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markers characterize Framingham Offspring Study partici-
pants with CHD.  J. Lipid Res.  2009.  50:  1927–1935.  

 Supplementary key words lipids • lipoproteins • lathosterol • desmos-
terol • phytosterols • campesterol • sitosterol • coronary heart disease 

 An elevated LDL-cholesterol concentration is a well-
established independent risk factor for cardiovascular 
disease (CVD) ( 1 ). Large-scale primary and secondary 
prevention trials aimed at lowering plasma total and LDL-
cholesterol concentrations have resulted in marked reduc-
tions in CVD events and mortality ( 2–9 ). However, CVD 
events still occur in a substantial proportion of individuals 
not presenting with elevated LDL-cholesterol concentra-
tions. Using the 90th percentile for age and sex according 
to the Lipid Research Clinics data for LDL-cholesterol and 
triglyceride concentrations and the 10th percentile for 
HDL-cholesterol, in patients with premature coronary 
artery disease (CAD), relative to matched control subjects, 
only 12% versus 9% had elevated LDL-cholesterol concen-
trations, 19% versus 4% had low HDL-cholesterol concen-
trations, and 10% versus 9% had elevated triglyceride 
concentrations ( 10 ). Based on the aforementioned crite-
ria, 39% of patients with premature CAD had no conven-
tional lipid abnormality. Similarly, data from several 
clinical trials suggest that although LDL-cholesterol lower-
ing was highly effi cacious, the reduction in the relative risk 
of major coronary events was poorly associated with base-
line serum lipid concentrations ( 2–6, 8, 9, 11 ). 

       Abstract   Data is limited on measures infl uencing choles-
terol homeostasis in subjects at high risk of developing 
cardiovascular disease (CVD) relative to established risk 
factors. To address this, we quantifi ed circulating indicators 
of cholesterol homeostasis (plasma phytosterols and cho-
lesterol precursor concentrations as surrogate measures 
of cholesterol absorption and synthesis, respectively) in 
Framingham Offspring Study Cycle-6 participants diag-
nosed with established CVD and/or  � 50% carotid stenosis 
not taking lipid lowering medication (cases, N = 155) and 
matched controls (N = 414). Cases and controls had similar 
plasma LDL-cholesterol; HDL-cholesterol was signifi cantly 
lower in males, while triglyceride concentrations were sig-
nifi cantly higher in female cases relative to their respective 
controls. Cholesterol absorption markers were signifi cantly 
higher (229 ± 7 vs. 196 ± 4, 169 ± 6 vs. 149 ± 3 and 144 ± 5 vs. 
135 ± 3 for campesterol, sitosterol, and cholestanol, respec-
tively), whereas cholesterol synthesis markers were signifi -
cantly lower (116 ± 4 vs. 138 ± 3, 73 ± 3 vs. 75 ± 2 for 
lathosterol and desmosterol, respectively) in cases com-
pared with controls, irrespective of sex. After controlling 
for standard risk factors, campesterol (2.47 [1.71-3.56];  P  < 
0.0001), sitosterol (1.86 [1.38-2.50];  P  < 0.0001), cholestanol 
(1.57 [1.09-2.27];  P  = 0.02), desmosterol (0.59 [0.42-0.84]; 
 P  = 0.003), and lathosterol (0.58 [0.43-0.77];  P  = 0.0002) 
were signifi cantly associated with CVD (odds ratio [95% 
confi dence interval]).   These data suggest that impaired 
cholesterol homeostasis, refl ected by lower synthesis and 
higher absorption marker concentrations, are highly sig-
nifi cant independent predictors of prevalent CVD in this 
study population.— Matthan N. R., M. Pencina, J. M. LaRocque, 
P. F. Jacques, R. B. D’Agostino, E. J. Schaefer, and A. H. 
Lichtenstein.  Alterations in cholesterol absorption/synthesis 
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fasting glucose  � 126 mg/dl or use of insulin or oral hypoglyce-
mic medications. Current smokers were defi ned as those who 
reported smoking at least one cigarette per day during the previ-
ous year. Estrogen use was classifi ed as current or no use at the 
time of the examination. 

 Assessment of dietary intake 
 Usual dietary intake was assessed using a validated semiquanti-

tative 126-item food frequency questionnaire (FFQ) ( 24, 25 ). 
Nutrient intakes were calculated by multiplying the frequency of 
consumption of each unit of food from the FFQ by the nutrient 
content of the specifi ed portion. Dietary information was judged 
as unreliable and excluded from further analysis if reported 
energy intakes were <2.51 MJ/d (600 kcal) or >16.74 MJ/d (4,000 
kcal/d) for women and >17.57 MJ/d (4,200 kcal/d) for men, 
respectively, or if  � 12 food items were left blank. Complete FFQ 
data was available for 506 of the 569 participants. 

 Lipid and lipoprotein analyses 
 Fasting plasma total cholesterol, triglycerides, HDL-cholesterol, 

and glucose concentrations were measured using standard enzy-
matic methods, as previously described ( 26, 27 ). LDL-cholesterol 
concentrations were calculated according to the formula of 
Friedewald et al. ( 28 ). The assays were standardized through the 
Lipid Standardization Program of the CDC (Atlanta, GA). 

 Cholesterol homeostasis analyses 
 Plasma noncholesterol sterol concentrations were quantifi ed 

using gas chromatography as previously described ( 20, 29 ). Peaks 
of interest were identifi ed by comparison with authentic stan-
dards (Supelco, Bellefonte, PA) and expressed relative to the in-
ternal standard. Interassay CVs were on average  � 5.5% for most 
of the sterols. The investigators and laboratory personnel were 
blinded as to case-control status. Each case-control set was ana-
lyzed in the same run by the same technician in a random se-
quence under identical conditions. External quality control 
samples were routinely interspersed per 12 samples and analyzed 
with study samples. The noncholesterol sterols measured in-
cluded the cholesterol precursors -squalene, desmosterol, and 
lathosterol, and the absorption markers -cholestanol, campes-
terol, and sitosterol. Because the noncholesterol sterols are trans-
ported in plasma by lipoproteins, their concentration has been 
expressed relative to the concentration of plasma total choles-
terol ( � mol/mmol of cholesterol) to correct for the different 
number of lipoprotein acceptor particles. 

 Statistical analyses 
 All continuous variables were summarized using means and 

SD or SE. Two-sample  t -tests were used to compare baseline vari-
ables and intake of selected nutrients. Plasma lipid, phytosterol, 
cholestanol, and cholesterol precursor concentrations were com-
pared between cases and control subjects using conditional logis-
tic regression, which accounts for the matched nature of the 
sample. Similarly, multivariable conditional logistic regression 
adjusted for diastolic blood pressure, LDL- and HDL-cholesterol, 
triglyceride concentrations, and diabetes and hypertension med-
ication (in addition to matching variables: age, sex, systolic blood 
pressure, body mass index, and smoking) was used to determine 
the association between each cholesterol homeostasis marker 
and CVD status. Triglyceride concentrations and all cholesterol 
homeostasis markers were log-transformed in the models to cor-
rect for their skewed distributions and standardized to express 
the results on a comparable scale. All analyses were performed 
using SAS version 8.2 or higher and two-sided  P -values < 0.05 
were considered statistically signifi cant. Conditional logistic 

 Cholesterol homeostasis plays an important role in the 
regulation of whole-body cholesterol content by balancing 
input (intestinal absorption of dietary and biliary choles-
terol) and output (hepatic and extra-hepatic synthesis), 
thereby preventing the net accumulation of cholesterol in 
circulation and tissues ( 12 ). A disruption in any one of 
these processes can alter this balance with resultant dis-
ease progression ( 13–15 ). Only limited data are available 
on measures infl uencing cholesterol homeostasis in sub-
jects at high risk of developing CVD relative to established 
risk factors. The objective of the present study was to 
determine the association between CVD status and circu-
lating indicators of cholesterol homeostasis, plasma con-
centrations of phytosterols and cholestanol, which are 
surrogate markers of cholesterol absorption ( 16–18 ), and 
cholesterol precursors, which are surrogate markers of 
cholesterol synthesis ( 19, 20 ), in Framingham Offspring 
Study (FOS) Cycle-6 participants with documented CVD 
and/or  � 50% carotid stenosis not taking lipid lowering 
medication and matched control subjects. 

 METHODS 

 Study population 
 The rationale, design, and methods for the FOS have been 

described elsewhere in detail ( 21 ). Briefl y, this is a longitudinal 
community-based study initiated in 1971 with a sample of 5,135 
men and women consisting of the offspring of the original 
Framingham Heart Study ( 22 ) and their spouses. Of the 3,532 
participants who underwent a standardized medical history and 
physical examination at the sixth examination cycle (1996–1997), 
we identifi ed 155 cases (n = 51 female and n = 104 male), defi ned 
as subjects with documented CVD (n = 117) and/or  � 50% 
carotid stenosis (n = 38) and who were not taking lipid lowering 
medications (statins, cholestyramine, niacin, or fi brates). Using a 
3:1 ratio, 465 control subjects matched on the basis of age, sex, 
body mass index, systolic blood pressure, and smoking status 
were identifi ed. Plasma samples were available for all the cases 
and for 414 of the control subjects (n = 140 female and 274 
male). This study was approved by the Institutional Review Boards 
for Human Research at Tufts University-Tufts Medical Center 
and Boston University. Informed consent was obtained from 
study subjects. 

 Defi nition and assessment of CVD status 
 CVD was defi ned as occurrence of myocardial infarction (MI), 

 � 50% carotid stenosis (verifi ed using Doppler), coronary insuf-
fi ciency, angina pectoris, cerebrovascular accident, or transient 
ischemic attack prior to the sixth examination cycle. Information 
about CVD events was confi rmed with the aid of medical histo-
ries, physical examinations at the study clinic, hospitalization re-
cords, and communication with personal physicians as previously 
described ( 22, 23 ). We identifi ed 155 cases, 117 had prevalent 
CVD at the sixth examination cycle and 63 had stenosis  � 50%. 
Of those 117 with CVD, 59 were MI cases. 

 Covariate information 
 Height and weight were measured with the subject standing. 

Body mass index was calculated (kg/m 2 ). Subjects were classifi ed 
as hypertensive if their diastolic blood pressure was  � 90 mm Hg 
or systolic blood pressure was  � 140 mm Hg, or if use of antihy-
pertensive medications was reported. Diabetes was defi ned as 
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(females; data not shown). Cases, irrespective of sex, had 
signifi cantly higher plasma glucose concentrations, dia-
stolic blood pressure, and percentage of diabetics, as well 
as  � -blocker and diabetic medication users, relative to the 
controls. The percentage of hypertensive subjects and 
those treated for high blood pressure was higher among 
the male cases relative to controls. 

 ApoE genotyping data was available for 489 subjects (N = 
138 cases and N = 351 controls). Subjects were grouped as 
follows: “E2” combined E2/E2 and E3/2 carriers, “E3” in-
cluded E3/E3 carriers, and “E4” combined E4/E3 and 
E4/E4 carriers. The genotype distribution for cases was 
20/118/0 (% distribution = 14/86/0) and for the controls 

regression was performed using SAS survival routine “PHREG” 
with case-control status as the stratifying variable and odds ratios 
(OR) as the risk metric. 

 RESULTS 

 Baseline characteristics 
 The baseline characteristics of the cases and control 

subjects are depicted in   Table 1  .  Matching ensured that 
age, sex, body mass index, systolic blood pressure, and 
smoking status were comparable between cases and con-
trols. No signifi cant differences were observed in body 
weight, waist circumference, and exogenous hormone use 

 TABLE 1. Baseline characteristics  a   

Variables

Cases
N = 155 

[51F/104M]

Controls
N = 414

[140F/274M]  P   b 

Age (years) Females 68.6 ± 1.1 67.7 ± 0.6 Matched
Males 67.0 ± 0.8 65.7 ± 0.5
All 67.5 ± 0.7 66.4 ± 0.4

Body weight (kg) Females 73.1 ± 2.2  74.8 ± 1.5 0.81
Males 86.1 ± 1.4 87.6 ± 0.8 0.63
All 81.8 ± 1.3 83.3 ± 0.8 0.47

Body mass index (kg/m 2 ) Females 29.3 ± 0.8  29.6 ± 0.6 Matched
Males 28.7 ± 0.4 28.7 ± 0.2
All 28.9 ± 0.4 29.0 ± 0.2

Waist circumference (cm) Females 100.2 ± 2.2 100.5 ± 1.4 0.91
Males 102.6 ± 1.0 102.2 ± 0.6 0.75
All 101.8 ± 1.0 101.6 ± 0.6 0.89

Glucose (mg/dl) Females 120.2 ± 42.3 105.5 ± 26.1 0.02
Males 119.9 ± 41.0 107.1 ± 28.1 0.005
All 120.1 ± 41.4 106.6 ± 27.4 0.0003

Systolic blood pressure(mm Hg) Females 141.8 ± 2.67 141.2 ± 1.8 Matched
Males 132.3 ± 1.8 133.6 ± 1.1
All 135.4 ± 1.5 136.2 ± 1.0

Diastolic blood pressure(mm Hg) Females 72.4 ± 1.5 75.7 ± 0.8 0.06
Males 72.2 ± 0.8 76.7 ± 0.6 <0.001
All 72.3 ± 0.7 76.4 ± 0.5 <0.001

High diastolic blood pressure c (%) [n] Females 8 [4] 6 [8] 0.74
Males 0 [0] 6 [17] 0.005
All 3 [4] 6 [25] 0.09

Hypertension (%) [n] Females 73 [37] 61 [86] 0.16
Males 61 [63] 51 [139] 0.07
All 65 [100] 54 [225] 0.02

History of blood pressure (%) [n] Females 47 [24] 45 [63] 0.80
Males 29 [30] 33 [90] 0.45
All 35 [54] 37 [153] 0.64

Treated blood pressure (%) [n] Females 51 [26] 39 [55] 0.15
Males 52 [54] 34 [94] 0.001
All 52 [80] 36 [149] 0.001

Beta-blocker users (%) [n] Females 22 [11] 10 [14] 0.04
Males 43 [45] 10 [27] <0.0001
All 36 [56] 10 [41] <0.0001

Diabetics (%) [n] Females 32 [16] 10 [14]  0.0003
Males 29 [30] 12 [33] <0.0001
All 30 [46] 11 [47] <0.0001

Diabetes medications (%) [n] Females 16 [8] 5 [7] 0.03
Males 16 [17] 6 [17] 0.002
All 16 [25] 6 [24] <0.0001

High glucose d  (%) [n] Females 29 [15] 8 [11]  0.0001
Males 24 [25] 10 [27] 0.0003
All 26 [40] 9 [38] <0.0001

Smokers (%) [n] Females 24 [12] 22 [31] Matched
Males 12 [12] 12 [32]
All 15 [24] 15 [63]

  a   Values are mean (SE).
  b  P -value based on two sample  t -test.
  c    � 90 mm Hg.
  d    � 126 mg/dl.
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 Concentrations of all the cholesterol absorption mark-
ers assessed were signifi cantly higher (15%, 12%, and 6% 
for campesterol, sitosterol, and cholestanol, respectively) 
in the cases compared with the controls. Conversely, con-
centrations of the cholesterol synthesis markers demos-
terol and lathosterol were signifi cantly lower (3% and 
16%, respectively) in the cases compared with the con-
trols. However, the early precursor in the cholesterol bio-
synthetic pathway, squalene, was not signifi cantly different 
between groups. Taken together, these alterations resulted 
in a 29% and 27% lower lathosterol-campesterol and 
lathosterol-sitosterol ratio, respectively, in cases compared 
with controls (both  P  < 0.0001). These ratios provide an 
overall assessment of cholesterol homeostasis, as they take 
into account the relative contributions of cholesterol syn-
thesis as well as absorption ( 30 ). 

 To better understand the relationship between the cho-
lesterol homeostasis markers and CVD risk factors, corre-
lation coeffi cients were calculated (  Table 4  ).  In both cases 
and controls, squalene, an early precursor in the choles-
terol synthetic pathway, was positively associated with 
plasma HDL-cholesterol concentrations and negatively as-
sociated with plasma triglyceride concentrations. In the 
controls but not in the cases, desmosterol was negatively 
associated with total and LDL-cholesterol concentrations, 
while lathosterol was negatively associated with triglycer-
ide concentrations. While these fi ndings are consistent 
with those reported by other investigators ( 31–33 ), the 
correlations are relatively modest and the clinical rele-
vance is unclear. 

 In terms of the cholesterol absorption markers, correla-
tion coeffi cients were slightly stronger, with an inverse re-
lation being observed between cholestanol and plasma 
total and LDL-cholesterol concentrations in both cases 
and controls. Likewise, in both groups, the cholesterol syn-
thesis: absorption ratios were positively associated with 
plasma triglyceride concentrations. These data suggest 
that the cholesterol homeostasis markers are more closely 
associated with plasma triglyceride concentrations than 
LDL-cholesterol concentrations, which is consistent with 
the plasma lipid profi le for this cohort. 

 In univariate analysis, no signifi cant association was ob-
served between plasma total and LDL-cholesterol concen-
trations and prevalent CVD or stenosis (data not shown). 
Higher plasma HDL-cholesterol concentrations were asso-
ciated with a lower CVD risk in males (OR per 1 SD [12.8 
mg/dl] of HDL = 0.73, 95% confi dence interval (CI) 
[0.56–0.94]), whereas higher plasma triglyceride concen-
trations were associated with a higher CVD prevalence in 
females (as triglyceride level increases by 66%, i.e., from 
100 to 166 mg/dl, likelihood of CVD increases by 42%: 
OR = 1.42, 95% CI [1.02-1.99]). 

 In multiple conditional logistic regression, after con-
trolling for standard lipid and nonlipid risk factors, diabe-
tes, and medications (  Fig. 1  ),  the cholesterol absorption 
markers campesterol, sitosterol, and cholestanol were as-
sociated with a 2.47-, 1.86-, and 1.57-fold increase in CVD 
risk, respectively. In contrast, the ORs for the cholesterol 
synthesis markers desmosterol and lathosterol were 0.59 

was 50/398/3 (% distribution = 14/85/1) (apo E2/E3/
E4, respectively). These distributions were not signifi cantly 
different (Fisher’s Exact test). Data on the distribution of 
polymorphisms in genes related to cholesterol metabolism 
such as ATP-binding cassette (ABC)G8, ABCG5, and 
NPC1L1 were available in  � 258–314 subjects (supplemen-
tary  Table I ). No signifi cant differences in distribution of 
these polymorphisms were observed between cases and 
controls. It must be noted that this study was not designed 
or powered to examine the association between polymor-
phisms in these genes and variations in plasma concentra-
tions of plant sterols. 

 Dietary profi le 
 No signifi cant difference was observed in macronutri-

ent, fatty acid, cholesterol, fi ber, alcohol, or vitamin E 
intakes between the case and control subjects (  Table 2  ).  
The phytosterol content of the diets could not be calcu-
lated from the data available; however, the polyunsaturated-
saturated fat ratio, which has been shown to correlate with 
the phytosterol content of the diet ( 17 ), was similar be-
tween both groups. It should be noted that the FFQ data 
were collected prior to the introduction of phytosterol-
enriched products into the marketplace. 

 Plasma lipoprotein profi le and cholesterol homeostasis 
markers 

 Total and LDL-cholesterol concentrations were similar 
between the cases and controls (  Table 3  ).  Female cases 
were characterized by higher triglyceride concentrations 
and male cases by lower HDL-cholesterol concentrations 
compared with their respective controls. 

 TABLE 2. Diet composition determined using FFQ  a   

Variable
Cases

 N = 130 
Controls
 N = 376  P   b     

Energy (kcal) 1927 ± 617 1866 ± 627 0.34
Carbohydrate (%E)  c  51.9 ± 9.5 51.6 ± 8.9 0.76
Protein (%E)  c  16.8 ± 3.4 16.7 ± 3.3 0.64
Total fat (%E)  c  28.6 ± 6.9 29.6 ± 6.4 0.15
Saturated fatty acids 9.9 ± 2.9 10.3 ± 2.8 0.22
12:0 0.2 ± 0.1 0.2 ± 0.2 0.32
14:0 0.9 ± 0.4 0.9 ± 0.4 0.45
16:0 5.4 ± 1.5 5.6 ± 1.4 0.16
18:0 2.6 ± 0.8 2.7 ± 0.8 0.25
MUFA 10.7 ± 2.6 11.2 ± 2.7 0.09
16:1n-6 0.6 ± 0.2 0.6 ± 0.2 0.17
18:1n-6 9.8 ± 2.5 10.3 ± 2.5 0.09
PUFA 5.5 ± 1.8 5.5 ± 1.6 0.67
18:2n-6 4.6 ± 1.6 4.7 ± 1.4 0.54
18:3 n-3 0.5 ± 0.2 0.5 ± 0.2 0.74
20:4n-6 0.06 ± 0.03 0.06 ± 0.03 0.84
20:5n-3 0.04 ± 0.04 0.04 ± 0.04 0.78
22:6n-3 0.1 ± 0.1 0.1 ± 0.1 0.82
Polyunsaturated-

saturated fat ratio
0.58 ± 0.02 0.55 ± 0.01 0.74

Cholesterol (mg/d) 243 ± 127 236 ± 118 0.59
Fiber (g/d) 19.7 ± 8.2 18.8 ± 7.7 0.24
Alcohol (%E)  c  6.7 ± 10.5 6.1 ± 11.3 0.60
Vitamin E (mg/d)  d  95 ± 181 116 ± 213 0.28

  a   Values are mean (SE).
  b  P -value based on two sample  t -test.
  c   Percentage of energy.
  d   Includes supplements.
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in CVD risk (highest vs. lowest tertile), respectively. In con-
trast, the cholesterol synthesis marker lathosterol was as-
sociated with a 0.29-fold decrease in CVD risk, respectively 
highest vs. lowest tertile (all  P -values <0.05). 

 DISCUSSION 

 Present study results demonstrate that individuals with 
CVD or  � 50% carotid stenosis have an altered cholesterol 
homeostasis profi le, characterized by higher cholesterol 
absorption (plasma campesterol, sitosterol, and cholestanol 
concentrations) and lower cholesterol synthesis (desmos-
terol and lathosterol concentrations) relative to matched 
control subjects with comparable plasma cholesterol con-
centrations. Furthermore, the cholesterol homeostasis 
markers were highly signifi cant predictors of CVD risk rel-
ative to established risk factors in this study population. 

 A few small-scale studies ( 32–35 ) and fi ve population-
based studies ( 31, 36–39 ) have assessed the relationship 

and 0.58, which translates into a 0.41 and 0.42 reduction 
in CVD risk, respectively (all values are OR per 1 SD in log 
marker concentration, corresponding to a 47% increase 
in campesterol, 56% increase for both sitosterol and 
cholestanol, 62% increase in desmosterol, and 54% in-
crease in lathosterol;  P  < 0.05). The cholesterol synthesis-
absorption ratios were associated with an  � 30% lower 
CVD risk (per 1 SD of log ratio, corresponding to 72% and 
88% increases in lathosterol-campesterol and lathosterol-
sitosterol ratios, respectively). 

 To further explore these associations, the distribution 
of each marker was divided into tertiles and the OR was 
calculated using the lowest tertile as referent (  Fig. 2  ).  The 
results were similar to those reported above, although a 
more pronounced difference was observed in the magni-
tude of the risk when the highest tertile was compared 
with the referent ( Fig. 2B ). Specifi cally, the cholesterol ab-
sorption markers campesterol, sitosterol, and cholestanol 
were associated with a 5.98-, 3.16-, and 2.57-fold increase 

 TABLE 3. Plasma lipoprotein profi le and cholesterol homeostasis markers  a   

Variable Cases ( N = 155 ) Controls ( N = 414 )  P    b  

Plasma lipids and lipoproteins (mg/dl)  c  
 Total cholesterol Females 227.8 ± 6.2 219.4 ± 2.8 0.14

Males 193.4 ± 3.6 198.8 ± 2.2 0.28
All 204.7 ± 3.4 205.7 ± 1.8 0.97

 LDL-cholesterol Females 138.0 ± 5.2 133.9 ± 2.4 0.52
Males 123.5 ± 3.0 126.1 ± 2.0 0.60
All 128.1 ± 2.7 128.8 ± 1.5 0.94

 HDL-cholesterol Females 54.7 ± 2.1 57.4 ± 1.3 0.31
Males 40.8 ± 1.1 44.3 ± 0.8 0.02
All 45.3 ± 1.1 48.7 ± 0.8 0.01

 Triglycerides Females 213.0 ± 40.2 139.9 ± 5.2 0.04
Males 145.5 ± 8.9 147.3 ± 6.2 0.72
All 167.7 ± 14.6 144.8 ± 4.5 0.15

Cholesterol synthesis markers 
   (10 2  mmol/mol of cholesterol)
 Squalene Females 36.0 ± 2.6 34.8 ± 1.6 0.31

Males 34.0 ± 1.9 35.0 ± 1.3 0.76
All 34.7 ± 1.5 35.0 ± 1.0 0.40

 Desmosterol Females 75.2 ± 5.8 77.2 ± 3.4 0.15
Males 72.1 ± 3.5 74.3 ± 1.9 0.05
All 73.2 ± 3.0 75.3 ± 1.7 0.02

 Lathosterol Females 128.1 ± 7.0 149.5 ± 5.5 0.01
Males 109.9 ± 4.4 132.2 ± 3.6 <0.0001
All 115.9 ± 3.8 138.0 ± 3.1 <0.0001

Cholesterol absorption markers 
  (10 2  mmol/mol of cholesterol)
 Campesterol Females 220.9 ± 11.4 183.8 ± 6.2 0.001

Males 232.8 ± 8.8 201.5 ± 4.3 <0.0001
All 228.9 ± 7.0 195.5 ± 3.6 <0.0001

 Sitosterol Females 167.7 ± 11.4 131.8 ± 5.0 0.001
Males 169.0 ± 7.1 157.7 ± 4.0 0.008
All 168.6 ± 6.0 149.0 ± 3.2 <0.0001

 Cholestanol Females 143.2 ± 8.5 134.0 ± 5.0 0.11
Males 144.3 ± 6.3 135.5 ± 3.4 0.02
All 144.0 ± 5.0 135.0 ± 2.8 0.006

Cholesterol synthesis/absorption ratios
 Lathosterol/campesterol Females 0.64 ± 0.05 0.93 ± 0.04 0.0001

Males 0.54 ± 0.03 0.73 ± 0.02 <0.0001
All 0.57 ± 0.02 0.80 ± 0.02 <0.0001

 Lathosterol/sitosterol Females 0.97 ± 0.10 1.38 ± 0.08 0.0002
Males 0.77 ± 0.04 1.01 ± 0.04 <0.0001
All 0.83 ± 0.04 1.14 ± 0.04 <0.0001

  a   Values are mean (SE).
  b   P-value based on conditional logistic regression; triglycerides and synthesis and absorption markers were log-

transformed in the analysis to correct for their skewed distributions.
  c   To convert values for cholesterol and triglycerides to mmol/l, divide by 38.67 and 88.54, respectively.
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the severity of CAD ( 33 ), this could potentially explain the 
lack of association observed in the above study. 

 The Prospective Cardiovascular Munster study ( 31 ) and 
a preliminary report from the MONICA/KORA study ( 39 ) 
found signifi cant positive associations between cholesterol 
absorption markers and risk of incident MI in men. The 
increase in risk was 1.8 for sitosterol in the Prospective 
Cardiovascular Munster study and 3.0 for campesterol in 
MONICA/KORA. This is consistent with what we observed 
in the Framingham Offspring Cohort. In contrast, the 

between cholesterol homeostasis and CVD risk. Consistent 
with the present fi ndings, all the small-scale studies ( 32–35 ) 
reported signifi cantly higher cholesterol absorption mark er 
concentrations relative to control subjects. In the two stud-
ies ( 32, 35 ) that also measured cholesterol synthesis marker 
concentrations, one showed a signifi cantly lower plasma 
lathosterol concentration, but the other did not fi nd any 
difference between groups. 

 Among the population-based studies, results have been 
contradictory. The Dallas Heart Study ( 37 ) reported no 
signifi cant difference in cholesterol absorption markers in 
subjects with and without a family history of CAD. A subset 
of subjects from each group also underwent coronary ar-
tery calcifi cation scoring, but again, no difference was 
found in the concentration of the absorption markers. 
Cholesterol synthesis markers were not evaluated in this 
study. It must be noted that subjects were classifi ed on the 
basis of family history of CAD, not personal history of dis-
ease, and only a subset of subjects underwent coronary ar-
tery calcifi cation scoring, thus reducing the discriminating 
power of the data. Additionally, the average age of the 
study participants was lower than in previous studies; con-
sequently, one would expect the extent and severity of dis-
ease in these subjects to be lower. Given that alterations in 
cholesterol homeostasis have been shown to be related to 

 TABLE 4. Correlation between lipid risk factors and cholesterol homeostasis markers  a   

Variable

Cases Controls

TC LDL-C HDL-C TG TC LDL-C HDL-C TG

Cholesterol synthesis markers
 Squalene  � 0.06  � 0.06  � 0.17  b   0.35  d   � 0.06  � 0.16  c   � 0.17  d   0.29  d  
 Desmosterol  � 0.03  � 0.05  � 0.11 0.08  -0.12  b   � 0.10  b   � 0.04  � 0.04
 Lathosterol  0.08  0.06  0.04  0.09  0.02  � 0.07  0.05  0.16  d  
Cholesterol absorption markers
 Campesterol  � 0.01  � 0.03  0.01  � 0.08  � 0.09  � 0.06  � 0.06  � 0.07
 Sitosterol  � 0.10  � 0.07  0.08  � 0.16  b   � 0.07  � 0.01  � 0.05  � 0.08
 Cholestanol  � 0.39  d   � 0.36  d   � 0.13  � 0.15  � 0.27  d   � 0.26  d   0.02  � 0.07
Cholesterol synthesis-absorption 

ratio
 Lathosterol-campesterol 0.08  0.03  0.03 0.13 0.08  � 0.02 0.08  0.18  d  
 Lathosterol-sitosterol 0.12 0.09  � 0.03 0.18  b  0.06  � 0.04 0.07  0.17  d  

  a   Pearson product moment correlation coeffi cient; triglycerides and cholesterol synthesis and absorption markers were log-transformed during 
analysis to correct for their skewed distributions.

  b  P  < 0.05.
  c  P  < 0.01.
  d  P  < 0.001.

  Fig.   1.  Multivariable-adjusted odd ratios for cholesterol homeo-
stasis markers and CVD risk based on conditional logistic regres-
sion. Error bars represent 95% CI.   

  Fig.   2.  Multivariable-adjusted odd ratios for cholesterol homeo-
stasis markers and CVD risk based on conditional logistic regres-
sion. Error bars represent 95% CI per middle tertile (A) and 
highest tertile 2 (B) relative to the lowest tertile used as referent.   
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ers. While we controlled for some of the confounders 
(medication use, diabetes, diastolic blood pressure) and 
showed that factors known to be associated with choles-
terol homeostasis, including dietary intake and distribu-
tion of specifi c genotypes and genetic polymorphisms, 
were not different between cases and controls, we cannot 
exclude the infl uence of unmeasured factors. Second, the 
phytosterol content of the diets could not be assessed. 
However, as stated earlier, the FFQ data were collected 
prior to the introduction of phytosterol-enriched products 
into the marketplace, which eliminated confounding from 
this source. While we acknowledge the limitations associ-
ated with the FFQ, there is no reason to suspect that the 
bias was more predominant in one group over the other. 
It should also be noted that in addition to measuring 
campesterol and sitosterol concentrations, we measured 
cholestanol concentrations as a marker of cholesterol ab-
sorption and the results were in agreement. Cholestanol is 
not a phytosterol and is therefore independent of dietary 
infl uences. Third, only a single determination of choles-
terol absorption and synthesis markers was made during 
Cycle 6, which could have introduced some variability in 
the results due to diurnal and time variations. To mini-
mize this variation, only fasted samples collected accord-
ing to a strict protocol within a specifi ed timeframe were 
used. Finally, the FOS population studied was predomi-
nantly Caucasian and had a unique lipoprotein profi le, 
which helped address the question of whether there was 
an independent effect of cholesterol homeostasis on CVD, 
but care must be taken in extrapolating the results to other 
populations, ethnicities, and disease states. 

 In conclusion, present results indicate that alterations 
in cholesterol homeostasis, namely high cholesterol absorp-
tion and low cholesterol synthesis, are associated with 
increased CVD risk in a subset of men and women with 
similar plasma LDL-cholesterol concentrations. Addition-
ally, the cholesterol homeostasis markers appear to be bet-
ter predictors of disease than traditional lipid risk factors 
in this study population.  
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