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Abstract
Objective-To estimate the size of the association

between serum concentration of low density lipo-
protein cholesterol and mortality from ischaemic
heart disease.
Design-Prospective study of total serum choles-

terol concentration and mortality from ischaemic
heart disease in 21515 men (538 deaths) and study of
total cholesterol concentration measured on two
occasions an average of three years apart in 5696
men in whom low density lipoprotein cholesterol
concentration was also measured on the second
occasion.
Subjects-Men who attended the medical centre

of the British United Provident Association (BUPA)
in London between 1975 and 1982.
Main outcome measure-The difference in

mortality from ischaemic heart disease for a
06 mmol/I difference in concentration oflow density
lipoprotein cholesterol after adjustment for, firstly,
regression dilution bias, which arises from the
random fluctuation ofserum cholesterol concentra-
tion in people over time, and, secondly, the surro-
gate dilution effect, which arises because differences
in total cholesterol concentration between people
reflect smaller differences in low density lipoprotein
cholesterol concentration.
Results-The observed difference in mortality

from ischaemic heart disease associated with a
difference of 0-6 mmoIl in total serum cholesterol
concentration was 17% but increased to 24% after
correction for the regression dilution bias and to
27% (95% confidence interval 21% to 330/%) after
adjustment for both sources of underestimation,
which provides an estimate of the difference in
mortality for a true difference of 0-6 mmoVI in low
density lipoprotein cholesterol concentration. The
association was greater at younger ages. The esti-
mated decrease in mortality from all causes was 6%
before and 100/0 (1% to 17%) after adjustment for the
two sources of underestimation. There was no
excess mortality from any cause associated with low
cholesterol concentration.
Conclusions-The association between serum

cholesterol concentration and ischaemic heart
disease is materially stronger than directly inferred
from prospective studies. This has important impli-
cations for the health benefit of achieving low
cholesterol concentrations.

Introduction
There is conclusive evidence that the association

between serum cholesterol concentration and
ischaemic heart disease is one of cause and effect. The
size of the association is uncertain, however, and needs

to be quantified to assess the effects of dietary change
or cholesterol lowering drugs on the risk of ischaemic
heart disease. Randomised trials do this directly and
have shown that the risk is reversible, but their
duration may have been too short to show the full
effect. Observational studies, on the other hand, show
the effect of long standing differences in cholesterol
concentration between people, the differences having
been present for many years before recruitment.
Direct analysis of data from cohort studies, however,
underestimates the association between cholesterol
concentration and ischaemic heart disease through two
mechanisms, the regression dilution bias and an effect
we call the surrogate dilution effect. We therefore
derived estimates to allow for these two sources of
underestimation to obtain an accurate estimate of the
long term reduction in risk of ischaemic heart disease
for a given change in serum cholesterol concentration.

REGRESSION DILUTION BIAS

The first source of underestimation, the regression
dilution bias, has previously been described.'-5 It
affects all regression analyses in which the independent
variable (plotted on the horizontal axis) is subject to
random variation over time through errors in measure-
ment and fluctuation within a person. The cohort
studies of serum cholesterol concentration and
ischaemic heart disease have generally measured
cholesterol concentration once in each person and
ranked the values to divide the cohort into subgroups,
usually five equal (quintile) groups. The dose-response
relation between the mean cholesterol concentrations
of the five groups and the five corresponding death
rates for ischaemic heart disease can then be calculated.
It is the use of the same measurements both to stratify
the cohort into groups and to measure the mean ofeach
group that introduces bias.

Because serum cholesterol concentration fluctuates
over time single measurements can be higher or lower
than the long term average value of an individual
person. The groups with the higher cholesterol con-
centrations will include a disproportionate number
of people selected because the single measurement
was by chance higher than their long term average
value, so the long term mean cholesterol concentration
of these groups will be overestimated. Similarly, in the
groups with lower concentrations the long term mean
cholesterol concentration will be underestimated.
The range of concentrations across the groups will
be wider if based on single measurements than on
long term average values. Both are associated with the
same range of death rates for ischaemic heart disease,
so a plot of mortality from ischaemic heart disease
against serum cholesterol concentration will be shal-
lower when based on single measurements than on long
term average values.
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SURROGATE DILUTION EFFECT

In cohort studies a difference of 1 mmol/l in total
serum cholesterol concentration might be expected to
be equivalent to a difference in low density lipoprotein
cholesterol of 0-67 mmol/l (since the latter is about
two thirds of total). In intervention studies (trials),
however, a reduction in total cholesterol concentration
of 1 mmol/l corresponds to a reduction in low density
lipoprotein cholesterol of 1 mmol/l because it is this
component that is specifically altered by diet6 and by
most drugs. It follows that a given difference in total
serum cholesterol concentration will correspond to a
smaller difference in mortality from ischaemic heart
disease in the cohort studies than in the trials (as the
major effect on risk of ischaemic heart disease is related
to low density lipoprotein cholesterol). Relative to the
expected long term results from the trials the large
observational studies underestimate the effect on
ischaemic heart disease through measuring and classi-
fying subjects by total cholesterol instead of low
density lipoprotein cholesterol concentration. This
surrogate dilution effect cannot be allowed for simply
by using the 067: 1 ratio because of the added compli-
cation that total cholesterol also includes high density
lipoprotein cholesterol (about a quarter of total), which
is inversely associated with low density lipoprotein
cholesterol. The extent of the underestimation will
therefore be less than the expected 0-67:1 ratio. Our
aim was to estimate the underestimation so that a valid
comparison could be made between the observational
studies and the trials.
The regression dilution bias and the surrogate

dilution effect are independent; if the long term
average total cholesterol concentration of each person
were known (abolishing regression dilution bias) those
with high (or low) total cholesterol concentrations
would still, on average, have high (or low) concentra-
tions of both very low density lipoprotein and low
density lipoprotein cholesterol.

CORRECTING FOR UNDERESTIMATION

A simple procedure corrects for both sources of
underestimation. To correct for the regression dilution
bias it is not necessary to know each person's long term
average cholesterol concentration (that would require
many repeat measurements). It is sufficient to know
the long term mean cholesterol concentration of each
subgroup (fifth) of the ranked cholesterol distribution,
which can be determined by retesting a sample ofmen
from each group once, provided that the interval
between the two measurements is long enough to
overcome the cyclical fluctuation in cholesterol
concentrations. Measuring low density lipoprotein
cholesterol concentration at a separate visit in a sample
of all the men will estimate the mean low density
lipoprotein cholesterol concentration of each group
(table I) and simultaneously allow for both the regres-
sion dilution bias and the surrogate dilution effect. A

TABLE i-Mean serum cholesterol by fifths of distribution of ranked measurements of total cholesterol
concentration in cohort of 21 515 men, mean total and low density lipoprotein cholesterol concentrations from
repeat measurements, and mortalityfrom ischaemic heart disease

Serum cholesterol (mmoll)
Mortality from

Repeat measurement in ischaemic heart disease
Entire cohort group of 5696 men (entire cohort)

Fifth of
distribution Mean (SE) Age adjusted
ofranked Original total lowdensity rateper
serum No of cholesterol Mean total lipoprotein No of 1000 man
cholesterol men (mean (range)) cholesterol cholesterol deaths years

1 4420 4-8 (<5-31) 5 0 3-3(002) 57 1 11
2 4536 5-6 (5-31 to 5 94) 5-6 3 9 (0 02) 89 1-57
3 4108 6-2 (5 95 to 6 46) 6-1 4-3 (0 02) 101 1-86
4 4336 6-8 (6-47 to 7-1 1) 6-5 4-7 (0-02) 118 2-01
5 4115 7 9 (>7-11) 7-2 5-3 (0 02) 173 3-11

Total 21 515 6 3 6-1 4-3 (0-01) 538 1-95

statistically more powerful approach that follows the
same principle is to regress low density lipoprotein
cholesterol concentration measured at a second visit
on total cholesterol concentration measured at the
first visit. The slope of the regression estimates the
combined underestimation effect.

Subjects and methods
The BUPA study is a prospective study of 21 520

professional men and businessmen aged 35-64 years
who attended the medical centre of the British United
Provident Association (BUPA) in London for a com-
prehensive medical examination (including a measure-
ment of total cholesterol concentration) between 1975
and 1982.1' The study was restricted to those whose
NHS records could be flagged so that the Office of
Population Censuses and Surveys could inform us of all
deaths and their certified causes. Further information
was then sought from the doctor who certified death.
Five men did not have their serum cholesterol concen-
tration measured, leaving 21 515 in the study. Follow
up was complete to the end of 1991 (276 500 man years,
a mean follow up of 12-9 years). We subtracted
0A43 mmolIl from cholesterol values obtained before
1979 to allow for the change in the method of
measurement described previously.7

STATISTICAL METHODS

The cohort was divided into fifths of the ranked
distribution of total cholesterol concentration, and the
death rates for ischaemic heart disease (in logarithms)
of each group (weighted by the number of deaths from
ischaemic heart disease) were regressed linearly on
serum cholesterol concentration. The data fitted the
log linear model reasonably well; a quadratic model
was less satisfactory. The slope (or regression coeffi-
cient) was expressed as the age adjusted percentage
difference in mortality from ischaemic heart disease for
a difference in total cholesterol concentration of
0 6 mmol/l (about 10%). Smoking, blood pressure and
the effect of any treatment for high blood pressure or
high cholesterol concentration had little effect on the
results.

ADJUSTMENT FORTWO SOURCES OF UNDERESTIMATION

We identified a group of 5696 men who attended
twice an average of three years apart. Total cholesterol
concentration was measured on both occasions and on
the second occasion high density lipoprotein cholesterol
and triglyceride concentrations (after overnight fasting)
were also measured so that the concentration of low
density lipoprotein cholesterol could be estimated by
using the method of Friedewald et al.9 (Use of the
modification to the Friedewald equation proposed by
DeLong et al' yielded the same estimate of the surro-
gate dilution effect.) Such estimates of low density
lipoprotein cholesterol concentration in fasting
subjects are close to values obtained by ultracentrifuga-
tion, the standard method (r=0 93).'°l" The fasting
status ofthe 5696 men was confirmed by the mean (SD)
serum triglyceride concentration of 1-34 (0 87) mmol/l,
which was close to the reference fasting value.'2 The
5696 men were representative in that the mean of their
original measurements of total cholesterol concentra-
tion (6-3 (1<1) mmoll) was the same as that in the
cohort of 21515 men. As outlined above, the low
density lipoprotein cholesterol measurements at the
second visit were regressed on the total cholesterol
measurements at the first visit.

Results
Table I shows, firstly, the mean total cholesterol

concentration of each fifth of the distribution based on
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the original measurements in the cohort of 21 515 men
(the group of 5696 men had the same original values);
secondly, the mean total cholesterol concentration;
thirdly, the mean low density lipoprotein cholesterol
concentration ofeach fifth based on the repeat measure-
ments in the group of 5696 men; and fourthly, the age
adjusted death rates for ischaemic heart disease for the
five groups. The threefold difference in mortality from
ischaemic heart disease across the groups (1 11 to 3*11
deaths per 1000 man years) corresponded to a differ-
ence in original total cholesterol concentration of 3 1
(from 4-8 to 7 9) mmol/l but a smaller difference in
repeat total cholesterol concentration of 2-2 (5-0 to
7 2) mmol/l; this is the regression dilution bias. The
threefold difference in mortality from ischaemic heart
disease corresponded to an even smaller difference in
low density lipoprotein cholesterol concentration of
2-0 (3 3 to 5 3) mmol/l; this is the surrogate dilution
effect.

Regression of the mortality from ischaemic heart
disease against the mean cholesterol concentration of
each fifth of the distribution by using the original
measurements of total cholesterol concentration
yielded the estimate that a difference of 0-6 mmol/l
in total cholesterol concentration corresponded to a
difference in mortality from ischaemic heart disease of

TABLE iI-Estimated difference in mortality from ischaemic heart disease and all causes per 0-6 mmol/l
(about 10%) difference in serum cholesterol concentration, showing effect of adjustingfor regression dilution
bias and surrogate dilution effect

Estimated decrease in mortality
per 0-6 mmol/l decrease in serum cholesterol (%)

By using repeat low
density lipoprotein

cholesterol
Age at entry By using original By using repeat measurements
(mean age at death) No of total cholesterol total cholesterol (95% confidence
(years) deaths measurements measurements interval)

Mortality from ischaemic heart disease:
35-44 (49) 74 31 41 44 (31 to 55)
45-54 (58) 196 17 24 26 (16 to 36)
55-64 (68) 268 12 17 19 (10 to 28)
35-64 (62) 538 17 24 27 (21 to 333

All cause mortality (all ages) 1543 6 9 10 (1 to 17)

TABLE II-Age adjusted death rates per 1000 man years by category according tofifths ofranked distribution
ofserum cholesterol concentration

Serum cholesterol group (mmol/l)
No of

Cause ofdeath* deaths <5-31 5-31 to5-94 5-95to6-46 6-47to7-11 >7 11

Ischaemicheartdisease (codes410-14) 538 1-11 157 186 2 01 3-11
Other circulatory diseases (codes

390-405, 415459, 557, 745-47) 167 0 50 0-79 0 37 0-67 0-67
Cancer (codes 140-239) 593 1-96 2-50 2-12 2-16 1-96
Accidents and suicide (codes 800-995) 70 0-22 0-26 0 21 0-28 0 30
Other causes 175 0 59 0-76 0-66 0 57 0 57

All causes except ischaemic heart
disease 1005 3-27 4-31 3-36 3-69 3 49

All causes including ischaemic heart
disease 1543 4-38 5-88 5-22 5 70 6-60

*According to Intemnational Classification ofDiseases, ninth revision.

17% (table II). Regression of the repeat measurements
on the original measurements in the 5696 men esti-
mated that this difference in cholesterol concentration
of 0-6 mmol/l based on original measurements corre-
sponded to a true difference ofonly 0-424 mmol/l based
on the repeat measurements of total cholesterol con-
centration and to a difference of 0 373 mmol/l based on
the repeat measurements of low density lipoprotein
cholesterol concentration. A true difference of 0-6
(rather than 0A424) mmol/l in total cholesterol concen-
tration then corresponded to a difference in mortality
from ischaemic heart disease of 24% rather than 17%,
and a true difference of 0-6 (rather than 0 373) mmol/l
in low density lipoprotein cholesterol concentration
corresponded to a difference in mortality from
ischaemic heart disease of27% (95% confidence interval
21% to 33%). The slope of the regression line of
mortality from ischaemic heart disease on serum
cholesterol concentration (b, the linear regression
coefficient) was increased by 61% (0 6/0 373= 1 61) to
correct for the regression and the surrogate dilution or
by 41% (0-6/0-424=1A41) for the first and by 14%
(0-424/0-373= 1 14) for the second. This adjustment
procedure had high precision with a 95% confidence
interval about the final estimate of a 27% decrease in
the risk of ischaemic heart disease of 26-5% to 27-5%.
The estimate of 61% for the increase of the slope did
not vary with age and applied to men of all ages. The
decreasing association between serum cholesterol con-
centration and risk of ischaemic heart disease with age
is shown in table II.

Mortality from all causes was also significantly
associated with concentration of low density lipo-
protein cholesterol; over all ages a difference in
concentration of low density lipoprotein cholesterol
of 0-6 mmol/l was associated with a difference in
mortality of 10% (1% to 17%; table II). There was no
suggestion of any increase in mortality from causes
other than ischaemic heart disease with low cholesterol
concentration (table III), though as reported before
there was an excess of mortality from cancer in the
lowest fifth in the first two years of follow up,
attributable to preclinical cancer lowering cholesterol
concentration.7

Discussion
Allowance for the two sources of underestimation

increased the regression coefficient, b, by 61% (41% for
the regression dilution bias and 14% for the surrogate
dilution effect, 1 41 x 1 14= 1 61). The estimate of the
difference in mortality from ischaemic heart disease for
a difference in cholesterol concentration of 0-6 mmol/l
increased from 17% to a final estimate of 27% for the
association with long term average values of low
density lipoprotein cholesterol. The adjustment pro-
cedure was precise, with a 95% confidence interval of
26-5% to 27-5%.
The correction factor for regression dilution bias of

TABLE IV-Estimates of within person, between person, and total standard deviation (SD) of serum cholesterol concentration in men from 11
studies according to interval between initial and repeat cholesterol measurements

SD ofserum cholesterol (mmolA)
Mean interval between first Ratio of total
and second measurement Within Between Total (t) to between person

Study ofcholesterol concentration person (w) person (b) (tl=w2+b2) variance (t2/bI)

National diet heart study' (United States; n-962) 3 Weeks 0-32 0 94 0-99 1.1
Central Sweden' (n-7616) 6 Weeks 0-62 1-05 1-22 1-3
San Francisco'4 (n-621) 8 Weeks 0-42 0-86 0-96 1-2
Lipid research clinics program5' (United States; n-2492) 10 Weeks 0-41 0-84 0-93 1-2
Medical Research Council'6 (Britain; n-7616) 1 Year 0-46 0-91 1-02 1-3
Central Sweden4 (n-7349) 2 Years 0-69 1-00 1-22 1-5
World Health Organisation' 2 Years 0-65 1-03 1-22 1-4
Western Electric" (United States; n- 1900) 1 Year 0-83 1-13 1-41 1-5
United States naval" (n-381) 6 Years 0-51 0-96 1-09 1-3
Framingham" (United States; n-620) 8 Years 0-57 0-86 1-03 1-4
Present study (n- 5696) 3Years 0-56 0 93 1-09 1-4
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1 41 is equivalent to the ratio of total variance (that is,
within person plus between person) to between person
variance of total cholesterol concentration. Table IV
compares our estimate with other published estimates
of within and between person standard deviation in
total cholesterol concentration (or data from which
these parameters could be calculated). The studies are
ranked in the table according to the interval between
the two cholesterol measurements. As would be
expected, the within person standard deviation tended
to be lower in studies in which the interval between the
two measurements was only a few weeks, while the
between person standard deviation was similar in all
the studies. Our estimate ofthe ratio oftotal to between
person variance (the regression dilution correction
factor) is similar to that from the seven other studies
with an interval of one year or more between the two
measurements. A smaller correction factor based on
repeat measurements taken a few weeks apart5 is likely
to have underestimated the effect.
The surrogate dilution effect has not previously been

estimated. Some cohort studies have measured the
concentration of low density lipoprotein cholesterol
directly in all subjects (avoiding the need for the
correction), but these studies have recorded relatively
few deaths from ischaemic heart disease and lack
published data on the appropriate correction for the
regression dilution bias for low density lipoprotein
cholesterol concentration. Our indirect estimate of the
relation between low density lipoprotein cholesterol
concentration and ischaemic heart disease has been
validated by measurements of apolipoprotein B (the
protein component of low density lipoprotein) in
men in the BUPA study, which yielded age specific
estimates for the association with mortality from
ischaemic heart disease (corrected for regression dilu-
tion bias) that were close to our present estimates for
low density lipoprotein cholesterol concentration.8

In the introduction we indicated that the surrogate
dilution effect would be less than expected because the
concentrations of high and low density lipoprotein
cholesterol were inversely associated. In view of this it
is perhaps surprising that high density lipoprotein
cholesterol is independent of total cholesterol concen-
tration'0 (our data showed that a 1I00 mmol/l-difference
in the concentration of total serum cholesterol was
associated with a 0-01 mmol/l (95% confidence interval
0 00 to 002) difference in high density lipoprotein
cholesterol). This independence arises because the
tendency for the concentrations of high density lipo-
protein cholesterol and total cholesterol to be positively
associated (because total cholesterol concentration will

Public health implications

* The association between serum cholesterol
concentration and death from ischaemic heart
disease is stronger than directly inferred from
prospective (cohort) epidemiological studies
because of two sources of underestimation that
affect these studies
* Correction for the underestimation makes
the association about half as strong again: a 30%
reduction in ischaemic heart disease at age 60,
instead of 20%, for a 10% reduction in serum
cholesterol concentration
* The effect of underestimation was quantified
in this study and used to correct the results from
other prospective studies
* No excess mortality from any cause was
apparent in men with low cholesterol concentra-
tions

be classified as higher with raised concentration ofhigh
density lipoprotein cholesterol) is exactly offset by the
modest inverse association between high and low
density lipoprotein cholesterol. In practice therefore
high density lipoprotein cholesterol does not contri-
bute to the surrogate dilution effect. This effect is
entirely due to very low density lipoprotein cholesterol,
which is positively associated with total cholesterol but
unrelated to the risk of ischaemic heart disease.2" The
size of the surrogate dilution effect is small because
very low density lipoprotein cholesterol accounts for
only about 10% oftotal cholesterol.
We have shown therefore that the results of cohort

studies that use single measurements oftotal cholesterol
concentrations can be adjusted to produce unbiased
estimates of the underlying true relation of low density
lipoprotein cholesterol concentration with ischaemic
heart disease. A dietary change that lowers total
cholesterol concentration by 0-6 mmotl/ lowers low
density lipoprotein cholesterol concentration by a
similar absolute amount,7 and in middle aged men the
corresponding decrease in the risk of ischaemic heart
disease is 25-30%.
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