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Abstract

Objective—To assess the relationship of lipoprotein subfractions to coronary heart disease
(CHD).

Methods—~Prospective 29.1 year follow-up of 1905 men measured for lipoprotein mass
concentrations by analytic ultracentrifugation between 1954 and 1957. Vital status was determined
for 97.2% of the cohort. Blinded physician medical record and death certificate review confirmed
179 CHD deaths. Follow-up questionnaires identified 182 nonfatal myocardial infarctions and 93
revascularization procedures from 1,346 (98.3%) of the surviving cohort and from the next-of-kin
of 153 men who died.

Results—When adjusted for age, total incident CHD was inversely related to HDL2-mass
(P=0.0001) and HDL3-mass (P=0.02), and concordantly related to LDL-mass (P<10~11), IDL-
mass (P<10~7), and small (P<10~7) and large VLDL-mass concentrations (P=0.003). The hazard
reduction per mg/dl of HDL was greater for HDL2-mass than HDL3-mass (P=0.04). The lowest
quartiles of both HDL2-mass (P=0.007) and HDL3-mass (P=0.001) independently predicted total
incident CHD when adjusted for traditional risk factors. Risk for premature CHD (< 65 years old)
was significantly greater in men within the lowest HDL2 (P=0.03) and HDL3 quartiles (P=0.04)
and having higher LDL-mass concentrations (P=0.001). Serum cholesterol’s relationship to
incident CHD (P<10~8) was accounted for by adjustment for LDL-mass concentrations (adjusted
P=0.90).

Conclusions—Lipoprotein subfractions differ in their relationship to CHD.
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Lipoproteins include a heterogeneous mixture of particles that vary by size, density, and
buoyancy [1]. Analytic ultracentrifugation was applied in the 1950’s to the separations of
lipoprotein particles by their rates of migration in an intense centrifugal field, i.e. high-
density lipoprotein 2 (HDL2, F1 2¢3.5-9.0), HDL3 (F1.200-3.5), low-density lipoproteins
(LDL, S;0-12), intermediate-density lipoproteins (IDL, S{12—-20), small very-low-density
lipoproteins (small VLDL, Sf20-100), and large VLDLs (S:100-400), and remained in use
through the end of the 20t century [2-4]. Analytic ultracentrifugation was, in essence, the
gold standard against which other techniques were calibrated [5,6]. Although the instrument
was further improved to measure lipoprotein mass concentrations within individual flotation
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Methods

Design

intervals [7], the basic methodology and the aforementioned density intervals remained
unchanged throughout its use.

Between 1955 and 1957 Gofman established a prospective study of Livermore Radiation
Laboratory male employees [8]. After 10 years of follow-up they reported that when
compared to mean serum concentrations of the total sample, the 38 men who developed
clinical ischemic heart disease had 32% lower HDL2 (P<0.01), 8% lower HDL3 (P=0.02),
13% higher LDL (P<0.001), 23% higher IDL (P<0.001), and 21% higher small VLDL
(P<0.01). Serum mass concentrations of larger VLDL were 14% greater in men with
ischemic heart disease than the base population, but not significantly so [8]. Gofman et al.
proposed that the relationships of ischemic heart disease to total cholesterol and the low- to-
very-low-density lipoproteins diminished with increasing age, specifically after age 50.
Livermore was the first prospective study to relate HDL subfractions to heart disease risk.

Although Gofman’s original photographic schlieren images were destroyed, the fortuitous
discovery of the IBM punch cards provided a unique opportunity to assess the relationships
of lipoprotein subfractions to the 29-year incidence of CHD in this historically important
study. The providence of these data were confirmed by conversations and a computer data
printout provided by Gofman, and sample log book maintained for the analytic
ultracentrifuge at Donner laboratory. This paper uses survival analyses to assess the
statistically independent relationships of incident CHD to both HDL2 and HDL3-mass
concentrations, as well as the mass concentrations of the Sf0-400 low- to very-low density
lipoproteins. The substantially greater number of incident cases, and the availability of
multivariate techniques allow us to adequately address: 1) whether specific analytic
ultracentrifuge lipoprotein mass measurements are significantly related to incident CHD;
and 2) whether their ability to predict incident CHD is superior to serum total cholesterol
measurements.

The cohort consisted of male employees of the Livermore Radiation Laboratory who
participated in the original follow-up study by Dr. John Gofman [8]. All of the men were
free of prior ischemic heart disease at baseline. Qualification presumably corresponded to
the criteria adopted by the Cooperative Study, i.e., disqualified for more than trace amounts
of urine protein or sugar; diabetes mellitus; nephritis (except past history of pyelonephritis,
nephrolithiasis, or loss of kidney); treatment with ACTH, cortisone, or related hormones;
history of rheumatic heart disease; known congenital heart disease; syphilis or Buerger's
disease.

Baseline measurements

Height, weight, blood pressure, and casual blood draws were obtained during employee
annual medical physical examination. Cigarette consumption was determined by self report.
Serum total cholesterol was assayed by a modification of the Abell method [9]. Corrected
lipoprotein subfraction concentrations were obtained by analytic ultracentrifugation [3]. The
29-year follow-up study was approved by the committee for the Protection of Human
Subjects, University of California, Berkeley.

Endpoint assighment

Criteria for fatal and nonfatal CHD were those previously employed for community
surveillance of coronary heart disease [10]. Physician-diagnosis of CHD was made without
knowledge of the cholesterol or lipoprotein concentrations. A preliminary diagnosis of fatal
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CHD was assigned when there was a death certificate indicating consistent underlying or
immediate cause corresponding to ICD-9 410-414 (ICD-8 400-438). The 179 physician-
determined CHD deaths included 24 fatal myocardial infarctions showing evidence of a
nonfatal myocardial infarction from hospital records within 4 weeks of death or an autopsy
diagnosis of acute myocardial infarction; 10 sudden coronary deaths with the decedent
observed within one hour of their death with either no symptoms or symptoms compatible
with acute myocardial infarction; and 50 fatal CHDs without documentation of myocardial
infarction or sudden death. There were also 95 possible coronary heart disease deaths in
which: 1) there was a death certificate with consistent underlying or immediate cause
(ICD-9 410-414) but neither adequate preterminal documentation of an event, autopsy,
previous myocardial infarction according to usual physician or hospital records, nor witness
to the death; or 2) definite fatal myocardial infarction or CHD in the presence of another
probably lethal, non-atherosclerotic process.

The surviving members of the cohort reported 137 hospitalizations for a heart attack,
including 76 that were confirmed from retrieved hospital records. They also reported 82
coronary artery bypass grafts or angioplasties, 67 confirmed from hospital records. Next-of-
kin reported 45 hospitalizations for a heart attack among those who had died, including 33
confirmed diagnoses from medical record review. The next-of-kin also reported 11 bypass
grafts or angioplasties, 9 confirmed from hospital records. The survival analyses to follow
are for two endpoints: 363 reported CHD representing both verified and unverified nonfatal
myocardial infarctions and revascularization procedures, and physician diagnosis of definite
and possible fatal CHD (234 prior to age 65 years), and 194 definite CHD representing
confirmed hospital diagnoses for myocardial infarctions, confirmed revascularization
procedures, and definite fatal myocardial infarction, sudden coronary death, and fatal CHD
(137 prior to age 65 years).

Statistical analyses

Analyses were performed using JMP version 5.1 (SAS Institute, Cary NC). Stochastic
imputation was used for missing covariates. Inclusion of the missing values did not
noticeably alter the coefficients for lipoprotein mass concentrations as compared to deleting
missing values (hazard ratios for lipoproteins, the principal outcome for this report, differed
by <0.1%). The proportional hazards assumption was assessed by dividing the sample into
<10 years follow-up, 10-20 year follow-up, and >20 year follow-up and testing whether the
coefficients differed between age strata. There was no difference in the coefficients between
the 10-20 year and the >20 year time intervals for cholesterol (P=0.89), HDL2 (P=0.60),
HDL3 (P=0.07), LDL (P=0.63), IDL (P=0.76), or VLDL (P=0.32), however the coefficients
did differ significantly for the 32 CHD cases occurring before the first 10 years versus later
cases for total cholesterol (P=0.002) and LDL-mass (P=0.003), but not IDL (P=0.57), VLDL
(P=0.71), HDL2 (P=0.43) or HDL3 (P=0.18). Therefore, the analyses for total cholesterol
and LDL-mass concentrations were repeated excluding the 32 cases that occurred during the
first 10 years of follow-up.

To test whether the per mg/dl increment in risk was the same for HDL2 and HDL3, we
included both total HDL (HDL2+HDL3) and HDL2 simultaneously in the model, with the
significance of the HDL2 coefficient serving to test whether their effects on CHD risk
differed. Corresponding analyses were performed for LDL vs. IDL, and small VLDL vs.
large VLDL.
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Results

Baseline characteristics

Of the 1961 men originally cited by Gofman et al. [8], 56 records were found to be
subsequent visits by the same subjects. Table 1 presents the baseline characteristics of the
remaining 1905 men. They were generally young, with 31.1% under 30 years old, 55.1%
between 30 and 44.9 years old, 13.8% between 45 and 59.9 years, and less than one percent
60 or older. The majority were of healthy weight as defined by BM1<25 kg/m? (64.4%),
with only about one-third moderately overweight (31.5%), and relatively few obese (4.1%).
One-half smoked at baseline (49.4%). Only 7% were hypertensive (systolic BP =140 or
diastolic blood pressure 290 mmHg), and 34% had serum total cholesterol =240 mg/dI.

Twenty-nine of the 1905 men (1.52%) were lost to follow-up and had unknown vital status,
and 505 (26.6%) had died by the time of the follow-up. Compared to those with known vital
status (Table 1), those lost to follow-up were slightly heavier (difference+SE: 1.42 + 0.60
kg/m2, P=0.02) and smoked more (0.33+0.10 cigarette packs/day, P=0.002), but did not
differ with respect to age, blood pressure, total cholesterol, or any of the lipoprotein
measurements (all P>0.21). Of the 1371 subjects known to be alive, histories of heart
disease were obtained from follow-up questionnaires on 1346 subjects (98.3%), while 23
declined to provide follow-up surveys. Thus 97.2% of the men were known dead or had
provided questionnaires on their history of CHD. Questionnaires reporting prior heart
disease were also obtained from the next-of-kin of 153 men who had died. The mean+SD
follow-up duration was 29.12+6.29 years.

Table 1 presents the age-adjusted hazard ratios for all 363 reported CHD and for 194
definite CHD, separately for total (i.e. all age) and for premature CHD (occurring before age
65). As expected, cigarette use and higher blood pressure predicted significantly greater
CHD risk. Higher serum cholesterol levels also predicted greater CHD risk whereas, in this
sample, BMI appeared to have little affect on risk. The hazard ratios were generally
comparable for total and premature CHD. Restricting the analyses to definite CHD did not
increase the magnitude of the hazard ratios, in fact, their significance diminished in
accordance with their fewer events. Table 2 (model 1) shows that cigarette use, greater
systolic blood pressure, and greater serum cholesterol concentrations independently
predicted incident CHD.

Lipoprotein subfraction concentrations

Table 1 also presents the age-adjusted hazard ratios for serum lipoprotein subfraction
concentrations. There is little difference in the hazard ratios for total reported CHD and
definite CHD, except for the greater significance of the former. LDL, IDL, and VLDL were
not found to be more significantly predictive of premature CHD than all CHDs irrespective
of age. However, the cardioprotective influences of HDL2 and HDL3 were somewhat
greater for premature CHD. With respect to the per mg/dl increment in lipoprotein mass
concentration, the effect on age-adjusted CHD risk was significantly greater for small VLDL
than large VLDL (P=0.0001), and for HDL2 than HDL3 (P=0.04), but not different between
IDL than LDL (P=0.23, undisplayed analyses of total reported CHD regardless of age).

Figure 1 displays the hazard ratios for reported CHD by quartiles of lipoprotein mass
concentrations. Increasing concentrations of LDL were associated with progressive
increases in CHD risk, as were increases in IDL and small VLDL above their medians.
Increasing concentrations of large VLDL were also associated with greater CHD risk except
for the 4™ quartile. In contrast, the majority of the risk reduction associated with greater
HDL2 occurred between the first and second quartile, and appeared greater for premature
than total CHD. Specifically, the age-adjusted hazard ratio for the 15t versus the 2" through
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4t HDL2 quartiles was 1.90 for premature CHD and 1.67 for total CHD (P<10~° for both).
The corresponding hazard ratios for HDL3 were 1.58 and 1.47, respectively (P=0.001 for
both). Figure 2 displays the product limit survival curves for men in the lowest vs. 2"d
through 4t quartiles of HDL2-mass concentrations.

Multivariate analyses of the subfractions are presented in Tables 2. When adjusted for
traditional risk factors (Model 2), premature CHD risk was 60% greater for the lowest
HDL2 quartile vs. higher values (P=0.001), and 49% greater for the lowest HDL3 quartile
vs. higher values (P=0.007). The smaller hazard ratio for total vis-a-vis premature CHD
presumably reflects a diminished importance of HDL2 as a risk factor in later events. Model
3adds LDL, IDL and VLDL to the multivariate analyses, causing total cholesterol to be
eliminated as a CHD risk factor. This was shown to be due to adjustment for LDL-mass
concentrations rather than IDL or small VLDL. Specifically adjusting for small VLDL and
IDL did not eliminate the significance of the cholesterol-CHD relationship (the cholesterol
hazard ratio remains 1.05 at P=0.002) whereas adjusting for serum LDL-mass
concentrations did (i.e. serum cholesterol’s relationship to incident CHD was reduced from
P<1078 to P=0.90, whereas LDL-mass concentrations remained a significant predictor for
CHD, i.e., P<107°, when adjusted for total cholesterol, analyses not displayed). In Table 2,
HDL2 and HDL3 remain significant independent predictors of premature CHD when
adjusted for other lipoproteins.

Exclusion of early events

The analyses of total cholesterol and LDL-mass concentrations were repeated excluding the
first 10 years of follow-up because of the potential violation of the proportional hazards
assumption of the survival analyses. The 32 excluded events represented less than nine
percent of the total events. The hazard ratios were not much different from those presented
in the tables for the total sample when adjusted for other non-lipoprotein risk factors (e.g.,
with early exclusions: the hazard ratios for total CHD were: 1.06 per 10 mg/dl of total
cholesterol, 95% confidence interval 1.03 to 1.09, P<107°; 1.04 per 10 mg/dl of LDL-mass
concentrations, 95% confidence interval 1.03 to 1.06, P<1079). The other analyses of Tables
2 were also little affected by the exclusion of the 32 events that occurred during the first 10
years of follow-up.

Logistic regression analyses

Finally we note that the aforementioned significant results were also confirmed by logistic
regression analyses that do not assume proportional hazards, namely significantly age-
adjusted lower odds for CHD with increasing LDL-mass (P=10714), IDL-mass (P=1079),
small LDLmass (P=1078), large VLDL-mass (P=0.0002), HDL2-mass (P=0.0002), and
HDL3-mass (P=0.02); significantly greater age-adjusted odds per mg/dl increase in HDL2
than HDL3 (P=0.05), in small VLDL than large VLDL (P=0.002), but not per mg/dI
increase in IDL than LDL (P=0.67); significant independent increases in the odds for
premature CHD for the lowest quartiles of HDL2 and HDL3 when adjusted for traditional
risk factors (P=0.001 and P=0.002, respectively) and the other lipoprotein mass
concentrations (P=0.04 and P=0.01, respectively); and the elimination of the significance for
total cholesterol when adjusted for LDL-mass (P<10~9 reduced to P=0.51 when adjusted)
but not LDL-mass when adjusted for total cholesterol (P<10712 reduced to P<0.0001 when
adjusted) in predicting odds for CHD.

Discussion

HDL-cholesterol is now firmly established to lower CHD risk [11]. Although most
published reports attribute the cardioprotective properties of HDL to HDL2, most also
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acknowledge that HDL3 may be inversely related to CHD risk as well. Most other
prospective studies measure HDL-heterogeneity by precipitating HDL3-cholesterol and
calculating HDL2-cholesterol as the difference from the total [12], which may be inadequate
[13]. Currently, clinical evaluation of HDL focuses almost exclusively on the total HDL
cholesterol without regard to the individual HDL subclasses [11].

Ten prospective studies to date have examined the relationship of HDL-subfractions to CHD
[8,14-20]. The Livermore Study’s 29-year follow-up is the longest prospective study to date
to examine the relationship of HDL subfractions to CHD and, except for the ARIC study
[14], included the largest number of cases. The others involved 10 years of follow-up or
less. CHD risk was found to be significantly associated with both HDL2- and HDL3-
cholesterol in five studies [14-18], with HDL2- but not HDL3-cholesterol in one study [19],
and with HDL3- but not HDL2-cholesterol in two studies [20]. Only one of the eight
prospective studies showed that HDL2-cholesterol was significantly more predictive than
total HDL-cholesterol [18], and only two showed that the cardioprotective properties of
HDL2-cholesterol were significant when adjusted for HDL3-cholesterol [16,18]. More
recently, NMR estimates of large HDL were shown to predict cardiovascular disease in
27,673 initially healthy women followed prospectively over 11 years, whereas smaller HDL
did not [21]. In contrast, an earlier nested control study of patients treated with gemfibrozil
or placebo suggested that CHD was reduced by increases in the particle concentration of
small HDL as estimated by NMR [22]. lon mobility estimates of a nested control study of
4368 subjects showed both small (P=0.01) and large HDL (P<0.001) predicted lower CHD
risk [23].

Despite being based on only 38 cases, Gofman’s original conclusion that ischemic heart
disease was inversely related to both HDL2 and HDL3 was upheld in the current analyses
[8]. Moreover our analyses shows significantly longer age-adjusted survival per mg/dl
increment in HDL2-mass than HDL3-mass, and in multivariate analyses we demonstratd
independent cardioprotective benefits for both HDL-subfractions (Table 2, Model 2).
Gofman et al. acknowledged in their 1966 follow-up that they were unable to assert whether
the lower HDL2 and HDL3 they observed in cases were in excess of those expected from
their inverse correlations with the low- to very low-density lipoproteins of S{0-400 [8],
whereas the current analyses showed that adjustment for VLDL did not eliminate the
cardioprotective effects of HDL3 for total and premature CHD, or the cardioprotective
effects of HDL2 for premature CHD. We also confirmed Gofman’s conclusion that incident
CHD was inversely related to serum total cholesterol concentrations and systolic blood
pressure, but not to diastolic blood pressure or excess body weight. Gofman reported that
large VLDL was not significantly related to incident CHD, and although we found that CHD
was less consistently related to large VLDL than small VLDL concentrations, this appeared
to be primarily attributable to the lack of an association with the highest quartile of large
VLDL (Figure 1), which we speculate could be due to postprandial contamination by
chylomicrons. Except for HDL2, we did not observe that age strongly attenuates the effects
of serum cholesterol or lipoprotein mass concentrations on incident CHD.

Prior studies suggest that measurements of HDL2-cholesterol and HDL3-cholesterol provide
little clinical benefit over HDL-cholesterol in identifying persons at CHD risk [14-21].
However, when HDL-subfractions are separated by gradient gel electrophoresis rather than
precipitation, lower HDL2b is consistently associated with angiographically defined
arteriosclerosis [24-27]. Levy et al. reported that men with =50% luminal narrowing in 0, 1,
2, and 3 coronary vessels had mean HDL2b-mass concentrations of 15,10, 15, and 4 mg/d|
respectively, HDL2a-mass concentrations of 59, 54, 55, and 33 mg/dl, respectively, and
HDL3-mass concentrations was 169, 161, 159, and 150 mg/dl, respectively [28]. Levy et al.
did not report whether any of the differences were statistically significant [28]. However,
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Limitations

their results support the findings of Figure 1, i.e., that in contrast to a linear dose-response
relationship, most of the differentiable risk is in a subset of individuals with low HDL?2.

Our analyses also showed that adjustment for LDL-mass concentrations eliminated the
significance of total cholesterol as a CHD risk factor (significance reduced from P<1078 to
P=0.90).

There are important limitations to these analyses. The participants were almost exclusively
younger white males, and caution is warranted in generalizing the results more broadly.
However, the results are not necessarily irrelevant to the health concerns of minorities. The
predictive value of most conventional risk factors for CHD, including the Framingham risk
assessment, appears to be similar for African-Americans and Whites [29,30]. D'Agostino et
al. showed that the Framingham sex-specific CHD prediction equations worked reasonably
well in Black men and women, and in Japanese-American and Hispanic men and Native-
American women after recalibration for different risk factor levels and disease rates [31].
We note that the lipoprotein measurements were nonfasting. However, the postprandial
nonfasting condition is more representative of the usual metabolic state than fasting, and
several studies have shown that nonfasting triglycerides are superior in predicting CHD risk
over conventional fasting measurements [32,333]. In our analyses, the nonfasting state may
have increased VLDL significance because it is more representative of the usual metabolic
state, but also decreased significance due to greater measurement error. We also note that
although the analytic ultracentrifuge is not currently used for the measurement of lipoprotein
subfractions, there is a strong correspondence between lipoproteins separated by buoyancy,
density, and particle size, such that lipoprotein subfractions measured analytic
ultracentrifugation agree well with their electrophoresis or density gradient estimates [1,7].

In conclusion, our analyses demonstrate the importance of both HDL2 and HDL3 as
independent CHD risk factors, and the greater CHD risk reduction per mg/dl of HDL2- than
HDL3-mass concentration. Our analyses support Gofman’s 1966 conclusions that were
based on univariate analyses of 38 cases.
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Glossary
HDL high-density lipoprotein
LDL low-density lipoprotein
IDL intermediate-density lipoprotein
VLDL very-low-density lipoprotein
CHD coronary heart disease
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Figure 1.

Hazard ratio for reported total and premature incident CHD during 29-year follow-up in
1876 men. There were 363 reported heart attacks, reported revascularization procedures, and
physician diagnosed definite and possible fatal CHD, of which 234 occurred prior to age 65
years. Significance levels relative to the first quartile are coded * P<0.05; t P<0.01; ¥
P<0.001; and § P<0.0001.
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Figure 2.
Product limit survival curves for men in the lowest vs. 2" through 4™ quartiles of HDL2-
mass concentrations (P<0.0001 for difference).
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