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Egg consumption and risks of all-cause and cause-specific
mortality: a dose-response meta-analysis of prospective
cohort studies
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Context: Current dietary guidelines recommend eggs as a part of a healthy diet.
However, whether egg consumption is associated with risk of mortality remains
controversial. Moreover, the dose-response association of eqgg consumption with
risk of mortality has not been determined. Objective: To determine the potential
dose-response association of egg consumption with risk of mortality in the general
population. Data Sources: The PubMed and Embase databases were searched for
publications meeting eligibility criteria through November 2021. Data Extraction:
Required data were extracted by 1 reviewer and then checked for accuracy by an-
other reviewer. A random-effects dose-response meta-regression model was used to
calculate the pooled risk estimates. A restricted cubic spline model was used to test
nonlinearity. The certainty of evidence was assessed using the GRADE system. Data
Analysis: Nineteen prospective cohort studies, involving 1737893 participants,
were included. The pooled hazard ratios for an increase of 1 egg/d were 1.08
(95%Cl, 1.01-1.15) for all-cause mortality, 1.07 (95%Cl, 0.97-1.18) for cardiovascu-
lar disease—caused mortality, and 1.16 (95%Cl, 1.04-1.30) for cancer-caused mor-
tality. The certainty of evidence for these observations was rated as very low.
Nonlinear dose-response associations were found for egg consumption and all-
cause, cardiovascular disease—caused, and cancer-caused mortality. Moreover, the
positive association between egg consumption and all-cause mortality was more
pronounced in studies with adjustment for blood cholesterol-related covariates
than those without (Pipteraction = 0.011). Conclusions: Greater amount of egg con-
sumption confers higher risks of death from all causes, cardiovascular disease, and
canc er in a nonlinear dose-response pattern. These findings should be treated with
caution and need to be confirmed by future studies.
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INTRODUCTION

Eggs are a common and inexpensive food in daily life
and are rich in high-quality proteins and micronu-
trients (eg, vitamins and minerals)." Eggs also contain a
high amount of cholesterol (~186 mg cholesterol/egg)’;
increasing cholesterol intake is traditionally considered
a risk factor for cardiovascular disease.”” Hence, people
have been advised to limit egg consumption, especially
yolks, for decades. However, updated dietary guidelines
from several countries, including the United States,
Japan, and Mexico, have recommended eggs as a part of
a healthy diet,*® because the current evidence does not
support a positive association between egg consumption
and the risk of cardiovascular disease.’™

Extensive observational studies have explored the
association of egg consumption with risk of mortality,
but they have yielded inconclusive results. For example,
some studies showed a positive association between egg
consumption and risk of all-cause mortality,g’14
whereas others revealed no association'>™'” or even an
inverse association.”>*' Several meta-analyses have
compared the risk of mortality with the highest vs the
lowest amount of egg consumption. However, their
results are conflicting, with 1 meta-analysis showing a
positive association*” and others showing a null associa-
tion®'®*%; moreover, these meta-analyses included lim-
ited studies and lacked detailed subgroup analyses. In
addition, the dose-response relationship between egg
consumption and risk of mortality has not been deter-
mined previously, to our knowledge.

Since the publication of the aforementioned meta-
analyses,>'®*>** the number of original studies on the
association of egg consumption and risk of mortality has
doubled, indicating the necessity of performing an
updated meta-analysis. A better understanding of this as-
sociation can help the public make choices about and in-
form guideline makers to formulate recommendations
for egg consumption. Hence, with the most up-to-date
evidence, we performed this study to determine whether
egg consumption is associated with risks of all-cause and
cause-specific mortality in the general population.

METHODS
The results of this study were reported following the

Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) statement.**

Search strategy
An electronic search of PubMed and Embase was con-

ducted from the inception dates to November 7, 2021,
to identify the potentially eligible studies, with language
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restricted to English and Chinese. The search strategies
developed by 2 reviewers (P.-F.Y. and W.-P.S.) and a
trained librarian (P.Z.) are reported in Table S1 in the
Supporting Information online. In addition, the refer-
ence lists of relevant articles were scrutinized to identify
additional eligible studies. The authors of several stud-

ies” ! were contacted to obtain additional data.

Study selection

Prospective cohort studies (including case-cohort stud-
ies) on the association between egg consumption and
risks of mortality from all causes, cardiovascular dis-
ease, cancer, stroke, and/or coronary heart disease in
the general population were included if they provided
the required data for the dose-response meta-analysis
(deaths, person-years, and adjusted risk estimates and
95%ClIs for at least 3 categories of egg consumption)
(Table 1). When multiple reports originated from the
identical study cohort,"*>** the report with the longest
follow-up length was selected.’> On the basis of the
above eligibility criteria, 2 reviewers (P.-F.Y. and W.-
P.S.) first scrutinized title and abstract to exclude appar-
ently irrelevant studies, and then carefully read the full
text to further exclude ineligible studies. Any discrepan-
cies were settled by discussion.

Data extraction

The following data were extracted from each eligible
study: first author’s family name, publication year, study
location, study setting, mean age, the number of death,
sample size, follow-up length, egg consumption assess-
ment, death assessment, adjustment factors, and the
aforementioned data for the dose-response meta-
analysis. Data were extracted by 1 reviewer (Y.P.) with a
standardized data collection form, and then checked for
accuracy by another reviewer (C.-R-W.). Any discrep-
ancies were resolved by discussion.

Risk-of-bias assessment

The risk of bias of included studies was assessed inde-
pendently by 2 reviewers (Y.P. and C.-R.W.) using the
Risk of Bias in Nonrandomized Studies of Interventions
(ROBINS-I) tool.2® Briefly, this tool is composed of the
following domains: (1) bias due to confounding; (2)
bias due to selection of participants; (3) bias due to ex-
posure assessment; (4) bias due to misclassification dur-
ing follow-up; (5) bias due to missing data; (6) bias due
to outcome assessment; and (7) bias due to selective
reporting. For each domain, the reviewer’s judgments
were ranked as low risk, moderate risk, serious risk,
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Table 1 PICOS criteria for inclusion of studies

Inclusion criterion
The general population
Egg consumption

Parameter
Participants
Intervention/exposure

Comparison Extreme quantiles

Outcome Mortality from all causes, cardio-
vascular disease, cancer,
stroke, and/or coronary heart
disease

Study design Prospective cohort study (includ-

ing case-cohort study)

critical risk, and no information. Any discrepancies
were handled by discussion.

Certainty-of-evidence assessment

The certainty of evidence for each outcome was assessed
independently by 2 reviewers (Y.P. and C.-R.W.) using
the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) system.”’
Observational studies were categorized first as being of
low certainty, due to their inherent limitations, and
then were upgraded or downgraded on the basis of pre-
defined criteria (upgrade criteria: large effect, plausible
confounding that would change the effect, and dose-re-
sponse gradient; downgrade criteria: risk of bias, incon-
sistency, indirectness, imprecision, and publication
bias). The assessment of certainty of evidence was con-
ducted using GRADEpro software (version 3.6;
GRADEpro.org). Any discrepancies were resolved by
discussion.

Statistical analysis

Hazard ratio (HR) was used as a common measure of
the association between egg consumption and risk of
mortality. Relative risk was regarded an equivalent to
HR in this study.”® In addition, absolute risk difference
(ARD) in mortality rate per 10000 person-years was
calculated using the method described previously.”” The
Hedges Q statistic (P < 0.10 indicates the presence of
statistical heterogeneity) and the I statistic (I > 75.0%,
50.0%-75.0%, and < 50% suggests high, moderate, and
low heterogeneity, respectively) were used to assess sta-
tistical heterogeneity qualitatively and quantitatively, re-
spectively. Risk estimates were reported for men and
women separately in 1 study,” so that study was
regarded as having 2 independent cohorts. In another 1
study, risk estimates were reported by sex-specific quar-
tiles,'”” so egg consumption for participants in each
quartile was estimated on the basis of the data reported
for men and women.

We used a random-effects dose-response meta-
regression model’' to calculate HRs and 95%CIs for an
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increase of 1 egg/d, regardless of between-study statisti-
cal heterogeneity. This model is based on the amount of
egg consumption, the distribution of cases and person-
years, and adjusted HRs with 95%ClIs for at least 3
quantitative categories. When egg consumption was
reported as an interval, the midpoint of lower and up-
per boundaries was used as the assigned dose for each
category. If the highest category was open ended, it was
assumed to have the same width as the preceding inter-
val; if the lowest category was open ended, the lower
boundary of the category was assumed to be zero.
When person-years were not provided by egg consump-
tion category, these data were estimated by multiplying
the number of participants in each category with mean
or median follow-up duration.”'*!*!®17:192832 \When
the reference category was not the lowest cate-
gory,'*** the method proposed by Hamling et al**
was used to convert risk estimates. For studies that
reported egg consumption in servings or grams, the
unit was converted into 1 whole egg with the assump-
tion that 1 whole egg was equivalent to 1 serving size or
weighed 50 g. For 1 study that did not report deaths for
each quintile,” these values were approximated by divid-
ing the total number of deaths by the number of quin-
tiles (ie, 5).>* For 1 case-cohort study’® in which only
person-years in a subcohort were reported, we esti-
mated person-years for the whole study population on
the basis of the available data to meet the requirement
of the methodology.

A restricted cubic spline model was used to investi-
gate the potential dose-response association between
egg consumption and risk of mortality.”” The number
of knots was determined on the basis of the Akaike’s in-
formation criterion,”® with the lowest value indicating
the best fitted model (for all-cause and cancer-caused
mortality: 4 knots at the 5th, 35th, 65th, and 95th per-
centiles; for cardiovascular disease-caused mortality: 3
knots at the 10th, 50th, and 90th percentiles). A proba-
bility value for nonlinearity was calculated by testing
the hypothesis that the regression coefficient of the sec-
ond spline equals zero (for models with 3 knots) or the
regression coefficients of the second and third splines
equal zero (for models with 4 knots).

To identify potential sources of the observed het-
erogeneity, predefined subgroup analyses were con-
ducted after stratifying for mean age (>60 vs
<60vyears), sex (male vs female), study setting (multi-
center center vs single center), study location (United
States vs Europe vs Asia), risk of bias (moderate vs seri-
ous), number of participants (>10000 vs <10000),
number of deaths (>5000 vs <5000), repeated egg-con-
sumption assessment (yes vs no), and adjustment for
blood cholesterol, dyslipidemia, or dyslipidemia therapy
(yes vs no). A probability value for the interaction
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between stratification factors and egg consumption was
calculated through meta-regression prior to conducting
the subgroup analyses, to avoid spurious subgroup
effects. To examine the stability of the pooled results,
several sensitivity analyses were conducted, including
repeating meta-analysis with a fixed-effects model,
omitting 1 study in turn, and using various eligibility
criteria.

The Egger linear regression test’” and Begg rank
correlation test’® were used to evaluate the potential
publication bias if there were >10 included studies. All
data analyses were performed with STATA software
(version12.0; StataCorp, College Station, TX). A statisti-
cal significance level of P < 0.05 was applied to 2-sided
tests unless otherwise specified.

RESULTS
Literature search

The electronic search identified 7789 and 8342 records
from PubMed and Embase, respectively. After remov-
ing duplicates, a total of 9465 records remained. After
reading titles and abstracts, an additional 9416 records
were excluded, resulting in that 49 records thought to
be potentially eligible. Thirty records were excluded af-
ter checking the full text (Table S2 in the Supporting
Information online provides the primary reason for ex-
clusion). Finally, a total of 19 studies were included
(Figure 1).

Study characteristics and quality assessment

The publication year of included studies ranged from
2004 to 2021. Eight studies were performed in the
Asia’13,18,20,21,28,30,33,41 6 in the Unlted States’9711,l4,15,32

and the remaining 1 in multiple
1391113~

4 in Europe,lz’”’w’36

countries.'® Of 19 included studies,
17,203032,3341 4 121819212836 (o pe ons oo g
single-center studies, respectively. The mean age of par-
ticipants varied from 42.9% to 66.5 years.'® The sample
size of included studies ranged from 2512'° to
521 120,'° with a total of 1737893 participants. A food
frequency questionnaire was used in 14 studies’ '>'*'¢
19:21,28,32,3336 and 24-h dietary recalls to assess egg con-
sumption were used in 2'>* included studies. The
method of outcome assessment mainly included
National Death Index, household member reports,
death certificates, and medical records. The main char-
acteristics of included studies are summarized in
Table 2.°7212%30:3233:3641 On the basis of the risk-of-
bias assessment, 6 included studies'®'”?%** were

judged to be at a serious risk of bias; the remaining
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studies were judged to be at a moderate risk of bias
(Figure S1 in the Supporting Information online).

Egg consumption and risk of all-cause mortality
Seventeen studies (n =19 cohorts),” *"****7*3¢ jnyoly-
ing 1179849 participants and 214 073 all-cause deaths
(n=16021692.2 person-years), were included in this
dose-response meta-analysis. The pooled HR of all-
cause mortality for an increase of 1 egg/d was 1.08
(95%CI, 1.01-1.15), with high heterogeneity
(IP=91.3%; Pheterogeneity < 0.001) (Figure S2 in the
Supporting Information online). The corresponding
ARD in all-cause mortality rate per 10 000 person-years
was 9.90 (95%CI, 1.32-7.43). The restricted cubic spline
model revealed a significant nonlinear dose-response
association of egg consumption with risk of all-cause
mortality (Phontineariey = 0.011) (Figure 2).

From the subgroup analyses we found that the ob-
served association was not modified by mean age, sex,
study setting, study location, risk of bias, number of
participants, number of deaths, and repeated egg-con-
sumption assessment (all Pj,eraction > 0.05) (Table 3);
however, the positive association of egg consumption
with risk of all-cause mortality was significantly more
pronounced in studies with adjustment for blood cho-
lesterol, dyslipidemia, or dyslipidemia therapy than
those without (Pjpteraction = 0.001). Repeating the analy-
sis with a fixed-effects model (HR, 1.15; 95%CI, 1.13-
1.16) and applying various eligibility criteria did not al-
ter the initial association substantially (Table S3 in the
Supporting Information online). Also, ignoring 1 study
in turn did not materially change the observed associa-
tion of egg consumption with risk of all-cause mortality,
with the pooled HRs ranging from 1.07 (95%CI, 1.00-
1.14)"° to 1.10 (95%CI, 1.03-1.17)*° (Figure S3 in the
Supporting Information online). The certainty of evi-
dence for this association was rated as very low
(Table S4 in the Supporting Information online). No ev-
idence of publication bias was found using the Begg test
and Egger tests (all P > 0.05).

Egg consumption and risk of cardiovascular disease-
caused mortality

Nine studies (n = 10 cohorts)!*1%1316-18:21.32.36 yore ipy
cluded in this dose-response meta-analysis, with 56 550
cardiovascular deaths observed in 943 827 participants
(n=13412396.8 person-years). The summary HR of
cardiovascular disease—caused mortality for an increase
of 1 egg/d was 1.07 (95%CI, 0.97-1.18), with high het-
erogeneity (P=75.8%; Pheterogeneity<<0.001) (Figure S4 in
the Supporting Information online). The corresponding
ARD in cardiovascular disease-caused mortality rate
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Records identified through database searching (N=16131):
PubMed (n="7789)
Embase (n=8342)

v

Records after duplicates removed (n=9465)

Records excluded after reading title and abstract (n=9416)

Full-text articles assessed for eligibility (n=49)

Full-text articles excluded (n=30):

Risk estimates for =3 categories were unavailable (n=6)
Dietary pattern and mortality (n=3)

Egg consumption and cardiovascular events (n=3)

Egg consumption frequency and mortality (n=3)

Egg protein intake and mortality (n=2)

95%CI data were unavailable (n=2)

Duplicate report of included studies (n=2)

Number of deaths in each category was unavailable (n=1)
Research news (n=1)

Reader’s comments (n=1)

Dietary pattern and cardiovascular events (n=1)
Substitution analysis (n=1)

Study population was cancer survivors (n=1)
Unadjusted risk estimates (n=1)

Number of eating occasions was used as unit (n=1)
/1000 kJ/d was used as unit (n=1)

'

Studies included in meta-analysis (n=19):
All-cause mortality (n=17)

Cardiovascular disease—caused mortality (n=9)
Cancer-caused mortality (n=8)

Mortality due to coronary heart disease (n=4)
Stroke-caused mortality (n=3)

Figure 1 The flow chart of the literature search and identifica-
tion of included studies.

per 10000 person-years was 2.76 (95%CI, —1.31 to
6.44). A marginally significant nonlinear dose-response
association was found for egg consumption and risk of
cardiovascular disease—caused mortality using the re-
stricted cubic spline model  (Pponlinearity = 0.063)
(Figure 3). Based on limited studies, subgroup analyses
showed that the observed association of egg consump-
tion with risk of cardiovascular disease-caused mortal-
ity was not significantly modified by the prespecified
stratification factors (all Pjyteraction > 0.05) (Table S5 in
the Supporting Information online). Moreover, the ob-
served association did not alter materially in sensitivity
analyses (Table S6 and Figure S5 in the Supporting
Information online).

We also investigated the association between egg
consumption and the risk of mortality from stroke and
coronary heart disease. Based on 3 studies (n=79690
participants and 1067 stroke deaths),'®*"* a significant
association between egg consumption and risk of stroke
mortality (HR for an increase of 1 egg/d 0.95 [95%CI,

Nutrition Reviews® Vol. 80(7):1739-1754

0.84-1.06]; ARD in stroke mortality rate per 10 000 per-
son-years, —0.76 [95%CI, —2.76 to 0.82]) (Figure S6 in
the Supporting Information online) was not found.
Likewise, on the basis of findings from 4 studies
(n=120311 participants and 1546 coronary heart dis-
ease—caused deaths), a significant association for egg
consumption and risk of coronary heart disease-caused
mortality (HR for an increase of 1 egg/d 0.90 [95%CI
0.75-1.09]; ARD in coronary heart disease mortality
rate per 10000 person-years, —1.16 [95%CI —3.47 to
0.86]) was not found (Figure S7 in the Supporting
Information online).'”'®*"*° The certainty of evidence
for the observed associations of egg consumption with
the risk of mortality resulting from cardiovascular dis-
ease, stroke, and coronary heart disease was rated as
very low (Table S4 in the Supporting Information
online).

Egg consumption and risk of cancer-caused mortality
Eight studies (n =9 cohorts)'®!>!>1721:30:323¢ jnyolving
747511 participants and 59381 cancer deaths
(n=11725075.7 person-years) were included this
dose-response meta-analysis. The pooled HR of cancer-
caused mortality for an increase of 1 egg/d was 1.16
(95%CI, 1.04-1.30), with high heterogeneity
(P =75.9%; Pheterogeneity < 0.001) (Figure S8 in the
Supporting Information online). The corresponding
ARD in cancer-caused mortality rate per 10 000 person-
years was 6.98 (95%CI, 1.95-11.68).

On the basis of the restricted cubic spline model, a
significant nonlinear dose-response association was
found for egg consumption and risk of cancer-caused
mortality (Phoninearity = 0.001) (Figure 4). No significant
interactions between egg consumption and the prede-
fined stratification variables were detected by subgroup
analyses (all Piyeraction > 0.05) (Table S7 in the
Supporting Information online). In addition, the posi-
tive association between egg consumption and risk of
cancer-caused mortality remained in sensitivity analyses
(Table S8 and Figure S9 in the Supporting Information
online). The certainty of evidence for this association
was rated as very low (Table S4 in the Supporting
Information online).

DISCUSSION

From this dose-response meta-analyses, we found that a
high amount of egg consumption was associated with
an increased risk of death from all causes, cardiovascu-
lar disease, and cancer in a nonlinear, dose-response
manner. These observed associations persisted in sensi-
tivity analyses, indicating the robustness of the results.
Subgroup analysis further revealed that the positive
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Figure 2 Nonlinear dose-response analysis of egg consumption
and risk of all-cause mortality. The reference level was set at 0
eggs/week. The black solid line represents the fitted nonlinear
trend, and the black, short, dashed line represents the 95%(Cl. The
gray circles represent egg consumption—specific risk estimates, and
their sizes are proportional to the precision (ie, inverse variance) of
risk estimates

association of egg consumption with risk of all-cause
mortality was significantly more pronounced in studies
with adjustment for blood cholesterol, dyslipidemia, or
dyslipidemia therapy than those without.

Meta-analyses have been used previously to investi-
gate the association between egg consumption and risk
of all-cause mortality.>'®**** In a 2017 meta-analysis,
involving 8 prospective studies and 30352 all-cause
deaths, authors found that the highest vs the lowest
amount of egg consumption was associated with an in-
creased risk of all-cause mortality (risk ratio 1.06;
95%CI, 1.00-1.12)*% however, this positive association
was not observed in other meta-analyses of highest vs
lowest amount of egg consumption.*'®** The inconsis-
tency may result from the differences in eligibility crite-
ria, the number of included studies, and/or statistical
methods. Given the different cutoff points for egg-con-
sumption categories across included studies, we did not
perform a similar meta-analysis in this study; instead,
we used a dose-response meta-regression model to cal-
culate risk estimates of mortality when consumption
was increased by 1 egg/d.

Compared with the published meta-analy-
ses,>'®?>? the present study has the following advan-
tages. First, we investigated the dose-response
associations between egg consumption and risk of mor-
tality from all causes, cardiovascular disease, and can-
cer, and found that these associations were nonlinear.
Second, we performed a series of predefined subgroup
analyses to identify the potential effect modifiers and
showed that whether adjustment for covariates related
to blood cholesterol could significantly modify the asso-
ciation between egg consumption and risk of all-cause

Nutrition Reviews® Vol. 80(7):1739-1754

mortality. Third, we included the latest studies on the
association of egg consumption with risk of mortality;
thus, this study represents the most up-to-date evidence
in this field. Finally, we explored the associations be-
tween egg consumption and risks of cardiovascular dis-
ease—caused and cancer-caused mortality, which were
not investigated in the previous meta-analyses.*'®*>?}

Eggs are cooked by different methods in different
countries (eg, in the United States, the most common
cooking method for eggs is frying, whereas in China,
boiling is most common'’). Notably, nutrient content
of eggs can be changed by changes in cooking method.
For example, in a recent study, researchers found that
the contents of fat and vitamins A and E were the high-
est in fried eggs, followed by microwaved eggs, and
were the lowest in baked eggs.*” Therefore, cooking
method should be considered when exploring the asso-
ciations of egg consumption with health outcomes.
However, of included studies, only 1 evaluated the asso-
ciations of egg consumption with mortality by cooking
method, which revealed similar positive associations for
fried and nonfried eggs'’; thus, subgroup analysis by
cooking method could not be performed to clarify its
potential impacts on the observed associations. More
studies are needed to clarify whether the association of
egg consumption with risk of mortality can be modified
by cooking method.

In the present study, high heterogeneity across
studies for the associations of egg consumption with
mortality from all causes, cardiovascular disease, and
cancer was observed. As suggested by subgroup analysis
results, whether included studies adjusted for blood
cholesterol, dyslipidemia, or dyslipidemia therapy
explained the observed heterogeneity in part.
Specifically, the positive associations observed in this re-
view were more pronounced in studies with adjustment
for those covariates than those without, indicating the
potential interaction between egg consumption and
blood cholesterol level. Indeed, a cross-sectional analy-
sis showed that people who ate more eggs had a lower
level of total cholesterol and were less likely to use
cholesterol-lowering drugs.*’ These subgroup analysis
results highlight the importance of adjustment for blood
cholesterol in investigating the association of egg con-
sumption with risk of mortality and indirectly suggest
that heterogeneous results of included studies may be
due to whether blood cholesterol is adjusted in their
multivariable models. Importantly, the possibility that
the modification effect by blood cholesterol level is a
chance finding cannot be excluded according to the cri-
teria proposed for credible subgroup differences.***>
Therefore, subgroup analysis results from this study
should be interpreted with caution and need to be veri-
fied by other studies. In addition, the sensitivity
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Table 3 Subgroup analyses of egg consumption and risk of all-cause mortality

Subgroup No. HR (95%Cl)? F (%) PP P
All cohorts 19 1.08 (1.01-1.15) 91.3 <0.001 -
Mean age (years)
>60 6 1.14 (1.06-1.22) 71.7 0.003 0.548
<60 13 1.07 (0.99-1.14) 83.8 <0.001
Sex
Male 3 1.14 (1.02-1.28) 38.6 0.196 0.460
Female 3 1.22 (1.15-1.28) 0.0 0.878
Study setting
Multicenter 13 1.08 (1.01-1.17) 93.6 <0.001 0.824
center
Single center 6 1.07 (0.91-1.27) 67.9 0.008
Study location
United States 5 1.16 (1.09-1.24) 82.6 <0.001 0.383
Europe 4 1.11 (0.90-1.36) 64.7 0.037
Asia 8 1.03 (0.94-1.13) 78.6 <0.001
Risk of bias
Moderate 12 1.08 (1.00-1.18) 92.1 <0.001 0.951
Serious 7 1.08 (0.98, 1.18) 77.8 <0.001
No. of participants
>10,000 14 1.06 (0.98-1.15) 93.6 <0.001 0.254
<10,000 5 1.16 (1.07-1.27) 0.0 0.496
No. of deaths
>5000 7 1.12(1.03-1.23) 93.5 <0.001 0.265
<5000 12 1.05 (0.97-1.14) 74.1 <0.001
Repeated egg-consumption assessment
Yes 4 1.02 (0.86-1.21) 91.8 <0.001 0.339
No 15 1.10 (1.02-1.18) 89.5 <0.001
Adjustment for blood cholesterol, dyslipidemia, or dyslipidemia therapy
Yes 12 1.15 (1.09-1.21) 75.8 <0.001 0.001
No 7 0.95 (0.90-1.01) 47.8 0.074

HRs refer to risk estimates for an increase of 1 egg/d.

BP for heterogeneity.

P for interaction between subgroups with meta-regression.

Abbreviation: HR, hazard ratio.

2.004

1.804

1.60

1.404

1.204

Hazard ratio
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Figure 3 Nonlinear dose-response analysis of egg consumption
and risk of cardiovascular disease-caused mortality. The refer-
ence level was set at 0 eggs/week. The black solid line represents
the fitted nonlinear trend, and the black, short, dashed line repre-
sents the 95%Cl. The gray circles represent egg consumption-spe-
cific risk estimates, and their sizes are proportional to the precision
(ie, inverse variance) of risk estimates

analyses we performed for the present review showed
that the observed heterogeneity was reduced markedly
after excluding studies with a sample size of > 100 000,
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Figure 4 Nonlinear dose-response analysis of egg consumption
and risk of cancer-caused mortality. The reference level was set
at 0 eggs/week. The black solid line represents the fitted nonlinear
trend, and the black, short, dashed line represents the 95%Cl. The
gray circles represent egg consumption-specific risk estimates, and
their sizes are proportional to the precision (ie, inverse variance) of
risk estimates

indicating that the difference in sample size across in-
cluded studies also contributed to the observed hetero-
geneity to some extent. Commonly, large studies are
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conducted with more rigorous methodology and ob-
serve more outcome events of interest than do small
studies.*®

Several potential mechanisms may explain the
harmful associations between egg consumption and
risks of death from all causes, cardiovascular disease,
and cancer. First, a straightforward explanation is the
high cholesterol content of eggs.' A recent meta-
analysis of 17 randomized controlled trials showed that
egg consumption significantly increased low-density li-
poprotein cholesterol level and the ratio of low-density
lipoprotein cholesterol to high-density lipoprotein cho-
lesterol in healthy study participants.*” Prospective
studies have shown that high dietary cholesterol intake
is associated with an increased risk of mortality'®'>?;
moreover, it is now well established that low-density li-
poprotein cholesterol plays a causal role in the develop-
ment of atherosclerotic cardiovascular disease.*® In fact,
in a recent mediation analysis, authors found that die-
tary intake of cholesterol explained 63.2%, 62.3%, and
49.6% of all-cause, cardiovascular disease-caused, and
cancer-caused mortality in relation to egg consumption,
respectively.'” However, this explanation seems not to
be supported by the results of subgroup analysis in the
present study, which showed that the observed associa-
tion between egg consumption and mortality was more
evident after adjustment for blood cholesterol-related
covariates. In addition, eggs are also rich in saturated
fatty acids (~1.563g cholesterol/egg),’ and their in-
creased dietary intake confers an elevated risk of mor-
tality,° which may explain the observed associations
to some degree. Second, individuals with high amount
of egg consumption also had an increased consumption
of red meat®"** and a decreased consumption of fruits
and vegetables,'® which are suggestive of their poor diet
quality, a well-defined risk factor for premature death.>
Likewise, a high amount of egg consumption was asso-
ciated with smoking® and physical inactivity,” all of
which predict the increased mortality. Third, the unfa-
vorable association of egg consumption with risk of
mortality may be attributable to the role of metabolites
of egg components. For example, egg consumption
leads to an elevated level of trimethylamine-N-oxide, a
metabolite of choline®*” (eggs are a rich source of cho-
line'). Trimethylamine-N-oxide can increase low-
density lipoprotein oxidation and exacerbate inflamma-
tion,”® resulting in an increased risk of adverse cardio-
vascular events.>*

Interestingly, authors of a previous meta-analysis
reported that egg consumption was related to an in-
creased risk of cardiovascular disease in a diabetic pop-
ulation (HR, 1.69; 95%CI, 1.09-2.62) but not in the
overall study population (HR, 0.96; 95%ClI, 0.88-1.05).°
Likewise, in 2 studies included in this meta-analysis,

Nutrition Reviews® Vol. 80(7):1739-1754

researchers also observed that the harmful association
of egg consumption with risk of all-cause mortality was
stronger in study participants with diabetes than those
without.'*** The biological mechanisms behind these
observations are unclear. In a comparative study,
mRNA expression level of NPCILI, a gene playing an
important role in the absorption of intestinal choles-
terol,”” was significantly higher in intestinal biopsy sam-
ples from patients with diabetes than in those from
patients who did not have diabetes.”® Thus, a possible
explanation is that patients with diabetes have higher
absorption efficiency for dietary cholesterol. Also, the
observations may be due to the different shapes of the
dose-response relationship between cholesterol levels
and the risk of chronic disease in populations with dia-
betes (linear) and without diabetes (U shaped).59
However, it should be noted that in 3 studies included
in this study, the modification effect by diabetes status
was not detected.”'>> The different reporting style
among these studies”*'>**** precluded the attempt to
perform a relevant subgroup analysis. Overall, it still
remains unknown whether the association of egg con-
sumption with risk of mortality can be modified by dia-
betes status. More studies are needed to disentangle this
question.

The present study has several limitations. First, egg
consumption was evaluated only at baseline in most in-
cluded studies. The evaluation of dietary exposure at a
single point may lead to nondifferential bias, because an
individual’s dietary habit can change with time.
Nevertheless, subgroup analyses in this study revealed
no significant difference in the risk of mortality between
studies with and without repeated egg-consumption as-
sessment. Moreover, the approaches using baseline diet
only have been indicated to yield a weaker association
than do those using the cumulative averages.”” Second,
in approximately half of the included studies, death cer-
tificates were used to identify the causes of mortality.
However, the information from death certificates is not
accurate in some conditions.”" Hence, findings from
the present study on the association between egg con-
sumption and risk of cause-specific mortality could be
subject to misclassification bias. In addition, findings
from this study were based on the study-level data,
which dis not permit us to perform a competing risk
analysis to determine the potential impacts of compet-
ing risk bias on the results for cause-specific mortality.
Third, high heterogeneity was observed for meta-
analyses of egg consumption and risks of all-cause, car-
diovascular disease-caused, and cancer-caused mortal-
ity, which raises some concerns about the reliability of
the pooled results and the rationality of conducting a
meta-analysis. Nonetheless, the sources of the observed
heterogeneity had been identified by subgroup and
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sensitivity analyses. Also, methodological and clinical
heterogeneity always exist for all meta-analyses, espe-
cially meta-analysis of observational studies. Fourth, the
most fully adjusted risk estimates were extracted for
analyses, but results from the present study still could
have been influenced by the residual confounding con-
sidering unmeasured or unrecognized confounders.
Finally, findings from the present study on egg con-
sumption and risk of cause-specific mortality (particu-
larly for stroke and coronary heart disease-caused
mortality) were derived from limited studies. Thus,
these findings should be interpreted with caution and
need to be validated by more studies.

CONCLUSIONS

A high amount of egg consumption is associated with
increased risk of mortality from all causes, cardiovascu-
lar disease, and cancer in a nonlinear dose-response
pattern. However, considering small effect sizes (espe-
cially for all-cause and cardiovascular disease-caused
mortality), high between-study heterogeneity, and the
observational nature of this study, these findings should
be interpreted with caution and need to be validated by
future studies.

Acknowledgments

Authors’ contributions. G.-C.Z. conceived the study idea
and the other authors made useful suggestions for the
study idea. P.-F.Y. and W.-P.S. performed the literature
search and study selection. C.-R.W. and Y.P. performed
data extraction and quality assessment of included stud-
ies. F.-B.H. performed all statistical analyses. G.-C.Z.
and F.-B.H. interpreted the results of statistical analyses.
C.-R.'W. drafted the initial manuscript, and all authors
made critical comments and revisions for the initial
manuscript. P.-F.Y. and G.-C.Z. were responsible for
manuscript revisions following reviewers’ comments.
G.-C.Z. had full access to original data. All authors ap-
proved the final version of the article, including the au-
thorship list.

Funding. This study did not receive any specific
funding.

Declaration of interest. The authors declare no con-
flicts of interest.

Supporting Information

The following Supporting Information is available
through the online version of this article at the publish-
er’s website.

Table S1 Search strategies for PubMed and Embase
databases

1752

Table S2 Excluded studies after checking the full text
and primary reason for exclusion

Table S3 Sensitivity analyses of egg consumption and
risk of all-cause mortality

Table S4 GRADE evidence profile for prospective co-
hort studies of egg consumption and risk of mortality
Table S5 Subgroup analyses on egg consumption and
risk of cardiovascular disease-caused mortality

Table S6 Sensitivity analyses of egg consumption and
risk of cardiovascular disease-caused mortality

Table S7 Subgroup analyses on egg consumption and
risk of cancer-caused mortality

Table S8 Sensitivity analyses of egg consumption and
risk of cancer-caused mortality

Figure S1 Risk-of-bias assessment of included studies
using the Risk of Bias in Nonrandomized Studies of
Interventions (ROBINS-I) tool

Figure S2 Meta-analysis of egg consumption and risk
of all-cause mortality. The square represents a hazard
ratio for an increase of 1 egg/d calculated from each in-
dividual study, with the area representing the weight
assigned to the study. The horizontal line across each
square represents the 95%CI. The diamond represents
the combined hazard ratio for an increase of 1 egg/d,
with width representing the 95%CI

Figure S3 Sensitivity analyses of egg consumption and
risk of all-cause mortality: omitting a single study in
turn. The study cited on the left is the 1 omitted in each
turn. The circle represents the pooled risk estimates af-
ter omitting a single study, and the dotted line across
each circle represents the 95%CI. The middle, vertical
solid line represents the pooled risk estimates of all in-
cluded studies, and left and right vertical solid lines rep-
resent lower and upper limits, respectively

Figure S4 Meta-analysis of egg consumption and risk
of cardiovascular disease-caused mortality. The
square represents a hazard ratio for an increase of 1
egg/d calculated from each individual study, with the
area representing the weight assigned to the study. The
horizontal line across each square represents the
95%CI. The diamond represents the combined hazard
ratio for an increase of 1 egg/d, with width representing
the 95%CI

Figure S5 Sensitivity analyses of egg consumption and
risk of cardiovascular disease-caused mortality: omit-
ting a single study in turn. The study cited on the left
is the 1 omitted in each turn. The circle represents the
pooled risk estimates after omitting a single study, and
the dotted line across each circle represents the 95%CI.
The middle, vertical solid line represents the pooled risk
estimates of all included studies, and left and right verti-
cal solid lines represent lower and upper limits,
respectively

Nutrition Reviews® Vol. 80(7):1739-1754

Gz0z Aieniga4 0z Uo Jasn AlISIaAIUN uBsUBLIBIPSI 21Us|IoH AQ GZY0ES9/6E . |/2/08/210IIB/SMBIASIUOIILINU/WOD dNO"dIWapeae//:sdlly WOl PaPEOjUMO(]


https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuac002#supplementary-data

Figure S6 Meta-analysis of egg consumption and risk
of stroke mortality. The square represents a hazard ra-
tio for an increase of 1 egg/d calculated from each indi-
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