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Abstract—The “response to injury” hypothesis is a plausible model of the development of atherosclerosis supported by
observations from animal models. The present study uses epidemiological data to investigate the hypothesis that wall
damage due to hypertension is a precursor of low density lipoprotein cholesterol (LDL-C)–mediated atherosclerosis. The
Los Angeles Atherosclerosis Study is following a cohort of 576 participants who were aged 40 to 60 years and were
free of symptomatic cardiovascular disease at recruitment. Common carotid artery intima-media thickness (IMT) was
assessed by B-mode ultrasonography. After exclusion for nonfasting blood draw and other missing data, 511 subjects
were available for analysis. IMT was regressed on LDL-C within tertiles of systolic blood pressure (SBP): low (93 to
122 mm Hg), middle (123 to 132 mm Hg), and high (133 to 175 mm Hg). Covariates were age, sex, body height, body
mass index, ethnicity, smoking status, diabetes, and pharmacological treatment for hypertension or hypercholesterol-
emia. IMT was significantly related to LDL-C in the high SBP group (b50.02560.008, whereb values are IMT
[mm]/LDL-C [mmol/L]; P50.002) but not in the middle (b520.00660.008,P50.39) or low (b520.00460.009,
P50.64) SBP group. The slope in the high SBP group was significantly greater than in the middle (P50.004) or low
(P50.014) SBP group. Results were similar for women and men, and after the exclusion of diabetics and persons using
antihypertensive or lipid-lowering medications. Elevated LDL-C was associated with increased IMT in the upper tertile
of SBP but not in the lower tertiles. These findings are consistent with the hypothesis that wall injury due to elevated
SBP increases the susceptibility of the artery wall to LDL-C–mediated atherogenesis.(Arterioscler Thromb Vasc Biol.
2000;20:2005-2010.)
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A ccording to the “response-to-injury” model of athero-
genesis,1,2 various factors, which include hemodynamic

forces and chemical agents, induce dysfunctional alterations
in the overlying endothelium. This injury may then be
followed by the aggregation of platelets, oxidized lipids, and
smooth muscle cells in the intimal layer and by the eventual
formation of plaques.

This model of atherogenesis predicts that the atheroscle-
rotic deposition of LDL cholesterol (LDL-C) may require
previous damage to the endothelium by a factor such as
hypertension. There are various experimental results from
animal models of atherosclerosis that support the injury
hypothesis.3 For example, in the Watanabe heritable hyper-
lipidemic rabbit, plasma lipoproteins play a key role in
determining the intimal response to hypertension.4

Hypertension-induced changes in the intima lead to thicken-
ing but do not generally progress to atherosclerotic plaque
formation in the absence of elevated plasma lipoproteins.5

The roles of high blood pressure and LDL-C proposed in the
response-to-injury hypothesis of atherosclerosis can be tested
with B-mode ultrasound measurement of intima-media thickness
(IMT) in the common carotid artery.6 Increased IMT is charac-
teristic of natural aging7 and early atherosclerosis.2 Such thick-
ening of the common carotid arteries has been related prospec-
tively to the risk of coronary heart disease events.8–10In addition,
carotid IMT has been related to cardiovascular risk factors in
epidemiological studies,11,12 and it has shown regression in
lipid-lowering intervention trials.13–17

Epidemiological data from cohorts with coronary disease
morbidity or mortality events as end points may not detect an
interaction between blood pressure and blood lipid levels
because of the additional role of hypertension or hypercho-
lesterolemia in the thromboembolic pathways that lead to
events.

Hypertension and elevated serum LDL-C are established as
independent risk factors for thicker carotid artery intima-
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media layers.8,11,12 However, we know of no published
epidemiological data assessing the interaction between blood
pressure and LDL-C as they relate to carotid artery wall
thickness. The present study evaluates this hypothesis by
investigating interactive relations between systolic blood
pressure (SBP), LDL-C, and carotid artery IMT in a cross-
sectional epidemiological study.

Methods
Subjects
The Los Angeles Atherosclerosis Study is a longitudinal investiga-
tion of risk factors for atherosclerosis in 576 utility company
employees aged 40 to 60 years (44 to 60 years among women) at the
time of recruitment who reported no history of cardiovascular
disease (myocardial, angina pectoris, stroke, or revascularization).
Data for the present analysis were taken from the baseline examina-
tion during 1995 to 1996. Age at examination ranged from 41 to 62
years in men and 44 to 61 years in women. Participants were
randomly sampled from employees, with oversampling of Hispanics
and smokers and a participation rate of 84%. All participants signed
an informed consent approved by the Institutional Review Board of
the Keck School of School of Medicine of the University of Southern
California. Three subjects were excluded from the present analysis
because of missing IMT; 53 subjects were excluded from the present
analysis because of nonfasting blood draw (last food intake in,8
hours) or serum triglycerides.3.955 mmol/L; and 2 subjects were
excluded from the present analysis because of missing lipid mea-
surements. Repeated measurement of lipids resulted in the exclusion
of 5 subjects because of large discrepancies (udifferenceu.130
mg/dL) in total cholesterol; 2 subjects were excluded for large
discrepancies (udifferenceu.40 mg/dL) in HDL cholesterol. Analyses
were performed in the resulting sample of 511 and in a secondary
sample of 413, which excluded 98 additional subjects who reported
a history of diabetes or current use of prescribed medication for the
treatment of hypertension or hypercholesterolemia.

Measures
Measures at the baseline examination included the following: ultra-
sound scanning of the left and right carotid arteries in 2 body
positions (supine and lateral); a questionnaire concerning demo-
graphic information, medication use, and health behaviors; veni-
puncture; blood pressure in the brachial artery of the right arm; body
size; and three 24-hour recalls of dietary intake. All measures (except
2 of the three 24-hour dietary recalls) were collected in a single
examination conducted in a specially equipped van that was driven
to work sites.

Carotid B-mode images were obtained with a portable ultrasound
scanner (ATL Ultramark 41) equipped with a 7.5-MHz linear array
transducer. IMT was calculated offline with a computerized pattern
recognition algorithm.18 These procedures and the reproducibility of
the measurements have been reported elsewhere.19 Briefly, IMT is
averaged over a 1-cm segment of the far wall of the common carotid
artery 0.25 cm proximal to the carotid bulb. The number of pixels
can range from 55 to 80 over the 1-cm segment, depending on the
penetration depth ('55 pixels for 60-mm scanning depth, 80 for
40-mm depth) of the far wall of the artery. IMT is determined by
measures on 2 frames in each of 2 body positions (lateral and supine)
in the left and right arteries. The overall IMT measure was expected
to be the mean of 8 frames. Out of the total of 576 subjects, IMT
could not be measured on all 8 frames for 3 subjects, IMT was
measurable in 4 frames for 3 subjects, and IMT was measurable in 6
frames for another 20 subjects. In the case of missing frames, IMT
was calculated as the average of the available measures. By use of
this protocol, the standard deviation of differences between repeated
measures of IMT by different sonographers was 0.029 mm.19

Seated and supine blood pressures were measured twice in the
brachial artery with a standard mercury sphygmomanometer. The
first reading occurred before the ultrasound examination; the second
occurred after the examination. The 2 seated readings were averaged
for analysis. Seated blood pressures were not measured for 10 of the

576 subjects in the study; these 10 missing seated blood pressure
values were imputed from the supine readings.

LDL-C levels were determined from fasting serum samples.
Fasting was defined as a self-reported interval of.8 hours since the
last intake of food. Blood was processed immediately and stored at
220°C for 1 to 5 days; samples were then stored at270°C until
analysis. Serum lipids were determined by automated clinical chem-
istry analyzers. Serum LDL-C was estimated from total cholesterol,
HDL cholesterol, and triglycerides by using the formula of Friede-
wald et al.20 LDL-C was not determined in subjects with fasting
serum triglyceride levels.3.955 mmol/L.

Statistical Analysis
To depict the general relations between IMT with serum LDL-C and
SBP, covariate-adjusted mean IMT was estimated within subgroups
of LDL-C and SBP. Subjects were categorized into tertiles of SBP
and then quintiles of LDL-C within each blood pressure group.
Means within these 15 groups were adjusted for age, sex, ethnic
group (non-Hispanic white, Hispanic, black, Asian, and other), body
height, body mass index, smoking status (current, former, and
never), diabetes (non–insulin-dependent diabetes mellitus or insulin-
dependent diabetes mellitus/other), use of pharmacological agents
for hypertension (yes/no), and hypercholesterolemia (yes/no). In the
figure, mean IMT is plotted against the median of LDL-C (LDLM)
within each of the 15 groups.

To estimate the linear relationship between IMT and LDL-C
within SBP tertile groups and the difference of the linear dependence
of IMT on LDL-C between SBP levels, a linear regression was
performed in which the dependent variable was IMT. The indepen-
dent variables were LDLM, 2 dummy variables indicating SBP
tertiles, the product of LDLM and these 2 SBP dummy variables, and
the covariates. The dummy variables and the linear regression were
constructed as depicted in Table 1.

For a comprehensive exploration of the interactions between
different kinds of blood pressures and lipids, similar analyses were
conducted with serum total, LDL-C, and HDL cholesterol and with
SBP as well as diastolic blood pressure (DBP). No interactions of
these relations with sex were detected, so interactions with sex were
not included.

Results
Descriptive statistics for the cohort by sex and tertiles of SBP
are summarized in Table 2. Because of stratified sampling,
the prevalence of current smokers and Hispanics was approx-
imately twice that in the employee population from which the
cohort was sampled. Note that the high SBP tertile group
included a greater proportion of persons with diabetes and a
larger percentage of subjects who were prescribed medication
for treatment of hypertension or hypercholesterolemia.

The Figure depicts the relations between IMT and LDL-C
quintiles within SBP tertile groups. Adjusted IMT had a monot-
onous relationship with SBP (P,0.001 for high versus middle
SBP groups or high versus low SBP groups,P,0.005 for

TABLE 1. Dummy Variables and Linear Regression

SBP Tertile

Value of Dummy Variables

X1 X2 X1 LDLM X2 LDLM

Low 1 0 LDLM 0

Middle 0 1 0 LDLM

High 0 0 0 0

The regression equation to estimate the main effects and interactions was
specified as IMT5a1b1X11b2X21b3X1LDLM1b4X2LDLM1b5LDLM1(covari-
ates)1z (residual), where b5 is the slope of IMT on LDLM in the high SBP group,
b3 is the difference between the slope of IMT on LDLM in the high and low SBP
groups, and b4 is the difference between the slope of IMT on LDLM in high and
middle SBP groups.
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middle versus low SBP groups). IMT was 0.69260.007 mm,
0.65760.006 mm, and 0.63160.006 mm in the high, middle,
and low SBP groups, respectively. However, this monotonic
relation did not hold when LDL-C was low. The adjusted IMT
in the lower two LDL-C quintiles (LDL-C,3.42 mmol/L) of the
high SBP group was 0.65960.009 mm; it was no longer
statistically different from the adjusted IMT of the middle SBP
group (P50.8).

It is clear from the Figure that there was no significant linear
trend in IMT across LDL-C quintiles in the low
(b520.00460.009, whereb values are IMT [mm]/LDL-C
[mmol/L]; P50.64) and middle (b520.00660.008,P50.39)
SBP tertile groups. However, there was an upward trend
(b50.02560.008,P50.002) in IMT with increasing LDL-C in
the high SBP tertile group. The slope in the high SBP group was
significantly greater than the slope in the middle (P50.004) and
low (P50.014) SBP groups. The findings were comparable
when total cholesterol (rather than LDL-C) was used in the
previous analysis. IMT was significantly related to total choles-
terol in only the high SBP tertile group (b50.02060.008,
P50.011). These slopes were not significant in the middle

(b520.00460.007, P50.56) or low (b520.00660.008,
P50.75) SBP tertile groups, and the interaction terms were
significant between high SBP tertile and the middle (P50.02)
and low (P50.02) SBP tertiles.

The linear relationships between HDL cholesterol and IMT
were not significant in low (b50.00860.019,P50.68), middle
(b520.01260.023, P50.60), or high (b520.01960.024,
P50.40) SBP tertile groups. None of the linear slopes were
significantly different from each other.

Similar analysis of LDL-C and DBP yielded results in the
same direction. When subjects were stratified into 3 groups
based on DBP tertile (low [67 to 85 mm Hg], middle [86 to
92 mm Hg], and high [93 to 128 mm Hg]), IMT was shown
to be significantly related with LDL-C in the high DBP tertile
group (b50.02260.008, P50.008) but not in the middle
(b50.01260.008, P50.13) or low (b520.00860.009,
P50.36) DBP tertile group. The difference in the linear
slopes was statistically significant between the high and low
DBP tertile groups (P50.01) and was moderately significant
between the high and middle DBP tertile groups (P50.09).

Similar analyses were performed on the subset of 413
subjects without diabetes or treatment for hypertension or

TABLE 2. Summary of Related Variables by Sex and SBP Tertile Groups

SBP Tertile Groups

Women Men

Low
(93–122 mm Hg)

Middle
(123–132 mm Hg)

High
(133–173 mm Hg)

Low
(102–122 mm Hg)

Middle
(123–132 mm Hg)

High
(133–175 mm Hg)

n 91 71 84 81 101 83

Ethnic groups, %

Non-Hispanic white 58.2 46.5 59.5 54.3 54.5 49.4

Hispanic white 5.5 7.0 7.1* 7.4 4.0 2.4*

African American 25.3 33.8 22.6 29.6 29.7 42.2*

Asian 9.9 12.7 8.3 6.2 5.9 2.4*

Other 1.1 0.0 2.4 2.5 5.9 3.6

Smoking status, %

Current 20.9 9.9 26.2 33.3 29.7 33.7

Former 29.7 35.2 23.8 32.1 34.7 30.1

Medication, %

Hypertension 4.4 15.5 39.3* 3.7 9.9 22.9*

Hypercholesterolemia 0.0 1.4 8.3* 4.9 5.0 9.6*

Diabetes, % 0.0 1.4 3.6 1.2 4.0 3.6

IMT, mm 0.6260.06 0.6460.07 0.6960.10* 0.6360.08 0.6860.10 0.7160.11*

Age, y 50.3863.76 51.5864.02 53.0864.82* 48.0164.33 49.3365.07 48.8964.80

Body height, m 1.6260.06 1.6260.07 1.6260.08 1.7560.07 1.7660.07 1.7660.07

BMI, kg/m2 25.1864.54 27.3365.88 28.4966.37* 26.3163.65 28.3764.12 29.7565.02*

SBP, mm Hg 111.5467.00 127.1162.81 145.2569.28* 116.6564.67 127.2262.77 143.99610.31*

DBP, mm Hg 80.5666.18 90.2066.39 94.9868.24* 85.9466.26 90.0765.99 98.6969.06*

MAP, mm Hg 90.8965.42 102.5064.58 111.7366.95* 96.1865.03 102.4564.12 113.7968.40*

PP, mm Hg 30.9867.47 36.9266.32 50.27610.76* 30.7266.06 37.1566.54 45.3069.38*

LDL-C, mmol/L 3.2060.81 3.0760.91 3.4660.88* 3.5160.80 3.6660.92 3.8960.93*

HDL, mmol/L 1.7360.40 1.6860.37 1.5760.31* 1.3360.23 1.3060.21 1.2660.21*

Trig, mmol/L 1.2960.61 1.4460.78 1.7760.82* 1.5860.74 1.7460.76 1.9160.78*

Values are mean6SD. BMI indicates body mass index; MAP, mean arterial pressure; PP, pulse pressure; and Trig, triglycerides.
*P,0.05 for linear trend across SBP tertile groups.
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hypercholesterolemia. The results were comparable: eg, IMT
was significantly related to LDL-C only in the high SBP
tertile (b50.01960.009,P50.03). Slopes were not signifi-
cant in the middle (b520.00360.008, P50.74) or low
(b520.00460.008,P50.57) SBP tertiles, and the interac-
tion terms were moderately significant for the middle
(P50.06) and low (P50.04) SBP tertiles.

Discussion
The finding that IMT is more strongly related to LDL-C
under conditions of elevated SBP is consistent with predic-
tions from the response-to-injury model of atherogenesis.1,2

Elevated blood pressure induces modifications to the endo-
thelium that may establish the susceptibility of the artery wall
to LDL-C–mediated atherosclerosis.

Similar analyses with total cholesterol or DBP yielded a
comparable pattern of associations, but the magnitude of the
interactions was reduced. Considering the close correlation
between total cholesterol and LDL (r50.68,P50.0001) and
between SBP and DBP (r50.93,P50.0001), these findings
may indicate that LDL-C and SBP are the more direct
measures of the factors that interact to impact arterial wall
thickening due to atherosclerosis.

There are additional aspects of the findings with implica-
tions for the pathophysiology of IMT. As shown in the Figure
and Table 2, IMT increased substantially, with an increase in
SBP from the bottom to middle tertile, but IMT was not
positively related to LDL-C in the middle SBP tertile group.
One plausible explanation for this pattern is that the thicken-
ing that occurred in the middle SBP tertile is adaptive
thickening of the intima7,21 and media.21,22Such thickening is
characterized by remodeling to counteract the rise in wall
tension. In contrast, maladaptive thickening involving mono-
cyte recruitment, an inflammatory response with stimulation

of growth factors, proliferation of smooth muscle cells, and
lipid accumulation in the intima occurs in the high blood
pressure tertile group, in which endothelial damage is more
likely sufficient to initiate atherogenesis. In addition to
inducing the damage that initiates atherogenesis, elevated
blood pressure may also accelerate lipid deposition through
continued damage to the endothelium or increased diffusion
of lipoproteins into the subendothelial space.23,24The combi-
nation of elevated serum LDL-C concentration and SBP may
thus operate synergistically to produce the thickest intima-
media complex.

When LDL-C was low, it was found that IMT increases
between the low and middle tertiles of SBP, but there is no
comparable increase between the middle and high SBP
groups. This suggests that high blood pressure alone, in the
absence of elevated LDL-C, is insufficient to induce mal-
adaptive (atherosclerotic) intimal thickening beyond the
adaptive thickening observed in the middle SBP tertile.3 This
interpretation is supported by findings from animal models
with induced hypertension.5 It is also consistent with the
observation that in hypertensive patients with low cholesterol
levels, left ventricular hypertrophy is common, but coronary
artery disease is not.25 The escalating inflammatory cycle that
characterizes the atherogenic response to blood pressure
damage may require elevated LDL-C (or some other media-
tor) to accelerate the process. With low LDL-C, the cascade
of inflammatory response to elevated blood pressure (involv-
ing cytokines, growth factors, monocyte colony–stimulating
factor, and modified LDL-C) may be dampened such that
repair is achieved without self-perpetuation. Thus, the adap-
tive thickening of the intima may reach a maximum in the
middle SBP tertile, and further intimal thickening is achieved
only with LDL-C–mediated atherosclerosis.

This response-to-injury explanation of our findings is
indirectly supported by a comparison of findings from cross-
sectional and longitudinal studies of blood pressure and IMT.
In cross-sectional studies, the relationship between SBP and
IMT is generally monotonically positive.12,26,27However, in
the few published longitudinal studies, 428–31of 615,32studies
found no relationship between baseline SBP and subsequent
change in IMT. Interestingly, the other 2 studies found the
association among control groups from lipid-lowering trials
in which hypercholesterolemic subjects were recruited. For
instance, in the Kuopio Atherosclerosis Prevention Study
(KAPS), one of the subjects’ recruitment criteria was that
LDL-C was consistently.4 mmol/L.32 These findings are
explained by our model inasmuch as only those persons with
elevated blood pressure (or some other source of injury) and
elevated LDL-C would be expected to show atherosclerotic
progression. This pattern of findings from cross-sectional and
longitudinal studies is consistent with a process in which
elevated blood pressure leads to adaptive wall thickening that
reaches an equilibrium with the demands of elevated pressure
(rather than continued thickening, as in atherosclerosis).
Subsequently, the damaged endothelium induced by the
increased pressure is subject to atherosclerosis if LDL-C is
retained in the artery wall.33

A finding from an intervention study that supports the
response-to-injury interpretation of our results is the regres-
sion of carotid artery IMT in one lipid-lowering trial. In the
Asymptomatic Carotid Artery Plaque Study (ACAPS),34

Carotid artery IMT with LDL cholesterol (LDL-Chol), by SBP ter-
tiles. The adjusted least square means of IMT (mean6SE) were
calculated within each of the 15 groups defined by tertiles of
SBP and quintiles of LDL-Chol. IMT means were adjusted to the
means of age, sex, ethnic group, body height, body mass index,
smoking status, diabetes status, and pharmacological treatment
for hypertension or hypercholesterolemia. From top to bottom,
the 3 lines depict the relationship between LDL-Chol and IMT in
the high, middle, and low SBP tertile groups. IMT was signifi-
cantly related to LDL-Chol in the high SBP group
(b50.02560.008, P50.002) but not in the middle
(b520.00660.008, P50.39) or low (b520.00460.009, P50.64)
SBP group. The slope in the high SBP group was significantly
greater than the slope in the middle (P50.004) or low (P50.014)
SBP group.

2008 Arterioscler Thromb Vasc Biol. August 2000

D
ow

nloaded from
 http://ahajournals.org by on January 20, 2025



among subjects selected for elevated LDL-C (60th to 90th
percentiles) and carotid wall thickening, the lovastatin inter-
vention effect in the hypertensive patients was found to be
larger than in the nonhypertensive patients receiving lovastat-
in.15 Compared with wall thickening in the nonhypertensive
group, wall thickening in the participants with combined
elevated blood pressure and LDL-C was more likely due to
progressing atherosclerosis.

Given the cross-sectional findings reported in the present
study and the observational nature of the other studies cited,
there are clearly alternative explanations of an interaction
between SBP and LDL-C as they relate to carotid IMT. The
interaction could arise because of a synergism of the 2 factors
that does not involve the temporal sequence inherent in the
response-to-injury model or that of pressure-adaptive wall
thickening. Elevated blood pressure may, for example, in-
crease the diffusion of LDL-C into the subendothelial
space23,24 or prolong the retention of LDL-C in the intima.33

Elevated blood pressure could also tend to promote lesions
initiated by elevated LDL-C. Given that SBP and LDL-C tend
to be correlated,35 it is also plausible that the interaction
between them is due to each being determined by some other
factor(s) that induces atherosclerosis. The apparent synergism
would then actually be due to a third factor that is indicated
by the presence of both risk factors.

Several studies describe a possible synergism of multiple
risk factors to account for the existence of collagenous
fibrous plaques in the aorta or coronary arteries.36 A study of
129 autopsied cases in Oslo (Holme et al37) also revealed an
interactive role of SBP and total serum cholesterol on raised
lesions in the coronary arteries. It is of interest that this
finding was in the opposite direction compared with our
finding: Holme et al reported that the correlations between
serum cholesterol and coronary lesions were 0.485 in the low
SBP tertile, 0.353 in middle SBP tertile, and 0.185 in high
SBP tertile. Another clinical study found that IMT in hyper-
cholesterolemic hypertensives was not significantly thicker
than IMT in normocholesterolemic hypertensives.38

A synergism between SBP and LDL for atherosclerosis is
not supported by findings from cohort studies with incident
coronary disease or mortality as end points. For example, in
the Honolulu Heart Program, serum cholesterol and SBP are
additive (rather than synergistic) in logistic or probit models
of coronary heart disease risk (J.H. Dwyer, D. Reed, unpub-
lished data, 2000). Such risk regression models are the
equivalent of the additive form (no interaction) of the linear
model with a continuous outcome, such as carotid IMT.
However, the absence of synergism between serum choles-
terol or LDL-C and hypertension in cohort studies with
coronary heart disease end points does not necessarily con-
tradict the injury hypothesis. Event end points include athero-
genic and thrombotic effects of factors, and elevated blood
pressure may play a role in thrombotic events as well as an
injury role in atherogenesis. An example of a potential
thrombotic effect of hypertension is the adverse impact of
elevated blood pressure on endothelium-dependent vasodila-
tion and blood rheology, and both of these factors have been
implicated as promoters of the conversion of atherosclerosis
to atherothrombosis.39

The complete absence of a positive association between
carotid IMT and LDL-C in the lower blood pressure groups

(see Figure) is puzzling. If elevated LDL-C is sufficient to
cause endothelial damage and induce atherosclerosis,40 then a
positive gradient in these groups would be expected. How-
ever, even if elevated LDL-C must be preceded by injury to
promote atherosclerosis, we might expect that injuries to the
arterial wall due to other factors (that are uncorrelated with
LDL-C) would induce a positive association. Our findings
therefore suggest that elevated blood pressure is the major
source of arterial injury that results in susceptibility to
LDL-C–induced atherosclerosis. It is also plausible that
atherosclerosis due to LDL-induced injury develops at a later
age and that such effects will become apparent as the cohort
ages.

In summary, the finding of a cross-sectional interaction
between SBP and LDL-C as they relate to carotid wall
thickness in asymptomatic healthy people is consistent with
predictions of the response-to-injury model of atherogenesis.2

Given that this finding has not been reported previously and
that there are numerous alternative interpretations, replication
and longitudinal investigations are needed to further investi-
gate this issue.

Acknowledgment
This study was supported by Public Health Service grant HL-49910
(J.H.D., Principal Investigator) from the National Heart, Lung, and
Blood Institute.

References
1. Ross R. Atherosclerosis: an inflammatory disease.N Engl J Med. 1999;

340:115–126.
2. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s.

Nature. 1993;362:801–809.
3. Chobanian AV, Alexander RW. Exacerbation of atherosclerosis by

hypertension: potential mechanisms and clinical implications.Arch Intern
Med. 1996;156:1152–1156.

4. Chobanian AV, Lichtenstein AH, Nilakhe V, Haudenschild CC, Drago R,
Nickerson C. Influence of hypertension on aortic atherosclerosis in the
Watanabe rabbit.Hypertension. 1989;14:203–209.

5. Chobanian AV. The influence of hypertension and other hemodynamic
factors in atherogenesis.Prog Cardiovasc Dis. 1983;26:177–196.

6. Pignoli P, Tremoli E, Poli A, Oreste P, Paoletti R. Intimal plus medial
thickness of the arterial wall: a direct measurement with ultrasound
imaging.Circulation. 1986;74:1399–1406.

7. Stary HC. Macrophages, macrophage foam cells, and eccentric intimal
thickening in the coronary arteries of young children.Atherosclerosis.
1987;64:91–108.

8. Chambless LE, Heiss G, Folsom AR, Rosamond W, Szklo M, Sharrett
AR, Clegg LX. Association of coronary heart disease incidence with
carotid arterial wall thickness and major risk factors: the Atherosclerosis
Risk in Communities (ARIC) Study, 1987–1993.Am J Epidemiol. 1997;
146:483–494.

9. O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson
SK Jr. Carotid-artery intima and media thickness as a risk factor for
myocardial infarction and stroke in older adults: Cardiovascular Health
Study Collaborative Research Group.N Engl J Med. 1999;340:14–22.

10. Bots ML, Hoes AW, Hofman A, Witteman JC, Grobbee DE. Cross-
sectionally assessed carotid intima-media thickness relates to long-term
risk of stroke, coronary heart disease and death as estimated by available
risk functions.J Intern Med. 1999;245:269–276.

11. Crouse JR, Goldbourt U, Evans G, Pinsky J, Sharrett AR, Sorlie P, Riley
W, Heiss G. Risk factors and segment-specific carotid arterial
enlargement in the Atherosclerosis Risk in Communities (ARIC) cohort.
Stroke. 1996;27:69–75.

12. Salonen R, Salonen JT. Determinants of carotid intima-media thickness:
a population-based ultrasonography study in eastern Finnish men.J Intern
Med. 1991;229:225–231.

13. Mack WJ, Selzer RH, Hodis HN, Erickson JK, Liu CR, Liu CH,
Crawford DW, Blankenhorn DH. One-year reduction and longitudinal
analysis of carotid intima-media thickness associated with colestipol/
niacin therapy.Stroke. 1993;24:1779–1783.

Sun et al SBP and LDL-C With Carotid IMT 2009

D
ow

nloaded from
 http://ahajournals.org by on January 20, 2025



14. Byington RP, Furberg CD, Crouse JR III, Espeland MA, Bond MG.
Pravastatin, lipids, and atherosclerosis in the carotid arteries (PLAC-II).
Am J Cardiol. 1995;76:54C–59C.

15. Probstfield JL, Margitic SE, Byington RP, Espeland MA, Furberg CD.
Results of the primary outcome measure and clinical events from the
Asymptomatic Carotid Artery Progression Study.Am J Cardiol. 1995;
76:47C–53C.

16. Salonen R, Nyyssonen K, Porkkala E, Rummukainen J, Belder R, Park
JS, Salonen JT. Kuopio Atherosclerosis Prevention Study (KAPS): a
population-based primary preventive trial of the effect of LDL lowering
on atherosclerotic progression in carotid and femoral arteries.Circu-
lation. 1995;92:1758–1764.

17. Hodis HN. Reversibility of atherosclerosis: evolving perspectives from
two arterial imaging clinical trials: the cholesterol lowering atheroscle-
rosis regression study and the monitored atherosclerosis regression study.
J Cardiovasc Pharmacol. 1995;25(suppl 4):S25–S31.

18. Selzer RH, Hodis HN, Kwong Fu H, Mack WJ, Lee PL, Liu CR, Liu CH.
Evaluation of computerized edge tracking for quantifying intima-media
thickness of the common carotid artery from B-mode ultrasound images.
Atherosclerosis. 1994;111:1–11.

19. Dwyer JH, Sun P, Kwong-Fu H, Dwyer KM, Selzer RH. Automated
intima-media thickness: the Los Angeles Atherosclerosis Study.
Ultrasound Med Biol. 1998;24:981–987.

20. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concen-
tration of low-density lipoprotein in plasma, without use of preparative
ultracentrifuge.Clin Chem. 1972;18:499–502.

21. Chobanian AV. Corcoran lecture: adaptive and maladaptive responses of
the arterial wall to hypertension.Hypertension. 1990;1989:15:666–674.

22. Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W Jr, Rosenfeld
ME, Schaffer SA, Schwartz CJ, Wagner WD, Wissler RW. A definition
of initial, fatty streak, and intermediate lesions of atherosclerosis: a report
from the Committee on Vascular Lesions of the Council on Arterioscle-
rosis, American Heart Association.Circulation. 1994;89:2462–2478.

23. Curmi PA, Juan L, Tedgui A. Effect of transmural pressure on low
density lipoprotein and albumin transport and distribution across the
intact arterial wall.Circ Res. 1990;66:1692–702.

24. Fry DL. Mass transport, atherogenesis, and risk.Arteriosclerosis. 1987;
7:88–100.

25. Roberts WC. Atherosclerotic risk factors: are there ten or is there only
one?Am J Cardiol. 1989;64:552–554.

26. Arnett DK, Tyroler HA, Burke G, Hutchinson R, Howard G, Heiss G.
Hypertension and subclinical carotid artery atherosclerosis in blacks and
whites: the Atherosclerosis Risk in Communities Study: ARIC Investi-
gators [see comments].Arch Intern Med. 1996;156:1983–1989.

27. Bonithon Kopp C, Scarabin PY, Taquet A, Touboul PJ, Malmejac A,
Guize L. Risk factors for early carotid atherosclerosis in middle-aged
French women.Arterioscler Thromb. 1991;11:966–972.

28. Salonen R, Salonen JT. Progression of carotid atherosclerosis and its
determinants: a population-based ultrasonography study.Atherosclerosis.
1990;81:33–40.

29. Bonithon Kopp C, Jouven X, Taquet A, Touboul PJ, Guize L, Scarabin
PY. Early carotid atherosclerosis in healthy middle-aged women: a
follow-up study.Stroke. 1993;24:1837–1843.

30. Belcaro G, Laurora G, Cesarone MR, De Sanctis MT, Incandela L,
Barsotti A. Progression of subclinical atherosclerosis in 6 years:
ultrasound evaluation of the average, combined femoral and carotid
bifurcation intima-media thickness.Vasa. 1995;24:227–232.

31. Lusiani L, Visona A, Pagnan A. Noninvasive study of arterial hyper-
tension and carotid atherosclerosis.Stroke. 1990;21:410–414.

32. Salonen JT, Salonen R. Risk factors for carotid and femoral atheroscle-
rosis in hypercholesterolaemic men.J Intern Med. 1994;236:561–566.

33. Williams KJ, Tabas I. The response-to-retention hypothesis of early
atherogenesis.Arterioscler Thromb Vasc Biol. 1995;15:551–561.

34. Furberg CD, Adams HP Jr, Applegate WB, Byington RP, Espeland MA,
Hartwell T, Hunninghake DB, Lefkowitz DS, Probstfield J, Riley WA, et
al. Effect of lovastatin on early carotid atherosclerosis and cardiovascular
events: Asymptomatic Carotid Artery Progression Study (ACAPS)
Research Group [see comments].Circulation. 1994;90:1679–1687.

35. Castelli WP, Garrison RJ, Wilson PW, Abbott RD, Kalousdian S, Kannel
WB. Incidence of coronary heart disease and lipoprotein cholesterol
levels: the Framingham Study.JAMA. 1986;256:2835–2838.

36. Berenson GS, Srinivasan SR, Bao W, Newman WP III, Tracy RE,
Wattigney WA. Association between multiple cardiovascular risk factors
and atherosclerosis in children and young adults: the Bogalusa Heart
Study [see comments].N Engl J Med. 1998;338:1650–1656.

37. Holme I, Enger SC, Helgeland A, Hjermann I, Leren P, Lund-Larsen PG,
Solberg LA, Strong JP. Risk factors and raised atherosclerotic lesions in
coronary and cerebral arteries: statistical analysis from the Oslo study.
Arteriosclerosis. 1981;1:250–256.

38. Saba PS, Roman MJ, Longhini C, Scorzoni D, Pini R, Devereux RB,
Ganau A. Carotid intimal-medial thickness and stiffness are not affected
by hypercholesterolemia in uncomplicated essential hypertension.Arte-
rioscler Thromb Vasc Biol. 1999;19:2788–2794.

39. Simon A, Megnien JL, Levenson J. Detection of preclinical atheroscle-
rosis may optimize the management of hypertension.Am J Hypertens.
1997;10:813–824.

40. Chowienczyk PJ, Watts GF, Cockcroft JR, Ritter JM. Impaired endothe-
lium-dependent vasodilation of forearm resistance vessels in hypercho-
lesterolaemia.Lancet. 1992;340:1430–1432.

2010 Arterioscler Thromb Vasc Biol. August 2000

D
ow

nloaded from
 http://ahajournals.org by on January 20, 2025


