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Abstract

Background: Instruments to critically appraise randomised controlled trials (RCTs) are based on evidence from
meta-epidemiological studies. We aim to conduct a meta-epidemiological study on the average bias associated with
reported methodological trial characteristics such as random sequence generation, allocation concealment, blinding,
incomplete outcome data, selective reporting, and compliance of RCTs in nutrition research.

Methods: We searched the Cochrane Database of Systematic Reviews, for systematic reviews of RCTs, published
between 01 January 2010 and 31 December 2019. We combined the estimates of the average bias (e.g. ratio of risk
ratios [RRR] or differences in standardised mean differences) in meta-analyses using the random-effects model. Sub-
group analyses were conducted to investigate the potential differences among the RCTs with low versus high/unclear
risk of bias with respect to the different types of interventions (e.g. micronutrients, fatty acids, dietary approach), out-
comes (e.g. mortality, pregnancy outcomes), and type of outcome (objective, subjective). Heterogeneity was assessed
through # and 72, and prediction intervals were calculated.

Results: We included 27 Cochrane nutrition reviews with 77 meta-analyses (n =927 RCTs). The available evidence
suggests that intervention effect estimates may not be exaggerated in RCTs with high/unclear risk of bias (versus low)
judgement for sequence generation (RRR 0.97, 95% CI 0.93 to 1.02; I =28%; T’ =0.002), allocation concealment (RRR
1.00,95% C1 0.96 to 1.04; > =27%; 7> =0.001), blinding of participants and personnel (RRR 0.95, 95% CI 0.91 to 1.00;

1> =23%; 7> =0), selective reporting (RRR 0.97, 95% CI 0.92 to 1.02; I =24%; T =0), and compliance (RRR 0.95, 95% C|
0.89 to 1.02; > =0%; T>=0). Intervention effect estimates seemed to be exaggerated in RCTs with a high/unclear risk
of bias judgement for blinding of outcome assessment (RRR 0.81, 95% Cl 0.70 to 0.94; > = 26%; 7> = 0.03), which was
predominately driven by subjective outcomes, and incomplete outcome data (RRR 0.92, 95% Cl 0.88 to 0.97; I = 22%;
7 =0.001). For continuous outcomes, no differences were observed, except for selective reporting.

Conclusions: On average, most characteristics of nutrition RCTs may not exaggerate intervention effect estimates,
but the average bias appears to be greatest in trials of subjective outcomes. Replication of this study is suggested in
this field to keep this conclusion updated.

Keywords: Nutrition, Pooling, Risk of bias, Dietary compliance, Meta-analysis, Cohort studies, Randomised controlled
trials
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Study [1]. Decision-making in the context of diet-related
diseases should be informed by the most reliable available
research evidence. Thus, dietary guidance is frequently
derived from systematic reviews (SRs) of randomised
controlled trials (RCTs) [2]. RCTs are considered to pro-
vide the most trustworthy effect estimates of dietary
interventions and are the gold standard for establishing
causal relations between dietary exposures (e.g. nutri-
ents, foods, or dietary patterns) and health outcomes (e.g.
event rates or intermediate disease markers) [3].

Limitations in a RCT, such as in the design, conduct,
and analysis of the study, can bias the effect estimates
resulting in an overestimation or underestimation of the
true intervention effect [4]. This can potentially lead to
suboptimal decision-making in nutrition research, e.g.
implementing or not a specific dietary intervention for
a certain disease. Thus, it is important for the authors of
SRs to assess the internal validity of the included primary
studies by evaluating the risk of bias (RoB) and incorpo-
rating the findings into their statistical analysis, GRADE
(Grading of Recommendations, Assessment, Develop-
ment and Evaluation) assessment and conclusion [5].

The Cochrane tool [6] is the most widely used tool to
assess RoB in evidence synthesis in medical and nutrition
research [7]. It guides review authors through six pre-
defined domains (and methodological characteristics)
that need to be considered for the RoB judgement: selec-
tion bias (random sequence generation and allocation
concealment), performance bias (blinding of participants
and personnel), detection bias (blinding of outcome
assessment), attrition bias (incomplete outcome data),
reporting bias (selective reporting), and other bias [6].

Instruments to critically appraise RCTs are based on
evidence from meta-epidemiological studies. To date,
several meta-epidemiological studies have investigated
the influence of reported study design characteristics on
intervention effect estimates in the medical field. They
found that trials with inadequate sequence generation
and allocation concealment and lack of blinding of par-
ticipants and outcome assessors yielded more beneficial
estimates of intervention effects [8—10]. However, to the
best of our knowledge, no such systematic evaluation has
been conducted for RCTs in the nutritional field.

To close this important research gap, this meta-epi-
demiological study aims to synthesise evidence on the
average bias associated with seven commonly reported
methodological trial characteristics in nutrition research.
Moreover, we aim to determine whether average bias
estimates are relatively similar or not across meta-anal-
yses addressing different interventions, and outcomes.
The findings from this study will allow us to better under-
stand and explore the impact of trial characteristics on
effects estimates from nutrition RCTs.
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Methods

This meta-epidemiological study adheres to the guide-
lines for reporting meta-epidemiological methodology
research [11].

Search strategy and data selection

The sample consists of 33 SRs of RCTs which were iden-
tified through a previous meta-epidemiological study
[12]. For this project, we searched for SRs of RCTs in
the Cochrane Database of Systematic Reviews published
between 01 January 2010 and 31 December 2019, which
investigated the effects of nutritional interventions (e.g.
dietary pattern, micronutrients) on patient-relevant out-
comes (e.g. mortality, cardiovascular disease [CVD]).
Details of the inclusion and exclusion criteria, as well
as the search strategy, are displayed in Additional file 1:
Appendix S1-S2.

For each identified Cochrane review, we chose a maxi-
mum of six outcomes (maximum three binary and three
continuous outcomes) for each given intervention, based
on the ranking in the Summary of Findings tables (from
top to bottom). Furthermore, we selected only the meta-
analyses that contain at least one trial judged as ‘low risk
of bias’ and another for ‘unclear or high risk of bias’ for
a specific methodological characteristic according to the
RoB assessment provided by the original SR authors.

Data extraction

We extracted the following data for each included
Cochrane review: name of the first author, year of pub-
lication, type of intervention, description of outcome,
effect estimates (risk ratio [RR] or mean difference [MD]
with the corresponding 95% confidence interval [CI]),
and the number of included RCTs. For continuous out-
comes, we calculated the standard deviations [SD], and
the effect measures were converted to standardised
mean differences [SMD] with the transformation formula
SMD =MD/SD.

For each RCT included in the eligible meta-analyses
of each considered Cochrane review, we additionally
extracted all effect estimates with their corresponding
95% CI and the judgements (low, unclear, high) for each
methodological trial characteristic of the Cochrane tool
[6] (random sequence, generation and allocation con-
cealment, blinding, incomplete outcome data, and selec-
tive reporting) as provided by the original SR authors.
Although dietary compliance was not suggested in the
RoB domains of the Cochrane tool, we extracted judge-
ments if available, due to its importance for nutrition
RCTs [13]. Judgements for each methodological trial
characteristic were extracted from the risk of bias sum-
mary figure and/or the ‘characteristics of studies’ tables
in the appendix.
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Two authors extracted data using a piloted standard-
ised data collection form. Data extraction was performed
by one reviewer (IR) and checked by a second reviewer
(JS). Divergences were resolved by consensus, or by con-
sulting a third reviewer (LS).

Statistical analysis

We standardised the direction of effect of the outcomes
so that binary effect estimates<1 (or continuous out-
comes < 0) are always expressing a beneficial effect.

Relative effect estimates (quantified as the ratio of risk
ratios [RRR] or difference in standardised mean differ-
ences [DSMD]) between RCTs with high/unclear and
those with low RoB were measured for each methodo-
logical trial characteristic. To do so, we re-calculated
the effect estimate [RR or MD] for each group of trials
included in the same meta-analysis, by pooling first only
those RCTs which were judged to be at low RoB accord-
ing to the methodological trial characteristic under inves-
tigation and second only those RCTs with an unclear or
high RoB judgement (see Additional file 2: Fig. S1). By
using RCTs with low RoB judgements as the reference
group, we examined the pooled estimate to see whether
there was a relatively larger or smaller estimate com-
ing from RCTs with high/unclear RoB judgements. For
example, a RR from high/unclear RoB RCTs of 0.95 and
a RR from low RoB RCTs of 0.90 result in a RRR of 1.06,
whereas a RR of 1.00 in low RoB RCTs compared to a RR
of 1.06 in high/unclear RoB RCTs is also a RRR of 1.06.
Therefore, the RRRs should not be interpreted as larger
or smaller treatment effects in one RoB category, but only
as differences between the two RoB categories, and the
direction of difference depends on the direction of effect
of the underlying RCTs.

RCTs with high and unclear RoB judgements were
grouped together, since the number of available judge-
ments was small (Table 1). This approach was in line with
landmark meta-epidemiological studies [8, 10, 14]. We
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performed meta-analyses to synthesise the relative effect
estimates (average bias). Statistical analyses were con-
ducted across all outcomes and for each methodologi-
cal characteristic independently. When methodological
trial characteristics were defined differently across the
Cochrane reviews (e.g. ‘blinding’ in general), we excluded
these from the analyses. We performed subgroup analy-
ses with respect to the different types of interventions
(e.g. dietary approach, fatty acids, micronutrients), and
types of outcomes (e.g. mortality, cardiovascular disease,
cancer). Moreover, we performed subgroup analyses
comparing the objective (e.g. all-cause mortality) versus
pregnancy outcomes versus mostly subjective outcomes
according to Savovic and colleagues [9, 10].

We also performed a sensitivity analysis excluding the
highly correlated outcomes (Additional file 3: Tables
S$1-S7). The determination of highly correlated outcomes
was based on experts’ opinions and is in line with our
previous study [12]. For each intervention, we only chose
the outcome that was mentioned first from the Summary
of Findings tables of the identified Cochrane reviews. For
example, for the intervention of a-linolenic acid, the out-
comes CVD, CVD mortality, and coronary heart disease
are probably highly correlated. CVD mortality outcome
was chosen as it was mentioned first in the Summary
of Findings table, while the other two outcomes were
excluded. In a post hoc analysis, we conducted a sensitiv-
ity analysis including only one outcome per comparison
from each included SR. We chose the outcome with the
largest number of RCTs included. In case there were two
outcomes with the same number of RCTs, we chose the
one that was ranked higher in the Summary of Findings
table.

We used the random-effects model in meta-analysis
to take into account the between-study variability (het-
erogeneity). We assessed heterogeneity with ? and 7°
measures [15, 16]. The 7* statistic was estimated by the
restricted maximum-likelihood (REML) method [17],

Table 1 Number of randomised controlled trials included in the data set, by risk of bias judgement

Methodological trial characteristic

Risk of Bias judgement according to review authors

Total Low Unclear High

N N % N % N %
Random sequence generation 831 618 744 205 24.7 8 0.9
Allocation concealment 925 541 585 370 40.0 14 1.5
Blinding of participants and personnel 430 264 614 88 20.5 78 18.1
Blinding of outcome assessment 500 348 69.6 136 272 16 32
Incomplete outcome data 872 583 66.9 149 17.1 140 16.0
Selective reporting 567 369 65.1 147 259 51 9.0
Dietary compliance 234 119 509 100 42.7 15 6.4
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which performs well for both binary and continuous out-
comes [18-20]. We also calculated 95% prediction inter-
vals (PI) to provide the range of possible values for the
difference between the characteristics of RCTs that might
be observed in future comparisons.

We performed post hoc multivariable meta-regressions
to account for confounding variables such as sample size
and conflicts of interest. For each methodological trial
characteristic, we investigated whether ‘sample size’ or
reported ‘conflicts of interest’ are associated with the dif-
ferences in the effect estimates across the groups of low
and high/unclear RoB RCTs.

All statistical analyses were conducted using the R
package meta (version 5.2-0) [21].

Results

Of the 33 SRs of RCTs identified in our previous study
[22-54] including 97 meta-analyses, five SRs [25, 32, 35,
41, 49], including 11 meta-analyses, were excluded since
they provide only one RCT for any eligible outcome.
Moreover, we excluded nine meta-analyses in five eligible
SRs [29, 44, 48, 51, 53] since comparisons were not pos-
sible for any methodological trial characteristic. Over-
all, 27 SRs of RCTs (Cochrane reviews) [22-24, 26-31,
33, 34, 36—40, 42-48, 50, 52—54] with 77 meta-analyses
(n=927 RCTs) were included. The details of the selec-
tion process are displayed in Fig. 1 and Additional file 3:
Tables S8-S9 [55-86].

Characteristics of meta-analyses of randomised controlled
trials

The meta-analyses included a median of ten RCTs (range:
2 to 64). The interventions evaluated in the identified
meta-analyses can be categorised into micronutrients
(n=36), fatty acids (n=16), dietary approach (n=14),
food groups (n=>5), fibre (n=4), and food (n=2).

The intervention was administered in the form of
dietary supplements (n=31), dietary intake (n=30), or
both (z=16). The outcome clusters included intermedi-
ate disease markers (n=21), CVD (n=18), pregnancy
outcomes (n=17), all-cause mortality (n=12), cancer
(n=6), bone health (n=2), and eye disease (n=1). Addi-
tional file 3: Tables S10-S11 presents the characteristics
of all meta-analyses in our sample.

All included SRs assessed the RoB of the primary
studies using the criteria of the original version of the
Cochrane tool [6]. Among the 77 meta-analyses, 60 were
informative for ‘random sequence generation, 69 for
‘allocation concealment, 39 for ‘blinding of participants
and personnel, 49 for ‘blinding of outcome assessment,
60 for ‘incomplete outcome data] 36 for ‘selective report-
ing; and 16 for ‘dietary compliance’ Overall, we included
52 meta-analyses on binary outcomes and 25 on continu-
ous outcomes (Additional file 3: Table S12).
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For ‘random sequence generation, 618 trials (74.4%)
included in the meta-analyses were judged as having
low RoB by the original review authors (see Table 1). For
‘allocation concealment, there were 541 trials (58.5%)
with a low RoB judgement, for ‘blinding of participants
and personnel’ 264 trials (61.4%), ‘blinding of outcomes’
348 trials (69.6%), ‘incomplete outcome data’ 583 trials
(66.9%), and ‘selective reporting’ 369 trials (65.1%). The
proportion of trials judged as being at low RoB was low-
est for the ‘dietary compliance’ domain (50.9%, 119 tri-
als). In the comparison group enclosing unclear and high
RoB trials, most trials (51.6-96.4%) were judged as hav-
ing an unclear RoB by the original review authors. Most
of the trials with a high RoB were found for ‘blinding of
participants and personnel’ (78 trials, 18.1%) and ‘incom-
plete outcome data’ (140 trials, 16.0%).

Average bias associated with the methodological trial
characteristics

Tables 2 and 3 present the results of the association of the
reported characteristics on intervention effect estimates,
from the main analyses, subgroup analyses, and sensitiv-
ity analyses. All meta-analyses conducted are illustrated
with forest plots in Additional file 2: Figs. $2-547.

Random sequence

Based on 39 meta-analyses with binary outcomes [22-24,
26-29, 31, 36, 37, 40, 42, 46, 53, 54], high/unclear RoB
judgement (versus low) for sequence generation may not
exaggerate intervention effect estimates on average (RRR
0.97, 95% CI0.93 to 1.02; I? =28%; > =0.002; 95% PI 0.88
to 1.08; see Additional file 2: Fig. S2). The sensitivity anal-
yses excluding highly correlated outcomes (Additional
file 2: Fig. S3) or including only one outcome per com-
parison from each included SR (Additional file 2: Fig. S4),
and subgroup analyses for the types of intervention and
outcomes (Additional file 2: Figs. S5-S7) also yielded no
exaggeration of intervention effect estimates on average,
comparing RCTs with high/unclear RoB judgement (ver-
sus low) for sequence generation.

Based on 21 meta-analyses with continuous outcomes
[22, 24, 30, 33, 34, 39, 43, 45, 47, 48, 52], no exaggeration
of intervention effect estimates on average was detected
(Additional file 2: Fig. S8), also when excluding highly
correlated outcomes (Additional file 2: Fig. S9) or includ-
ing only one outcome per comparison from each SR
(Additional file 2: Fig. S10).

Allocation concealment

Based on 46 meta-analyses with binary outcomes [22-24,
26-29, 31, 36-38, 40, 42, 45, 46, 50, 53, 54], high/unclear
RoB (versus low) judgement for allocation concealment
may not exaggerate the intervention effect estimates
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Fig. 1 Flow diagram showing study selection process for eligible Cochrane reviews. MA, meta-analyses; RCT, randomised controlled trials; SR,
systematic reviews. Reasons for exclusion are displayed in Additional file 3: Tables S8-S9

on average (RRR 1.00, 95% CI 0.96 to 1.04; I*=27%;
=0.001; 95% PI 0.92 to 1.08; see Additional file 2: Fig.
S11). This finding was confirmed in a sensitivity analy-
sis by excluding highly correlated outcomes (Additional
file 2: Fig. S12) or including only one outcome per com-
parison from each SR (Additional file 2: Fig. S13), and
the additional subgroup analyses for the different types
of interventions and outcomes (Additional file 2: Figs.
S14-S16).

For continuous outcomes [22, 24, 30, 34, 37, 39, 43,
45, 47, 48, 50, 52], the average effect of high/unclear
RoB (versus low) judgement for allocation conceal-
ment was close to the null (DSMD 0.03, 95% CI—0.07 to

0.12; *=51%; °=0.03; 95% PI—0.32 to 0.37; see Addi-
tional file 2: Fig. S17), also in the sensitivity analysis with
excluding highly correlated outcomes (Additional file 2:
Fig. S18) or including only one outcome per comparison
from each SR (Additional file 2: Fig. S19).

Blinding of participants and personnel

A total of 29 meta-analyses with binary outcomes [22—
24, 28, 36, 40, 42, 45, 46, 54] contributed to the analysis
of RCTs with high/unclear RoB (versus low) judgement
for blinding of participants and personnel. No exaggera-
tion of intervention effect estimates on the average was
observed in the main analysis (RRR 0.95, 95% CI 0.91 to
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Table 2 Overview of the main results for binary outcomes

Methodological trial characteristic (high/unclear N (meta-analyses) RRR (95% Cl) Heterogeneity (%7 95% PIP
versus low RoB judgement)
Random sequence generation
Main analysis 39 0.97 (0.93; 1.02) 28%; 0.002 0.88;1.08
Micronutrients 23 0.96 (0.92; 1.00) 2%; 0 0.91;1.00
Fatty acids M 0.97(0.76; 1.23) 62%; 0.09 0.76;1.23
Dietary approach 3 0.99 (0.82; 1.20) 0%; 0 0.29;341
All-cause mortality 1 0.96 (0.88; 1.04) 19%; 0.005 0.80;1.16
Pregnancy outcomes 7 0.98 (0.90; 1.07) 38%; 0 0.88;1.10
Mostly subjectively assessed 21 1.00(0.87; 1.14) 35%; 0.03 0.69; 144
Excluding highly correlated outcomes 28 0.94 (0.85; 1.03) 42%; 0.02 0.69; 1.26
Including only one outcome per comparison 19 0.98 (0.92; 1.04) 28%; 0.003 0.85;1,12
Allocation concealment
Main analysis 46 1.00 (0.96; 1.04) 27%; 0.001 0.92;1.08
Micronutrients 26 1.00 (0.95; 1.06) 33%; 0.002 0.90; 1.11
Fatty acids 14 0.93(0.83; 1.05) 37%; 0.01 0.70;1.25
Dietary approach 4 1.05(0.96; 1.15) 0%; 0 0.85;1.29
All-cause mortality 12 0.97 (0.91;1.04) 33%; 0.003 0.85;1.12
Pregnancy outcomes 1 1.04(0.97;1.11) 47%; 0 0.96;1.12
Mostly subjectively assessed 23 1.00 (0.92; 1.09) 13%; 0 0.92;1.09
Excluding highly correlated outcomes 34 0.98 (0.93; 1.03) 29%; 0.002 0.87;1.09
Including only one outcome per comparison 22 0.98 (0.93;1.04) 25%; 0.002 0.88;1.09
Blinding of participants and personnel
Main analysis 29 0.95(0.91; 1.00) 23%;0 0.90; 1.01
Micronutrients 17 0.95 (0.85; 1.07) 31%; 0.004 0.79;1.15
Fatty acids 1 0.96 (0.90; 1.02) 6%; 0 0.89;1.03
Dietary approach n/a n/a n/a n/a
All-cause mortality 5 0.95 (0.87; 1.04) 0%; 0 0.83;1.10
Pregnancy outcomes 8 0.84(0.59; 1.20) 59%; 0.14 0.30;2.33
Mostly subjectively assessed 16 0.94 (0.88; 1.01) 10%; 0 0.88;1.02
Excluding highly correlated outcomes 18 0.95 (0.89; 1.02) 6%; 0 0.88;1.02
Including only one outcome per comparison 11 0.96 (0.89; 1.04) 289%;<0.0001 0.88; 1.05
Blinding of outcome assessment
Main analysis 28 0.81(0.70;0.94) 269%; 0.03 0.54;1.23
Micronutrients 15 0.90 (0.77; 1.05) 37%; 0.02 0.62;1.29
Fatty acids 10 0.62(047;0.82) 0%; 0 0.45;0.86
Dietary approach 2 0.88(0.39;2.02) 0%; 0 n/a
All-cause mortality 5 0.83 (0.64; 1.08) 0%; 0.02 0.46;1.51
Pregnancy outcomes 10 0.86 (0.62; 1.18) 49%; 0.11 0.37;1.98
Mostly subjectively assessed 13 0.74 (0.59; 0.93) 0%; 0.02 048;1.13
Excluding highly correlated outcomes 19 0.81 (0.67; 0.98) 27%; 0.04 0.51;1.29
Including only one outcome per comparison 12 0.88(0.73;1.07) 17%; 0.03 0.58;1.35
Incomplete outcome data
Main analysis 37 0.92(0.88;0.97) 22%; 0.001 0.85;1.00
Micronutrients 20 0.92 (0.87;0.98) 36%; 0.001 0.85; 1.01
Fatty acids I 0.82(0.72;0.94) 0%; 0 0.71;0.96
Dietary approach 6 1.00(0.89;1.12) 42%; 0.001 0.83;1.20
All-cause mortality I 0.91 (0.85:0.98) 0%; 0 0.84;0.99
Pregnancy outcomes 11 0.76 (0.54;1.07) 60%; 0.18 027,214
Mostly subjectively assessed 15 0.88 (0.78; 1.00) 0%; 0.01 0.69;1.12
Excluding highly correlated outcomes 26 0.93 (0.88; 0.99) 19%; 0.001 0.84;1.03
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Table 2 (continued)
Methodological trial characteristic (high/unclear N (meta-analyses) RRR (95% Cl) Heterogeneity (%7 95% PIP
versus low RoB judgement)
Including only one outcome per comparison 17 0.92 (0.86; 0.98) 38%; 0.002 0.82;1.03
Selective reporting
Main analysis 23 0.97 (0.92; 1.02) 24%; 0 0.92;1.02
Micronutrients 15 0.99 (0.92;1.07) 19%; 0 0.92;1.07
Fatty acids 5 0.95 (0.89; 1.02) 63%; 0 0.86; 1.06
Dietary approach 3 4(0.54;2.41) 0%; 0 0.01; 144.53
All-cause mortality 7 0.96 (0.90; 1.02) 51%;<0.0001 0.88; 1.04
Pregnancy outcomes 8 0.99 (0.65; 1.51) 0%; 0 0.59; 1.68
Mostly subjectively assessed 8 05 (0.90; 1.22) 48%; 0.02 0.70; 1.56
Excluding highly correlated outcomes 18 0.98 (0.93; 1.04) 35%; 0 0.92;1.04
Including only one outcome per comparison 12 00 (0.81; 1.25) 56%; 0.07 0.54;1.87
Dietary compliance
Main analysis 15 0.95 (0.89; 1.02) 0%; 0 0.88;1.03
All-cause mortality 5 0.95 (0.86; 1.05) 0%; 0 0.81;1.12
Mostly subjectively assessed 10 0.96 (0.87; 1.06) 0%; 0 0.85;1.08
Excluding highly correlated outcomes 10 0.94 (0.87; 1.03) 0%; 0 0.85; 1.04
Including only one outcome per comparison 6 0.99 (0.89; 1.09) 0%; <0.0001 0.86; 1.13

Cl Confidence interval using z-critical value, > Heterogeneity measure, n/a Not applicable, PI Prediction interval using t-critical value, RoB Risk of bias, RRR Ratio of risk
ratios, T2 Heterogeneity value with the restricted maximum-likelihood estimation method

2 For results with no heterogeneity (both /2 and 12 =0), the 95% PI may differ from the corresponding 95% Cl, since calculations from 95% Cls are based on z-critical

values, while calculations for 95% Pls are based on t-critical values

1.00; I>=23%; °=0; 95% PI 0.90 to 1.01; see Additional
file 2: Fig. S20) and by excluding highly correlated out-
comes (Additional file 2: Fig. S21) or including only one
outcome per comparison from each SR (Additional file 2:
Fig. S22). When analyses were stratified according to
the type of intervention or subjective and objective out-
comes, the average effect of bias associated with high/
unclear RoB (versus low) judgement for blinding of par-
ticipants and personnel was not exaggerated (Additional
file 2: Figs. S23-S24). However, in subgroup analysis
stratified by the cluster of outcomes, the outcome ‘cancer’
showed an average of 32% exaggeration (RRR 0.68, 95%
CI 0.51 to 0.91; =0%; >=0; 95% PI 0.36 to 1.30; see
Additional file 2: Fig. S25). It is worth notable that this
finding is limited by the low number of included meta-
analyses (n=4).

Based on ten meta-analyses with continuous outcomes
[22, 24, 30, 34, 45], no exaggeration of intervention effect
estimates on average was detected, in both the main and
the sensitivity analyses (Additional file 2: Figs. $26-S28).

Blinding of outcome assessment

In the analysis of 28 meta-analyses with binary outcomes,
the influence of high/unclear RoB (versus low) judgement
for blinding of outcome assessors on the effect estimates
was substantial (RRR 0.81, 95% CI 0.70 to 0.94; I>=26%;
2=0.03; 95% PI 0.54 to 1.23; see Additional file 2: Fig.

$29). This finding was confirmed in the sensitivity analy-
ses excluding highly correlated outcomes (Additional
file 2: Fig. S30), but not when including only one outcome
per comparison from each SR (RRR 0.88, 95% CI 0.73 to
1.07; P=17%; 7°=0.03; 95% PI 0.58 to 1.35; see Addi-
tional file 2: Fig. S31).

Subgroup analysis stratified by the type of interven-
tions (Additional file 2: Fig. S32) indicated that the exag-
geration of intervention effect estimates on average was
driven by ‘fatty acids’ interventions (RRR 0.62, 95% CI
0.47 to 0.82; I*=0%; °=0; 95% PI 0.45 to 0.86) and dif-
fered substantially from ‘micronutrients’ interventions
(RRR 0.90, 95% CI 0.77 to 1.05; P =37%; *=0.02; 95%
PI 0.62 to 1.29). Moreover, when analyses were stratified
according to the type of outcomes (Additional file 2: Figs.
$33-S34), exaggeration of intervention effect estimates on
average was driven by ‘mostly subjectively assessed’ out-
comes (RRR 0.74, 95% CI 0.59 to 0.93; I*=0%; 7> =0.02;
95% PI 0.48 to 1.13). It was not statistically significant
for all-cause mortality (RRR 0.83, 95% CI 0.64 to 1.08;
PP=0%; °=0.02; 95% PI 0.46 to 1.51) or pregnancy out-
comes (RRR 0.86, 95% CI 0.62 to 1.18; I*=49%; 7> =0.11;
95% P10.37 to 1.98).

For continuous outcomes [22, 24, 30, 33, 34, 43, 45,
47, 48, 50], the average effect of high/unclear RoB judge-
ments for blinding of outcome assessment was close to
the null in the main analysis (DSMD 0.07, 95% CI —0.02
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Table 3 Overview of the main results for continuous outcomes
Trial characteristic (high/unclear versus low RoB N (meta- DSMD (95% Cl) Heterogeneity (%1 95% PI°
judgement) analyses)
Random sequence generation
Main analysis 21 0.01 (—0.08;0.09) 28%; 0.01 —0.18;0.19
Excluding highly correlated outcomes 13 —0.01(=0.12;0.09) 36%; 0.03 —040; 040
Including only one outcome per comparison 11 —0.01(=0.13;0.12) 42%:; 0.01 —0.29:0.28
Allocation concealment
Main analysis 23 0.03 (—0.07;0.12) 51%; 0.02 —0.32;037
Excluding highly correlated outcomes 13 0.02(—0.12;0.17) 62%; 0.04 —043;047
Including only one outcome per comparison 12 0.03(=0.12;0.19) 66%; 0.04 —046;0.53
Blinding of participants and personnel
Main analysis 10 —0.09 (—0.17;0.00) 0%; 0 —0.19;0.01
Excluding highly correlated outcomes 5 —0.06 (—0.18;0.07) 0%; 0 —0.26;0.15
Including only one outcome per comparison 5 —0.12(—=0.24,0.01) 0%; 0 —0.32;0.98
Blinding of outcome assessment
Main analysis 21 0.07 (—0.02;0.16) 33%; 0.01 —0.19;0.33
Excluding highly correlated outcomes 11 0.12(0.00; 0.24) 23%;0.01 —0.15;0.39
Including only one outcome per comparison 10 0.07 (—0.09; 0.23) 52%; 0.03 —0.37;0.51
Incomplete outcome data
Main analysis 23 —0.05(—=0.15;0.06) 58%; 0.03 —043;034
Excluding highly correlated outcomes 13 —0.08 (—=0.23;0.06) 61%; 0.04 —0.56;0.39
Including only one outcome per comparison 12 —0.10 (—0.25;0.06) 63%; 0.04 —0.06;041
Selective reporting
Main analysis 13 —0.10(—0.18;,—0.03) 0%; 0 —0.19;,—0.02
Excluding highly correlated outcomes 8 —0.08(—=0.18;0.03) 16%; 0.002 —0.25;0.10
Including only one outcome per comparison 8 —0.13(=0.22;-0.03) 5%;<0.0001 —0.25;0.00

Cl Confidence interval using z-critical value, DSMD Difference of standardised mean differences,

I? Heterogeneity measure, Pl Prediction interval using t-critical value,

RoB Risk of bias, T heterogeneity value with the restricted maximum-likelihood estimation method

2 For results with no heterogeneity (both /2 and 12 =0), the 95% PI may differ from the corresponding 95% Cl, since calculations from 95% Cls are based on z-critical

values, while calculations for 95% Pls are based on t-critical values

to 0.16; *=33%; *=0.01; 95% PI—0.19 to 0.33; see
Additional file 2: Fig. S35) and when excluding highly
correlated outcomes (Additional file 2: Fig. S36) or
including only one outcome per comparison from each
SR (Additional file 2: Fig. S37).

Incomplete outcome data

Based on our analysis of 37 meta-analyses [22-24, 27-29,
36-38, 40, 42, 44, 45, 50], high/unclear RoB (versus low)
judgement for incomplete outcome data may exaggerate
the intervention effect estimates, on average by 8% (RRR
0.92, 95% CI 0.88 to 0.97; > =22%; > =0.001; 95% PI 0.85 to
1.00; see Additional file 2: Fig. S38). However, this was also
the case when excluding highly correlated outcomes in the
sensitivity analysis (RRR 0.93, 95% CI 0.88 to 0.99; P=19%;
2=0.001; 95% PI 0.84 to 1.03; see Additional file 2: Fig.
S39) or including only one outcome per comparison from
each SR (RRR 0.92, 95% CI 0.86 to 0.98; I*=38%; *=0.002;
95% PI0.82 to 1.03; see Additional file 2: Fig. S40).

When analyses were stratified according to type of
interventions or type of outcomes, the average effect of
bias associated with high/unclear RoB judgement for
incomplete outcome data was largest for ‘fatty acids’
(RRR 0.82, 95% CI 0.72 to 0.94; I*=0%; r>=0; 95% PI
0.71 to 0.96; see Additional file 2: Fig. S41) and ‘all-
cause mortality’ (RRR 0.91, 95% CI 0.85 to 0.98; I> = 0%;
2=0; 95% PI 0.84 to 0.99; see Additional file 2: Fig.
S42-S43), respectively. The subgroup analysis focus-
ing on cancer as an outcome showed an average of 43%
exaggeration (RRR 0.57, 95% CI 0.34 to 0.95; I>=0%;
2=0; 95% PI 0.02 to 16.15; see Additional file 2: Fig.
S42), but this finding is limited by the low number of
included meta-analyses (n=3).

Based on 23 meta-analyses with continuous out-
comes [22, 24, 30, 34, 37, 39, 43, 45, 47, 48, 50, 52], no
exaggeration of intervention effect estimates on average
was observed (Additional file 2: Fig. S44), also in the
sensitivity analyses when excluding highly correlated
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outcomes or including only one outcome per compari-
son from each SR (Additional file 2: Figs. S45-546).

Selective reporting

Based on the meta-analysis of 23 meta-analyses [22-24,
27-29, 36, 40, 45, 50], there was no evidence that trials
rated at high/unclear (versus low) RoB have different
effect estimates due to selective reporting (RRR 0.97, 95%
CI 0.92 to 1.02; I*=24%; r>=0; 95% PI 0.92 to 1.02; see
Additional file 2: Fig. S47). This finding was confirmed in
sensitivity analyses and also across all subgroup analyses
(Additional file 2: Figs. S48-5S52).

For the continuous outcomes [22, 24, 39, 43, 45, 48,
50, 52], an exaggeration of intervention effect estimates
on average was observed (DSMD —0.10, 95% CI—0.18
to—0.03; P=0%; r°=0; 95% PI—0.19 to—0.02; see
Additional file 2: Fig. S53). This was also the case when
only outcome per intervention was included in the sen-
sitivity analysis (Additional file 2: Fig. S54). However,
the sensitivity analysis excluding highly correlated out-
comes does not confirm this finding (DSMD — 0.08, 95%
CI—-0.18 to 0.03; =16%; r°=0.002; 95% PI—0.25 to
0.10; see Additional file 2: Fig. S55).

Dietary compliance

Based on 15 meta-analyses with binary outcomes [22-24,
38, 40], there was no evidence that trials rated at high/
unclear (versus low) RoB for dietary compliance have
different effect estimates (RRR 0.95, 95% CI 0.89 to 1.02;
P=0%; 7°=0.00; 95% PI 0.88 to 1.03; see Additional
file 2: Fig. S56). This finding was confirmed in the sen-
sitivity and subgroup analyses (Additional file 2: Figs.
S57-S61).

Due to the low number of meta-analyses available
(n=1) [22], we did not perform any analysis for continu-
ous outcomes for dietary compliance.

Meta-regression analyses did not show any statistically
significant effects of the confounding variables ‘sample
size’ and ‘conflicts of interest’ on the pooled estimates,
in any of the methodological trial characteristics (Addi-
tional file 3: Tables S13-S25).

Discussion

Summary of findings

This meta-epidemiological study of 77 meta-analyses
synthesised evidence on the average bias associated with
reported methodological trial characteristics such as ran-
dom sequence generation, allocation concealment, blind-
ing, incomplete outcome data, selective reporting, and
dietary compliance of RCTs in the nutritional field. The
main findings suggest that most characteristics of nutri-
tion RCTs considered in our sample may not exaggerate
the average intervention effect estimates. However, we
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observed that intervention effect estimates may exag-
gerate on average by 18% in trials rated at high/unclear
(versus low) RoB for blinding of outcome assessment. For
this methodological trial characteristic, the average bias
appears to be larger for subjective outcomes, whereas for
all-cause mortality and pregnancy outcomes, no asso-
ciation was observed. Moreover, high/unclear (versus
low) RoB judgements for incomplete outcome data may
exaggerate intervention effect estimates on average by
9%, which was confirmed in various subgroup and sen-
sitivity analyses. Overall, the statistical heterogeneity
was low, which was confirmed by a narrow 95% PI. For a
pooled estimate of continuous outcomes, no differences
were observed between high/unclear (versus low) RoB
methodological trial characteristics, except for selective
reporting in the main analysis.

Comparison with other studies

We did not identify any similar empirical study investi-
gating the impact of study design biases on intervention
effects across meta-analyses of nutrition RCTs. However,
several meta-epidemiological studies have been con-
ducted in the medical research field so far. Savovic and
colleagues [14], for instance, showed that intervention
effect estimates seemed to be exaggerated in trials with
inadequate/unclear (versus adequate) sequence genera-
tion (by 11%), allocation concealment (by 7%), or double-
blinding (by 13%). This exaggeration was, however, not
statistically significant for mortality and other objective
outcomes, which is in line with our findings. Similarly,
Page and colleagues [8] synthesised evidence from 24
meta-epidemiological studies and observed that certain
characteristics of RCTs such as sequence generation, allo-
cation concealment, and double blinding may exaggerate
the intervention effect estimates for subjective compared
with objective outcomes. Moreover, inadequate/unclear
blinding of the outcome assessor (versus adequate blind-
ing) may exaggerate the intervention for subjective out-
comes, which is in line with our findings. Regarding the
detected exaggeration of intervention effects observed in
RCTs with high or unclear RoB judgements for incom-
plete outcome data, previous studies reported incon-
sistent findings: Savovic and colleagues [10] found little
evidence that intervention effects were exaggerated in
trials which were judged to be at high or unclear RoB
for incomplete outcome data, whereas Abraha and col-
leagues [87] observed an exaggeration.

In congruence with our findings, two small meta-epi-
demiological studies concluded that there was no con-
vincing evidence that trials rated at high/unclear (versus
low) risk of bias due to selective reporting have different
effect estimates [88, 89].
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A recent meta-epidemiological study investigated the
impact of blinding and found no evidence for an average
difference in estimated treatment effect between trials
with and without blinded patients, healthcare providers,
or outcome assessors [90]. This study result is in agree-
ment with our findings on double blinding of participants
and personnel but in disagreement with our findings on
blinding of outcome assessment for subjective outcomes.

Implications for the research nutrition field

Systematic evidence syntheses based on high-quality evi-
dence are highly needed to generate trustworthy dietary
guidance. Ideally, these should base on direct evidence
from RCTs with a low risk of bias. In the field of nutri-
tion research, however, trialists face a number of meth-
odological challenges that are difficult to resolve [13].
Whereas certain trial characteristics such as random
sequence generation, allocation concealment, and blind-
ing of outcome assessment can be performed for most
RCTs, irrespective of the research field, others are con-
text-specific and are more difficult to incorporate such as
blinding of participants and personnel, incomplete out-
come data, and dietary compliance. For instance, people
are in general aware of what they consume. Therefore, it
is often impossible to blind study participants, except for
RCTs with dietary supplements. Moreover, longer-term
nutrition research trials often face attrition of partici-
pants (40-50% dropout rate is fairly common in free-
living populations [91]) and low compliance to a specific
dietary regimen is often observed [92].

Nonetheless, in our meta-epidemiological study, we
observed that on average, most characteristics of nutri-
tion RCTs may often not exaggerate intervention effect
estimates. Of note, our sample is mainly based on inter-
ventions with dietary supplements where blinding is
possible and more than 60% of the included RCTs were
judged as low RoB for blinding of participants and per-
sonnel. Moreover, two-third of the RCTs in our sample
were judged with low RoB for incomplete outcome data.
Attrition seems to be lower in interventions with supple-
ments, as the lifestyle behaviour change introduced by
the intervention is small [93].

Regarding dietary compliance, about half of the RCTs
(n=119) included in our sample were judged with a low
RoB, and all interventions based on the supplementation
(and partly on dietary intake) of fatty acids or micronu-
trients. Surprisingly, RCTs with high/unclear RoB for
dietary compliance showed no differences compared
to low RoB trials. This could possibly be explained by
the fact that most of the included RCTs were rated as
‘unclear’ (n=100) and only few (n=15) at ‘high’ RoB.
Furthermore, the number of included studies which
were informative about dietary compliance was small.
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Dietary compliance is not a specific domain in the origi-
nal version of the Cochrane tool [6]. The authors of the
Cochrane reviews included in this study assessed dietary
compliance by introducing a new RoB domain [23, 40],
within ‘other sources of bias’ [22, 38] or did not provide
any details on the assessment in the methods Sect. [24].
Moreover, definitions of ‘dietary compliance’ differ
between the included reviews: some authors, for instance,
based their judgement on thresholds, whereas others on
reported differences in intake or biomarkers between
the control and treatment groups (see Additional file 3:
Table S26). In the most recent version of the Cochrane
tool (RoB 2.0), however, compliance to a specific dietary
intervention will be assessed within the domain ‘assess-
ing deviations from intended interventions’ [94].

In order to highlight the methodological weaknesses
of included RCTs and address the study design bias, it
is crucial for the authors of SRs to take RoB assessments
into account in the statistical analysis, in the GRADE
assessment, and conclusions of the SRs.

Strengths and limitations

This study has several strengths. First, to the best of
our knowledge, no similar study has been conducted in
the nutritional field so far. Second, we analysed a large
sample of diet-disease effects (m=77 meta-analyses).
Third, we selected meta-analyses of RCTs published as
Cochrane reviews, which are internationally recognised
as the highest standard in evidence-based healthcare.
The high methodological quality of Cochrane nutrition
reviews was confirmed recently [95]. Fourth, our study
was based on meta-analyses of both binary and continu-
ous outcomes.

However, our study has also several limitations: First,
although we pooled a large sample of diet-disease associ-
ations, our sample may not be representative of all meta-
analyses, and the totality of the evidence of available
diet-disease associations might provide different results.
Second, some trials may be included multiple times in
the main analysis due to the different outcomes. How-
ever, in our post hoc sensitivity analyses, we also took a
conservative approach by including only one outcome
per comparison from each included SR. These sensitiv-
ity analyses confirmed all the findings of the main analy-
sis. Third, we did not use the most recent version of the
RoB tool [94] since we extracted the RoB judgements as
provided by the original review authors. The usage of this
tool, which was published in 2019 [94], would have made
it impossible to generate an adequate sample. Additional
considerations added to the revised tool were thus not
considered for our analysis. For example, differences in
baseline characteristics or the effect of adhering to inter-
vention are not addressed by the original tool [6]. Fourth,
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we did not verify the RoB assessment of the included
Cochrane reviews including the judgements made for
‘dietary compliance’ Finally, the RoB assessment is based
on the reported methodological characteristics of the
included primary studies. It remains however unclear,
whether trials that were classified as ‘unclear’ might have
been in fact adequately conducted. Since we merged
both, RCTs with high and unclear risk of bias, we might
have misclassified some of the trials which might be at
low risk of bias. Due to these limitations, our findings
need to be interpreted with caution.

Conclusions

On average, most characteristics of nutrition RCTs may
not exaggerate intervention effect estimates, but the
average bias appears to be greatest in trials of subjective
outcomes. These results could reflect that certain trial
characteristics are less important than often believed for
RCTs in the nutritional field. We suggest the replication
of this meta-epidemiological study in the nearly future
to keep this evidence up to date, and to perform it with
a larger sample to gain more insight into the impact of
methodological quality on the exaggeration of effect esti-
mates. In particular, the impact of dietary compliance
with regard to subjectively assessed outcomes needs to
be investigated. Moreover, future meta-epidemiological
analyses should focus on the methodological trial charac-
teristics as defined by the most recent version of the RoB
tool [94]. We conclude that the RoB assessment should
remain a methodological safeguard in nutrition trials.
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