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Summary
Background Suboptimal diet quality is a key risk factor for premature death. Assuming relatively stable energy intake
among individuals, changes in nutrient intakes occur by exchanging different nutrients. Therefore we aimed to
examine the association of isocaloric substitution of dietary (macro)nutrients with all-cause mortality using network
meta-analysis (NMA).

Methods For this systematic review and NMA of prospective observational studies MEDLINE, Embase, and Scopus
were searched from inception to February 13th, 2024. Eligible studies reported substitution analyses for quantity and/
or quality of macronutrients, including carbohydrates, proteins, and fatty acids on all-cause mortality. Random-effects
NMA were used in order to evaluate the pooled hazard ratios (HR) and 95% confidence intervals (CI) of substituting
each included nutrient with another. We assessed risk of bias with the ROBINS-E tool, and the certainty of evidence
(CoE) using the Grading of Recommendations Assessment, Development and Evaluations (GRADE) approach. This
study is registered with PROSPERO (CRD42023450706).

Findings Thirty-nine studies with 1,737,644 participants, 395,491 deaths, 297 direct comparisons, and seven nutrient-
specific networks were included. Moderate CoE was found for an association with lower mortality risk when replacing
5% of energy intake from carbohydrates with polyunsaturated fatty acids (PUFA; HR: 0.90; 95%CI: 0.84, 0.95), n-6
PUFA (0.85; 0.77, 0.94), n-3 PUFA (0.72; 0.59, 0.86), and plant monounsaturated fatty acids (MUFA; 0.90; 0.85, 0.95),
and when replacing 5% of energy from saturated fatty acids (SFA) and trans-fatty acids (TFA), with PUFA, MUFA,
and plant-MUFA (HRrange: 0.75 to 0.91). A lower mortality risk was additionally found when 5% of animal-MUFA was
replaced with plant-MUFA, and when replacing animal protein, and SFA with plant protein (HRrange: 0.81 to 0.87,
moderate CoE).

Interpretation Our results provide practical knowledge for public health professionals and can inform upcoming
dietary guidelines. The beneficial association of increasing PUFA (both n-3 and n-6) and (plant-) MUFA intake while
reducing carbohydrates, SFA and TFA, along with replacing animal protein and animal-MUFA with plant-based
*Corresponding author. Breisacher Str. 86, Freiburg 79110, Germany.
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sources of protein and fat (MUFA) on the all-cause mortality risk, underscores the importance of plant-based dietary
recommendations.

Funding None.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
Suboptimal diet quality is recognized as one of the key risk
factors for premature death and chronic diseases. Assuming
relatively stable energy intake among individuals, changes in
nutrient intakes occur by exchanging different nutrients.
Substitution analyses have been widely implemented to
assess the associations of replacing nutrients in prospective
observational studies. We searched Medline (via Ovid),
Embase, and Scopus from inception to February 13th, 2024
for eligible studies, with no restriction on language or
outcome. Eligible studies were prospective observational
studies that reported the association of macronutrient
substitutions and all-cause mortality. Twenty-five out of 39
included cohort studies were judged with “some concerns” in
the risk of bias assessment. We assessed the certainty of
evidence (CoE) for each comparison using the Grading of
Recommendations Assessment, Development and Evaluations
(GRADE) approach.

Added value of this study
Several systematic reviews of cohort studies have investigated
the direct association of different macronutrients and disease
or mortality risk, yet not considering isocaloric substitutions,

and to the best of our knowledge, no such network meta-
analysis (NMA) has been conducted to date. We were able to
analyse data from 39 studies with 1,737,644 participants,
395,491 mortality events. Therefore, 297 direct comparisons
and seven nutrient-specific networks were examined.
Increasing the intake of n-3 polyunsaturated fatty acids
(PUFA), n-6 PUFA and (plant-) monounsaturated fatty acids
(MUFA) while simultaneously reducing carbohydrates and
saturated fatty acids (SFA), as well as replacing animal protein
and animal-MUFA with plant-based sources of protein and fat
(MUFA) is beneficially associated with lower risk of all-cause
mortality, based on moderate CoE.

Implications of all the available evidence
The favourable impact on mortality risk of higher fat intake,
especially PUFA (both n-3 and n-6) and (plant-) MUFA at the
expenses of carbohydrates and SFA, and replacing animal
protein and animal-MUFA with plant-based sources of protein
and fat (MUFA) reinforces the importance of plant-based
dietary guidelines. In addition, the data may diverge from
current WHO recommendations on a healthy diet, particularly
regarding the limitation of fat intake to no more than 30% of
total caloric intake.
Introduction
Suboptimal diet quality is recognized as one of the key
risk factors for premature death and chronic diseases,
including cardiovascular diseases (CVD), type 2 dia-
betes, and cancer.1 From a historical perspective, rec-
ommendations on macronutrient intake have always
been an integral part of dietary guidelines.2 For example,
in 1980, the Dietary Guidelines for Americans recom-
mended limiting dietary fat to <30% of total energy
intake, which was then revised in 2005, to a range from
20 to 35%.3 Moreover, the World Health Organization
(WHO) recommended recently to limit the daily intake
of calories from saturated fatty acids (SFA) to <10% and
replacing them with unsaturated fatty acids, and
limiting the intake of trans-fatty acids (TFA) to <1%.4

The Recommended Dietary Allowance of protein is
usually between 10 and 15% of total energy intake (0.8 g
protein per kg body weight per day),5 whereas the rec-
ommended carbohydrate allowance ranges from 45% to
65%.6
Assuming relatively stable energy intake levels
among individuals, changes in dietary habits are mainly
represented by substitutions of different nutrients. In
this approach, increased consumption of specific nutri-
ents typically occurs at the expense of other nutrients.7

Randomized controlled trials (RCTs) can evaluate
health effects of nutrient substitution by comparing
arms with distinct dietary interventions. However, due
to the scarcity of RCTs with clinically relevant outcomes,
including all-cause mortality, and the difficulty of
achieving long-term adherence in an RCT, the applica-
bility of findings generated by them is limited. Alter-
natively, substitution models have been widely
implemented to assess the theoretical effect of replacing
nutrients in prospective observational studies.8 In
nutrition research, well-designed prospective cohort
studies are the main source of evidence to address the
health impact of decade long exposures of populations
on various clinical endpoints.9 The interpretation of
substitution analyses results might be challenging, as
www.thelancet.com Vol 75 September, 2024
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usually a small set of comparators is evaluated.
Network meta-analysis (NMA) represents a valuable
tool to synthesize evidence from nutritional epide-
miological studies encompassing substitution ana-
lyses in order to compare two or more macronutrient
substitutions simultaneously (e.g. ↑ fat vs. ↓ carbo-
hydrates and ↑ fat vs. ↓ protein), and gain knowledge
between the clinical endpoints of interest. A NMA
allows the computation of indirect estimates from the
available direct comparisons. For example, the indi-
rect estimate for the substitution of carbohydrates
with fat is derived from direct evidence on the sub-
stitution of protein with carbohydrates and on the
substitution of protein with fat. Therefore, data from
indirect comparisons enables the examination of
substitution pairs not explicitly considered in cohort
studies.10 Depending on the proportion of direct evi-
dence, the indirect evidence contributes to a greater or
lesser extent to the network estimate. By combining
direct and indirect evidence to form the network es-
timate more precise results can be obtained. Addi-
tionally, NMA facilitates a ranking over all available
nutrient substitutions from best to worst.

Several systematic reviews of cohort studies have
investigated the direct association of different macro-
nutrients and disease or mortality risk,11–13 yet not
considering isocaloric substitutions, and to the best of
our knowledge, no such NMA has been conducted to
date.

Therefore, this systematic review with NMA aimed
to investigate the isocaloric substitution of macronutri-
ents, as well as types of carbohydrates, proteins, and
fatty acids on the risk of all-cause mortality in the gen-
eral healthy adult population.
Methods
We report this systematic review with NMA according to
the PRISMA Extension for Network Meta-analyses
(PRISMA-NMA) checklist14 and the PRISMA State-
ment for Reporting Literature Searches in Systematic
Reviews (PRISMA-S).15 The protocol of this work was
pre-defined and registered on the International Pro-
spective Register of Systematic Reviews (PROSPERO;
registration number CRD42023450706).

Data sources and searches
We conducted a comprehensive systematic literature
search in three electronic databases including MED-
LINE (via OVID), Embase, and Scopus from inception
to February 13th, 2024. No language filter was applied
and no restrictions were set on outcomes. The detailed
search strategies can be found in Supplemental
Appendix 1.

In addition, we conducted backward citation tracking
on systematic and narrative reviews, identified by our
searches and on all included studies.
www.thelancet.com Vol 75 September, 2024
Eligibility criteria
We included studies fulfilling the following eligibility
criteria.

Population
Adults (aged ≥ 18 years); generally healthy: >2/3 of the
study population without a particular condition, i.e.,
stable coronary heart disease, chronic kidney disease,
diabetes, cancer. We excluded studies involving exclu-
sively infants, children, adolescents, or pregnant
women.

Exposure and comparison
Studies reporting substitutions of different macronu-
trients, or substitutions of different types of carbohy-
drates, proteins, or fatty acids, with one another were
eligible to be included. Studies reporting estimates for
substitution analyses conducted according to estab-
lished methodology (i.e., statistical approach of leave-
one-out method or partition method8,16) were included.

Outcome
All-cause mortality. Publications that did not provide
any information on all-cause mortality (e.g., studies on
CVD, type 2 diabetes, or cancer), were excluded from
the present review.

Study design
We considered prospective observational studies (e.g.,
cohort, case-cohort, nested case–control).

Detailed eligibility criteria are displayed in
Supplemental Table S1.

Study selection
After deduplication of search hits using Systematic Re-
view Accelerator,17 two reviewers from a group of 10
(EK, ES, JB, JS, JM, LS, MN, SS, SW, WB) indepen-
dently screened each title/abstract and full text for
potentially eligible publications. On the full text level,
reasons for exclusion were recorded. Any disagreements
were resolved by discussion or with the help of a third
reviewer (JM, LS, SS) if no agreement could be reached.
The screening process was implemented using Covi-
dence systematic review software.18

If multiple publications investigated the same
cohort, the one with larger number of cases followed by
the one with longer follow-up was included. Conference
abstracts with adequate information on methods and
results were also considered eligible.

Data extraction
After identification of eligible publications, two re-
viewers (SW, LS) extracted the data independently in a
piloted data extraction form (Microsoft Excel). Conflicts
were solved by discussion with a third reviewer (SS or
JM) if no agreement could be reached. We extracted the
following data: first author’s name, cohort name, year of
3
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publication, location, study design, age, sex, body mass
index, number of participants, length of follow-up,
outcome assessment, number of cases, exposure
assessment (type and number of assessments (i.e., at
baseline or repeated)), types of nutrient substituted, unit
of substitution (% energy, kcal/d, g/d), covariate
adjustment set, risk estimate with 95% confidence in-
terval (CI). If a cohort study presents several risk esti-
mates, the one with maximal adjustment was chosen.

If studies reported the relevant data only in figures,
we used the ‘Web plot digitizer’19 for extraction.

If a study did not report estimates for all network
connections, we contacted study authors to provide
them or accessed individual-level data to extract them.

Risk of bias assessment
Two reviewers out of a group of four (EK, LG, JS, SW)
assessed the risk of bias (RoB) of each included study
independently and any disagreements were resolved by
consensus. We used the Risk Of Bias In Non-
randomized Studies - of Exposures (ROBINS-E) tool20

to evaluate the RoB and visualized it using the robvis
tool.21 The RoB assessment includes seven domains of
bias: 1. Confounding, 2. measurement of exposure, 3.
selection of participants into the study (or into the
analysis), 4. post exposure interventions, 5. missing
data, 6. measurement of the outcome, and 7. selection of
the reported results. As recommended by Higgins
et al.,20 we used a triage approach if a study did not
adjust for all pre-specified confounders (age, sex,
smoking, alcohol consumption, education/socioeco-
nomic status, and physical activity). An inadequate
adjustment leads to a (very) high risk of bias in the first
domain (“confounding”). By using the triage approach,
other domains are not assessed if a (very) high risk of
bias was assigned to the first domain since the overall
judgement will not be influenced any further. In our
analyses a very high risk of bias was not reasonable in
any domain due to the adjustments made, and the
prospective observational nature of the included studies
for which differential misclassification is not expected,22

post-exposure variables that influence the selection of
participants are unlikely, and there was also no major
concern regarding selective reporting.

We judged each domain as well as the overall RoB as
low, some concerns, and high RoB. Details of the
ROBINS-E assessment are provided in Supplemental
Appendix 2.

Statistical analysis
Study estimates for the outcome all-cause mortality
(hazard ratio [HR]) were used as effect size in NMA.

All substitution effect sizes were converted to 5% of
total energy exchange, to ensure comparability and to
mitigate the risk of violating the transitivity assump-
tion.10,23 If isocaloric substitutions were reported per
kcal/d or g/d, we calculated the percent exchange as
described in Supplemental Appendix 3. If effect sizes
were presented per quantiles/unit of intake/exchange,
we estimated the linear estimate (5% of total energy
exchange) using Greenland and Longnecker method.24

If estimates were presented separately within the
same publication for men and women or different age-
ranges, they were pooled with the fixed-effect model
before inclusion into the main analysis. We did not
combine estimates for separate cohort studies reported
in the same publication. A detailed description of
handling of multiple publications reporting on the same
study, to ensure we did not break the principle of in-
dependence of studies, can be found in Supplemental
Appendix 4.

For the NMA, we analysed the data using the
following node definitions:

- Network 1: Overall macronutrient network: fat, car-
bohydrates, protein;

- Network 2: Fatty acids expanded network: SFA,
monounsaturated fatty acids (MUFA), poly-
unsaturated fatty acids (PUFA), TFA, carbohydrates,
protein;

- Network 3: MUFA-origin network: animal-MUFA,
plant-MUFA, SFA, PUFA, carbohydrates, protein;

- Network 4: PUFA-origin network: n-3 PUFA, n-6
PUFA, SFA, MUFA, TFA, carbohydrates, protein;

- Network 5: Fat-origin subnetwork: animal fat, plant
fat, carbohydrates, protein;

- Network 6: Protein-origin subnetwork: animal pro-
tein, plant protein, SFA, MUFA, PUFA, TFA,
carbohydrates;

- Network 7: Carbohydrate-origin subnetwork: high-
quality carbohydrates/polysaccharides, low-quality
carbohydrates/mono-/disaccharides, SFA, MUFA,
PUFA, TFA, protein.

In case a study did not report higher-tier contrasts
(e.g., fat vs. carbohydrates, fat vs. protein), but did
specify lower-tier origin-specific contrasts (e.g., SFA vs.
carbohydrates, MUFA vs. carbohydrates, etc), we
approximated higher-tier contrast by pooling lower tier
contrasts. This way we combined networks 2–7 or 3–7
with network 1 or 2 (original nodes → higher-tier node,
i.e., SFA, MUFA, PUFA, TFA → fat).

Random-effects pairwise meta-analysis and NMA
were used in order to evaluate the pooled relative effect
of substituting each included nutrient with another. For
pairwise meta-analysis, the heterogeneity variance was
estimated with the restricted maximum likelihood esti-
mator (REML). The NMA model was fitted in a fre-
quentist framework using a graph-theoretical
approach.25 A single heterogeneity parameter was
assumed across all treatment comparisons and was
estimated via a generalised methods of moments esti-
mate.26 The results of the NMA are presented as sum-
mary effect estimates with 95% CIs in league tables.
www.thelancet.com Vol 75 September, 2024
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Due to secondary nature of substitution analyses in
nutritional epidemiological publications, estimates for
all possible comparisons were not always reported.
Moreover, some cohort studies did report estimates,
showing high relative residual effects for some network
connections, and a detailed description on handling of
these risk estimates and missing or inconsistent vari-
ances can be found in Supplemental Appendix 5.

Analyses were conducted in R 4.2.0 software (R
Foundation for Statistical Computing, Vienna, Austria)
with netmeta package.27

A ranking of different substitutions was conducted
by calculating the P-score, a frequentist analogue of the
surface under the cumulative ranking curve. P-scores
are based on summary effects from NMA and their
standard errors. They capture the extent of certainty that
one treatment is better than another, averaged over all
competing treatments.28

Transitivity assumption was evaluated by comparing
baseline characteristic (age, sex, geographical location,
and body mass index) across all comparisons. Global
and local approaches were used to assess incoherence.
Specifically, a design-by-treatment interaction model
and node-splitting approach were performed.29,30

We used funnel plots and Egger’s linear regression
test for funnel plot asymmetry to evaluate dissemination
bias and small study effects for each pairwise compari-
son with at least 10 comparisons.31

Pre-specified subgroup analyses (if at least 10 cohort
studies for a network were available) were performed
for: sex, geographical location, and dietary assessment.
To examine the robustness of our findings, sensitivity
analyses were conducted by excluding studies with high
RoB and by excluding studies with high relative residual
effects.

Certainty of evidence
Finally, for each comparison, two investigators (LS, SW)
evaluated the direct, indirect, and network estimates
certainty of evidence by using the Grading of Recom-
mendations Assessment, Development and Evaluations
(GRADE) approach32 for NMA.33 By using the ROBINS-
E tool, the initial certainty of evidence level is “high” for
observational studies.34 However, the certainty of evi-
dence can be downgraded (up to three levels) for the
GRADE domain.

Direct evidence was rated based on RoB, inconsis-
tency, indirectness, and publication bias (if at least 10
cohort studies were available). If the certainty of direct
evidence was high and its contribution was at least as
much as that of the indirect evidence, we did not rate the
indirect evidence.33 If the rating of indirect evidence was
necessary, we used the certainty of direct estimates to
inform indirect estimates considering the lowest of the
ratings of the two direct comparisons forming the most
dominant first-order loop. In the presence of serious
intransitivity, we rated down the certainty of the indirect
www.thelancet.com Vol 75 September, 2024
estimate. To establish the certainty of network esti-
mates, we compared the ratings for direct and indirect
estimates. The estimate with the higher certainty was
chosen and rated down if incoherence and/or impreci-
sion were detected.33 In the presence of a convincing
dose–response gradient or large effect, NMA estimates
were rated up.35,36 A detailed description of the GRA-
DEing procedure can be found in Supplemental
Appendix 6.

Evidence profiles were created to summarize the
evidence in a transparent and informative format.37

These contain information on the type of comparison,
the number of included studies, the effect estimates and
corresponding 95% CI of the direct, indirect and
network evidence, the overall rating and the domain-
specific judgements with explanations for down- or
upgrading as informative footnotes.

The certainty of evidence is classified as high, mod-
erate, low or very low.38

Ethics statement
An ethical approval was not required since this is an
NMA of publicly available data.

Role of funding source
There was no funding source for this study.
Results
The database searches resulted in 16,925 references.
After deduplication, we screened eligibility of 10,315
titles/abstracts and in a subsequent step 830 full texts.
Reasons for exclusion of full texts are given in
Supplemental Appendix 7. Additionally, 19 relevant full
texts were identified via hand search. The flow diagram
of the search and screening process is depicted in Fig. 1.
Finally, we included 39 studies (36 publications) with
1,737,644 participants, 395,491 mortality events, 297
direct comparisons, and analysed seven nutrient-specific
networks in the systematic review12,39–73 (Fig. 2).

For one cohort study, we received unpublished data
from the authors,48 and for another we conducted
additional isocaloric substitution analyses due to data
access50 (Supplemental Appendix 8). One study was not
included in the NMA, since authors did not respond to
our queries.39 There were minor deviations from the
registered protocol, which can be found in
Supplemental Appendix 9.

Study characteristics
Detailed information of the study characteristics can be
found in Supplemental Tables S2–S4.

Thirteen publications including 16 cohort studies
were conducted in the US,48,51,52,56,57,61–64,67,69,70,72 12 cohort
studies in Europe,12,40,44–47,49,50,54,55,59,65 9 cohort studies in
Asia,39,41,53,58,60,66,68,71,73 one cohort study in Australia,42 and
one publication includes a cohort with participants from
5
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Fig. 1: Flow chart of the process for study selection. ACM all-cause mortality.
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18 countries and five continents.43 In all cohort studies
except 10 (using consecutive 24-h recalls50,56–58,61,62,68,69,71,73

or dietary records46,65), diet was assessed using validated
food-frequency questionnaires. In 15 cohort studies,
diet was assessed at multiple time points and averages
(or measures) of intake were used for the
analysis.47–49,54,55,58,59,63,67,68,71,73 Five cohort studies used
repeated dietary measurements for some, but not all
participants.50,57,61,62,69 The mean follow-up duration was
14 years (range: 4–27), and most included both men and
women (72% of cohort studies).

We evaluated the RoB in 38 cohort studies (three
publications included two cohorts respectively and were
evaluated separately). In one cohort study the RoB
assessment was not possible, since findings were pub-
lished as conference abstract only.62 However, this cohort
study was based on NHANES, which was judged as high
RoB due to an insufficient exposure assessment. Ac-
cording to our evaluation, 25 cohort studies had some
concerns in the overall RoB,12,41,42,45–48,51–53,58,60,63–68,70–73 and
13 were judged as high RoB.39,40,43,44,49,50,54–57,59,61,69 Eight
cohort studies were rated as high RoB due to insufficient
adjustment of confounders,39,40,43,44,49,54–56 four cohort
studies due to inadequate exposure assessment,50,57,61,69

and one cohort study due to a very high proportion of
missing data59 (Supplemental Fig. S1).

Overall macronutrient network
We found moderate certainty of evidence for a small
association with lower risk of all-cause mortality, when
replacing 5% of energy from carbohydrates with total fat
(HR: 0.97; 95% CI: 0.96, 1.00), whereas no association
for replacing protein with carbohydrates or fat was
observed (low certainty) (Fig. 2, Supplemental Fig. S2
and Tables S5 and S6).

Fat-specific networks
We found moderate certainty of evidence for an asso-
ciation with lower risk of all-cause mortality when
replacing 5% of energy from SFA and TFA, with PUFA
(HR: 0.86; 95% CI: 0.81, 0.91; HR: 0.75; 95% CI: 0.67,
0.84), MUFA (HR: 0.91; 95% CI: 0.86, 0.97; HR: 0.80;
95% CI: 0.72, 0.89) or plant-MUFA (HR: 0.85; 95% CI:
0.80, 0.90; HR: 0.79; 95% CI: 0.67, 0.94). Moderate
certainty of evidence was also found for an association
for all-cause mortality when TFA was exchanged with
SFA (HR: 0.87; 95% CI: 0.78, 0.97), and carbohydrates
with TFA (HR: 1.20; 95% CI: 1.08, 1.33) (Fig. 2, Table 1,
Supplemental Fig. S3 and Tables S7 and S8). Replacing
SFA with n-6 or n-3 PUFA was also inversely related to
mortality risk (HR: 0.82; 95% CI: 0.74, 0.92; HR: 0.69;
95% CI: 0.57, 0.83; both moderate certainty), whereas
no association of higher intakes of SFA at the expenses
of carbohydrates or protein, and between higher
MUFA/PUFA intake at the expenses of protein was
observed (low or very low certainty) (Fig. 2, Table 1,
Supplemental Fig. S3 and Tables S7–S9).
www.thelancet.com Vol 75 September, 2024
Additionally, replacing 5% of energy from carbohy-
drates with plant fat (HR: 0.95, 95% CI: 0.93, 0.98; low
certainty), PUFA (HR: 0.90; 95% CI: 0.84, 0.95; mod-
erate certainty), plant-MUFA (HR: 0.90; 95% CI: 0.85,
0.95; moderate certainty), n-6 PUFA (HR: 0.85; 95% CI:
0.77, 0.94; moderate certainty), and n-3 PUFA (HR:
0.72; 95% CI: 0.59, 0.86; moderate certainty), showed an
association with a lower all-cause mortality risk (Fig. 2,
Table 1, Supplemental Fig. S3 and Tables S7–S11).

Replacing 5% of animal-MUFA, with plant-MUFA
was inversely related to mortality risk (HR: 0.81; 95%
CI: 0.76, 0.85; moderate certainty), whereas replacing
carbohydrates with animal-MUFA was associated with
increased risk (HR: 1.12; 95% CI: 1.05, 1.18; moderate
certainty). No association between replacement of SFA
or TFA with animal-MUFA was observed (low certainty)
(Fig. 2, Table 1 and Supplemental Table S8).

Protein-specific networks
We found moderate certainty of evidence for an asso-
ciation with lower risk of all-cause mortality, when
replacing 5% of energy from animal protein, SFA, and
carbohydrates with plant protein (HR: 0.87; 95% CI:
0.84, 0.91; HR: 0.86; 95% CI: 0.82, 0.91; HR: 0.88; 95%
CI: 0.84, 0.91), whereas the certainty of evidence for the
favourable association of replacing PUFA with plant
protein was rated as low. No association between higher
intakes of animal protein at the expenses of fatty acids
was observed based on low or very low certainty of evi-
dence (Fig. 2, Table 2, Supplemental Fig. S4 and
Table S12).

Carbohydrate-specific networks
The evidence is very uncertain about the association of
replacing 5% of energy from low-with high-quality car-
bohydrates on all-cause mortality (HR: 0.97; 95% CI:
0.92, 1.02). Moreover, neither the replacement of PUFA,
MUFA, SFA or protein with low- or high-quality car-
bohydrates was associated with mortality risk (very low
certainty) (Fig. 2, Supplemental Tables S13 and S14).

Heterogeneity
The heterogeneity standard deviation (tau, τ) was esti-
mated at τ: 0.03 for network 1, τ: 0.09 for network 2, τ:
0.04 for network 3, τ: 0.1 for network 4, τ: 0.01 for
network 5, τ: 0.05 for network 6, and τ: 0.05 for network
7. We investigated any differences using predefined
study characteristics, although the heterogeneity was
low overall.

Incoherence
The side-splitting approach showed no substantial
indication for statistical inconsistency in any of the
networks, except for some comparisons in network 2
(PUFA vs. MUFA, PUFA vs. TFA, PUFA vs. protein,
MUFA vs. TFA, SFA vs. PRO), network 4 (n-3 PUFA vs.
n-6 PUFA, n-3 PUFA vs. carbohydrate, n-6 PUFA vs.
7
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Network 2 fatty acid expanded network (n = 1,102,268 participants; n = 224,319 mortality events)

Direct evidence Indirect evidence Network Meta-Analysis

Comparison N studies Proportion direct evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence

↑ PUFA

↓ MUFA 10 88 0.92 [0.86, 0.99] ⨁⨁⨁◯a 1.11 [0.92, 1.35] ⨁⨁◯◯ 0.94 [0.88, 1.01] ⨁⨁◯◯d

↓ SFA 12 90 0.86 [0.80, 0.92] ⨁⨁⨁◯a 0.84 [0.69; 1.03] ⨁⨁◯◯ 0.86 [0.81, 0.91] ⨁⨁⨁◯

↓ TFA 5 68 0.64 [0.56, 0.73] ⨁⨁⨁◯a 1.07 [0.88, 1.30] ⨁⨁◯◯ 0.75 [0.67, 0.84] ⨁⨁⨁◯

↓ CHO 12 88 0.90 [0.84, 0.96] ⨁⨁◯◯a,c 0.88 [0.74, 1.05] ⨁⨁⨁◯ 0.90 [0.84, 0.95] ⨁⨁⨁◯

↓ PRO 2 54 0.99 [0.86, 1.14] ⨁⨁◯◯b 0.82 [0.70; 0.95] ⨁⨁◯◯ 0.91 [0.82, 1.01] ⨁◯◯◯d

↑ MUFA

↓ SFA 11 88 0.91 [0.86, 0.97] ⨁⨁⨁◯a 0.90 [0.75; 1.08] ⨁⨁⨁◯ 0.91 [0.86, 0.97] ⨁⨁⨁◯

↓ TFA 5 70 0.74 [0.65, 0.84] ⨁⨁⨁◯a 0.95 [0.78, 1.16] ⨁⨁◯◯ 0.80 [0.72, 0.89] ⨁⨁⨁◯

↓ CHO 11 86 0.94 [0.88, 1.01] ⨁⨁⨁◯a 1.01 [0.86, 1.19] ⨁⨁⨁◯ 0.95 [0.90, 1.01] ⨁⨁◯◯d

↓ PRO 2 51 0.95 [0.82, 1.09] ⨁◯◯◯b,c 0.98 [0.85; 1.14] ⨁⨁◯◯ 0.96 [0.87, 1.07] ⨁◯◯◯d

↑ SFA

↓ TFA 5 68 0.85 [0.75, 0.97] ⨁⨁⨁◯a 0.92 [0.76, 1.12] ⨁⨁◯◯ 0.87 [0.78, 0.97] ⨁⨁⨁◯

↓ CHO 12 86 1.06 [1.00, 1.13] ⨁⨁⨁◯a 0.95 [0.82; 1.11] ⨁⨁◯◯ 1.04 [0.99, 1.11] ⨁⨁◯◯d

↓ PRO 4 77 1.01 [0.91, 1.13] ⨁⨁◯◯a,c 1.23 [1.01, 1.51] ⨁⨁◯◯ 1.06 [0.96, 1.16] ⨁◯◯◯d

↑ TFA

↓ CHO 6 86 1.18 [1.05, 1.32] ⨁⨁◯◯a,c 1.30 [0.98, 1.72] ⨁⨁⨁◯ 1.20 [1.08, 1.33] ⨁⨁⨁◯

↓ PRO 1 6 1.04 [0.60, 1.82] ⨁⨁◯◯b 1.22 [1.06; 1.41] ⨁⨁◯◯ 1.21 [1.05, 1.39] ⨁⨁◯◯

Network 3: MUFA-origin network (n = 628,803 participants; n = 151,006 mortality events)

Direct evidence Indirect evidence Network Meta-Analysis

Comparison N studies Proportion direct evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence

↑ Plant-MUFA

↓ Animal-MUFA 4 100 0.81 [0.76, 0.85] ⨁⨁⨁◯a NA NA 0.81 [0.76, 0.85] ⨁⨁⨁◯

↓ SFA 4 97 0.85 [0.80, 0.90] ⨁⨁⨁◯a 0.88 [0.64, 1.22] ⨁⨁⨁◯ 0.85 [0.80, 0.90] ⨁⨁⨁◯

↓ TFA 2 96 0.78 [0.66, 0.92] ⨁⨁⨁◯a 1.25 [0.57, 2.74] ⨁⨁⨁◯ 0.79 [0.67, 0.94] ⨁⨁⨁◯

↓ CHO 4 99 0.90 [0.85, 0.95] ⨁⨁⨁◯a 1.11 [0.53, 2.34] ⨁⨁⨁◯ 0.90 [0.85, 0.95] ⨁⨁⨁◯

↑ Animal-MUFA

↓ SFA 4 96 1.05 [0.98, 1.12] ⨁⨁⨁◯a 1.20 [0.86, 1.68] ⨁⨁⨁◯ 1.05 [0.99, 1.12] ⨁⨁◯◯d

↓ TFA 2 92 1.01 [0.85, 1.20] ⨁⨁⨁◯a 0.75 [0.42, 1.34] ⨁⨁⨁◯ 0.99 [0.84, 1.16] ⨁⨁◯◯d

↓ CHO 4 99 1.12 [1.05, 1.19] ⨁⨁⨁◯a 1.07 [0.55, 2.12] ⨁⨁⨁◯ 1.12 [1.05, 1.18] ⨁⨁⨁◯

Network 4: PUFA-origin network (n = 884,003 participants; n = 179,859 mortality events)

Direct evidence Indirect evidence Network Meta-Analysis

Comparison N studies Proportion direct evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence

↑ n-3 PUFA

↓ n-6 PUFA 4 79 0.92 [0.74, 1.13] ⨁⨁⨁◯a 0.60 [0.40, 0.90] ⨁⨁⨁◯ 0.84 [0.70, 1.01] ⨁⨁◯◯d

↓ MUFA 1 52 0.81 [0.57, 1.15] ⨁⨁◯◯b 0.70 [0.49, 1.01] ⨁⨁◯◯ 0.75 [0.58, 0.97] ⨁⨁◯◯

↓ SFA 3 88 0.70 [0.58, 0.86] ⨁⨁⨁◯a 0.59 [0.35, 0.99] ⨁⨁⨁◯ 0.69 [0.57, 0.83] ⨁⨁⨁◯

↓ TFA 1 86 0.83 [0.43, 1.58] ⨁⨁◯◯b 0.51 [0.10, 2.51] ⨁⨁◯◯ 0.77 [0.42, 1.41] ⨁◯◯◯e

↓ CHO 5 83 0.82 [0.66, 1.01] ⨁⨁⨁◯a 0.38 [0.24, 0.59] ⨁⨁⨁◯ 0.72 [0.59, 0.86] ⨁⨁⨁◯

↓ PRO 1 48 0.83 [0.59, 1.17] ⨁⨁◯◯b 0.73 [0.53, 1.01] ⨁⨁◯◯ 0.78 [0.61, 0.98] ⨁⨁◯◯

↑ n-6 PUFA

↓ MUFA 1 78 0.96 [0.76, 1.21] ⨁⨁◯◯b 0.70 [0.45, 1.08] ⨁⨁◯◯ 0.90 [0.73, 1.10] ⨁◯◯◯d

↓ SFA 3 90 0.86 [0.77, 0.97] ⨁⨁⨁◯a 0.55 [0.39, 0.78] ⨁⨁⨁◯ 0.82 [0.74, 0.92] ⨁⨁⨁◯

↓ TFA 1 97 0.98 [0.54, 1.78] ⨁⨁◯◯b 0.12 [0.005, 2.95] ⨁⨁◯◯ 0.92 [0.51, 1.64] ⨁◯◯◯e

↓ CHO 4 95 0.85 [0.77, 0.94] ⨁⨁⨁◯a 0.89 [0.55, 1.42] ⨁⨁⨁◯ 0.85 [0.77, 0.94] ⨁⨁⨁◯

↓ PRO 1 74 0.99 [0.81, 1.22] ⨁⨁◯◯b 0.76 [0.54, 1.08] ⨁⨁◯◯ 0.93 [0.77, 1.11] ⨁◯◯◯d

⨁⨁⨁⨁ High;⨁⨁⨁◯ Moderate;⨁⨁◯◯ Low;⨁◯◯◯ Very low. 95% CI 95% confidence interval; animal-MUFA monounsaturated fatty acids of animal origin; CHO carbohydrates; GRADE
Grading of Recommendations Assessment, Development and Evaluations; HR hazard ratio; MUFA monounsaturated fatty acids; n-3 PUFA n-3 polyunsaturated fatty acids; n-6 PUFA n-6 polyunsaturated
fatty acids; NA not applicable (the proportion of evidence was 100% for the direct estimate); plant-MUFA monounsaturated fatty acids of plant origin; PRO protein, RoB risk of bias, SFA saturated fatty
acids; TFA trans-fatty acids. aDowngraded by 1 level for RoB: less than 2/3 of the studies (and their contributing weight) were rated with a low RoB, and less than 2/3 of the studies were rated with a high
RoB, OR more than 2/3 of the studies (and their contributing weight) were rated with a high RoB, but the effect estimate in the subgroup analysis, excluding studies with a high RoB, was robust.
bDowngraded by 2 levels for RoB: More than 2/3 of the studies (and their contributing weight) were rated with a high RoB. No subgroup analysis for RoB could be conducted to test to robustness of the
effect estimates. cDowngraded by 1 level for inconsistency: The point estimates differ substantially between primary studies, and the corresponding 95% CI overlap only minimally or not at all. We found
no clinical or methodological explanation for this inconsistency. dDowngraded by 1 level for imprecision: The 95% CI includes a RR/HR of 1 and the 95% CI is not narrow (maximal width of 0.05).
eDowngraded by 2 levels for imprecision: The 95% CI includes a RR/HR of 1 and the ratio of the upper to the lower CI bound is > 3.

Table 1: GRADE assessment of direct, indirect and network estimates for the main fatty acid networks (5% isocaloric energy substitution).
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Comparison N studies Direct evidence Indirect evidence Network Meta-Analysis

Proportion direct
evidence

HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence HR (95% CI) Certainty of evidence

↑ PP

↓ AP 14 79 0.87 [0.83, 0.91] ⨁⨁⨁◯a 0.88 [0.81, 0.97] ⨁⨁◯◯ 0.87 [0.84, 0.91] ⨁⨁⨁◯

↓ PUFA 2 50 0.98 [0.88, 1.10] ⨁⨁◯◯b 0.76 [0.68, 0.85] ⨁⨁◯◯ 0.86 [0.80, 0.94] ⨁⨁◯◯

↓ MUFA 2 55 1.02 [0.91, 1.15] ⨁◯◯◯b,c 0.80 [0.71, 0.91] ⨁◯◯◯ 0.92 [0.84, 1.00] ⨁◯◯◯d,e

↓ SFA 4 59 0.90 [0.84, 0.97] ⨁⨁⨁◯a 0.81 [0.75, 0.89] ⨁⨁⨁◯ 0.86 [0.82, 0.91] ⨁⨁⨁◯

↓ TFA 1 97 0.93 [0.53, 1.64] ⨁⨁◯◯b 0.11 [0.005, 2.31] ⨁⨁◯◯ 0.87 [0.50, 1.51] ⨁◯◯◯f

↓ CHO 14 89 0.88 [0.85, 0.92] ⨁⨁⨁◯a 0.82 [0.73, 0.93] ⨁⨁◯◯ 0.88 [0.84, 0.91] ⨁⨁⨁◯

↑ AP

↓ PUFA 2 76 1.01 [0.92, 1.10] ⨁⨁◯◯b 0.92 [0.79, 1.08] ⨁⨁◯◯ 0.99 [0.92, 1.07] ⨁◯◯◯e

↓ MUFA 2 81 1.04 [0.95, 1.14] ⨁◯◯◯b,c 1.06 [0.88, 1.28] ⨁◯◯◯ 1.05 [0.96, 1.14] ⨁◯◯◯e

↓ SFA 4 70 0.99 [0.93, 1.05] ⨁⨁⨁◯a 0.99 [0.90, 1.09] ⨁⨁⨁◯ 0.99 [0.94, 1.04] ⨁⨁◯◯e

↓ TFA 1 99 0.95 [0.55, 1.66] ⨁⨁◯◯b 87 [0.31, 24,508] ⨁⨁◯◯ 0.99 [0.57, 1.73] ⨁◯◯◯f

↓ CHO 14 95 1.00 [0.97, 1.03] ⨁⨁◯◯a,c 1.01 [0.88, 1.17] ⨁⨁⨁◯ 1.00 [0.97, 1.03] ⨁⨁◯◯e

⨁⨁⨁⨁ High; ⨁⨁⨁◯ Moderate; ⨁⨁◯◯ Low; ⨁◯◯◯ Very low. 95% CI 95% confidence interval; AP animal protein; CHO carbohydrates; GRADE Grading of Recommendations
Assessment, Development and Evaluations; HR hazard ratio; MUFA monounsaturated fatty acids; PP plant protein; PRO protein, PUFA polyunsaturated fatty acids; RoB risk of bias; SFA saturated fatty
acids; TFA trans-fatty acids. aDowngraded by 1 level for RoB: less than 2/3 of the studies (and their contributing weight) were rated with a low RoB, and less than 2/3 of the studies were rated with a high
RoB, OR more than 2/3 of the studies (and their contributing weight) were rated with a high RoB, but the effect estimate in the subgroup analysis, excluding studies with a high RoB, was robust.
bDowngraded by 2 levels for RoB: More than 2/3 of the studies (and their contributing weight) were rated with a high RoB. No subgroup analysis for RoB could be conducted to test to robustness of the
effect estimates. cDowngraded by 1 level for inconsistency: The point estimates differ substantially between primary studies, and the corresponding 95% CI overlap only minimally or not at all. We found
no clinical or methodological explanation for this inconsistency. dDowngraded by 1 level for incoherence: The direct and indirect estimates differ beyond chance and this difference cannot be explained.
Although the proportion of the indirect estimate was low, its value had an impact on the network estimate. The p-value for the comparison of the indirect and direct evidence is statistically significant.
eDowngraded by 1 level for imprecision: The 95% CI includes a RR/HR of 1 and the 95% CI is not narrow (maximal width of 0.05). fDowngraded by 2 levels for imprecision: The 95% CI includes a RR/HR of 1
and the ratio of the upper to the lower CI bound is >3.

Table 2: GRADE assessment of direct, indirect and network estimates for the protein-origin subnetwork (5% isocaloric energy substitution): number of participants (n = 1,050,971)
and number of mortality events (n = 228,500).
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SFA), network 6 (plant protein vs. PUFA, plant protein
vs. MUFA, plant protein vs. SFA), and network 7 (high-
quality carbohydrates vs. SFA) (Supplemental
Tables S15–S21).

The design by treatment test showed no indication
for inconsistency for network 1, 3, and 5; but for
network 2, 4, 6, and 7 (p < 0.05) (Supplemental
Table S22).

The detected statistical inconsistency in these net-
works is largely driven by the standardization to 5%
energy substitution, especially for TFA in network 2 and
n-3 PUFA in network 4. This procedure is however
essential to hold the transitivity assumption. Since the
direct evidence in these networks was always superior
(median: 86% contribution of evidence), we did not
downgrade for incoherence in any comparison (except
for plant protein vs. MUFA) of the seven networks and
assume that this statistical inconsistency is not of clin-
ical relevance.

P-scores
Fat (P-score: 0.95) had the highest P-score in network 1,
PUFA (P-score: 0.99) followed by MUFA (P-score: 0.75)
for network 2, plant-MUFA (P-score: 1.00) for network
3, n-3 PUFA (P-score: 0.96) followed by n-6 PUFA
(P-score: 0.72) for network 4, protein (P-score: 0.97)
followed by plant fat (P-score: 0.68) for network 5, plant
protein (P-score: 0.94) for network 6, and MUFA
www.thelancet.com Vol 75 September, 2024
(P-score: 0.81) followed by high-quality carbohydrates
(P-score: 0.68) in network 7 (Supplemental Tables S23–
S29).

Subgroup and sensitivity analyses
Due to the minimum requirement of 10 cohort studies,
subgroup and sensitivity analysis could be conducted
only in few networks, and the subgroup analysis for sex
was not possible.

The subgroup analyses for geographical location was
conducted for network 1, 2, 4, and was in agreement with
the main analysis (Supplemental Tables S30–S32). This
also applies for the subgroup analysis including studies
with a single dietary assessment, which was performed
for network 1 and 4 (Supplemental Tables S33 and S34).
All main findings were confirmed in the sensitivity ana-
lyses excluding high RoB studies and when excluding
cohort studies that had high relative residual effects
(Supplemental Tables S35–S40).
Discussion
This is the first systematic review and NMA that sum-
marized the associations between the substitution of a
wide range of (macro)nutrients and all-cause mortality
by including 1,737,644 participants with 395,491 mor-
tality events. Our results suggest that replacing 5% of
total energy from carbohydrates with PUFA, n-6 PUFA,
9
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n-3 PUFA or plant-MUFA, is inversely associated with
mortality risk based on moderate certainty of evidence.
Moreover, replacing 5% of energy from SFA and TFA,
with PUFA, MUFA or plant-MUFA, and higher intakes
of n-6 or n-3 PUFA at the expenses of SFA was associ-
ated with lower mortality risk. Moderate certainty of
evidence for lower mortality risk was also found when
5% of animal-MUFA was replaced with plant-MUFA,
and when replacing animal protein, and SFA with
plant protein. The certainty of evidence for the replace-
ment of low-with high-quality carbohydrates was rated
as very low.

Our results on macronutrient intake suggest a slight
benefit of a 5% replacement of carbohydrates with fat,
whereas no association was observed for exchanging
carbohydrates with protein, and fat with protein. Due to
the lack of a systematic review on substitution effects,
our results cannot be directly compared with other
studies. However, recent findings from systematic re-
views show that a 5% higher intake of carbohydrate and
fat and a 3% higher protein intake (without specifying
the type of replaced macronutrient) was not associated
with all-cause mortality,13,74–76 which is not fully sup-
ported by our results.

With regard to fat quality, our results are mainly in
agreement with a WHO evidence-report of pairwise
meta-analyses on the health-impact of SFA and TFA,
indicating that replacement of 5% SFA by PUFA,
MUFA, and carbohydrates was inversely related to
mortality risk, although we did not observe a lower
mortality risk when SFA was replaced by carbohy-
drates. On the contrary, in the WHO report, no asso-
ciation was observed when replacing TFA by SFA,77

whereas our NMA suggests a lower mortality risk by
13%. Moreover, we observed that replacement of 5%
TFA by PUFA, MUFA, carbohydrates and protein was
associated with lower mortality risk, associations that
were not investigated in the WHO report. Similarly,
replacement of carbohydrates by MUFA and PUFA has
so far only been investigated in our NMA, and both,
MUFA and PUFA performed better than carbohy-
drates, favouring PUFA.

The beneficial effects of MUFA compared to SFA,
TFA and carbohydrates were attributed to plant-MUFAs,
whereas replacing plant-MUFA and carbohydrates with
animal-MUFAs was associated with a higher mortality
risk. No systematic review so far has investigated the
association between animal- or plant-based MUFAs and
mortality.78 Predominant food sources of plant-MUFAs
include olive oil and nuts.79 A systematic review of 30
RCTs has shown beneficial effects of virgin olive oil on
inflammatory markers such as C-reactive protein and
interleukin-6, as well as endothelial function.80 The
detrimental association of animal-MUFAs on all-cause
mortality, may be attributed to the high content of
SFA in animal-MUFA rich foods like processed and
unprocessed red meat and dairy products.48
Compared to carbohydrates, both n-6 and n-3 PUFA
performed better. The beneficial associations of n-6 and
n-3 PUFA were also shown in comparison with SFA.
Our findings are in line with a systematic review of
cohort studies, which has shown that a 5% increase in
MUFA and PUFA was inversely associated with mor-
tality, whereas SFA and TFA intake was associated with
higher mortality risk.74 The risk of all-cause mortality
was significantly increased up to 11% of the energy
from SFA intake, with a tendency to plateau at higher
percentage. Moreover, in systematic reviews of obser-
vational studies higher intakes of EPA/DHA were
inversely associated with mortality risk.81

The available data from RCTs on mortality as an
outcome is scare. A Cochrane review by Hooper and
colleagues82 found no effect of reducing SFA on all-
cause mortality, and a further evidence synthesis did
not show any association between higher PUFA intake
and risk of all-cause mortality,81 although protective ef-
fects on CVD were detected. The evidence on interme-
diate risk factors (such as atherogenic lipoproteins,
glycaemia measures, and blood pressure) from RCTs is
abundant and aligns with our findings. A systematic
review of RCTs showed that isocaloric substitution of
carbohydrates by SFA raises total cholesterol, low den-
sity lipoprotein cholesterol (LDL-C), high density lipo-
protein (HDL-C) and reduces triglycerides, whereas
substitution of carbohydrates by MUFA and PUFA re-
duces total cholesterol, LDL-C, triglycerides, and in-
creases HDL-C.83 As compared with an isoenergetic
intake of MUFA and PUFA, the consumption of in-
dustrial TFA raises levels of total cholesterol, LDL-C,
triglycerides, reduces levels of HDL-C, whereas for
ruminant TFAs, the number of studies is still low.84

Replacement of industrial TFA by SFA led to
increased levels of total, LDL-C and HDL-C.85 The con-
centration of LDL particles represents a valuable indi-
cator for the development of arteriosclerosis.86

Considering the potential mechanisms of action,
reducing SFA (e.g., via replacement with PUFA/MUFA)
increased the expression of LDL receptor. This may
contribute to an improved clearance of LDL particles by
the liver. Some studies have shown that this effect of
fats can be mediated by influencing the transcription
factor sterol-response element binding protein 2.87,88 The
detrimental effects of TFA might be explained either by
compromising the LDL-Apo B metabolism89 or via acti-
vation of plasma lipid transfer protein.90 Replacing car-
bohydrates or SFA with MUFAs or PUFAs also
improves biomarkers of glucose metabolism such as
HbA1c and HOMA-IR.91 In turn, elevated biomarkers of
lipid and glucose metabolism are associated with greater
mortality risk according to recent Mendelian Randomi-
zation studies, thus supporting that our NMA shows
causal associations.92,93

Regarding protein quality, our findings align with a
systematic review of nine prospective cohort studies
www.thelancet.com Vol 75 September, 2024
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found an inverse association for all-cause mortality,
when replacing animal protein with plant protein, in
four out of five studies.94 An umbrella review by Lv and
colleagues75 reported no association between a 3% in-
crease in animal protein and all-cause mortality,
whereas plant protein was inversely related to overall
mortality.75 We report for the first time a beneficial as-
sociation of plant protein compared to carbohydrates
and SFA. Among the most important food groups for
the intake of plant-based proteins are legumes and nuts.
Both are characterized by a high content in fibre, un-
saturated fatty acids, folic acid, secondary plant metab-
olites and other antioxidants and are associated with an
improved serum lipid profile and a reduction in car-
diovascular risk.95–98 Potential disadvantages of plant
protein sources are e.g., a lower bioavailability and an
unfavourable amino acid profile.99 However, a focus on
plant-based protein sources does not imply complete
avoidance of animal-based proteins, e.g., from fish and
seafood in order to obtain a high protein quality with
sufficient amounts of essential amino acids.

Although it is well established that carbohydrate
quality is more important than quantity, in our NMA,
we did not observe an association when replacing low-
quality with high-quality carbohydrates on mortality.
Similar to our findings, a dose–response meta-analysis
found no association between glycaemic index/load
and mortality.100 However, findings from prospective
studies and RCTs associated with relatively high intakes
of dietary fibre and whole grains were complementary,
and dose–response evidence indicates that the relation-
ships with several non-communicable diseases could be
causal.101 As no substitution data on carbohydrate types
such a glucose, fructose, etc were available, it was not
possible to conduct the additional a-priori planned
NMA.

The Acceptable Macronutrient Distribution Range
for carbohydrates is set at 45–65% of total energy, at
10–35% for protein intake, and at 20–35% for total fat
intake.6 A recent scoping review of guidelines on dietary
fat commissioned by the International Union of Nutri-
tional Sciences,102 highlighted the range of intake rec-
ommendations for MUFA 10–25%, for PUFA 6–11%,
for SFA 7–11%, and for industrial TFA 0–2%.

Our findings confirm recommendations by the
WHO to replace TFA and SFA with plant-MUFAs and
PUFAs, but somewhat question the recommendation to
limit total fat intake to ≤30%, and aim for a carbohy-
drate intake between 40 and 70%, whereas, our findings
indicate that an increased carbohydrate recommenda-
tion should be seen with caution, as we showed an as-
sociation between a 5% substitution of carbohydrates
with fat, especially vegetable fats such as plant-MUFAs,
PUFAs (n-6 and n-3), and plant protein and lower
mortality. The intake of animal-MUFA should be
limited, as compared to carbohydrates and plant-MUFA
as it seems to be associated with an increased mortality
www.thelancet.com Vol 75 September, 2024
risk. Although, we did not observe an association be-
tween low-quality compared to high-quality carbohy-
drates, carbohydrates from foods containing naturally
occurring dietary fibre (e.g., whole grains, vegetables,
fruits, pulses) are associated with additional health
benefits based on other systematic reviews.101 Moreover,
our findings are in line with the current U.S. Depart-
ment of Agriculture dietary guidelines, that replacing
animal with plant protein is deemed beneficial. This is
particularly important as protein intake, according to the
Acceptable Range of Macronutrient Distribution, should
be between 10% and 35% of energy, which is a
considerable amount.

Our systematic review and NMA enclosing 39
studies and 297 (macro)nutrient comparisons has
several strengths, including its novelty and impact, the
stringent methodology such as the a-priori published
study protocol, extensive search and the screening, data
extraction, RoB assessment carried out by two inde-
pendent authors, the methodology of NMA first time
used in this setting for advances in statistical analyses,
and GRADE certainty of evidence assessment. The us-
age of substitution analyses is an additional strength,
due to the better health-interpretation of (macro)nutri-
ents. Furthermore, if effect sizes were only available per
quantiles/unit of intake/exchange for a primary study,
we estimated the linear association per 5% of total en-
ergy exchange, this allowed us to derive additional data
on substitution analyses. By combining direct and in-
direct evidence to form the network estimates, we were
able to increase the precision of our results. Further-
more, using NMA allowed us to rank all nutrient sub-
stitutions within their respective networks from best to
worst. However, our work also has several limitations.
First of all, we are not able to assume causality for the
observed associations considering the observational na-
ture of the included cohort studies. Residual and un-
measured confounding cannot be excluded despite the
adjustment for important personal (e.g., age, sex) and
lifestyle factors (e.g., physical activity, smoking) by 30
cohort studies.12,41,42,45–48,50–53,57–61,63–73 Nonetheless, the es-
timates provided in our analyses are conservative, since
we analysed the most-adjusted risk estimates available
from each cohort study, many of which were adjusted
for known mediators for all-cause mortality (e.g., hy-
pertension, hypercholesterolemia). It may be that more
judicious adjustments of confounders rather than me-
diators in future cohort studies would better reflect the
relationship between nutrients and health outcomes.
Second, the different tools to assess dietary intakes in
the included studies are based on self-reporting and
therefore subject to measurement error.103 The relative
paucity of data available precluded higher certainty of
evidence relating to (macro)nutrients and mortality.
Third, the findings on TFA need to be interpreted with
caution, since several cohort studies with dietary
assessment in early 2000 were included, and since then
11
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TFA levels of intake have decreased substantially.104

Nevertheless, it seems possible, that risk estimates
associated with TFA may represent an underestimate of
the true effect of sustained intakes, since in the coun-
tries from which most data were derived regulatory
measures have resulted in a reduction of TFA intake, to
the extent that baseline measurements from cohorts do
not reflect intakes over the period of observation.
Moreover, due to the limited availability of data, we were
not able to differentiate between industrial and rumi-
nant TFA. Detailed information on ruminant TFA was
available in one cohort study only.54 Fourth, the carbo-
hydrate network needs to be interpreted with caution,
since we used carbohydrates categorized as “complex”,
“high-quality” to form the node “high-quality carbohy-
drates/polysaccharides”. However, “starch” could also
include carbohydrates of lower quality. Sixth, all ana-
lyses were based on a linear assumption. Although it
was shown in previous systematic reviews that non-
linearity was seldom for macronutrients,74,105 it cannot
be ruled out.

In conclusion, our results are of practical importance
for many professionals working in the field of public
health, and can inform upcoming dietary guidelines.
Our data showed a beneficial association on mortality
risk by increasing PUFA (both n-3 and n-6) and (plant-)
MUFA at the expenses of carbohydrates, SFA and TFA,
and when replacing animal protein and animal-MUFA
with plant-based sources of protein and fat (MUFA).
These findings reinforce the importance of plant-based
dietary guidelines. However, it is worth noting that
these conclusions may diverge from current WHO
recommendations on a healthy diet, particularly
regarding the limitation of fat intake to no more than
30% of total caloric intake. In future studies, specific
fatty acids, amino acids types, and a more differentiated
approach for different carbohydrates could also be
investigated in addition to non-communicable disease
outcomes.
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