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Summary

This study examined the relationship between ABO blood phenotype and
total serum cholesterol level in a Japanese population to determine whether an
elevated cholesterol level is associated with phenotype A, as has been demon-
strated consistently in many West-European populations. Studies of this nature
in nonwhite populations are scarce; available findings have generally failed to
demonstrate the relationship, suggesting racial heterogeneity. Cross-sectional
data of various racial groups with age categories ranging from neonates to adults
exhibit varying results, including nonsignificant ABO-cholesterol associations
and raise the question of an age effect as a possible explanation for the discrep-
ancies. It has also been suggested that the ABO-cholesterol association may not
be apparent in populations with low fat intake or low mean cholesterol level. We
addressed these hypotheses by examining long-term data on total serum choles-
terol level collected serially from survivors of the atomic bombings of Hiroshima
and Nagasaki who were participants of the Adult Health Study program at the
Atomic Bomb Casualty Commission-Radiation Effects Research Foundation
between 1958 and 1986. A longitudinal statistical method of growth-curve
analysis for serially measured response was used to model age-dependent
changes in cholesterol levels within individuals. The effects of the ABO polymor-
phism in modifying the resultant growth curve were examined. We demon-
strated that total serum cholesterol levels were elevated on average by about
4 mg/dL in phenotype A compared to non-A phenotypes in the Japanese
(p = .027) and that this relationship is maintained from early to late adulthood.

$This technical report is based on Research Protocol 4-89. The full Japanese text will be
available separately; approved 4 October 1991; printed April 1993.

Departmenis of °Statistics and bClinical Studies, RERF: ‘formerly, Department of
Clinical Laboratories, RERF,



RERF TR 14-91

Thus, phenotype-A individuals may be predisposed to cardiovascular disease
through one of its major risk factors. This is the first study of the ABO-choles-
terol association in the Japanese and the first based on a cohort with longitudi-
nally collected total serum cholesterol data.

Introduction

The ABO blood system has long been recognized as a marker for diseases such
as peptic ulcer, gastric cancer, and coronary vascular disease.! In particular, an
excess of Type-A individuals and a deficit of Type O among subjects with
cardiovascular disease (CVD) have been observed in various retrospective stud-
ies. This suggests that phenotype-A individuals may be more susceptible to
myocardial infarction, atherosclerotic peripheral vascular occlusive disease, and
other forms of CVD than non-A individuals.?"!? There are also numerous reports
on the association of ABO phenotypes with total serum cholesterol!-26 and
systolic blood pressure,?527 two of the recognized major risk factors of CVD.
Phenotype A has been linked to higher mean levels of cholesterol, whereas the
ABO-systolic-blood-pressure association is not as conclusive due to inconsistent
findings from the limited number of studies. Consequently, considerable interest
has been generated in the role of the ABO locus as a factor influencing CVD
susceptibility, either directly or indirectly through its effects on CVD risk factors.

Reports of an association between ABO phenotype and total serum cholesterol
level have so far been limited to populations of West-European origin. The few
studies done on East-Indian adults,'?!? Chinese newborns,!® and Afro-American
school children!! failed to demonstrate such a relationship, raising racial hetero-
geneity and age influence as possible explanations for the discrepancies. A study
of both black and white adult Brazilian males, whose socioeconomic levels
resembled those of the East Indians, also failed to show the association. This
further supported the hypothesis that the relationship may be apparent only in
populations with higher mean cholesterol levels.? A recent study of black and
white adolescents in the Bogalusa Heart Study?* demonstrated an ABO-choles-
terol association in both races, although the highest mean level of the age-,
height-, and weight-adjusted total cholesterol occurred in phenotype B for blacks,
whereas the highest mean level occurred in phenotype A for white adolescents.
The study also showed that much of the association in both racial groups could
be accounted for by the disproportionate increase in the proportion of A and AB
individuals (or B and AB in blacks) in the upper cholesterol distribution. The
disproportionate increase was even greater in the B-lipoprotein fraction distribu-
tion. This suggested that phenotypic variations at the ABO locus are primarily
related to high B-lipoprotein levels and that the associations with other lipids are
the result of their interrelationship with the B-lipoprotein fraction. An analysis
of a pedigree with about 200 members containing a high frequency of heart
disease cases®® showed the A allele to be associated with increased levels of total
serum cholesterol and low-density lipoprotein, confirming the results of the
Bogalusa Heart Study.?*

Although much evidence exists to support the ABO-total-serum-cholesterol
association in white populations, the questions of racial heterogeneity, age
influence, and minimal population level of cholesterol necessary to detect the
association remain unanswered. Racial differences are presently not a tenable
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explanation, because of the paucity of data on nonwhites. Published data to date
consist of cross sections of individuals from various age groups: adults,”1417:19.20
young adults,'®?%2! adolescents,?*%® school children,'! and neonates,'® generally
tending toward elevated cholesterol levels among phenotype-A individuals. How-
ever, due to the cross-sectional nature of these data, even in white populations
from which most evidence for the association has been derived, one can only
indirectly postulate lack of age dependence, or more interestingly, the possibility
that the relationship is maintained over the lifetime regardless of age. To address
these questions properly, additional studies of nonwhites (as well as long-term
serial data) are required.

We examined these questions using the biennially collected total serum cho-
lesterol data from a cohort of Japanese survivors of the atomic bombings of
Hiroshima and Nagasaki, This study of a population consisting of various birth
cohorts with almost 30 years of follow-up enables us not only to examine the
ABOQO-cholesterol association in a population with a relatively low cholesterol level
and low fat intake but also to provide additional clues about racial heterogeneity,
age influence, and lifetime persistence of the ABO-cholesterol association.

Materials and Methods

Data

The subjects are members of the Radiation Effects Research Foundation
(RERF) Adult Health Study (AHS) cohort.?® The AHS was begun in 1958 by
RERF’s predecessor, the Atomic Bomb Casualty Commission (ABCC), as a fol-
low-up study to search for long-term medical and biological effects of exposure to
atomic bomb radiation among the survivors in Hiroshima and Nagasaki. Twenty
thousand persons were invited to participate in biennial health examinations
conducted by the ABCC-RERF clinical staff. These examinations consisted of
clinical evaluations and routine laboratory determinations that included total
serum cholesterol and blood pressure levels and various anthropometric meas-
urements such as height and weight.

The current study sample was derived from 16,505 AHS subjects who took part
in at least one clinical examination between 1958 and 1986 and whose ABO blood
type was determined. Excluded from the study were 3301 subjects who were not
in either city (NIC) at the time of the bombings, 2402 lacking Dosimetry System
1986 (DS86) dose estimates, 762 exposed in utero, and 202 completely lacking
either height or weight data. The NIC subjects were excluded due to discontinu-
ation of their follow-up after 1974. Due to the impracticality of checking each
subject’s height and weight against the medical records, height measurements
after age 20 (to allow for growth) that deviated by 5 em, and weights by more
than 25% from the subject’s mean values after age 20 were recoded as missing:
102 individuals were subsequently excluded for lack of complete data on height,
weight, and cholesterol in all attended exams. To avoid confounding with possible
radiation effects, which is the subject of a separate report in preparation,? the
analysis was restricted to 4162 subjects in the zero-dose group. We also excluded
those who were diagnosed with certain medical conditions that could adversely
affect their total serum cholesterol levels: 4 cases with nephrotic syndrome, 40
with diseases of the gallbladder and biliary ducts, 10 with disorders of the
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adrenal glands, 26 with acute hepatitis, and 3 with nutritional marasmus. These
conditions were ascertained through the three-digit International Classification
of Disease (ICD) codes assigned to medical conditions diagnosed at any of the
AHS examinations. Familial hypercholesterolemic cases were not excluded be-
cause their ascertainment using only the ICD codes was considered unreliable;
such cases are expected to constitute only a small fraction of the data. The
remaining 4079 were the subjects of our analyses.

Laboratory determinations

Blood groups were determined by the standard red-cell agglutination and
plasma agglutinin tests. The subtypes A; and A,, though determined, were not
considered in this report due to the small number of A, subjects. Nonfasting total
serum cholesterol levels were determined by the Kendall-Abell method during
195865 (AHS Cycles 1-4), followed by three types of automated methods using
a Technicon autoanalyzer: the N24 method during 1965-66 (AHS Cycle 4), the
N37A method during 1966—67 (AHS Cycles 4 and 5), and the N24A method
during 1967-86 (AHS Cycles 5-14). They have since been replaced by a Hitachi
model 7050 autoanalyzer beginning with AHS Cycle 15. Because autoanalyzers
were not available in Nagasaki, frozen blood specimens were sent to Hiroshima
for analysis. Standardization, to ensure comparability of the various cholesterol
determination methods, was achieved by obtaining cholesterol measurements
from the five systems using the same blood samples and estimating those
equations relating measurements from the four earlier methods to those of the
model 7050 autoanalyzer. The equations took the form: Y, 4 = ¢ Xy, where Y.
is a cholesterol measurement obtained by one of the four earlier methods and Y5
is the adjusted value standardized to the 7050 autoanalyzer using the correction
factor ¢ = .9513, .7991, .8842, and .9468, respectively, for the Kendall-Abell, N24,
N37A, and N24A methods.

Statistical analysis

The basic analytical method used was the growth-curve technique for serially
measured data. Modeling and estimation were carried out using the mixed-
effects model of Laird and Ware,? which includes growth curves as a special case.
A detailed description of the statistical methods is provided in the Appendix; a
simplified description follows.

The growth-curve method is similar to the traditional regression approach in
that a regressionlike function relating (the natural log of) cholesterol level to a
linear-quadratic function of age is obtained. However, unlike the regression
approach in which there is only one dependent variable per subject, the unit of
observation is the set of multiple cholesterol measurements for each individual.
For each subject, the regressionlike function is used to model the age-dependent
change in cholesterol levels as a subject-specific “growth curve.” The assumption
made regarding the distribution of cholesterol accounts for correlations among
repeated observations within each person. Individual growth curves can be
considered as random observations from a population with a mean growth curve,
with individual growth curves varying randomly around this population curve.
The objective of the current analysis is to estimate this population growth
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function using information from the individual curves. Factors such as sex and
ABO phenotypes may affect the shape of the population growth curve, and
another objective is to identify these factors. The resultant population growth
curve with the relevant factors, or covariates, incorporated resembles a regres-
sion function.

The primary covariate in this analysis was the ABO phenotype, although
certain demographic factors known from cross-sectional studies to affect choles-
terol levels, such as sex and birth cohort status, have also been incorporated. The
covariates included CITY and SEX, coded as 0:1 binary factors, respectively, for
Hiroshima/Nagasaki, and male/ female; AGE; AGE?; ABO blood phenotype, using
three indicator variables (I, I3, I,5) to distinguish phenotypes A (1,0,0), B (0,1,0),
AB (0,0,1), and O (0,0,0); year of birth minus 1945 (YOB — 45) to differentiate
birth cohorts; and body mass index (BMI, the ratio of weight in kilograms to the
square of height in centimeters x 100), which is available concurrently with each
cholesterol measurement.

The analysis began with a model for the cholesterol growth function that
contained all covariates and interactions of interest. The coefficients in the model
were estimated using the program REML.?! To obtain a parsimonious model, a
backward stepping algorithm was employed to eliminate nonsignificant terms
starting with the least significant. Tests were based on asymptotic normality of
the estimates using a Type-I error of .05 at each step. A detailed description of
the model-selection procedure is given in the Appendix.

Results

The number of cholesterol determinations per subject ranged from 1 to 13
(median = 7). The distributions of age in 1945, or birth cohort status, were
comparable among the ABO phenotypes and between the sexes in both cities
(Table 1). The age range with available cholesterol measurements in the males
was 20 to 92 yr (birth years 1887 to 1945), and in the females, 19 to 86 yr (birth
years 1894 to 1944). The maximum likelihood estimates of the allele and pheno-
type frequencies, given in Table 2, were obtained using the program MENDEL.3?
No departure from Hardy-Weinberg equilibrium was detected (x* = 2.28, df = 1),
indicating random mating among the various ABO genotypes and no change in

Table 1. Mean age in 1945 + SD (n)

ABO phenotype

City Sex A B 0] AB
Hiroshima Male 27.8+15.1 27.6+154 274+153 24.9+145
(386) (175) (274) (108)
Female 28.1 £ 14.1 26.4+14.8 27.2+13.3 27.0x13.9
(675) (371) (489) (177)
Nagasaki Male 22.7+13.8 21.4+13.5 251+£153 22.4+13.7
(234) (137) (175) (82)
Female 20.84+12.9 21.7+£107 21.5+12.1 21.5+13.1
(338) (170) (203) (85)
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genotypic frequencies from generation to generation. The estimates were compa-
rable between the cities (data not shown) and similar to those obtained from
various regions in Japan, which range from .243 to .309 for allele A, .082 to .229
for allele B, and .492 to .675 for allele O.%

The full model considered for the cholesterol growth curve is

E[]n(yi)')] = oy + oy (e;) + aglsy) + g, ) + o (Tg) + 0l ) + ez + u.7{bu) + ag(s; x b‘-f)
+ Og(z, X bij) + oy (8 0 z) + “’11(‘10) + 0y(e; % °.'j) + 0408, X aii) +og X aU)
+ oy g(Iy; % a;) + oyl g % @)+ oyqlz; x ay) + “:s(bij xag) + oygls; X byix a;)
+ 0gy(2; X bq % @) + Ogy(s; X 2, % aU) + “‘22(“3') + Oya(c; X a?j)
+ Ol (8; X afj) +atygl,; % agg + gl X a?j) + gl X af}) + (2, X GE‘J
+ (b, x a?j) + Oig(s; X by a?j} + 0ty (z; % by x a;“;) + Olyos; X 2, X “3} ; (1)

whereyij = total serum cholesterol level, a; = age, b;;=BMI, c; = city, s; = sex, and
z; = YOB — 1945 at the jth age for the ith person. The final model included 20
significant parameters, whose estimates are given in Table 3.

ABO effects on growth curves

Although the shapes of the growth functions were allowed to vary by ABO
phenotypes, the phenotype indicators I, I, ; and their interactions with AGE and
AGE? were eliminated in the initial step. The significance levels for 3-df x? tests
of zero Iy and I,y effects; that is, Hy: oy = 05 = 0y = 0 and Hyy: 05 = 05 = 05, = 0,
were .77 and .62, respectively. However, a similar test of the I, effect (H;: 0, =
04 = 05 = 0) was highly significant (p < .00001). After step-by-step elimination
of nonsignificant terms, only the coefficient for I, at the baseline level (o)
remained in the final model (p = .027), indicating that the population growth
curve of phenotype A is distinct from that of non-A and that no significant
differences exist in the growth functions among groups AB, B, and O.

Phenotype-A effect on the shape of growth curves

Interactions of I, with AGE and AGE* (a,, and ay;) were not significant,
indicating that in the age range considered the general shape of the expected
cholesterol growth curve in phenotype A appears not to differ from that of non-A
except for a proportional shift upward. Although cholesterol values were avail-
able between the ages of 20 and 90 yr, there may not be adequate data for

Table 2. Maximum likelihood estimates (MLE) of the ABO allele and phenotype
frequencies in Hiroshima and Nagasaki, males and females

Allele MLE + 8D Phenotype MLE n
A 0.3001 + 0.0056 A 0.4010 1633
B 0.1749 + 0.0044 B 0.2162 853
0 0.5250 + 0.0061 0 0.2787 1141

AB 0.1041 452
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Table 3. Estimates of the statistically significant coefficients in the growth curve of
total serum cholesterol level

Variable o SD z
Intercept 3.68 0.079 46.44

cITy 0.084 0.039 2.16

SEX 0.37 0.064 5.84

Ia 0.025 0.0052 4.89

YOB — 45 -0.022 0.0016 -13.36

BMI 3.60 0.30 12.11

SEX x BMI -0.63 0.11 -5.53

SEX x (YOB — 45) -0.017 0.0028 -5.97
AGE 0.040 0.0024 16.50

CITY x AGE ~0.0050 0.0015 -3.39

SEX x AGE -0.014 0.0027 -5.31

BMI x AGE -0.039 0.0065 -6.02

(YOB - 45) x BMI x AGE 0.0010 0.00020 4.87
SEX x (YOB - 45) x AGE 0.00074 8.75x 1073 8.40
AGE? ~0.00031 2.45x107° -12.82

CITY x AGE? 4.56 x 107 1.36x 1075 3.34

SEX x AGE? 0.00021 3.16 x 1078 6.77
(YOB - 45) x AGE® 3.31 x107® 4.09x 1077 8.10
BMI x AGE? =1 Bix 407° 2.82x1078 -3.54

SEX x (YOB — 45) x AGE® -7.81 x 107® 7.74x 1077 -10.09

detecting interactions of age with I, past age 80, because there were fewer than
30 subjects with cholesterol data beyond this age. However, more than 450
persons with an average of six cholesterol determinations, spanning 12 yr
beginning in their 20s, were available, suggesting that data size is not a problem
at this end of the age range. Hence, cholesterol levels on the average tend to be
higher in phenotype A than in types AB, B, and O combined, and this trend is
maintained as nonintersecting curves from early adulthood to old age, or from 20
to about 80 yr. The estimated population growth curves are shown in Figure 1
for four female birth cohorts, assuming a constant BMI of 0.203 (eg, weight = 50 kg,
height = 1.57 m). The mean cholesterol level in phenotype A is estimated to be
elevated by about 2.5 + 0.005% or generally 4 mg/dL above that of the non-A
phenotypes throughout most of their lives. For comparison against the growth-
curve result, Figure 2 shows the mean cholesterol levels by attained age in a
cohort of 454 females born between 1905 and 1914. Mean cholesterol values in
phenotype A are shown to be higher in general, by approximately 5 mg/dL, than
those of non-A.
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Sex, birth-cohort, and BMI effects on the shape of growth curves

To determine whether the shape of the growth curves in phenotypes A and non-A
vary by SEX, YOB — 45, and change in BMI, their interactions with I,, I, X AGE,
and I, x AGE? were included in the final model, and the significance of each set
of terms was tested simultaneously by a 3-df x? test. None were statistically
significant (p = .32, .16, and .37 for sex, YOB - 45, and BMI effects, respectively).
Thus, cholesterol levels in phenotype A on the average are higher than in non-A
at any age regardless of sex, BMI, or the year of birth. Except for the actual shape
of the cholesterol growth function, which is sex dependent, the relative difference
between phenotypes A and non-A in males would be similar to those shown in
Figure 1 for females.

Comparison with results from conventional analyses

The results of the growth-curve analysis were compared with those of the more
conventional approach. Table 4 shows the mean cholesterol levels, adjusted for
mean age, at each of the 14 AHS examination cycles for the four ABO phenotypes.
Significance levels comparing the equality of the means were based on analysis
of covariance. Mean cholesterol levels are shown to differ among the four ABO
phenotypes in 9 out of 14 exam cycles, with the highest level generally occurring
in A but with uncertain ranking in the remaining groups.

To identify the phenotypes that actually differ from one another, In(choles-
terol) at each exam cycle was regressed against AGE, AGE?, SEX, and the
phenotype indicators I, I;, and I 5. Table 5 shows the significance levels of each
phenotype indicator. ABO heterogeneity is indicated by the significant I, terms
in 9 out of 14 regression analyses, showing that phenotype A differs from B, O,
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Figure 1. Total serum cholesterol growth curves in phenotype-A and non-A females
(weight = 50 kg, height = 1.57 m; YOB = year of birth).
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Figure 2. Mean total serum cholesterol in a cohort of 454 females born between 1905
and 1914.

and AB combined. Almost none of the coefficients for Iy and I, showed statistical
significance, indicating that the differences are indistinguishable among the
latter three blood types. The estimates of I, coefficients also suggest that choles-
terol levels in phenotype A are elevated on average by about 3%.

The results of the conventional analyses are generally in agreement with those
of the growth-curve approach. However, it is apparent that they are inefficient
for direct assessments of the longitudinal effect of the ABO polymorphism on the
age-dependent pattern of change in cholesterol levels and are unsuitable for
elucidating more-intricate relationships of ABO phenotype, or any other covari-
ates, to an individual’s cholesterol profile.

Discussion

The purpose of this report was to investigate whether an association between
ABO blood phenotype and total serum cholesterol levels exists in the Japanese
and to investigate whether an age influence could explain the discordant results
observed in some of the earlier studies on this association. We analyzed longitu-
dinally collected cholesterol data from a cohort of atomic bomb survivors in
Hiroshima and Nagasaki. We demonstrated an ABO-cholesterol association in
this Japanese population, in particular an elevated cholesterol level among
phenotype-A individuals, and demonstrated that this relationship prevails from
early to late adulthood. The cholesterol growth curves for A and non-A pheno-
types appeared to be nonintersecting between ages 20 and 80 yr. These results
did not appear to depend on sex, birth cohort status, or changes in BMI.

A search of the published literature reveals that this study was the first to
analyze data on the relationship between the ABO blood group system and total
serum cholesterol, one of the recognized risk factors of CVD, using statistical
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Table 4. Mean total serum cholesterol levels (mg/dL) adjusted by mean age® + SD (n),
Hiroshima and Nagasaki, males and females

ABO phenotype

Exam P Mean
no. value® A B AB 0 age (yr)
1 .07 152.3°+33.2 149.2+32.4 149.8+32.6 146.8+ 329 47.9
(562) (289) (144) (411)

2 .67 1496 £33.0 148.1+£32.7 149.8+33.0 146.8+324 43.3
(407) (230) (119) (291)

3 <.01 160.9+£37.4 151.1£35.2 151.7+£35:3 151.5+£35.3 44.5
(353) (165) (79) (198)

4 .01 155.4 £32.2 150.0£31.1 151.4+31.4 151.3+31.3 47.6
(881) (449) (227) (575)

5 .04 164.2 346 160.4+33.8 160.3+33.8 160.7+33.9 48.9
(1198) (595) (317) (825)

6 .03 167.9+31.7 166.4+31.4 1658+31.3 163.4+30.9 50.9
(1088) (553) (290) (768)

7 02 177.1+34.0 172.4+33.1 168.4+323 172.4+33.1 588
(507) (259) (125) (328)

8 16 188.1 £ 35.7 183.9+£349 1822+346 185.7+35.2 60.4
(619) (302) (150) (427)

9 14 181.4+33.7 17784331 1775+33.0 178.9+333  55.0
(985) (502) (252) (684)

10 15 182.0+33.4 179.1+329 177.7+32.6 179.6+33.0 56.2
(997) (508) (275) (695)

11 <01 18481346 179.5+33.6 180.1+33.8 180.0+33.7 57.0
(1098) (590) (314) (773)

12 .01 183.8 +34.3 179.4+325 181.0+33.8 178.6+33.4 58.4
(1086) (575) (320) (766)

13 .04 187.8 £+ 35.4 183.0+34.6 1858+ 35.1 184.4+34.9 59.8
(570) (570) (303) (721)

14 <.01 189.1+35.0 182.3+£33.7 186.6+34.6 183.0+33.9 61.4
(1026) (539) (308) (698)

8 Adjusted mean cholesterol level in phenotype k:

Hx= In (chol), - B;(AGE, — AGE) - B(AGE2 — AGE?: Where AGE and AGg? are overall

means.

bSignificance levels for the equality of adjusted means.

®Natural log transformation was used in the analyses. The means have been transformed
back to the original scale. Standard deviations are approximations based on the

following: [exp (1) x [exp (SDY] — exp () /[exp (SD,‘)]]/2 , Where 8D, js SD in the natural
log scale.

10
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methods for serially measured data. The availability of serial cholesterol data
allowed characterization of the age-dependent pattern of change in cholesterol
levels and the long-term effects of ABO phenotype on the expected growth
function using the growth-curve methods. Parameter estimation and hypothesis
tests were carried out using the mixed-effects model of Laird and Ware,?° which
includes the growth-curve technique as a special case. This approach accounts
for correlations among repeated observations within individuals and is appropri-
ate for analyzing time-dependent serially measured data. The statistical tech-
nique is also appropriate for the analysis of other normally distributed serially
measured data available in the AHS subjects and should be useful for studying
the effects of radiation exposure on the long-term characteristic patterns of these
measurements.

The mixed-effects model enables unified assessment of the effects of covariates
on serially measured data, which is not possible with conventional, less appro-
priate, techniques such as the analysis of covariance and regression analyses
applied to nonindependent data collected periodically. Analysis of the cholesterol
data with these methods at each exam cycle revealed ABO heterogeneity in 9 out
of 14 tests, with the remaining 5 showing no differences. Due to irregular

Table 5. Significance levels of the ABO phenotype indicators in the linear regression of
In (cholesterol) on AGE, AGE?, SEX, Ia, Is, Iag, Hiroshima and Nagasaki combined

p values for indicators® )
Estimates of |,

Exam cycle A 5 = coefficients + SE
1 0.01 0.38 0.31 0.037 + 0.014
2 0.20 0.63 0.27 0.021 £ 0.016
3 <0.01 0.96 0.91 0.060 + 0.020
4 0.03 0.39 0.96 0.024 + 0.011
5 0.03 0.83 0.99 0.021 + 0.009
6 <0.01 0.12 0.20 0.026 + 0.009
7 0.10 0.72 0.30 0.022 + 0.013
8 0.28 0.38 0.38 0.012 + 0.012
9 0.16 0.48 0.72 0.013 £ 0.009

10 0.08 0.94 0.93 0.016 + 0.009
11 <0.01 0.71 0.68 0.026 + 0.008
12 <0.01 0.78 0.14 0.027 + 0.008
13 0.03 0.53 0.31 0.019 + 0.009
14 <0.01 0.81 0.04 0.033 + 0.009

aSignificance levels for the coefficients of ABO phenotype indicators. Type A
corresponds to (/,, /g, /ag) = (1,0,0), type B to (0,1,0), type AB to (0,0,1), and type O to
(0,0,0).
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attendance patterns of the AHS subjects to clinical examinations, sample compo-
sition and, consequently, the analytical results varied by exam period. If the only
data available were those from the five AHS examinations showing no ABO
heterogeneity, our study of this Japanese population would not have demon-
strated an ABO-cholesterol association but would have given more support to the
racial heterogeneity hypothesis. Seven studies of nonwhites have appeared to
date: two of East-Indian adults,'®'® one of Chinese newborns,® one of Brazilian
blacks and whites,?® one of Afro-American school children,'! one of a Thai
population,3* and another of Afro-American adolescents.** In the first four stud-
ies, phenotype A was not associated with significantly higher levels of total
cholesterol, although Banerjee and Saha,'? in their East-Indian adult sample,
reported that the highest mean occurred in Type-A individuals (A = 173.9,
O = 163.7, B = 161.9, and AB = 158.3). ABO heterogeneity was indicated in
Afro-American school children and adolescents, albeit types O and B were
associated with the highest mean level in those data. Although the Thai diet is
considered to be low fat, which is reflected in low Thai cholesterol levels, the
relationship with phenotype A was apparent. However, among Brazilian blacks,
whose cholesterol levels are also low, the relationship was absent. As seen in
Table 4, cholesterol levels in this Japanese cohort are also low compared to a
mean of 248 mg/dL for the male and female Framingham subjects” in 1960 at
mean age 58. The difference is especially striking considering that in the 14th
exam cycle, 26 years after the Framingham results, the mean level in the AHS
cohort with an average age of 61 was only 186 mg/dL. Thus even in the Japanese,
who have a relatively low fat intake and low cholesterol levels, the ABO-choles-
terol association was evident, in particular the elevated level for phenotype A
that has been demonstrated consistently in white-population data. Finding the
association in one Japanese cohort admittedly does not establish the relation-
ship, nor does it preclude its absence in other nonwhite populations. Neverthe-
less, the size and the nature of our data suggest that sampling variation
associated with cross-sectional data is a more likely explanation for the lack of
association seen in some of the earlier studies, rather than racial heterogeneity
or a low population level of total serum cholesterol.

Previous cross-sectional studies suggested that the cholesterol differential
prevailed between A and O, non-O and O, or A and non-A groups. George et al*
showed allele A to have an increasing, and allele B to have a decreasing, effect
on total cholesterol level, which is consistent with our finding that showed group
A to have higher levels than AB, with no discernable differences among AB, B,
and O. The lack of interaction between phenotype A and sex, year of birth, or
changes in BMI indicates, respectively, that the effect is not manifested differen-
tially between males and females, or through varying environmental factors such
as dietary habits associated with various birth cohorts, or through changes in
individual body/fat ratio. The last indication does not imply a lack of ABO effect
on the anthropometric variable but indicates that the ABO effect on cholesterol
levels is not manifested through this factor. Whether the ABO phenotype affects
changes in BMI must be assessed by examining the relationship between ABO
and BMI growth curves.

A major strength of our longitudinal cholesterol data is that they allow us to
model the long-term interrelationship between the factors of interest and the

12
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serially measured response. Lifetime maintenance of elevated cholesterol level
in phenotype A, which was demonstrated in our study, can be described by the
phenomenon of “tracking.” Although the specific definition differs among inves-
tigators, tracking is based on the idea that an individual’s measured response
level at one time remains within the respective percentile of the population
distribution at a later time.?® This would occur if the expected cholesterol profiles
in groups of individuals are parallel or nonintersecting.®® In this analysis,
tracking of total serum cholesterol was shown to occur as nonintersecting growth
curves, with the expected cholesterol levels in phenotype A elevated proportion-
ally by about 2.5% relative to non-A in the age range of 20 to 80 yr.

Tracking of total serum cholesterol, and of systolic blood pressure, from youth
to maturity was suggested by Fox et al,?” who found both of these CVD risk
factors to be elevated in phenotype A of their Bogalusa adolescent sample.
Although adolescents are not represented, our results on tracking apply as early
as age 20. Garrison et al” considered the cholesterol factor to be of secondary
importance in explaining the excess coronary heart disease (CHD) cases observed
in phenotype A; the cholesterol differential between A and non-A is too small to
account for even a 10% excess (A:O relative incidence 1.3-2.0 among West-Euro-
pean populations showing excess CHD cases in type A%). They concluded that
the influence of blood group A must be independent of the cholesterol risk factor.
Indeed, our estimate of the average increase was only about 4 mg/dL. However,
cholesterol levels in most CHD cases were shown to be increased by only a modest
amount compared to the normal non-CHD distribution.?” Furthermore, as noted
by Fox et al,?” the Framingham Heart Study®’ showed not only that the risk for
coronary artery disease rises with cholesterol level but also that the effect is
synergistic in combination with additional risk factors such as elevated systolic
blood pressure. Tracking of systolic blood pressure would extend the Bogalusa
adolescent results to maturity, predicting the level of another CVD risk factor to
be elevated in phenotype A at a later age when CVD risk is increased. As further
indicated by the evidence of elevated levels of low-density lipoprotein cholesterol,
which is considered the primary atherogenic lipoprotein®® in phenotype A,724:26,38
blood-type-A individuals could potentially possess an even greater liability to-
ward CVD than suggested by the observed A:non-A mean differences in the
individual risk factors. Lipoprotein fraction data are also available for 127 male
and 104 female AHS subjects from exam cycle 8 who were serologically typed for
ABO. Regression analysis of the B-lipoprotein fraction level by age, sex, and
A:non-A blood type indicated that the level in phenotype A increased by about
6% (p = .052, data not shown), providing further evidence for an increased level
of this risk factor in another racial group. Tracking of the risk factors further
indicates that phenotype-A individuals are more predisposed (than non-pheno-
type-A individuals) to CVD at an age when the risk for the disease is still small.
Since a substantial rise in CVD risk occurs when total cholesterol and systolic
blood pressure have attained the adult levels, it might be hypothesized that the
increased liability (represented in part by the levels of cholesterol and systolic
blood pressure) in phenotype A is not manifested as disease until the liability,
augmented by additional risk factors such as cigarette smoking and left ventricu-
lar hypertrophy, rises to a clinically significant level.

13
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Evidence for elevated systolic blood pressure levels in phenotype A is sparse,
so that tracking can only be speculative. A more-definitive answer awaits further
studies, such as that using the serial systolic blood pressure data in the AHS
cohort. Whether CHD risk in phenotype A is increased in the Japanese is
unknown. However, total serum cholesterol and systolic blood pressure are risk
factors in this population as well, %42 so that a CVD incidence study in the AHS
incorporating the ABO locus with other risk factors would be informative for
delineating its role in CVD development.

The association between ABO polymorphism and total serum cholesterol levels
implies genetic involvement in the control of this quantitative trait; either the
ABO locus itself or other closely linked loci must be responsible for the variabil-
ity. Reports of associations with other independent loci such as Gm, haptoglobin,
and secretor status?? indicate that ABO is but one locus responsible for the
variability in total serum cholesterol levels and that the trait is polygenic.
Further study of these markers may help identify a phenotype based on combi-
nations of such markers associated with elevated levels of the CVD risk factors.
Because ABO and other blood types are constant and easily determinable,
associations with blood types and tracking of the risk factors may provide early
identification of a subgroup of individuals with elevated susceptibility to CVD,
potentially useful for disease prevention.
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Appendix

The mixed-effects model of Laird and Ware’ may be presented from the
perspective of growth-curve analysis. This approach in describing the method is
more appropriate for the current problem since the basic technique for analyzing
serially measured response data, whose goal includes characterization of the
time-dependent trend, involves the growth-curve method. The mixed-effects
model may be regarded as a generalization of this method. Since the current
analyses were conducted using a computer program written for parameter esti-
mation in the mixed-effects model setting, a general description of the relation-
ship between this model and the growth-curve approach would provide the
motivation and justification for their implementation. Specific application to the
current cholesterol problem is described as an example. The description given
below should serve as a reference for future studies of this kind involving other
serially measured AHS data.

The mixed-effects model of Laird and Ware

For the ith person, let y; denote the n; x 1 vector of measured responses.
Assume the following growth model to relate y; to time-varying covariates from
the n; occasions:

Vi=Zp,+e,i=1,..m,

where Z; is n; x ¢ known design matrix of time-dependent covariates, B; is
a g x 1vector of growth parameters, and e; is an n; x 1 vector of errors. A common
growth model is assumed for all individuals. However, the values of B; are
considered unique to each subject, with Z;; defining the ith subject’s growth
curve; B; and e; are assumed to be independently, randomly distributed according
to N(A,a, D) and N(0, 6°I)), respectively. A, is a ¢ x p known design matrix of
time-independent covariates relating B, linearly to o, ais a p x I vector of fixed
parameters, D is a ¢ X g covariance matrix of unknown parameters, and I; is an
n; x n; identity matrix. Note that independence is assumed for the within-subject

errors.
This means that B, = A;o + b;, where b; is the vector of deviation of the ith

subject’s growth parameters from the overall mean and is distributed as N(0, D).
It follows that

yi = ZP;+e
_ Z‘(Ala + b‘) + e,-
= ZAo+Zb, +e; (A1)
= X,{I L Z‘-bi + €, i= 1!‘“! m, (A‘2)
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where X| is an n; X p known design matrix. Since b; = B; — A;a, Z,b; models the
deviation of the ith subject’s growth function from the overall mean. It also
follows that

E(y) =Xq,
Var(y,) = oI, + ZDZ .

Errors in an individual consist of the between-subject and within-subject compo-
nents, Z;b; and e;, respectively. The error structure in Var(y,) allows for correla-
tions among repeated observations within an individual.

Expression (A.2) is the mixed-effects model of Laird and Ware, with @ and b;
as vectors of the fixed- and random-effects parameters, respectively. It is more
general than the growth-curve formulation of (A.1) in that the special structure
of X; = Z;A,; is not imposed on X;, which is specified simply as an n; x p known
design matrix. Fixed effects are associated with parameters that are considered
to be constant across individuals. Random effects are associated with parameters
that vary from person to person. From the growth-curve perspective, Z;A;o and
X.a model the mean growth function, which is constant for individuals in the
same population, whereas Z;b; models the deviation of an individual’s growth
function from the population mean and varies randomly among individuals.
Effects may consist of one or both components depending on model specification,

The estimates of the unknown variance components, that is, 6% and the unique
elements of D, together with the estimates of the fixed and random-effects
parameters and their standard errors, can be obtained with the program
REML.?! The required input includes y;, X;, and Z, for each subject. The variance
component estimates are restricted maximum likelihood (REML) estimates,*
which are preferable to ordinary maximum likelihood estimates as the latter are
biased for simultaneous estimation of fixed and random effects. The estimates of
the random effects are empirical Bayes estimators. Inference is based on asymp-
totic normality.

Application to the current problem

Let y; denote the series of the natural log of total-serum-cholesterol measure-
ments for person i obtained from n; AHS examinations, n; = 1,...,13, and
i = 1,..,4079. The natural log was used since cholesterol distribution was shown
to be reasonably normalized by this transformation in cross-sectional analyses.
Following the growth-curve modeling approach, we assume that y; for an indi-
vidual can be adequately described by the following growth function:

¥ij=Boi + Bu(AGE}) + B,(AGE?) + Bo,(BMI,)
+ Bu(BMI, x AGE,)) + By (BMI,; x AGE?), (A.3)

where j = 1,....n;. Thus, ¢ = 6, D is a 6 x 6 matrix, and Z, is an n; x 6 matrix made
up of ones in the first column, AGE in the second, AGE? in the third, and so on.
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We assume the following linear relationships for the parameters in B; with
respect to CITY, SEX, I,, I;, I,5,, YOB — 45, and SEX x YOB — 45 interaction:

Bo=wo +oiCITY) +0xASEX) +oay(la) +ouln) +ostfan) +0e(YOB-45) +afSEXx YOB- 45y +bo
Bri=0s +ag(CITY;) +010(SEX) +aai(la) +mia(fe) +enafan) +014(YOB - 45) + 015(SEX x YOB - 45); + by
fai =ous +a17(CITY}) + 01dSEX) + ouglla) + ool +aai(fan) +@22(YOB - 45) + apy(SEX x YOB — 45); +bai

Pai = 0ga + ags(SEXG) + t26(YOB — 45;) +ba

Pai=az7 + 0za(SEX)) + 0zo(YOB- 45) +byi

Bsi = 030 + oa(SEXG) + 0z(YORB — 45) + b
(A4)

The dimension of ais 33 x 1, A; is 6 x 33, and X; = Z/A, is an n; X 33 matrix. In
addition, B; ~ N(A;e, D) and b; ~ N(0, D). Although the growth parameters B;,

B.i» and By, corresponding to the intercept, AGE, and AGE? in (A.3) are allowed
to be modified by all seven time-independent covariates, those corresponding to
BMI, BMI x AGE, and BMI x AGE? are assumed to be invariant to CITY, ABO
phenotype, and interaction between sex and cohort status in order to minimize
the number of parameters to be estimated initially. This particular model was
selected to reflect our primary interest, which is to examine the effects of ABO
phenotype on changes in cholesterol levels with chronological aging, rather than
with changes in BMT associated with the aging process. The effects of ABO on
BMI, BMI x AGE, and BMI x AGE? were tested after a simpler model containing
only the I, effect was obtained, by incorporating I, x BMI, I, x BMI x AGE, and
I, x BMI x AGE? terms in the model. CITY and SEX x (YOB — 45) effects may be
tested similarly, but this was not done in this report.

A preliminary analysis that included only AGE, AGE?, and BMI in the growth
function gave an estimate of the coefficient of variation of the BMI effect; that is,
the square root of the estimated between-subject variance of the growth parame-
ter corresponding to BMI divided by the estimate of the expectation of the
parameter as .0003, in contrast to .8 of the age effects. This indicated the
between-subject variability in individuals’ BMI growth parameter, relative to the
size of its effect, to be negligible in comparison to those of age, and that setting
its variance to zero may not be unreasonable, Thus, BMI was assumed to consist
of only the fixed effect. We assumed this to be true for the last two terms in (A.3)
as well. Thus, the diagonal and off-diagonal elements in D corresponding to BMI,
BMI x AGE, and BMI x AGE? were set to zero. The covariance matrix of f; then

has the following structure:

(62, o; o2, 0 0 0]
6?00'%10%2000
o3 000

o O O
00 0000
0 0 0000
0 0 0000
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In addition, [by;, b,;, byl ~ N(O, D*), where D* is the 3 x 3 upper left submatrix
of D consisting of the nonzero elements. The variables b,;, by, and by are
identically equal to zero. When the expressions in (A.4) are incorporated into
(A.3), the subject-specific growth function takes the following form in terms of b;:

The overall growth model for y; expressed as a mixed-effects model consists of
the n; x 33 fixed-effects design matrix X, and the 33 x 1 vector of the fixed-effects
parameters @, both of which are defined earlier. It also includes Z;, which is now
an n; x 3 design matrix of the random effects made up of ones in the first column,
age in the second, and the square of age in the third and also b;, whichisa 3 x 1
vector of the random effects. Model (1) given in the Results section is the
expectation of y,. Expressed in the mixed-effects model formulation, the estima-
tion of the parameters and their standard errors may proceed using the program
REML by supplying y,, X;, and Z, for each individual.

Selection of an appropriate model for the mean function X;a may proceed in
ways analogous to model selection in regression analyses. These include (1)
specification of a model of interest and test for the significance of the included
terms, (2) a forward-stepping procedure in which significant effects are added to
an initially simpler model, and (3) a backward-stepping procedure in which
nonsignificant terms are eliminated from a larger model. We applied a backward-
stepping procedure to model (1) to obtain a parsimonious model for the mean
cholesterol growth function. Assuming asymptotic normality of the parameter
estimates, multivariate tests of zero simultaneous effect of the fixed effects in
(A.4) were carried out initially, using %2 tests with degrees of freedom equal to
the number of fixed effects tested as zero. For example, the significance of an
overall ABO effect on B;, ,;, and B,; in (A.4); that is,

Hyog =0y =05=04) =0y = 043 =019 = 0yp =0y = 0,

was tested by comparing the value of the Wald test statistics computed in REML
against the x? distribution with nine degrees of freedom. A similar procedure was
carried out to test the simultaneous significance of each ABO indicator variable,
I1,, Iy, and I, on By;, By;, and B,;. The simultaneous tests were followed by
one-at-a-time significance tests of each remaining term in the model. Elimination
of terms proceeded in a stepwise fashion beginning with the least significant,
followed by re-estimation of the parameters and their standard errors. This
procedure continued until no more terms could be eliminated from the model.
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KigEop#°
g2 I, O FHEE i + SE
I I Ly
1 0.01 0.38 0.31 0.037 £ 0.014
2 0.20 0.63 0.27 0.021 + 0,016
3 <0.01 0.98 0.91 0.080 + 0.020
4 0.03 0.39 0.98 0.024 +0.011
5 0.03 0.83 0.99 0.021 + 0.009
6 <001 0.12 0.20 0.026 + 0,009
7 0.10 0.72 0.30 0.022 +0.013
8 0.28 0.38 0.38 0.012 + 0,012
9 0.16 0.48 0.72 0.013 = 0.009
10 0.08 0.94 0.93 0.016 =+ 0.009
11 <001 0.71 0.68 0.026 = 0.008
12 <0.01 0.78 0.14 0.027 = 0.008
13 0.03 0.53 0.31 0.019 #+ 0.009
14 <001 0.81 0.04 0.033 +0.009

IABO HIEHEI KOG EANE, AR, k he) = (1, 0, 0), BRIZ(0, 1, 0), ABEUZ(O, O, 1),
OMF(0, 0, 0)IcHHYT 5,
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