some of the differences 
among means are due to genetic differences 
among societies and clusters. It may be that 
individual environmental variables associ- 
ated with overall degree of acculturation 
among individual societies, however, are 
more critical and instructive. To the extent 
that at least some of the initial differences in 
mean adjusted BP among genetic clusters 
are probably attributable to genetic differ- 
ences, we may attribute changes observed 
with acculturation (Fig. 3A-D) to genotype 
by environment interaction (sensu Haldane, 
1946; Ward, 1985). In general, depending on 
its complexity, the presence of gene by envi- 

ronment interaction makes interpretation of 
the separate contributions of genetic and 
acculturation differences among populations 
to  variability in BP much more difficult, 
since differences in BP among genetically 
heterogeneous populations are not consis- 
tent across environments and vice versa. 
Hence future studies of the causes of the 
observed heterogeneity among Solomon Is- 
lands populations must include measures of 
appropriate genotypes and individual envi- 
ronment exposures. 
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