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ABSTRACT
Background: Elevated low-density lipoprotein (LDL) cholesterol
is a major risk factor for cardiovascular disease. Dietary guid-
ance recommends reducing saturated fatty acid, trans fatty acid,
and cholesterol intakes to reduce circulating LDL cholesterol.
Cholesterol intake may also affect high-density lipoprotein (HDL)–
cholesterol concentrations, but its impact has not been fully
quantified.
Objectives: The aims of this study were to investigate the
dose-response relation between changes in dietary cholesterol
intake and changes in lipoprotein-cholesterol markers for cardio-
vascular disease risk and to provide a reference for clinicians
on how changes in dietary cholesterol intake affect circulating
cholesterol concentrations, after accounting for intakes of fatty
acids.
Methods: We used a Bayesian approach to meta-regression analysis,
which uses Markov chain Monte Carlo techniques, to assess the
relation between the change in dietary cholesterol (adjusted for
dietary fatty acids) and changes in LDL and HDL cholesterol
based on the use of data from randomized dietary intervention
trials.
Results: Fifty-five studies (2652 subjects) were included in the
analysis. The nonlinear Michaelis-Menten (MM) and Hill models
best described the data across the full spectrum of dietary cholesterol
changes studied (0–1500 mg/d). Mean predicted changes in LDL
cholesterol for an increase of 100 mg dietary cholesterol/d were 1.90,
4.46, and 4.58 mg/dL for the linear, nonlinear MM, and Hill models,
respectively.
Conclusions: The change in dietary cholesterol was positively
associated with the change in LDL-cholesterol concentration. The
linear and MM models indicate that the change in dietary cholesterol
is modestly inversely related to the change in circulating HDL-
cholesterol concentrations in men but is positively related in women.
The clinical implications of HDL-cholesterol changes associated
with dietary cholesterol remain uncertain. Am J Clin Nutr
2019;109:7–16.
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Introduction
Cardiovascular disease (CVD) continues to be a major cause

of morbidity and mortality in the United States and worldwide,
and its cause is associated with a constellation of factors; elevated
circulating cholesterol, particularly LDL cholesterol, is a major
contributor to CVD risk (1, 2). In its 2015 report, the National
Lipid Association concluded that elevated concentrations of
apolipoprotein (apo) B–containing lipoproteins, namely non-
HDL cholesterol and its main component, LDL cholesterol, are
a primary cause of atherosclerosis, which is the key underlying
process that ultimately leads to clinical CVD events such
as myocardial infarction and stroke (3). Health professional
organizations and authoritative bodies recommend decreasing
circulating LDL cholesterol as a main strategy to lower CVD
event risk (2, 3).

Circulating cholesterol concentrations can be modified by
diet and pharmacologic agents. Dietary changes are the first
recommended means to achieve desirable circulating concen-
trations of total cholesterol (TC) and its components, including
LDL and non-HDL cholesterol (4). Although HDL cholesterol
has often been referred to as the “good cholesterol,” results
from genetic studies and pharmaceutical trials have failed to
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show that modification of the HDL-cholesterol concentration
alters CVD event risk, despite the strong inverse association
between HDL-cholesterol concentration and CVD event risk in
population studies (5, 6). Accordingly, current recommendations
focus on maintaining low concentrations of cholesterol in apoB-
containing lipoproteins (non-HDL and LDL cholesterol) to
reduce CVD risk (3).

Dietary recommendations in the 2015 Dietary Guidelines
for Americans and from professional organizations such as
the National Lipid Association have focused primarily on
lowering intakes of SFAs, trans fatty acids (TFAs), and dietary
cholesterol as much as possible, while maintaining a healthy
diet, since these dietary factors have all been shown to increase
circulating TC and LDL-cholesterol concentrations (4, 7, 8).
Higher intakes of PUFAs and, to a lesser extent, MUFAs,
as a replacement for carbohydrate, have been found to lower
circulating TC and LDL cholesterol while modestly raising
HDL-cholesterol concentrations (8). Limited data exist as to
how circulating TC, LDL-cholesterol, and HDL-cholesterol
concentrations are affected by dietary cholesterol once intakes
of SFAs, TFAs, PUFAs, and MUFAs have been controlled for
in randomized controlled trials. This study aims to investigate
the dose-response relation between changes in dietary cholesterol
intake and changes in circulating cholesterol concentrations
(i.e., LDL cholesterol, HDL cholesterol, and VLDL cholesterol)
through Bayesian meta-regression analysis, a weighted technique
that combines information across studies. The overall goal
of this analysis was to elucidate the impacts of changes in
dietary cholesterol on lipoprotein-cholesterol markers for CVD
risk, in order to provide a reference for clinicians on how
changes in dietary cholesterol intake affect circulating cholesterol
concentrations after accounting for intake of fatty acids.

Methods

Literature search and data selection

We used 2 common biomedical-based search engine databases
(PubMed and Cochrane Central) to identify abstracts of potential
interest from 1946 to August 2016 (see Supplemental Material
1, Supplemental Table 1 for search terms). Abstracts were
imported into and initially screened by the abstract manage-
ment program Abstrackr (Brown University). Only randomized
controlled dietary intervention trials, published in the English
language, were reviewed for the following a priori inclusion
criteria: 1) adult (≥18 y) human subjects; 2) quantitative
documentation (milligrams or grams per day or week) of actual
dietary cholesterol intake for each unique diet or study condition;
3) quantitative documentation (i.e., grams or percentage of
energy) of dietary SFAs, MUFAs, and PUFAs for each condition
(TFA intake was recorded, where available, but not used as an
inclusion criterion due to inconsistent and infrequent reporting);
4) intervention exposure duration for each condition ≥2 wk
(14 d); and 5) quantitative outcome measurements of LDL
cholesterol, with respective variability measurements (i.e., the SD
or SE of LDL-cholesterol measurements).

Cross-sectional, case-control, cohort, or any other observa-
tional studies were excluded. Additional a priori exclusion
criteria were as follows: 1) single-condition design or inter-
ventions with no control group; 2) studies including subjects

with chronic disease, with the exception of obesity, type 2
diabetes, or metabolic syndrome (studies including subjects
with these conditions were included if the study met all other
inclusion/exclusion criteria); 3) studies including children (<18
y old) or pregnant women; 4) trials investigating the effect of a
weight-loss or lifestyle-modification program or trials that use a
weight-loss medication, supplement, or drug therapy or studies
not designed to investigate weight loss but in which subjects
experienced weight loss of clinical significance (≥4.5 kg); 5)
trials that did not assess the association of cholesterol intake
with relevant outcomes of interest (i.e., diet-related changes
in LDL cholesterol); and 6) trials investigating the effects of
lipid- or cholesterol-altering medications, supplements, or drug
therapy or studies not designed to investigate lipid/cholesterol-
altering medications or supplements but in which >25% of
subjects were receiving ≥1 of these therapies. In addition, the
References sections from relevant peer-reviewed meta-analyses,
systematic reviews, and topic reviews (see the Cross-Reference
list in Supplemental Material 1) were assessed for other studies
that fit the inclusion criteria but were not identified in the search
strategy.

Two post hoc changes were made to the inclusion and
exclusion criteria, both relating to the definition of the change
in cholesterol intake. Initially, the aim was to compare pre- and
postintervention lipoprotein measurements within each diet or
intervention, regardless of whether the study was of a crossover
or parallel design. Upon further consideration, it was determined
that the definition of the point of comparison needed to be
different for parallel and crossover studies to avoid excessive
exclusion of trials from the analysis. For parallel studies, the
change in cholesterol intake (and the change in serum lipids)
was defined relative to the preintervention concentrations. This
meant that the parallel studies needed a reliable measurement
of preintervention cholesterol intake and serum lipids, so that
the change could be determined for each group. Therefore,
any parallel studies that did not quantitatively report prediet
cholesterol intake and serum lipid concentrations were excluded.

The second post hoc change related to the studies with
crossover designs. For these studies, no separate preintervention
concentration for each diet was available, and it was therefore
necessary to define a baseline. Therefore, the diet with the lowest
cholesterol intake amounts (within the same study) was identified
as the reference condition, against which all the other diets
in the study were compared. Thus, the change in cholesterol
for a given study condition was calculated as the difference
between the cholesterol intake in that study condition and in
the reference condition, and the postintervention serum lipid
concentrations for the study condition of interest were compared
with the postintervention results for the reference condition.
Comparing the postdiet results of the study condition with the
postdiet results of the reference condition appropriately captures
the impact of each diet, without being affected by prior diets,
because a study inclusion criterion specified that each of the
subjects be maintained on the respective diet for at least the
minimal time to steady state (≥14 d). Therefore, we were able
to remove the inclusion criterion that required baseline (prediet)
lipoprotein measurements to be available for crossover studies.
Studies originally considered for exclusion based on a lack
of background or baseline LDL-cholesterol measurement were
Becker et al. (9), Fumeron et al. (10), Klass et al. (11), Lewis
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et al. (12), Sabate et al. (13), Sehayek et al. (14), Tholstrup et al.
(15), and Weggemans et al. (16). These studies were included due
to the change in this criterion.

For each study that met all inclusion criteria and no
exclusion criteria, the baseline and outcome measurements, along
with respective variability measurements, were extracted, when
available, for TC, HDL cholesterol, and VLDL cholesterol.
Triglycerides (TGs) were extracted if data on VLDL cholesterol
were not available. All information was extracted by 1 of 2 sci-
entists, stored in a Microsoft Excel database, and independently
reviewed by ≥1 additional scientist other than the extractor. In
the event of a disagreement, ≥1 additional scientist reviewed
the article and a discussion took place until consensus was
reached. This review process was completed prior to beginning
the modeling. Unit conversions and extrapolations from other
serum limits were conducted as needed in order to include
the maximum number of studies in the analysis. Specifically,
studies reporting LDL-cholesterol, HDL-cholesterol, VLDL-
cholesterol, and TC measurements in millimoles per liter
were converted to milligrams per deciliter with the use of a
conversion factor of 38.67. TG measurements were converted
from millimoles per liter to milligrams per deciliter with the
use of a factor of 88.57. When VLDL-cholesterol information
was not reported, it was estimated by dividing the measured TG
concentrations (in milligrams per deciliter) by 5.0 (17).

Data adjustments

To quantitatively determine the changes in serum lipid
responses attributable to dietary cholesterol changes, we adjusted
the data to account for the effects of dietary fatty acids,
specifically SFAs, PUFAs, MUFAs, and, when possible, TFAs,
according to the coefficients from the equation given by Mensink
et al. (8). This method calculates a predicted response in LDL
and HDL cholesterol based on changes in dietary fatty acids
alone. The predicted changes in LDL- or HDL-cholesterol
concentrations were subtracted from the observed changes in
LDL and HDL cholesterol, respectively, to calculate the dietary
cholesterol–associated changes in the lipoproteins (the dependent
variable in the meta-regression modeling).

The SD of these predicted changes was used to calculate
the variance of the mean lipoprotein measurements, which
determines the weight, or impact, on the meta-regression model
(i.e., data points with higher variance will have less impact on
determining the model). Several of the studies did not report
the SD but provided other measures of variability, which were
used as the basis for calculating the SD (see Supplemental
Material 2 for additional details on manipulations to measures of
variability).

Some studies required additional study-specific adjustments.
Cox et al. (18) reported dietary intake information for men
and women separately, although the lipoprotein measurements
were pooled across sexes. We calculated the weighted mean
of the dietary factors for men and women for use in deter-
mination of predicted LDL-cholesterol outcomes and model
inputs. Burns-Whitmore et al. (19) measured study outcomes
as geometric means (GMs). These were adjusted to arithmetic
means (AMs) for consistency (AM = exp[μ(L) + σ (L)/2],
where μ(L) = ln(GM), and σ (L) is the SD on a logarithmic
scale).

Meta-regression and Markov chain Monte Carlo
implementation

Meta-regression modeling is a statistical approach for com-
bining data from several primary sources and for estimating the
relation between some explanatory variables and the response of
interest. In our analysis, the primary sources were the controlled
trials of dietary cholesterol intake and associated changes in
serum cholesterol components. A Bayesian approach that uses
Markov chain Monte Carlo (MCMC) techniques [implemented
with R version 3.3.1 and the Stan statistical package (20)] was
used throughout the analyses.

The primary outcome was the change in LDL-cholesterol
concentration. Meta-regression modeling requires reporting of
the variance of the effect sizes (magnitude of lipid concentration
changes) in order to derive the log-likelihood values that drive the
Bayesian updating. For a majority of the studies, the variance of
the change in response (i.e., the difference between referent and
intervention diet response) was not reported. When the variance
of the change in response (change_var) was reported by the
primary literature, that value was used. For studies where the vari-
ance of the change in response was not reported, that variance was
calculated (see Supplemental Material 2 for additional details).

Three models were considered for assessment of the effect
of the change in dietary cholesterol (�CHOL) on changes
in circulating cholesterol-associated lipoproteins (e.g., �LDL
cholesterol and �HDL cholesterol) with and without the
modifying impact of baseline cholesterol intake (baselineCHOL
in Equation 1). All 3 models have the following form (for
simplicity, the change in lipoprotein-cholesterol concentration is
referred to below as �lipoprotein):

cholesterol − associated �lipoprotein = (b + β × baselineCHOL)

× fs (�CHOL) ; s = 1, 2, 3

(1)

The 3 specific model types corresponding to the 3 choices for
fs(x) are as follows:

f1 (x) = x (2)

f2 (x) = x/ (k + x) (3)

f3 (x) = xp/ (kp + xp) (4)

Equation 2 represents the set of linear models, Equation 3
represents a family of Michaelis-Menten (MM) models, and
Equation 4 represents a family of “Hill” models. These models
were selected to evaluate multiple dose-response shapes, specif-
ically linear, low-dose linear (MM), and nonlinear sigmoidal
shapes. All models assume an intercept of 0—that is, no
cholesterol-associated �lipoprotein when �CHOL = 0. The
b parameter represents the slope of the change in lipoprotein
response. The β parameter mediates the effect of baseline
cholesterol intake—that is, the mean referent cholesterol intake
(for crossover studies) or prediet cholesterol intake (for parallel
studies). The parameter k represents the half-saturation lipopro-
tein change. Modeling was conducted with and without the β

parameter for each of the 3 equations and for both LDL and HDL
cholesterol.
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TABLE 1 Prior distributions for model parameters

Parameter Prior distribution Parameters of the prior

b Normal Mean = 0, SD = 20
β Normal Mean = 0, SD = 20
k1 Log normal Log-scale mean = 6.56,

log-scale SD = 0.83
p2 Half-Cauchy Location = 1, scale = 15

1For Michaelis-Menten and Hill models only.
2For Hill model only.

Because sex-based differences in HDL-cholesterol response
may be expected (21), sensitivity analyses were conducted to
determine if the change in HDL cholesterol associated with
�CHOL is comparable in men and women who participated in
the clinical trials. The proportion of women participating in each
diet was incorporated into a modified version of Equation 1 (see
Supplemental Material 3).

MCMC modeling, in essence, considers the model parameters
to be random variables; knowledge or beliefs about the values of
those variables is reflected, prior to the analysis, in terms of “prior
distributions” describing the relative likelihood of the values of
those parameters. The prior distributions are updated, yielding
posterior distributions, based on the data included in the data
set created for this analysis [see Allen et al. (22) for additional
description of the MCMC technique].

The prior distributions assumed for this analysis are defined in
Table 1. For this analysis, relatively uninformative priors were
selected to let the data drive the parameter-updating process. The
priors for b and β were normal, with mean = 0. In other words,
no a priori assumption was made about the direction of lipid
change in response to increased cholesterol intake. The SDs for
b and β priors were quite large in relation to the expected change
per unit change in cholesterol (intake or baseline, respectively).
For the MM and Hill models the prior for k was assumed to
be log normal, reflecting the logical constraint that the half-
saturation value must be positive. The choice of parameters for
that log-normal distribution entails that the mean and SD of the
prior for k were both equal to 1000 mg/d [1000 mg/d ≈ exp(log-
scale mean + log-scale SD/2)] and that the distribution assigns
a reasonably large probability (slightly greater than 0.1) that
the half-saturation parameter is >2000 mg/d, which was the
upper range of the intake changes included in the database.
The half-Cauchy distribution for the parameter p is restricted to
values >1 (to prevent supralinear dose-response shapes) and has
a maximum density for p = 1. The scale parameter for the p prior
is somewhat larger than a priori beliefs about how nonlinear the
Hill model might be [adapting reasoning presented by Gelman
(23)].

Results

Literature search and data selection

The literature search initially identified 3616 abstracts, of
which 77 unique publications meeting all inclusion criteria
and no exclusion criteria were selected. Data from these 77
unique publications were extracted and used for the initial,
unweighted meta-regression analyses for this project (Figure 1).

Additional screening led to the exclusion of an additional
22 studies. Most of these studies were excluded because the
reported metric of cholesterol intake could not be converted
into milligrams per day due to various reasons (i.e., cholesterol
intake was reported as millimoles per liter or milligrams per
megaJoule); these exclusions took place during the extraction
phase. Other reasons included duplication of data across 2
studies, lack of data to determine MUFA intake, parallel studies
not reporting preintervention cholesterol intake, and variations
in LDL-cholesterol calculation, which would render results
inconsistent with other studies (see Supplemental Material 1,
Supplemental Table 2 for additional details).

In total, 55 studies with 120 unique diet conditions (after
subtracting the reference condition) were included in the meta-
regression analysis (see Supplemental Material 1 and Supple-
mental Table 3 for the list of studies that were included in
the meta-regression analysis and the number of unique diets
per study). The complete data set for modeling is shown in
Supplemental Material 1, Supplemental Tables 4 and 5. Risk
of bias is expected to be minimal (see Supplemental Material
1). Descriptive summary statistics for reference diet cholesterol
intake and prediet LDL- and HDL-cholesterol concentrations
are shown in Supplemental Material 1, Supplemental Table 6.
Studies that analyzed the impact of the dietary interventions on
multiple subgroups have multiple referents, equal to the number
of subanalyses in the study [e.g., Greene et al. (24), Herron et
al. (25), Kestin et al. (26), Klass et al. (27), Noakes and Clifton
(28), and Weggemans et al. (29)]; each subgroup is treated as a
separate contributor to the likelihood calculations that underlie
the MCMC computations.

Meta-regression modeling

Prior to modeling the dose-response relation between changes
in cholesterol intake and changes in lipoprotein-cholesterol
concentrations in the blood, serum, or plasma, preliminary
analyses evaluated whether a trend of increasing or decreasing
lipid concentrations with increasing change in cholesterol intake
appears to exist for each of the 4 responses: LDL cholesterol,
HDL cholesterol, VLDL cholesterol, and TC. Unweighted linear
regression models (i.e., models that did not consider response
variance) found that a dose-related trend was observed only
for LDL cholesterol and TC (data not shown). This result is
consistent with those from previous studies and the underlying
biology. VLDL cholesterol is not expected to change in response
to changes in dietary cholesterol (21, 30). Although TC does
change with dietary cholesterol, Ginsberg et al. (21, 30) found
that changes in LDL cholesterol mainly drove the observed
change in TC (which includes LDL cholesterol, HDL cholesterol,
and VLDL cholesterol). This means that any models of TC
would be largely dependent on models of LDL cholesterol
and detailed dose-response modeling of TC would not provide
additional information beyond that obtained for modeling LDL
cholesterol. Although HDL cholesterol did not appear to be
affected by cholesterol intake overall in the preliminary analyses,
Ginsberg et al. (21) suggested that the menstrual cycle affects
HDL-cholesterol responses and that there may be sex-specific
differences in response (i.e., a dose-response among women but
not men). Based on the results of the unweighted linear regression
analyses and the prior results by Ginsberg et al. (21), further
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Citations generated by searching electronic databases, which included 
the following filters: human, randomized, controlled clinical trials, dietary 

cholesterol, egg yolk, butter, serum LDL lipid  
cholesterol, LDL-C, HDL-C, dyslipidemia, etc.

(n = 4041)

Duplicate papers removed
(n = 425)

Full publications retrieved and screened

(n = 248)

Total number of publications proposed for extraction

(n = 77)

Publications with duplicate 
data sets removed

(n = 3)

Full publications reviewed and excluded 
against inclusion/exclusion criteria

(n = 168)

Titles and abstracts added through 
cross-referencing

(n = 12)

Titles and abstracts reviewed and excluded 
against inclusion/exclusion criteria

(n = 3380)

Titles and abstracts retrieved and screened

(n = 3616)

Publications removed due to not meeting inclusion criteria 
or meeting exclusion criteria during extraction phase

(n = 22)

Total number of publications used for extraction

(n = 55)

FIGURE 1 Literature search results. HDL-C, HDL cholesterol; LDL-C, LDL cholesterol.

analyses were conducted only for LDL cholesterol and HDL
cholesterol.

LDL-cholesterol analysis.

Convergence was achieved in each of the MCMC runs. Leave-
one-out cross-validation was used to estimate relative model
performance (31, 32). The nonlinear MM and Hill models fit
the data better than the linear model based on leave-one-out

information criterion (LOOIC) values, a tool that quantifies this
comparison and considers the predictive ability of the model
as well as the number of effective parameters; lower values of
LOOIC indicate better performance (see Supplemental Material
3, Supplemental Table 7 for additional details). Overall, the Hill
model had the lowest LOOIC estimate, indicating a better fit than
the MM or linear models. Inclusion of the baseline parameter
(β), which accounts for the study participants’ cholesterol intake
at the beginning of the study or during the reference diet, did
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FIGURE 2 The best linear, MM, and Hill models showing the predicted LDL-cholesterol change associated with cholesterol intake change (baseline not
included; n = 55 studies, 2652 subjects). Note that the MM and Hill models are virtually identical on these graphs and therefore are not easily distinguished.
CHOL, cholesterol; LDL-C, LDL cholesterol; MM, Michaelis-Menten.

not improve the model fit. The predicted dose-responses, based
on the value of the parameter vector (i.e., the vector of b, k,
and p) yielding the maximum posterior density (i.e., the peak
in the distribution of posterior parameter values) associated with
changes in the full range of assessed dietary cholesterol intakes,
are shown in Figure 2 and Table 2. Table 2 also shows, for
comparison, the predicted dose-responses associated when the
input data for change in dietary cholesterol intake was limited
to ≤400 mg/dL.

HDL-cholesterol analysis.

Convergence was achieved in each of the MCMC runs for the
linear and MM models (with male and female subjects combined)
but not the Hill model. Therefore, results are shown only for

TABLE 2 Predicted changes in LDL-cholesterol response associated with
changes in the full range of assessed dietary cholesterol intakes1

Predicted LDL-cholesterol change (mg/dL) based on

�CHOL, mg/d Linear model MM model Hill model

20 0.38 (0.65) 1.25 (1.11) 0.80 (0.81)
60 1.14 (1.96) 3.13 (2.96) 2.90 (2.75)
100 1.90 (3.27) 4.46 (4.45) 4.58 (4.45)
200 3.80 (6.54) 6.55 (7.16) 6.96 (7.38)
300 5.70 (9.81) 7.76 (8.98) 8.06 (9.11)
400 7.60 (13.1) 8.56 (10.3) 8.65 (10.2)
500 9.50 9.12 9.01
600 11.40 9.53 9.24

1Changes are based on the maximum posterior distribution estimates
for each model (baseline not included). Predicted changes when modeled
data are restricted to changes in cholesterol intake ≤400 mg/d are shown in
parentheses. Model parameters are shown in Supplemental Material 3,
Supplemental Table 7. MM, Michaelis-Menten; �CHOL, change in dietary
cholesterol.

the linear and MM models. Inclusion of the baseline parameter,
β, again does not improve the model fit (based on LOOIC
estimates), and therefore the β parameter was not included in
further modeling (see Supplemental Material 3, Supplemental
Table 8 for additional details). The model-predicted dose-
responses, based on the value of the parameter vector yielding
the maximum posterior density, are shown in Figure 3 and
Table 3.

When men and women are pooled together in the study
samples, and the model makes no distinction between the sexes
with respect to model parameter estimates (Equation 1), there
appears to be no significant increase or decrease in HDL-
cholesterol concentrations; the posterior distribution–based 95%
credible intervals for the b parameter all include 0 (Supplemental
Material 3, Supplemental Table 8). A credible interval is a
Bayesian equivalent to the CIs used in frequentist approaches.
A 95% credible interval indicates that 95% of the posterior
probability is within that range. However, sensitivity analyses
indicate that there are sex-specific differences in the HDL-
cholesterol response relative to dietary changes in cholesterol,
as suggested by Ginsberg et al. (21) (Supplemental Material
3, Supplemental Table 9). Based on the conclusions from the
previous analyses, baseline cholesterol intake was not included
in these models. The predicted male and female HDL-cholesterol
responses are nearly opposite in their direction and magnitude
(Figure 4, Table 4).

Additional sensitivity analyses investigated the impact of study
diets with no (0) change in cholesterol intake between the
experimental and referent or prestudy diets. This analysis ensured
that there was no bias due to the inclusion of diets where changes
in dietary fats alone (e.g., MUFAs, PUFAs, and SFAs) drove
the predicted changes in LDL- and HDL-cholesterol responses.
Removal of these study conditions had no significant impact on
the posterior distribution of the model parameters for either LDL
or HDL cholesterol with men and women combined (data not
shown).
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FIGURE 3 The best linear and MM models showing the predicted HDL-cholesterol change associated with cholesterol intake change (n = 52 studies,
2492 subjects). CHOL, cholesterol; HDL-C, HDL cholesterol; MM, Michaelis-Menten.

Discussion
The meta-regression analyses presented herein indicate that,

after providing a theoretical control for intakes of SFAs, MUFAs,
PUFAs, and when possible, TFAs, there is a positive, dose-
related trend between changes in cholesterol intake and changes
in circulating LDL cholesterol, a finding that is consistent
with the published literature (21, 30, 33). The nonlinear dose-
response shapes (MM and Hill) best fit the data. For a 100-
mg/d increase in dietary cholesterol intake, circulating LDL-
cholesterol concentrations are predicted to increase by 1.90
mg/dL (linear model), 4.46 mg/dL (MM model), or 4.58 mg/dL
(Hill model). The linear analysis of LDL cholesterol produced a
coefficient that is remarkably similar to that reported by Clarke
et al. (33) of 1.935 mg/dL. A 200-mg/d increase in dietary
cholesterol was predicted to increase circulating LDL cholesterol
by 3.9 mg/dL based on the Clarke et al. (33) meta-analysis; the
current meta-analysis calculated an increase in circulating LDL
cholesterol of 3.8 mg/dL with the linear model. Since a dietary

TABLE 3 Predicted changes in HDL-cholesterol response associated with
changes in dietary cholesterol intake1

Predicted HDL-cholesterol change (mg/dL)
based on

�CHOL, mg/d Linear model MM model

20 0.00 − 0.07
60 –0.01 − 0.18
100 –0.01 − 0.26
200 –0.02 − 0.39
300 –0.03 − 0.46
400 –0.04 − 0.51
500 –0.05 − 0.54
600 –0.06 − 0.57

1Changes are based on the maximum posterior distribution estimates
for the linear and MM models (baseline not included). Both male and
female volunteers are included in these models. Model parameters are
shown in Supplemental Material 3, Supplemental Table 8. MM,
Michaelis-Menten; �CHOL, change in dietary cholesterol.

intake change of ≤400 mg cholesterol/d is a more representative
range of dietary intakes in the United States, post hoc modeling
was conducted to determine the effect of restricting the data to be
modeled to that range. The results of modeling these restricted
data should be interpreted with caution since they represent a
smaller subset of the data. The purpose of this analysis was
examination of the influence of “high” (>400 mg/d) changes in
cholesterol intake on predicted LDL-cholesterol response. The
impact of focusing on changes of ≤400 mg of dietary cholesterol
intake/d was small for the nonlinear models and larger for the
linear model (see Table 2). As with the primary model that used
the full range of dietary cholesterol intake changes, the nonlinear
models predict larger increases in LDL cholesterol from increases
in dietary cholesterol of ≤400 mg/d compared with the linear
model. The nonlinear models would be preferred for research
purposes, such as predicting the effects of an experimental diet.
However, given the known degree of interindividual variability,
the linear model may be sufficient for rapid calculations in
clinical settings, even though it may somewhat underestimate the
effect of dietary cholesterol on LDL cholesterol, on average.

An additional post hoc sensitivity analysis investigated the
impact of baseline, or prestudy, LDL-cholesterol concentration
on changes in LDL-cholesterol response through the use of a
modification of Equation 1, where the β parameter is applied
to baseline LDL cholesterol instead of baseline cholesterol.
LOOIC comparisons indicate that the inclusion of background
LDL cholesterol does not statistically improve the predictivity
of the model, but the results do indicate that background LDL
cholesterol may have a clinically relevant impact. For example,
a change in cholesterol intake of 100 mg/d is predicted to
increase LDL cholesterol by 2.7, 3.6, 4.6, and 5.5 mg/dL
for individuals with baseline LDL-cholesterol values of 100,
125, 150, and 175 mg/dL, respectively. Although the predicted
absolute change is numerically larger at higher baseline LDL-
cholesterol concentrations, the percentage change is similar
(e.g., 2.7% at a baseline LDL-cholesterol concentration of 100
mg/dL and 3.1% at a baseline LDL-cholesterol concentration of
175 mg/dL). However, this investigation does not support the
hypothesis of a significant effect, and the predicted differences
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FIGURE 4 The best linear and MM models showing the predicted
HDL-cholesterol change associated with cholesterol intake change, where
the proportion of male and female subjects are used as parameters in the
model (n = 52 studies, 2492 subjects). CHOL, cholesterol; HDL-C, HDL
cholesterol; MM, Michaelis-Menten.

in response associated with difference in baseline need further
exploration.

The impact of dietary cholesterol intake on circulating
concentrations of HDL cholesterol is less clear. There appears
to be no significant (positive or negative) relation between the
change in dietary cholesterol intake and the change in circulating
HDL-cholesterol concentration when data from men and women
are pooled. The lack of effect of dietary cholesterol intake
on overall HDL-cholesterol response was of interest, and thus
additional post hoc analyses were conducted. The results of
those analyses indicate that the effects of dietary cholesterol
intake on circulating HDL-cholesterol concentration are sex
specific, such that the change in dietary cholesterol intake is
inversely related to the change in circulating HDL-cholesterol
concentration in men and positively related to the change in
circulating HDL cholesterol in women. These results remained
consistent regardless of whether the linear or MM models were
used. Although this dimorphic response is intriguing, the HDL-
cholesterol modeling results need to be interpreted with caution
for several reasons. First, the HDL-cholesterol models generated

TABLE 4 Predicted changes in HDL-cholesterol response associated with
changes in dietary cholesterol intake1

Predicted HDL cholesterol change (mg/dL) based on

Linear model MM model

�CHOL, mg/d Men only Women only Men only Women only

20 − 0.06 0.10 − 0.52 0.58
60 − 0.18 0.30 − 1.11 1.24
100 − 0.30 0.50 − 1.44 1.61
200 − 0.6 1.0 − 1.86 2.07
300 − 0.9 1.5 − 2.05 2.29
400 − 1.2 2.0 − 2.17 2.42
500 − 1.5 2.5 − 2.24 2.50
600 − 1.8 3.0 − 2.29 2.56

1Changes are based on the maximum posterior distribution estimates
for each model (baseline not included). The proportion of male and female
subjects in the study population is included as a model variable. Model
parameters are shown in Supplemental Material 3, Supplemental Table 9.
MM, Michaelis-Menten; �CHOL, change in dietary cholesterol.

by the data in this meta-regression analysis do not allow for
making precise predictions of the absolute change in HDL-
cholesterol concentration, but rather, serve as a means to indicate
a relative effect of increases or decreases.

Furthermore, the clinical relevance of changes in HDL
cholesterol remain uncertain. Genetic variants that alter HDL
cholesterol without affecting LDL or VLDL cholesterol, and
pharmacologic interventions that increase HDL cholesterol, have
not been found to affect CVD risk (5, 6, 34). This does not
indicate that changes in HDL cholesterol induced by dietary
alteration are not clinically important, but rather, that it is not
possible at present to predict changes in CVD risk based on such
changes. Various methods of altering HDL cholesterol may have
differing effects on the functions of HDL. Additional research
will be required to determine the potential clinical importance
of diet-induced changes in HDL cholesterol. The modest decline
in HDL cholesterol observed in men and the modest increase in
HDL cholesterol observed in women in response to increasing
dietary cholesterol resulted in nearly no change overall when the
sex-specific samples were pooled. Thus, the observed alterations
in HDL cholesterol were minimal compared with the changes
observed in LDL cholesterol in response to cholesterol intake, so
it is likely that net changes in TC are driven almost exclusively by
changes in LDL cholesterol, particularly in the combined sample
of men and women. Additional research will be needed to assess
the reproducibility of this finding and to explore both mechanistic
explanations and clinical relevance, if any.

Baseline cholesterol intake was initially included in the meta-
regression models because it was hypothesized that baseline
cholesterol intake would affect the lipoprotein response. The
model indications that baseline is not a significant explanatory
factor (i.e., the models that include β do not improve fit, based
on LOOIC values) are counter to our original hypothesis. More
research is needed to better understand the possible modifying
impact of baseline cholesterol intake and other factors (e.g.,
baseline lipoprotein concentrations).

Background diets, particularly the mix of types of fatty acids,
affect circulating LDL- and HDL-cholesterol concentrations. The
effects of differences between diets in dietary fatty acid intakes
were accounted for by adjusting the HDL- and LDL-cholesterol
responses to account for the impacts of changes in SFAs, PUFAs,
and MUFAs according to the regression coefficients detailed in
Mensink et al. (8). This allowed us to theoretically estimate how
much of the changes in LDL and HDL cholesterol are attributable
to changes in dietary cholesterol alone. Ideally, we would also
include TFAs in the adjustments for each of the studies, because
changes in TFA intake also affect LDL-cholesterol changes (22,
35). However, the available literature rarely reports quantitative
TFA intake; only 6 of the 55 included studies quantitatively report
dietary TFA intake as a percentage of dietary energy or grams per
day (36–41). Better characterization and reporting of differences
in TFA intake is needed in order to examine the impact of dietary
cholesterol in isolation. It is possible that residual confounding
may still exist, and the correction for the simultaneous effect of
cholesterol and fatty acid intake within the food matrix may be
incomplete. However, the results obtained for the linear model
are very similar to those obtained from the analysis completed by
Clarke et al. (33) and to the results obtained by Ginsberg et al. (21,
30) from feeding studies in men and women. Thus, although the
limitations of the methods used are acknowledged, the findings
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appear consistent with those from earlier analyses and the best
evidence from tightly controlled feeding trials.

The results from these meta-analyses have potential impli-
cations for dietary recommendations. In recent years, there has
been inconsistency in the published research about the role of
dietary cholesterol in increasing plasma cholesterol concentration
(7, 42). Based on the mean of the predictions from the 2 best-
fitting nonlinear models, the findings from this meta-regression
of randomized controlled trials suggest that a 100-mg/d change
in dietary cholesterol would alter LDL cholesterol by 4.52 mg/dL.
The corresponding value for a 200-mg/d change would be 6.76
mg/dL. For comparison, the equation given by Mensink et al.
(8) predicts a change of 1.23 mg/dL for each 1% increase
in SFAs in exchange for carbohydrate. Therefore, based on
the nonlinear models, increasing dietary cholesterol by 100
mg/d would be predicted to have an effect comparable to that
of increasing dietary SFAs by 3.7%, and increasing dietary
cholesterol by 200 mg/d is predicted to be comparable to
increasing dietary SFAs by 5.5%. A large egg contains ∼185
mg cholesterol (43) and would therefore be expected to increase
the LDL-cholesterol concentration by 6.5 mg/dL based on the
nonlinear models. However, the majority of dietary cholesterol
is not attributable to egg intake in the United States, except for
individuals in the highest quartile of TC intake (44). According
to a recent publication reporting dietary sources of cholesterol
in US adults aged ≥20 y based on NHANES 2013–2014 data,
mean dietary cholesterol intake was 293 mg/d and the primary
dietary cholesterol source in the overall population was meat
(defined as poultry, mixed dishes, red meat, processed meat,
and seafood), which accounted for 42% of dietary cholesterol
(44). The Institute of Medicine (35) recommends that individuals
consume as little dietary cholesterol as possible, consistent with
consuming a healthy dietary pattern. The Healthy US-Style
Eating Pattern advocates a dietary cholesterol intake of ∼100–
300 mg /d (7).

In conclusion, the results of this meta-regression, which used
data only from randomized controlled dietary intervention trials,
indicate that there is a positive, nonlinear relation between the
change in dietary cholesterol and the change in LDL cholesterol,
after controlling for the effects of changes in fatty acid intakes.
The association between change in dietary cholesterol and change
in HDL cholesterol is more complex and appears to be modified
by sex, showing a modest positive relation in women and a
modest inverse relation in men.
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