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Abstract

Dose-response meta-analyses are of key relevance to identify causal relations between exposure and 
health-related endpoints based on epidemiologic evidence, thus providing a powerful tool for both 
investigators and risk assessors. So far, their use has been limited in food safety risk assessment and 
in epidemiologic studies with either experimental or non-experimental design, also since they could not 
be applied in studies with two levels of exposure only. However, the growing number of epidemiologic 
studies, the need to identify and shape relations between exposure and endpoints that are not linear, 
such as those L-, U- and J-shaped, and to locate possible thresholds of exposure which may characterize 
beneficial and adverse effects of dietary constituents, have increased the need of biostatistical tools for 
dose-response modelling in meta-analyses. We addressed these issues in two case-studies, the relation 
between cadmium exposure and breast cancer risk in non-experimental cohort studies, and between 
potassium exposure and blood pressure in randomized controlled trials, using a recently developed 
methodology for ‘one-stage’ dose-response modelling. This statistical methodology is based on 
restricted cubic spline models fit with a generalized least-squares regression, combining study-specific 
estimates with a restricted maximum likelihood method within a multivariable random-effects meta-
analysis. Such method allows to use studies based on less than three categories of exposure, such as 
trials based on two arms only. The implementation of such modelling in our two case studies has shown 
that cadmium exposure is not generally related with breast cancer risk in cohort studies, and that 
potassium intake has a U-shaped relation with both systolic and diastolic blood pressure, also depending 
on hypertensive status. Overall, the availability and implementation of the one-stage dose-response 
meta-analytic approach yields a flexible and powerful tool to comprehensively summarize and model 
the relation between dietary constituents and health endpoints based on epidemiologic evidence, greatly 
favouring the implementation of the risk assessment process.
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Summary

The implementation of flexible dose-response meta-analyses has long been sought to provide 
investigators and risk assessors in the field of food safety, and more generally in any other field, with 
comprehensive and effective tools to perform their scientific assessments considering the overall 
epidemiologic evidence. The underlying reasons is the growing availability of epidemiologic studies, with 
both experimental and non-experimental design, and therefore the difficulty in summarizing all the 
available evidence from human studies. In addition, a comprehensive dose-response meta-analysis may 
allow to identify sources of heterogeneity in the effect observed, of major importance for the 
interpretations of epidemiologic studies and their inconsistencies, and to target adequately specific 
subgroups according to age, sex, and other characteristics (such as being pregnant or lactating women, 
people with high blood pressure, etc.). Finally and most importantly, only the use of flexible and 
comprehensive dose-response models may reliably allow to detect and shape relations between 
exposure and health outcome which are not linear, including those L-, U- and J-shaped, and to locate 
the exact threshold of exposure which may characterize both beneficial and adverse effects of foods 
and particularly dietary constituents.

We have addressed these issues in two case-studies, the relation between cadmium exposure and 
breast cancer risk (in non-experimental cohort studies), and between potassium exposure and blood 
pressure (in experimental cohort studies, i.e. trials), taking advantage of a recently developed 
methodology for one-stage dose-response modelling. This newly-available statistical methodology is 
based on a restricted cubic spline model fit with a generalized least-squares regression, combining 
study-specific estimates with a restricted maximum likelihood method within a multivariable random-
effects meta-analysis. Most importantly, these methods allowed the use in the dose-response modelling 
of studies based on less than three categories of exposure, such as trials based on two arms only.

Our results have allowed to model flexibly the aforementioned relations, showing that cadmium 
exposure, as assessed through the most reliable biomarker (urinary cadmium excretion), does not 
appear to be related at any levels of exposure with breast cancer risk in cohort studies, with the possible 
exception of selected population subgroups. With reference to potassium, dietary intake of this mineral 
has been associated though a U-shaped relation with blood pressure, both systolic and diastolic, though 
the statistical precision of the effect estimates greatly differs across exposure levels, in particular after 
stratifying for hypertensive status.

In conclusion, the availability of the one-stage dose-response meta-analytic approach appears to yield 
a flexible and most useful approach to comprehensively model the relation between dietary factors and 
health endpoints, thus providing a useful tool to summarize large epidemiologic evidence and to carry 
out a risk assessment process.
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1. Introduction 

1.1. Background and Terms of Reference as provided by the 
requestor

This contract/grant was awarded by EFSA to:

Contractor/Beneficiary: The consortium composed by the University of Modena and Reggio Emilia 
(UNIMORE) in Modena, Italy (coordinator - contact person Prof. Marco Vinceti), Karolinska Institutet 
(Stockholm, Sweden – contact person Prof. Nicola Orsini), the National and Kapodistrian University of 
Athens (NKUA, contact person Prof. Androniki Naska), and the University of Porto (UPORTO – contact 
person Prof. Duarte Torres).

Contract/Grant title: “Dose-response relationships in health risk assessment of nutritional and 
toxicological factors in foods: development and application of novel biostatistical methods”

Contract/Grant number: GP/EFSA/AFSCO/2017/01 – GA09

This report summarizes, according to the Grant Agreement section #1.7, the scientific report 
collaboratively carried out within the project “Dose-response relationships in health risk assessment of 
nutritional and toxicological factors in foods: development and application of novel biostatistical 
methods” and its impact assessment. This report is suitable to be published on EFSA’s website, which 
we agreed could become publicly available. 

This project has been carried out and funded by EFSA under its 2017 Partnering Grant Program: 
GP/EFSA/AFSCO/2017/01 – GA09, to a consortium coordinated by the University of Modena and Reggio 
Emilia (UNIMORE) in Modena, Italy (contact person Prof. Marco Vinceti) and also composed by 
Karolinska Institutet (Stockholm, Sweden – contact person Prof. Nicola Orsini,); by the National and 
Kapodistrian University of Athens (NKUA, contact person Prof. Androniki Naska,; and by the University 
of Porto (UPORTO – contact person Prof. Duarte Torres). These institutions were within the list of 
competent organisations adopted by EFSA Management Board according to Article 36 of European 
Parliament and Council Regulation (EC) No 178/2002. The project has been carried out within the time 
limits originally planned and authorized (February 8, 2020, plus two months for the delivery of the final 
report), and following all the rules which applied to this project and the related grant agreement. The 
financial overview and details of the project are provided in a separate report, along with the requested 
document. Two project meetings have been held within the project before the final telemeeting of March 
25, 2020: the kick-off physical meeting held on February 9, 2018 in Parma at EFSA premises, and the 
interim meeting held in the form of a telemeeting on February 21, 2019.

Concerning the scientific tasks and achievements of the project, we believe that we have substantially 
accomplished our original aims, as hereafter explained in more details, and we have substantially met 
the originally planned timeline, as reported in the minutes of the kick-off meeting.

The project originally stemmed from the awareness that dose-response modelling of epidemiologic 
studies though a meta-analytic approach is of major importance when addressing food safety issues, 
with reference to both nutrients and contaminants to which humans may be exposed. However, so far 
this approach has not been widely utilised in nutritional and environmental epidemiology and in food 
safety, due to the lack of studies reporting enough information for such assessment (i.e., not reporting 
exposure-category specific estimates) or reporting only relative risk (RR) estimates for one category of 
exposure in trials, i.e. the RR in the intervention arm. In addition, the statistical routines to perform 
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dose-response flexible meta-analyses were unfortunately limited or even entirely missing, and therefore 
in most cases the published meta-analysis have focused only on the comparison between the highest 
versus the lowest category of exposure in term of endpoint risk/value (generally presented through a 
‘forest plot’), or have used a meta-regression linear approach, thus not allowing to flexibly shape the 
relation between exposure and health endpoint, i.e. any departure from a linear model including the 
identification of thresholds, U/J/L-shaped curves.

The benefit of improving our knowledge, domain, capacity to use and interpretation of dose-response 
meta-analysis may definitely have a key relevance in the implementation of risk assessments in food 
safety, and even beyond its boundaries, i.e. with reference to environmental risk assessment, drug 
safety, and other fields. In addition, the growing number of studies carried out on the same issues in 
nutritional risk assessment, and more generally in any scientific field, suggests the need to have 
available reliable methods to summarize in a safe and comprehensive manner all the information 
available, to allow both the experts and the general population to access in a transparent way the 
human studies underlying specific food safety issues and to assess their reliability, value, source of 
heterogeneity and implications.
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2. Data and Methodologies 

2.1. Data

2.1.1. Research question

We configured the research questions according to the PICO/PECO statement (Morgan et al. 2019; 
Morgan et al. 2018). This currently widely used tool turned out to be very helpful in the systematic and 
reliable identification of review objectives and the methods that will be implemented to answer that 
question. In detail, the acronym present:

 Population: the group of interest where the intervention is implemented or the population or 
subgroup which is exposed the exposure of interest;

 Intervention/Exposure: the compound or the chemical of interest, including the modality of 
administration or exposure;

 Comparator: the group to which the intervention/exposure group will be compared, e.g. 
placebo/control arm in experimental studies or unexposed or less-exposed group in 
nonexperimental studies;

 Outcome: the effect which is being expected after the administration of the intervention or the 
exposure.

That statement has the purpose to provide a framework for developing a key question that is being 
answered in a systematic review, and also to help to explicitly define inclusion and exclusion criteria in 
order to identify relevant studies to be included in the review. Study design: in addition to the main 
item mentioned above, also type of study that may be the most suitable (e.g. within experimental 
studies: randomized controlled trial or within nonexperimental studies: prospective studies) to answer 
the research question and are going to be considered.

For potassium (with blood pressure as continuous endpoint), a study was considered eligible if: (1) 
exposure to potassium was assessed through either use of dietary questionnaires or urinary 
measurements; (2) the endpoint of interest was either systolic BP (SBP) and diastolic BP (DBP); (3) an 
experimental design and a minimum intervention duration of four weeks had been employed; and (4) 
the intervention was performed using potassium containing supplement, and not through dietary 
modification only or by mixed intervention with other active components; and (5) measurements of 
urinary sodium and potassium excretion obtained before and after potassium supplementation were 
available. 

For cadmium (with breast cancer as dichotomous outcome), a study was considered eligible if: (1) 
exposure to cadmium was assessed through either dietary questionnaires or urinary cadmium levels; 
(2) the outcome of interest was mortality or incidence of breast cancer; (3) it was a prospective cohort, 
case-cohort or nested case-control study with a minimum one-year follow-up; and (4) risk estimates 
were provided using incident rate ratio (IRR), hazard ratio (HR), risk ratio (RR), odds ratio (OR) along 
with the 95% confidence interval (CI), alternatively. Case-control studies with controls not recruited 
from the same cohort that generated the breast cancer cases, cross-sectional and animal studies were 
not considered.

2.1.2. Literature search

We performed the literature searches using Pubmed/Medline electronic online database. We also 
implemented citation chasing techniques in order to identify additional relevant studies that may be not 
included in the search results, e.g. error in classification in the online database, especially for older 
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studies or where alternatively the exposure and/or the outcome of interest is not reported in the abstract 
but the study has been cited in previous studies, including previous reviews on the topic. We additionally 
screened reference list of included studies aiming at the identification of all relevant studies and avoid 
the occurrence of publication bias (Begg and Mazumdar 1994).

As regards potassium and blood pressure, we used the following keywords for literature search: 
“potassium, dietary” or “potassium” or “potassium chloride” in association with “dietary supplements” 
or “supplement” for study intervention and “blood pressure” or “blood pressure determination” or 
“arterial pressure” or “hypertension” for study outcome. We excluded studies carried out in animals. As 
regard cadmium and breast cancer, we used the following keywords: "cadmium" and "breast 
neoplasms" or “breast cancer”, with search restricted to studies carried out in humans.

We imported result of the literature searches into the Covidence systematic review software (Veritas 
Health Innovation, Melbourne, Australia; www.covidence.org) for further assessment and data 
extraction. At least two authors from two different partners of the consortium agreement reviewed all 
titles and abstracts independently. In case of disagreement, the issue was discussed and agreed upon 
after the evaluation and a thorough discussion of a third author.

2.1.3. Risk of bias assessment

We implemented risk of bias assessment using either Risk of Bias assessment tool (RoB 2.0) for 
experimental studies (Higgins et al. 2011; Sterne et al. 2019) and the Risk of Bias (RoB) in Non-
randomized Studies of Exposures (ROBINS-E) tool for nonexperimental studies (23). The quality of the 
included studies was assessed independently by all consortium partners at the Universities of Modena 
and Reggio Emilia, Athens and Porto. In case of disagreement for the overall evaluation of each included 
study, we assigned the rate which obtained the majority of the approvals after in-depth discussion 
between consortium partners.

For experimental studies i.e. trials, a study was allocated to an overall higher risk of bias if it was judged 
to be at “High risk” for at least one domain whereas we considered it as being in the “Some concerns” 
category when some unease existed for at least one domain. A trial was included in the review if the 
duration was at least four weeks, to allow for physiological adaptations over time and in line with both 
EFSA assessments and most systematic reviews and meta-analysis in the scientific literature. The 
following six risk of bias domains were considered: (1) Risk of bias arising from the randomization 
process; (2) Risk of bias due to deviations from the intended interventions (effect of assignment to 
intervention); (3) Missing outcome data; (4) Risk of bias in measurement of the outcome; (5) Risk of 
bias in selection of the reported result. In addition, we included an evaluation of the (6) Risk of bias for 
cross-over design, assessing also whether the trial implemented a wash-out period. We allocated the 
study to an overall higher risk of bias if it was judged to be at “High risk” for at least one domain 
whereas we considered the study at “Some concerns” risk of bias when some unease existed for at least 
one domain. Detailed guidance of RoB 2.0 assessment for experimental studies is reported in Appendix 
A.

For nonexperimental studies i.e. observational prospective studies, seven domains were assessed 
including:(1) bias due to confounding; (2) bias in selecting participants in the study; (3) bias in exposure 
classification; (4) bias due to departures from intended exposures; (5) bias due to missing data; (6) 
bias in outcome measurement; (7) bias in the selection of reported results. Each domain was 
characterized as low, moderate, serious or critical risk of bias. In particular, criteria implemented for 
risk of bias evaluation are the following: (a) Bias due to confounding: factors considered mandatory in 
order to judge a study at moderate risk of bias are: age, smoking habits and body mass index. Factors 
considered mandatory to judge a study at low risk of bias are: in addition to the aforementioned factors, 
use of hormone replacement therapy, alternatively energy intake for dietary intake assessment only, 
and creatinine adjustment for urine excretion only; (b) Bias in selecting participants in the study: 
selection of eligible participants must not be related to cadmium exposure; (c) Bias in exposure 
classification: possible exposure misclassification for studies not using a biological sample for the 
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assessment or exposure classification based on an assessment performed after beginning of the study; 
(b) Bias in departure from intended exposure: There should be no concern about departure from 
intended exposure due to the long term, i.e. that subjects may have changed exposure during follow-
up; (e) Bias due to missing data: Definition of reasonable cutpoint of up to 10% for missing data to be 
considered at low risk. (f) Bias in outcome measurement: possible bias based on the modality of 
outcome assessment. A study was considered as of high risk if the assessment was based on self-
reporting only without external validation; (g) Bias in selection of reported results: description of 
methods must be clearly described to be at low risk and in addition evidence that selected were 
presented yielded a high risk evaluation. We assigned an overall higher risk of bias to studies that were 
judged at high risk if at least one domain was judged at high risk of bias, and at moderate risk of bias 
if at least one domain was judged at moderate risk of bias. Detailed guidance of risk of assessment for 
nonexperimental studies is reported in Appendix B.

2.1.4. Data Extraction

Data extraction was performed by all study partners at the Universities of Modena and Reggio Emilia, 
Athens and Porto, with the supervision of the Karolinska Unit. For potassium, extraction was performed 
independently by two consortium partners in the first place (UNIMORE and NKUA), and subsequently 
checked and confirmed by a third partner (UPORTO). The following data were extracted: first author 
name, year of publication, country where the study has been carried out, duration of potassium 
intervention phase, number and characteristics participants, hypertensive status, use of 
antihypertensive drugs, design of the trial (parallel or cross-over), presence and duration of a wash-out 
period, modality of blood pressure measurement (type of device and position of the participants), type 
and quantity of the potassium supplements administrated, baseline levels of potassium excretion, 
achieved levels of potassium excretion at the end of the trial, sodium excretion at baseline and after 
the intervention, summary statistics (mean, standard deviation) of systolic blood pressure (SBP) and 
diastolic blood pressure (DBP) levels.

For cadmium we extracted from each eligible study: first author name, year of publication country where 
the study was carried out, duration of follow‐up, exposure of interest (dietary intake or urinary excretion 
of cadmium, details about the outcome of interest (incidence or mortality), cutpoints for each category 
of exposure, number of cases, cohort size, variables included in most adjusted multivariable model, risk 
estimates with 95% confidence intervals from the most adjusted model.

2.2. Methodology
In this section we briefly describe the main features of the methodology used in this project and we 
refer the interested reader to the paper by Crippa et al (2019) for the details (Crippa et al. 2019). We 
performed dose-response meta-analyses within the general framework of mixed-effects models. The 
main goal of the analysis is to make inference on the average dose-response relationship based on 
multiple tables of empirical findings. 

The response is a statistic summarizing a distribution of individual outcomes (quantitative, binary). The 
predictor can represent any quantitative aspect (amount, frequency, duration) of an administered drug 
or an exposure. The hypothesis is that a summary dose-response curve underlying a collection of similar 
studies addressing the same research question exists and we wish to quantify the parameters of such 
curve. Let’s use the index i = 1, …, I  to denote data available for the i-th study and the index j = 1, …, 
  to denote the allotted dose. The response  could represent the mean, (log) odds, or (log) rate of 𝐽𝑖 𝜇𝑖𝑗

an individual outcome. 

The simplest, yet commonly used, form of dose-response model is the following:

Model 1. Linear dose-response function

           (𝜇𝑖𝑗 ― 𝜇𝑖𝑟) = (𝛽 + 𝑏𝑖)(𝑥𝑖𝑗 ― 𝑥𝑖𝑟) + 𝜀𝑖𝑗
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          𝑏𝑖~𝑁(0,𝜏2)

        𝜀𝑖𝑗~𝑁(0,𝛴)

The dependent variable is an estimated change in the expected outcome (mean difference, log odds 
ratio, log rate ratio). The independent variable is an allotted change in the dose. Where a constant 
change in the dose is assumed to be associated with a constant change  in the predicted outcome. Of 𝛽
note, both the dependent and independent variables are expressed in terms of changes relative to a 
common reference dose. The reference dose  may change across studies.  Each set of study-specific 𝑥𝑖𝑟
contrasts has a certain variances/covariances  reflecting the uncertainty of these contrasts. The 𝛴
absence of an intercept forces the study-specific dose-response line to go through the origin (0,0). The 
assumption of a distribution of true dose-response relationships is translated into a random-effect  𝑏𝑖
added to the average slope . The magnitude of variability of the true linear dose-response relationship 𝛽
across studies is quantified by the variance component . The published study-specific contrasts 𝜏2

estimated within each study  serve as dependent variable. The corresponding inverse of the (𝜇𝑖𝑗 ― 𝜇𝑖𝑟)
study-specific estimated variance/covariance  is used a weight. The observed dose levels being 𝛴
contrasted serve as the only covariate in the model.  The number of contrasts  available within each 𝐽𝑖
study may vary. It should be noted that the single mixed-model estimated on the available data (or 
one-stage) is taking into account the structure of the data and the contribution that each study is able 
to provide in estimating the distribution of true dose-response relationships. 

The simple, yet widely used dose-response Model 1, can be extended in different ways. In this project, 
we used regression splines to investigate a possible curvi-linear relationship between the dose and the 
predicted outcome. 

Model 2. Spline dose-response function

           (𝜇𝑖𝑗 ― 𝜇𝑖𝑟) = (𝛽1 + 𝑏1𝑖)(𝑠1(𝑥)𝑖𝑗 ― 𝑠1(𝑥𝑖𝑟)) + (𝛽2 + 𝑏2𝑖)(𝑠2(𝑥)𝑖𝑗 ― 𝑠2(𝑥𝑖𝑟)) + 𝜀𝑖𝑗

          (𝑏1𝑖
𝑏2𝑖)~𝑁(0, 

𝜏2
1

𝜏1,2 𝜏2
2)

        𝜀𝑖𝑗~𝑁(0,𝛴)

A flexible tool is represented by restricted cubic splines with three knots ( ) spread along the 𝑘1, 𝑘2, 𝑘3
range of the dose. Location of the knots are fixed percentiles (10th, 50th, 90th) of the overall dose 
distribution available from the I studies. A cubic spline is a variable  that (𝑥 ― 𝑘)3

+ = 𝐼(𝑥 > 𝑘)(𝑥 ― 𝑘)3

takes value  when the exposure is above the knot  and 0 otherwise. The word restricted refers (𝑥𝑖𝑗 ― 𝑘)3 𝑘
to the constraint of linearity before the first knot  and beyond the last knot . The first spline 𝑘1 𝑘3
transformation of the exposure  is simply the identity function . The second spline 𝑠1 𝑠1(𝑥𝑖𝑗) = 𝑥𝑖𝑗
transformation of the exposure is instead a function of cubic splines and knots

𝑠2(𝑥𝑖𝑗) =
(𝑥𝑖𝑗 ― 𝑘1)3

+ ―
(𝑘3 ― 𝑘1)
(𝑘3 ― 𝑘2)(𝑥𝑖𝑗 ― 𝑘2)3

+ +
(𝑘2 ― 𝑘1)
(𝑘3 ― 𝑘2)(𝑥𝑖𝑗 ― 𝑘3)3

+

(𝑘3 ― 𝑘1)2

Apart from being able to describe a variety of shapes, an attractive feature of the restricted cubic spline 
model is that the simpler linear-response model obtained when  is zero. The magnitude of the 𝛽2
parameter  quantifies the departure from the linear dose-response function (Model 1). Since the shape 𝛽2
of the dose-response relationship is now characterized by two regression coefficients,  and , the 𝛽1 𝛽2
random-effects are placed on both of them. The magnitude of heterogeneity in dose-response 
relationships across studies is captured by the 2 variances and 1 covariance components. Estimates of 
the unknown parameters can be obtained using likelihood methods.
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Inference on the average dose-response relationship

The Wald-type test can be used for hypothesis about all or a subset of the parameters. A formal p-value 
can be obtained by comparing the Wald-type statistic to a  distribution with p degrees of freedom (p 𝜒2

𝑝
is the number of regression coefficients). The predicted contrast in responses, , together with 𝜇 ∗

𝑗 ― 𝜇 ∗
𝑟  

a 95% confidence interval comparing dose  and  for the average study is given by𝑥𝑗 𝑥𝑟

(𝜇 ∗
𝑗 ― 𝜇 ∗

𝑟 ) = 𝛽[𝑥𝑗 ― 𝑥𝑟] ± 1.96 Var(𝛽1)[𝑥𝑗 ― 𝑥𝑟]2

when p =1 (Model 1) and

(𝜇 ∗
𝑗 ― 𝜇 ∗

𝑟 )
= 𝛽1[𝑠1(𝑥𝑗) ― 𝑠1(𝑥𝑟)] + 𝛽2[𝑠2(𝑥𝑗) ― 𝑠2(𝑥𝑟)] ± 1.96
Var(𝛽1)[𝑠1(𝑥𝑗) ― 𝑠1(𝑥𝑟)]2 + Var(𝛽2)[𝑠2(𝑥𝑗) ― 𝑠2(𝑥𝑟)]2 +

2 Cov(𝛽1,𝛽2)[𝑠1(𝑥𝑗) ― 𝑠1(𝑥𝑟)][𝑠2(𝑥𝑗) ― 𝑠2(𝑥𝑟)]

when p=2 (Model 2). The value  represent any dose value of interest and  is the chosen referent to 𝑥𝑗 𝑥𝑟
present the summary dose-response relationship.

If the empirical estimates being modelled are on the natural log scale (i.e. log odds, log rate) then, 
using the equivariance property of maximum likelihood estimates, one can exponentiate the point and 
interval estimates given above. Estimation and visualization of the estimated dose-response models is 
facilitated by the statistical packages drmeta in Stata or dosresmeta in R. We next illustrate applications 
of the statistical model for two different scenarios.

Example 1. Tables of estimated mean differences from experimental studies

Consider tables of summarized data from 10 studies investigating the association between a quantitative 
dose and a quantitative outcome. The dose, randomly assigned to each individual, is positive and 
skewed to the right (Chi-Square with 5 degrees of freedom). Each principal investigator has categorized 
the quantitative dose into quantiles and conducted statistical inference on differences in population 
means outcomes across quantiles of the dose using a linear regression model. The 10 studies are 
sampled from a random effects non-linear data generating mechanism. We simulated a quadratic dose-
response relationship for the average study of this form  where the dose equal ―2(𝑥 ― 5) +0.2(𝑥2 ― 52)
to 5 units serves as referent. Given this shape, the lowest mean outcome is expected to be at the dose 
of  units. The empirical estimates and descriptive statistics obtained by the study 𝑥 = ―

2
2(0.2) = 5

investigators are useful to the extent they can contribute to the understanding of the features of the 
distribution of dose-response relationships.

The 10 observed studies vary according to the sample size, dose categorization, and mean dose of the 
reference category. A total of 13,500 individuals have been involved in these studies contributing to the 
estimation of 19 mean outcome differences. Moving away from the bottom category of the dose (about 
2 units), some studies estimated a lower mean outcome, some other studies a higher mean outcome, 
and some studies no substantial change (Figure 1). The visual impression is of a large variation in the 
dose-response association across studies. Based on the scatter plot of empirical estimates, it can be 
hard for the meta-analyst to imagine what kind of data generating mechanism might be underlying 
these tables of empirical estimates if the only knowledge available is the collected data. 

Ignoring the true generating mechanism, one can assume a linear dose-response function (Model 1).  
Syntax and estimates obtained with Stata and R are shown in Figure 2. Every 1 unit increase of the 
dose is estimated to increase, on average, the mean outcome by 0.31 units (95% CI = -0.41, 1.04). 
The estimated standard deviation of the random-effects is 1.15, which relative to the estimated average 
slope of 0.31, suggests a considerable variability of the study-specific (assumed) linear trends. Data 
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appears to be compatible with a flat dose-response association ( =0.85, p-value=0.394). For many 𝑧
health researchers, a linear association with a large p-value, strong heterogeneity, and no clear visual 
pattern in the estimates may discourage further analysis and could be the beginning of stratified 
analysis, quality analysis, and wondering about possible explanations for these heterogenous observed 
data. Actually data may also be compatible with the hypothesis of higher mean outcomes at the dose 
extremes relative to the middle range of the dose (i.e. U/J-shaped). Such shape would be unlikely to be 
discovered forcing a linear dose-response function in all the studies.

Next, we use restricted cubic splines with 3 knots of the dose to investigate the possible curvi-linear 
dose-response relationship. As the linear function is a special case of the restricted cubic spline function, 
we can test  compatibility of the data with a simpler linear function testing the hypothesis that the 
regression coefficient of the second spline is equal to zero ( ). Syntax and estimates of the 𝐻0:𝛽2 = 0
model are shown in the output below obtained with either Stata or R (Figure 3). 

The maximized log-likelihood of a mixed-effects model using the restricted cubic spline function of the 
dose is, in absolute terms, about two-fifths of the maximized log-likelihood of the linear function. Even 
considering the higher number of estimated parameters of the spline function (2 coefficients + 3 
variance/covariance of random-effects) relative the linear function (1 coefficient + 1 variance of random-
effects), the AIC of the spline function is about a half the one of the linear function.

The multivariate Wald-type test rejects the null hypothesis of absence of dose-response relationship (𝐻0
) for the average study ( =86.21, p<0.001). Furthermore, the univariate Wald-type test : 𝛽1 =  𝛽2 = 0 𝜒2

2
( =5.24, p-value<0.001) rejects the hypothesis a simpler linear function ( ). Nevertheless, we 𝑧 𝐻0: 𝛽2 = 0
still have no idea of the possible average shape relating the dose to the mean outcome. Figure 4 shows 
the estimated average dose-response relationship using the dose of 5 units as referent. Based on the 
spline model, the predicted difference in mean outcomes comparing the generic dose level  versus the 𝑥
reference of 5 unit is  with  ranging from 2 to 10 units. Of ―1.26[𝑠1(𝑥𝑗) ― 𝑠1(𝑥𝑟)] + 2.77[𝑠2(𝑥𝑗) ― 𝑠2(𝑥𝑟) 𝑥
note, the true average dose-response relationship (blue curve) is not far from the predicted average 
dose-response relationship using splines (black curve). The predicted lowest mean outcome corresponds 
to a dose of about 5 units; which is what was expected based on the true dose-response mechanism 
underlying the studies. 

Example 2. Tables of estimated adjusted hazard ratios from observational studies

Let’s now consider tables of summarized data from 30 hypothetical prospective cohort studies 
investigating the association between baseline brisk walking (dose), measured in hours/week, and time 
until death (outcome), or end of follow-up (10 years), whichever came first. Age (confounder) is 
inversely associated with brisk walking and positively associated with higher mortality rates 
independently of brisk walking levels. Furthermore, the true summary age-adjusted mortality hazard is 
decreasing with higher walking levels with a threshold effect at 2 hours per week; that is 

. Principal investigators categorized brisk walking into 2/4 quantiles. Age-𝑒 ―0.5(𝑥 ― 2) + 0.5𝐼(𝑥 > 2)(𝑥 ― 2)

adjusted mortality hazard ratios comparing brisk walking categories were estimated using a Cox 
regression model. Each set of empirical estimates arise from a random-effects data-generating 
mechanism.

The scatter plot of the estimates shown in Figure 5 may suggest an overall inverse association between 
brisk walking and age-adjusted mortality rates. The threshold effect at 2 hours per week, however, can 
be hardly guessed in Figure 5. Furthermore, there are no empirical estimates between 1.5 and 2.4 hours 
per week, exactly in the range where the levelling-off is occurring. Once again, since the true data 
generating mechanism is unknown to the meta-analyst, let’s assume a simple linear function (Model 1) 
relating walking to the age-adjusted mortality rate (Figure 6). Every increment of 1 hour/week increase 
in walking is estimated, in an average study, to reduce the age-adjusted mortality rate by 21% (𝑒 ―0.24

). Even if, on average, there is no effect of walking beyond 2 hours per week on mortality rate, = 0.79
this model would incorrectly estimate a beneficial effect of walking on age-adjusted mortality rates. 
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A more realistic dose-response mechanism that the meta-analyst may hypothesize is a decreasing effect 
of walking on mortality rates at higher levels with a plateau reached at a certain level. A restricted cubic 
spline model with 3 knots at fixed percentiles for walking hours per week has the possibility to capture 
such mechanism. The estimated parameters of the mixed model (Model 2) are presented in Figure 7. 
The 30 studies are compatible, on average, with a non-linear association between walking and the age-
adjusted mortality rates. The multivariate Wald-type test rejects the null hypothesis of absence of dose-
response relationship for the average study ( =122, p<0.001). Furthermore, the univariate Wald-type 𝜒2

2
test ( =8.7, p-value<0.001) rejects the hypothesis of a simpler linear function. Pointwise inference on 𝑧
the average age-adjusted mortality hazard ratios comparing any number of walking hours relative to 2 
hours per week is shown in Figure 8.

The estimated spline model detects the levelling-off of the age-adjusted mortality rate somewhere 
between walking 2 to 3 hours per week; the true value being 2 hours per week. Below 2 hours per 
week, the predicted age-adjusted mortality hazard ratio is more conservative (closer to 1) compared to 
the true average linear trend. The fact that we described and used a cubic spline function (Model 2) it 
does not imply this is best option in any given scenario. According to the data generating mechanism 
underlying these specific studies, for example, a piecewise linear spline with a knot at 2 hours per week 
would be a better option. 

2.2.1. Routine implementation

The methodology for dose-response model was implemented and overviewed by the KI consortium 
partner, in collaboration with the other partners. We used the one-stage methodology which consists 
of a weighted mixed effects model that allows to make inferences regarding the average dose-response 
relationship between the changes of the exposure and the changes in the outcome of interest. The one-
stage approach also represents a major methodological advancement compared with the two-stage 
approach, also originally envisaged in the project. In particular, in the one-stage approach allows to 
included studies based on at least two levels of exposure and the pooled curve and estimates of the 
between-studies heterogeneity are based on the whole set of studies without any exclusion. Thus, even 
complex non-linear curves (splines, spike at zero exposure) defined by several parameters can be 
assessed and shaped. We implemented the one-stage methods within existing statistical routines of 
Stata software (routine drmeta) and for R package (routine dosresmeta). Details of statistical 
methodology are reported in web app we made publicly available (See ‘Dissemination activities), while 
detailed illustration of routines are reported in Appendix C for drmeta Stata package and in Appendix D 
for the dosresmeta R package. To summarize, when continuous data are investigated, core-variables 
needed for the analysis are: doses for each exposure category, total number of subjects at each 
exposure category, mean and standard deviation at each exposure category, and mean difference 
(either weighted mean difference or standardized mead difference) and its standard error between 
higher exposure categories and the reference category. Similarly, when dichotomous data are used, 
core-variable for the analysis are: doses for each exposure category, number of events/cases and total 
number of subjects/total person-time at each exposure category, log-transformed risk estimate at each 
exposure category and its standard error. Data required to perform the analysis are reported in Tables 
1 and 2 as example of dataset scheme. 

2.2.2. Data analysis

We performed a meta-analysis using the ‘metan’, ‘mkspline’, and ‘drmeta’ routines within Stata statistical 
software (Stata Corp., College Station, TX, 2020). In particular, the drmeta command has been 
specifically developed for dose-response meta-analysis for Stata statistical software (Stata Corp. TX, 
2019) by one consortium partner (KI), and was additionally supplemented with the one-stage approach 
as described in ‘Routine Implementation’. For the dose-response analysis, since we did not make any 
specific parametric assumptions regarding the shape of the association, we used restricted cubic splines 
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with 3 knots at fixed percentiles (10, 50, and 90%) during the analysis (Orsini et al. 2012). For 
assessment of heterogeneity we used and reported I2 statistic (Higgins et al. 2003). Finally, we assessed 
occurrence of publication bias using graphical assessment with funnel plots for studies reporting highest 
versus lowest exposure.

2.2.3. Potassium

 We performed a meta-analysis of SBP and DBP weighted mean differences (WMD) before and after 
potassium supplementation for each study and for the relevant subgroups using the ‘one-stage’ natural 
cubic spline regression model based on a random effects model (DerSimonian and Laird 1986). We used 
the one-stage methodology to make inferences regarding the average dose-response relationship 
between overall potassium excretion at the end of the trial, and changes in SBP and DBP levels. For 
comparison, we also included a linear function to model potassium excretion in relation to levels of BP 
using estimates of the parameters obtained using restricted maximum likelihood model (Crippa et al. 
2019; Orsini et al. 2012).

We defined the mean difference in potassium excretion between groups of each trial as the difference 
between the values of potassium excretion at the end of the trial minus the ones at baseline in each 
arm. Similarly, we defined the mean difference in blood pressure following the intervention as the 
difference for SBP and DBP at the end of the trial minus the corresponding baseline value. We also 
carried out stratified analyses according to hypertension status. Sensitivity analysis was performed by 
excluding trials at high risk for bias from the main analysis.

2.2.4. Cadmium

We performed the meta-analysis based on categorical exposure to cadmium and using the one-stage 
meta-analytic dose-response approach (Crippa et al. 2019; Orsini et al. 2012). For each exposure 
category, we extracted the mean or the median or the midpoint of each exposure strata depending on 
the which data was available in the report. When the highest and lowest exposure categories were 
‘open’, we used as boundary a value that was 20% higher or lower than the closest cutpoint. We 
excluded studies reporting effect estimates based on continuous exposure. We carried out stratified 
analyses according to the type of exposure assessment, i.e. dietary intake and urinary excretion.
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3. Results

3.1. Potassium
 The PRISMA literature search flow-chart is presented in Figure 9 up to November 25, 2019. 

From the retrieved 231 records, we excluded 139 studies based on the title/abstract screening. 
We further excluded 60 studies full-text assessment. Reasons for exclusion are reported in 
Figure 1, namely studies duration of potassium supplementation was less than 4 weeks, levels 
of potassium and sodium excretion or of blood pressure were not reported, or studies did not 
implement potassium supplementation, were duplicate reports of already included studies, or 
eventually were studies carried out in non-adult population. Table 3 presents the main 
characteristics of the 32 eligible trials. Publication year ranged from 1982 to 2016. They 
generally included both sexes, whereas two and one trials respectively were carried out in 
female and male population only. Mean age of participants ranges was in the range 24-75 years. 
Nine trials used a parallel design, and twenty-three a cross-over design. Participants were 
generally hypertensives (N=27), while participants were normotensives in the remaining five 
trials. All studies estimated 24-hour potassium excretion both at baseline and at the end of the 
trial. The difference of potassium excretion at the end of the trial ranged from 17 to 131 
mmol/day. In Table 4 we present result of risk of bias assessment, showing that only two of 
the trials were judged at high risk of bias. 

 The result of the dose-response meta-analysis is presented in Figure 10 showing the mean 
blood pressure change between control and supplemented groups for SBP and DBP. In detail, 
mean SBP and DBP levels appeared to decrease in the supplemented group with increasing 
differences in potassium excretion, till a potassium excretion of 30 mmol/day. Further increasing 
levels of potassium excretion suggested a decrease in blood pressure reduction till a value of 
approximately 80 mmol/day. Higher levels of potassium excretion indicated a possible increase 
in both SBP and DBP. Mean blood pressure levels at 30, 60, 90 and 120 mmol/day cutpoint of 
potassium excretion resulted a SBP change of -3.27 (95% CI -4.92, -1.63), -1.95 (95% CI -
3.41, -0.48), +1.08 (95% CI -2.59, +4.74), and +4.17 mmHg (95% CI -2.30, 10.63), 
respectively, and a DBP change of -2.27 (95% CI -3.80, -0.74), -1.31 (95% CI -2.76, +0.14), 
+0.86 (95% CI -2.91, +4.63) and +3.07 mmHg (95% CI -3.52, +9.66), respectively. The 
estimated linear function of the average predicted mean difference in blood pressure resulted 
in an inverse association between potassium supplementation and both SBP and DBP (Figure 
10). The meta-analysis comparing blood pressure levels in the supplemented and referent 
groups showed a mean difference of -3.90 mmHg (95% CI -5.24, -2.56) and -2.43 mmHg (95% 
CI -3.76, -1.11) for systolic and diastolic BP, respectively (Figure 11). 

 In Figure 12 we report the dose-response analysis in the normotensive and the hypertensive 
populations. It shows that mean blood pressure levels slightly decreased in association with the 
increase of potassium excretion up to 20-30 mmol/day in both normotensives and 
hypertensives, with larger effect in the latter group. When we carried out a conventional forest 
plot analysis, it suggested a larger blood pressure decrease due to potassium supplementation 
in the hypertensive population (Figure 13). 

 Substantially comparable results are demonstrated after exclusion of the two trials at high risk 
of bias (Figures 14-15). When we assessed presence of publication bias with graphical test of 
funnel plots we found a slightly asymmetric distribution for SBP only, while no such evidence 
could be detected for DBP (Figure 16). 

3.2. Cadmium
 The PRISMA flow-chart of literature search up to July 26, 2019 showed that from the retrieved 

218 records, we excluded 193 studies due to title/ abstract screening (Figure 17). From the 
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remaining 25 studies assessed in full-text, we further excluded 14 studies since they did not 
have a cohort design, they were studies reporting only possible mechanism of such association, 
or they were review paper, or they eventually assessed cadmium exposure through 
environmental air cadmium levels.

 Table 5 presents characteristics of included studies we included. Six studies were carried out in 
the North American population, while four and one in European and Asian population, 
respectively. Five and six studies used dietary intake and urinary levels for cadmium exposure 
assessment, while eight and three studies measured breast cancer incidence and mortality, 
respectively. Since one study was a subsequent analysis of one of the other included study we 
considered in the dose-response meta-analysis the most recent report only. In Table 5 we 
reported risk of bias assessment: overall, none of the included studies was found to be at high 
risk of bias. 

 The meta-analysis comparing the highest versus the lowest exposure category (Figure 18) 
showed substantially null association between urine levels of cadmium and risk of breast cancer 
risk (RR = 1.01, 95%CI 0.70-1.47), as well as for dietary intake (RR = 1.04, 95%CI 0.90-1.21). 
In the dose-response meta-analysis (Figure 19), there was a weak and imprecise suggestion 
for a decreased risk at increased urine levels (RR = 0.96, 95% CI 0.57-1.59, at 1 µg/g creatinine 
and 0.89, 95% CI 0.37-2.14 at 2 µg/g creatinine), while little evidence of any association was 
found for dietary intake (RR = 1.04, 95% CI 0.81-1.33 at 10 µg/day, and 1.12, 95% CI 0.80-
1.56 at 20 µg/day). Finally, the funnel plots showed no particular evidence of publication bias, 
since they yielded substantially symmetric distributions (Figure 20).
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Table 1: Database scheme for data required to perform analysis using mean difference.

author id dose n mean sd md es_md type

Author1 et al. year 1 0 100 148.3 4.3 0 0 4
Author1 et al. year 1 110 100 143.9 3.7 -4.4 1.41 4
Author1 et al. year 1 130 100 141.3 3.8 -7.0 1.43 4
Author2 et al. year 2 0 40 151 19.2 0 0 4
Author2 et al. year 2 90 40 144 18.1 -7.0 5.81 4

id: specifies the variable identifying study-specific contrasts. 
dose: specifies the dose at each exposure level.
n: specifies the total number of subjects at each exposure level.
mean and sd: are the mean value and its standard deviation at each exposure level.
md and se_md: are the mean difference data (either weighted mean difference or standardized mead 
difference) and its standard error. Values must be zero for the reference dose.
type: specifies the variable indicating the type of measure used to contrast dose levels with a value of 
4 for mean difference, and 5 for standardized mean difference.

Table 2: Database scheme for data required to perform analysis using risk estimates difference.

author id dose cases n logrr es type

Author1 et al. year 1 11.7 677 233564 0 0 3
Author1 et al. year 1 15.0 691 228121 0.058 0.055 3
Author1 et al. year 1 17.6 744 230981 0.191 0.061 3
Author2 et al. year 2 8.4 91 1785 0 0 3
Author2 et al. year 2 12.5 93 1784 0.432 0.189 3

id: specifies the variable identifying study-specific contrasts. The reference dose is the row with a value 
of 0 for the standard error.
cases: specifies the number of events/cases at each exposure level.
n: specifies the total number of subjects (controls plus cases) for case-control studies (odds ratio); the 
total person-time for incidence rate data (hazard ratio); the total number of persons (cases plus non-
cases) for cumulative incidence data (risk ratio).
logrr and es: are the log transformed risk estimate at each exposure level and its standard error. Values 
must be zero for the reference dose.
type: specifies the variable indicating the type of measure used to contrast dose levels with a value of 
1 for odds ratio, 2 for hazard ratio, 3 for risk ratio.
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Table 3: Characteristics of the 32 trials included.

Reference Year Country
Trial 

duration
(a)

No. 
subjects

(b)
Sex Age 

(mean)
Age 

(range) Design Wash-
out(a)

Hypert
ensive 
status

Use of 
anti-
hyp. 

drugs

(Barden et al. 
1986) 1986 Australia 4 44 W 32 18-55 CX no N –

(Berry et al. 
2010) 2010 UK 6 48 B 45 22-65 CX ≥5w H no

(Braschi and 
Naismith 
2008)

2008 UK 6 56t-34c B 35 22-65 P – N –

(Bulpitt et al. 
1985) 1985 UK 12 14t-19c B 55 – P – H yes

(Chalmers et 
al. 1986) 1986 Australia 4 13t-11c B 52 – P – H no

(Forrester and 
Grell 1988) 1988 Jamaica 4 23 B – >18 CX no H yes

(Fotherby and 
Potter 1992) 1992 UK 4 18 B 75 66-79 CX no H no

(Franzoni et 
al. 2005) 2005 Italy 4 52t-52c B 52 – P – H no

(Gijsbers et al. 
2015) 2015 The 

Netherlands 4 36 B 66 – CX no H no

(Graham et al. 
2014) 2014 UK 6 40 B 55 40-70 CX 2-4w H no

(Grimm et al. 
1988) 1988 US 12 148t-

150c M 58 45-68 P – H yes

(Grobbee et 
al. 1987) 1987 The 

Netherlands 6 40 B 24 18-28 CX no H no

(Gu et al. 
2001) 2001 China 12 75t-75c B 56 – P – H no

(He et al. 
2010) 2010 UK 4 42 B 51 18-75 CX no H no

(Kaplan et al. 
1985) 1985 US 6 16 B 49 35-66 CX no H yes

(Kawano et al. 
1998) 1998 Japan 4 55 B – 36-77 CX no H yes

(MacGregor et 
al. 1982) 1982 UK 4 23 B 45 26-66 CX no H no

(Matlou et al. 
1986) 1986 South Africa 6 32 W 51 34-62 CX no H no

(Matthesen et 
al. 2012) 2012 Denmark 4 21 B 26 18-40 CX no N –

(Miller et al. 
1987) 1987 US 4 64 B 42 – CX no N –
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(Overlack et 
al. 1985) 1985 Germany 8 17 B 29 22-39 CX no H no

(Overlack et 
al. 1991) 1991 Germany 8 12 B 37 25-59 CX no H no

(Overlack et 
al. 1995) 1995 Germany 8 50 B 48 24-70 CX 4w H no

(Patki et al. 
1990) 1990 India 8 37 B 50 – CX 2w H no

(Richards et 
al. 1984) 1984 New 

Zealand 4 12 B – 19-52 CX no H no

(Siani et al. 
1987) 1987 Italy 15 18t-19c B 45 21-61 P – H no

(Skrabal et al. 
1984) 1984 Austria 4 21 B 39 21-69 CX no H yes

(Smith et al. 
1985) 1985 UK 4 20 B 53 30-66 CX no H no

(Sundar et al. 
1985) 1985 India 4 25t-25c B 46 – P – H no

(Valdes et al. 
1991) 1991 Chile 4 24 B 50 – CX no H no

(Vongpatanasi
n et al. 2016) 2016 US 4 30 B 54 – CX 1w H no

(Whelton et 
al. 1995) 1995 US 4 178t-

175c B 26 30-54 P – N no

–: no information available; B: both men and women; CX: cross-over; H: hypertensives; M: men; N: normotensives; P: parallel; 
W: women.
Table footnote a: Duration reported in weeks
Table footnote b: For parallel design, number of subjects in treated (t) and control (c) groups are reported separately.
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Table 4: Overall risk of bias (RoB) assessment of included studies of potassium and blood 
pressure.

Reference Domain 
1(a)

Domain 
2(a)

Domain 
3(a)

Domain 
4(a)

Domain 
5(a)

Domani 
6(a)

Overall 
RoB (b)

(Barden et al. 1986) Some Conc. Low Low Low Some Conc. Some Conc. Some Conc.

(Berry et al. 2010) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Braschi and Naismith 2008) Low Low Low Low Low Low Low

(Bulpitt et al. 1985) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Chalmers et al. 1986) Some Conc. Low Low Low Low Low Some Conc.

(Forrester and Grell 1988) High Low Low Low Some Conc. Some Conc. High

(Fotherby and Potter 1992) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Franzoni et al. 2005) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Gijsbers et al. 2015) Low Low Low Low Low Some Conc. Some Conc.

(Graham et al. 2014) Low Low Low Low Low Low Low

(Grimm et al. 1988) Low Low Low Low Low Low Low

(Grobbee et al. 1987) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Gu et al. 2001) Low Low Low Low Some Conc. Low Low

(He et al. 2010) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Kaplan et al. 1985) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Kawano et al. 1998) Some Conc. Low Low Low Some Conc. Some Conc. Some Conc.

(MacGregor et al. 1982) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Matlou et al. 1986) Some Conc. Low Low Low Some Conc. Some Conc. Some Conc.

(Matthesen et al. 2012) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Miller et al. 1987) High Low Low Low Some Conc. Low High

(Overlack et al. 1985) Some Conc. Some Conc. Low Low Some Conc. Some Conc. Some Conc.

(Overlack et al. 1991) Some Conc. Low Low Low Some Conc. Some Conc. Some Conc.

(Overlack et al. 1995) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Patki et al. 1990) Low Low Low Low Some Conc. Low Low

(Richards et al. 1984) Some Conc. Low Some Conc. Low Some Conc. Some Conc. Some Conc.

(Siani et al. 1987) Low Low Low Low Some Conc. Low Low

(Skrabal et al. 1984) Some Conc. Low Low Some Conc. Some Conc. Some Conc. Some Conc.

(Smith et al. 1985) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Sundar et al. 1985) Some Conc. Low Low Low Some Conc. Low Some Conc.

(Valdes et al. 1991) Some Conc. Low Low Low Some Conc. Some Conc. Some Conc.

(Vongpatanasin et al. 2016) Low Low Low Low Some Conc. Some Conc. Some Conc.

(Whelton et al. 1995) Low Low Low Low Some Conc. Low Low

 Low: low risk of bias; Some Conc.: some concerns; High: high risk of bias.
Table footnote a: The seven domains are: (1) Risk of bias arising from the randomization process; (2) Risk of bias due to 

deviations from the intended interventions (effect of assignment to intervention); (3) Missing outcome data; (4) Risk of bias 
in measurement of the outcome; (5) Risk of bias in selection of the reported result; (6) Risk of bias for cross-over design. 

Table footnote b: We allocated the study to an overall higher risk of bias if it was judged to be at “High risk” for at least one 
domain whereas we considered the study at “Some concerns” risk of bias when some unease existed for at least one domain.
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Table 5: Characteristics of the studies included for cadmium and breast cancer.

Reference Country Cohort 
acronym Outcome Assessment 

method
Cases/

population
Population 
(age range)

Mean Cd 
level(a)

(Adams et al. 
2012a) US VITAL Incidence dCd 899/26801

All post-
menopausal 

women (50-76)
10.9

(Adams et al. 
2012b) US NHANES III Mortality uCd 42/8218

Pre and post 
menopausal 

women (≥17)
0.352

(Adams et al. 2014) US WHI Incidence dCd 6658/150889
All post-

menopausal 
women (50-79)

10.9

(Adams et al. 2016) US WHI Incidence uCd 508/1050
All post-

menopausal 
women (50-79)

0.63

(Eriksen et al. 2014) Denmark DCH Incidence dCd 1390/23815
All post-

menopausal 
(50-65)

13.4(b)

(Eriksen et al. 2017) Denmark DCH Incidence uCd 900/23379 
(898 nested)

All post-
menopausal 

(50-65)
0.54(b)

(Garcia-Esquinas et 
al. 2014) US SHS Mortality uCd 25/2254

Pre and post 
menopausal 

(45-74)
0.93(b)

(Julin et al. 2012) Sweden SMC Incidence dCd 2112/55987
All post-

menopausal 
(42-76)

15

(Lin et al. 2013) US NHANES III Incidence uCd 26/2730
All post-

menopausal (≥ 
50)

0.77(b)

(Sawada et al. 2012) Japan JPHC !-II Incidence dCd 402/48351
Pre and post-
menopausal 

(45-74)
26.5

(Grioni et al. 2019) Italy ORDET Incidence dCd 481/8924
Pre and post 
menopausal

(34-70)
7.8

dCd: dietary cadmium; uCd: urinary cadmium.
Table footnote a: values in µg/day for dietary cadmium and µg/g of creatinine for urinary cadmium. 
Table footnote b: median value.
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Table 6: Risk of bias assessment of studies included in the analysis of cadmium and breast cancer.

Reference Cohort Assessment Domain 
1(a)

Domain 
2(a)

Domain 
3(a)

Domain 
4(a)

Domain 
5(a)

Domain 
6(a)

Domain 
7(a)

Overall 
risk

(Adams et 
al. 2012a) VITAL dCd Low Low Mod. Low Mod. Low Low Mod.

(Adams et 
al. 2012b)

NHANES 
III uCd Mod. Low Low Low Mod. Low Low Mod.

(Adams et 
al. 2014) WHI dCd Low Low Mod. Mod. Mod. Low Low Mod.

(Adams et 
al. 2016) WHI uCd Low Low Low Mod. Low Low Low Low

(Eriksen et 
al. 2014) DCH dCd Mod Low Mod. Low Low Low Low Mod.

(Eriksen et 
al. 2017) DCH uCd Low Low Low Low Low Low Low Low

(Garcia-
Esquinas et 
al. 2014)

SHS uCd Low Low Low Low Mod. Low Low Low

(Julin et al. 
2012) SMC dCd Low Low Mod. Low Low Low Low Mod.

(Lin et al. 
2013)

NHANES 
III uCd Mod Low Low Low Low Low Low Mod.

(Sawada et 
al. 2012) JPHC dCd Low Low Mod. Low Low Low Low Mod.

(Grioni et 
al. 2019) ORDET dCd Low Low Mod. Low Low Low Low Mod.

dCd: dietary cadmium; uCd: urinary cadmium; Low: low risk of bias; Mod.: moderate risk of bias; High: serious or critical risk of 
bias.
Table footnote a: The seven domains are:(1) bias due to confounding; (2) bias in selecting participants in the study; (3) bias in 

exposure classification; (4) bias due to departures from intended exposures; (5) bias due to missing data; (6) bias in 
outcome measurement; (7) bias in the selection of reported results
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Figure 1: Graph of the study-specific estimated mean differences (95% Confidence intervals, 
capped spikes) arising from 10 studies of different sizes. Marker size is inversely related to its 
variance. Red points are the study-specific reference values. Green shaded area is the 
distribution of the dose in the population.
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Figure 2: Estimates of a mixed-effects model using a linear function based on 10 experimental 
studies (19 estimated mean differences) obtained with Stata and R.
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Figure 3: Estimates of a mixed-effects model using a restricted cubic spline function based on 10 
experimental studies (19 estimated mean differences) obtained with Stata and R.
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Figure 4: Estimated summary (solid line) dose-response relationship with 95% confidence 
intervals (dashed lines) based on 10 tables of empirical estimates. Data were fitted with a 
weighted mixed-effects model using restricted cubic splines for the dose with three knots 
located at percentiles (10th, 50th, 90th) of the overall dose distribution. The blue line is the 
true summary dose-response relationship. The dose value of 5 units served as referent.
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Figure 5: Graph of the study-specific estimated age-adjusted mortality hazard ratios (95% 
Confidence intervals, capped spikes) according to walking levels arising from 30 studies of 
different sizes. The red symbols indicate the study-specific reference values. Marker size is 
inversely related to its variance. Green shaded area is the distribution of the dose in the 
population.
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Figure 6: Estimates of a mixed-effects model using a linear function based on 30 observational 
studies (61 estimated age-adjusted hazard ratios) obtained with Stata and R.
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Figure 7: Estimates of a mixed-effects model using a restricted cubic spline function based on 10 
experimental studies (19 estimated mean differences) obtained with Stata and R. 
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Figure 8: Estimated summary (solid line) dose-response relationship with 95% confidence 
intervals (dashed lines) based on 30 tables of empirical estimates. Data were fitted with a 
weighted mixed-effects model restricted cubic splines for brisk walking with 3 knots at fixed 
percentiles of its distribution. The true summary age-adjusted dose-response mechanism (blue 
line) is shown for comparison. The value of 2 hours/week served as referent.
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Figure 9: Flow-chart of study identification and selection for potassium and blood pressure
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Figure 10: Dose-response meta-analysis of systolic (SBP) and diastolic (DBP) blood 
pressure mean changes at increasing level of difference of potassium excretion between control 
and supplemented groups at the end of the trial. Black thick line shows the trend of linear 
prediction.
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Figure 11: Meta-analysis of mean difference of systolic (SBP) and diastolic (DBP) blood 
pressure levels between potassium treated and non-treated groups considering overall studies.
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Figure 12: Dose-response meta-analysis of systolic (SBP) and diastolic (DBP) blood 
pressure mean changes at increasing level of the difference of potassium excretion between 
control and supplemented groups achieved at the end of the trial in normotensives and 
hypertensives. Spline curve (solid line) with 95% confidence limits (long dashed lines). Black 
thick line shows the trend of linear prediction.
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Figure 13: Meta-analysis of mean difference of systolic (SBP) and diastolic (DBP) blood 
pressure levels between potassium treated and non-treated groups in normotensives and 
hypertensives.
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Figure 14: Dose-response meta-analysis of systolic (SBP) and diastolic (DBP) mean changes at 
increasing level of difference of potassium excretion between control and supplemented groups 
achieved at the end of the trial, after exclusion of two studies at high risk of bias. Black thick line 
shows the trend of linear prediction.
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Figure 15: Meta-analysis of mean difference of systolic (SBP) and diastolic (DBP) blood pressure 
levels between potassium treated and non-treated groups after exclusion of two trials at high risk 
of bias.
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Figure 16: Funnel plots with pseudo 95% confidence limits (dash lines) for publication bias for 
mean difference of systolic (SBP) and diastolic (DBP) blood pressure levels (as mmHg) mean 
difference-WMD and its standard error-se(WMD). 
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Figure 17: Flow-chart of study identification and selection for cadmium and breast cancer.
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Figure 18: Risk ratio (RR) with 95% confidence interval (CI) of breast cancer risk due to cadmium 
exposure using dietary intake (dCd) or urinary excretion (uCd) for the assessment. The area of 
each grey square is proportional to the inverse of the variance of the estimated log RR. Black 
diamonds represent point estimates of RR and horizontal lines represent their 95% confidence 
intervals (CIs). The open diamonds represent the combined RR for each subgroup and the overall 
RR for all studies. The solid line represents RR=1. The dash line represents the point estimate of 
overall RR for all studies.
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Figure 19: Dose-response meta-analysis of breast cancer risk according to cadmium exposure 
based on dietary intake (dCd) or urinary levels (uCd) in all post-menopausal and pre-menopausal 
women. Spline curve (solid line) with 95% confidence limits (long dashed lines). RR: risk ratio
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Figure 20: Funnel plots with pseudo 95% confidence limits (dash lines) for publication bias for 
cadmium exposure assessed using dietary intake (dCd) and urinary levels (UCd) and breast 
cancer risk. RR, relative risk, SE, standard error.
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4. Conclusions

The herewith reported project evaluated the use of the one-stage dose-response meta-analytic, which 
allows modelling results of epidemiological studies even when involving two comparison groups only, 
something which was not possible with previously used methods. It therefore provides evidence that 
the one-stage dose-response meta-analytic approach is feasible for both dietary nutrients and 
contaminants, when assessing both experimental studies and the non-experimental epidemiological 
studies, addressing either continuous or dichotomous health-related endpoints. These dose-response 
models have allowed to carefully shape the relations between potassium and cadmium exposure and 
two major outcomes, blood pressure levels and breast cancer risk, respectively. Such modelling has in 
turn allowed to identify selected subgroups which may be more sensitive to the effect of cadmium 
(which overall appears to have little influence on breast cancer risk), and to characterize the shape of 
the potassium-blood pressure association which appears to be U-shaped, and thus unsuitable to be 
characterized through a traditional linear model. In addition, this project has allowed its participants to 
establish an exceptionally good collaboration through all its phases, such as literature search, risk of 
bias assessment, data extraction, data analysis, results evaluation and manuscript writing. 

Based on the experience developed in this project and its results, we may conclude that the assessment 
of the impact of a systematic use of dose-response meta-analytic modelling in risk assessment and 
hazard characterization indicates the great and unique utility of this approach. Dose-response relations 
have long been considered as primary source of evidence for establishing causality when assessing the 
relation between any exposure of nutritional or toxicological interest and a health-related endpoint, also 
according to the Bradford-Hill criteria for causality. However, the limited availability of statistical tools 
to use the available data and of statistical and epidemiologic resources has long hampered the 
implementation of such modelling, limiting the assessment to the simple estimation of linear trends in 
most cases. The extensive and systematic use of the models described in this report and assessed within 
the project, for both risk assessment, hazard characterization and evidence synthesis, may allow to 
summarize the evidence in a flexible way, identifying non-linear shapes of the relations such as U-, L- 
and J-shaped curves, and to spot possible thresholds above or below which there are substantial 
changes of any association (which may become null or even opposite). We believe that the extension 
of such approach to any risk assessment, whenever the availability of epidemiologic data may allow 
this, should be systematically encouraged by agencies, scientific journals and professional societies, 
given its potential to improve the quality, reliability and strength of the assessment.

5. Recommendations
As project participants, we would recommend the systematic use of dose-response modelling in any risk 
assessment performed in food safety which may be based, even partially, on epidemiologic studies, 
instead of being an additional approach limited to specific instances and only in case of a large 
availability of studies. Such modelling should not be simply considered an extension of a traditional 
meta-analysis based on linear regression models or used only when conventional approaches yielded 
indication of an association, but should become instead the primary approach to comprehensively 
summarize and describe the epidemiologic evidence, entirely replacing models that assume linearity. 
This would allow to assess the potential changes in the shape of the relation across the entire range of 
exposure, as well as the possible existence of thresholds. In addition, such analysis should be performed 
in selected subgroups, to identify source of heterogeneity and specific susceptibilities. Given the recently 
availability of the one-stage approach, even a low number of studies and those based on two categories 
of exposure only, as several randomized controlled trials, may now be included in such dose-response 
modelling and contribute to the overall evidence. Finally, the possible integration of this modelling with 
the benchmark dose (BMD) approach, identified by EFSA as a scientifically advanced alternative to the 
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traditional no-observed-adverse-effect level (NOAEL) approach in food safety (EFSA Scientific 
Committee et al. 2017), appears to be an area definitely worth consideration and potentially fruitful for 
the risk assessment process.

6. Meetings and Dissemination activities

6.1. Meetings during the project
 Telemeetings: December 20, 2018; January 28, 2019; May 30, 2019

 Interim meeting: February 21, 2019: all partners

 Athens, Greece. March 17-19, 2019: UNIMORE and NKUA.

 Porto, Portugal. May 19-22, 2019: UNIMORE and UPORTO

 Venice, Italy. June 08, 2019: KI and UNIMORE

 Athens, Greece. June 19-21, 2019: UNIMORE and NKUA

 Athens, Greece. October 29-31, 2019: KI and NKUA

6.2. Dissemination activities
 Talks and seminars:

– University of Modena and Reggio Emilia, Department of Biomedical, Metabolic and Neural 
Sciences. February 8, 2018. “Dose-response meta-analysis in clinical, nutritional and 
environmental epidemiology”.

– National and Kapodistrian University of Athens, Greece. Department of Hygiene, 
Epidemiology and Medical Statistics School of Medicine. October 29, 2019. Athens, Greece. 
“Connecting the observed data is not a dose-response meta-analysis".

– The Royal Statistical Society International Conference. September 2-5, 2019, Belfast, 
Northern Ireland. “On the comparison of alternative models in dose-response meta-analysis 
using summarized data".

– Nordic and Baltic Stata Users Group meeting. August 30, 2019, Stockholm, Sweden. "Model 
selection in dose-response meta-analysis of summarized data”. 
https://www.stata.com/meeting/nordic-and-baltic19/slides/nordic19_orsini.pdf

 Publications:

– Paper: Filippini T, Torres D, Lopes C, Carvalho C, Moreira P, Naska A, Kasdagli M-I, Malavolti 
M, Orsini N, Vinceti M. Cadmium exposure and the risk of breast cancer: a dose-response 
meta-analysis of cohort studies based on assessment of dietary and urinary cadmium. 
Environment International 2020; 142: 105879 - DOI 10.1016/j.envint.2020.105879

– Paper: Filippini T, Naska A, Kasdagli M-I, Torres D, Lopes C, Carvalho C, Moreira P, Malavolti 
M, Orsini N, Vinceti M. Insights into the association of potassium intake with blood pressure: 
results of a dose-response meta-analysis of randomized controlled trials. Journal of the 
American Heart Association 2020; 9: e015719 - DOI 10.1161/JAHA.119.015719

– Poster: Filippini T, Torres D, Lopes C, Carvalho C, Moreira P, Naska A, Kasdagli M-I, Malavolti 
M, Orsini N, Vinceti M. Insights into the association of potassium intake with blood pressure: 
results of a dose-response meta-analysis of randomized controlled trials. Poster presentation 

https://www.stata.com/meeting/nordic-and-baltic19/slides/nordic19_orsini.pdf
https://doi.org/10.1016/j.envint.2020.105879
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at the 13th European Nutrition Conference, FENS 2019, Malnutrition in an Obese World: 
European Perspectives. Dublin, Ireland. October 15-18, 2019.

– Poster: Κάσδαγλη ΜΙ, Filippini T, Lopes C, Carvalho C, Moreira P, Malavolti M, Orsini N, 
Vinceti M, Νάσκα A. Σχεση δοσησ-αποκρισησ μεταξυ τησ προσληψησ καλιου και των 
επιπεδων αρτηριακησ πιεσησ. Αποτελεσματα μετα-αναλυσησ τυχαιοποιημενων κλινικων 
δοκιμων [The dose-response relationship between potassium intake and blood pressure 
levels. Results of meta-analysis of randomized clinical trials]. Poster presentation at the 8ο 
Πανελλήνιο Συνέδριο των ομαδων εργασίας [8th National (Panhellenic) Conference on 
Atherosclerosis, Αθήνα, Greece. November 29, 2019. Journal of Atherosclerosis Prevention 
and Treatment. 2019;10(Supplement 1):16. ISSN 2654-0843

– Poster: Filippini T, Kasdagli MI, Naska A, Torres D, Lopes C, Carvalho C, Moreira P, Malavolti 
M, Orsini N, Vinceti M. Cadmium exposure and breast cancer risk: a systematic review and 
dose-response meta-analysis of cohort studies. Poster presentation at the 2019 ISEE 
Conference, Utrecht, The Netherlands. August 25-28, 2019

– Poster: Filippini T, Torres D, Lopes C, Carvalho C, Moreira P, Naska A, Kasdagli M-I, Malavolti 
M, Orsini N, Vinceti M. Cadmium exposure and risk of breast cancer: a dose-response meta-
analysis of cohort studies. Poster presentation at the 3rd HBM4EU Consortium Meeting. 
Berlin, Germany. October 8-9, 2019.

 Related software and useful links: 

– DRMETA: Stata module for dose-response meta-analysis, Statistical Software Components 
S458546, Boston College Department of Economics. 
https://ideas.repec.org/c/boc/bocode/s458546.html

– DOSRESMETA: R Multivariate Dose-Response Meta-Analysis. CRAN. https://cran.r-
project.org/web/packages/dosresmeta/index.html

– R examples https://alecri.github.io/software/dosresmeta.html

– Interactive Web App: http://alessiocrippa.com/shiny/dosresmeta/ 

https://ideas.repec.org/c/boc/bocode/s458546.html
https://cran.r-project.org/web/packages/dosresmeta/index.html
https://cran.r-project.org/web/packages/dosresmeta/index.html
https://alecri.github.io/software/dosresmeta.html
http://alessiocrippa.com/shiny/dosresmeta/


Dose-response relationship for risk assessment 

www.efsa.europa.eu/publications 46 EFSA Supporting publication 2020:EN-1899

The present document has been produced and adopted by the bodies identified above as authors. In accordance with Article 36 of Regulation (EC) No 
178/2002, this task has been carried out exclusively by the authors in the context of a grant agreement between the European Food Safety Authority and 
the authors. The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an 
output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the 
conclusions reached in the present document, without prejudice to the rights of the authors.

References

Adams, S.V.; Newcomb, P.A.; White, E. Dietary cadmium and risk of invasive postmenopausal breast 
cancer in the VITAL cohort. Cancer causes & control : CCC 2012a;23:845-854

Adams, S.V.; Passarelli, M.N.; Newcomb, P.A. Cadmium exposure and cancer mortality in the Third 
National Health and Nutrition Examination Survey cohort. Occupational and environmental 
medicine 2012b;69:153-156

Adams, S.V.; Quraishi, S.M.; Shafer, M.M.; Passarelli, M.N.; Freney, E.P.; Chlebowski, R.T.; Luo, J.; 
Meliker, J.R.; Mu, L.; Neuhouser, M.L.; Newcomb, P.A. Dietary cadmium exposure and risk of 
breast, endometrial, and ovarian cancer in the Women's Health Initiative. Environmental 
health perspectives 2014;122:594-600

Adams, S.V.; Shafer, M.M.; Bonner, M.R.; LaCroix, A.Z.; Manson, J.E.; Meliker, J.R.; Neuhouser, M.L.; 
Newcomb, P.A. Urinary cadmium and risk of invasive breast cancer in the Women's Health 
Initiative. American journal of epidemiology 2016;183:815-823

Barden, A.E.; Vandongen, R.; Beilin, L.J.; Margetts, B.; Rogers, P. Potassium supplementation does 
not lower blood pressure in normotensive women. J Hypertens 1986;4:339-343

Begg, C.B.; Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. 
Biometrics 1994;50:1088-1101

Berry, S.E.; Mulla, U.Z.; Chowienczyk, P.J.; Sanders, T.A. Increased potassium intake from fruit and 
vegetables or supplements does not lower blood pressure or improve vascular function in UK 
men and women with early hypertension: a randomised controlled trial. Br J Nutr 
2010;104:1839-1847

Braschi, A.; Naismith, D.J. The effect of a dietary supplement of potassium chloride or potassium 
citrate on blood pressure in predominantly normotensive volunteers. Br J Nutr 2008;99:1284-
1292

Bulpitt, C.J.; Ferrier, G.; Lewis, P.J.; Daymond, M.; Bulpitt, P.F.; Dollery, C.T. Potassium 
supplementation fails to lower blood pressure in hypertensive patients receiving a potassium 
losing diuretic. Annals of clinical research 1985;17:126-130

Chalmers, J.; Morgan, T.; Doyle, A.; Dickson, B.; Hopper, J.; Mathews, J.; Matthews, G.; Moulds, R.; 
Myers, J.; Nowson, C.; Scoggins, B.; Stebbing, M. Australian National Health and Medical 
Research Council dietary salt study in mild hypertension. J Hypertens Suppl 1986;4:S629-637

Crippa, A.; Discacciati, A.; Bottai, M.; Spiegelman, D.; Orsini, N. One-stage dose-response meta-
analysis for aggregated data. Statistical methods in medical research 2019;28:1579-1596

DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Controlled clinical trials 1986;7:177-188
EFSA Scientific Committee; Hardy, A.; Benford, D.; Halldorsson, T.; Jeger, M.J.; Knutsen, K.H.; More, 

S.; Mortensen, A.; Naegeli, H.; Noteborn, H.; Ockleford, C.; Ricci, A.; Rychen, G.; Silano, V.; 
Solecki, R.; Turck, D.; Aerts, M.; Bodin, L.; Davis, A.; Edler, L.; Gundert-Remy, U.; Sand, S.; 
Slob, W.; Bottex, B.; Abrahantes, J.C.; Marques, D.C.; Kass, G.; Schlatter, J.R. Update: use of 
the benchmark dose approach in risk assessment. EFSA Journal 2017;15:e04658

Eriksen, K.T.; Halkjaer, J.; Sorensen, M.; Meliker, J.R.; McElroy, J.A.; Tjonneland, A.; Raaschou-
Nielsen, O. Dietary cadmium intake and risk of breast, endometrial and ovarian cancer in 
Danish postmenopausal women: A prospective cohort study. PLoS One 2014;9:e100815

Eriksen, K.T.; McElroy, J.A.; Harrington, J.M.; Levine, K.E.; Pedersen, C.; Sorensen, M.; Tjonneland, 
A.; Meliker, J.R.; Raaschou-Nielsen, O. Urinary cadmium and breast cancer: A prospective 
Danish cohort study. J Natl Cancer Inst 2017;109

Forrester, T.E.; Grell, G.A. Changes in red cell sodium content and blood pressure levels with 
potassium supplementation in black hypertensive patients. The West Indian medical journal 
1988;37:92-96

Fotherby, M.D.; Potter, J.F. Potassium supplementation reduces clinic and ambulatory blood pressure 
in elderly hypertensive patients. J Hypertens 1992;10:1403-1408



Dose-response relationship for risk assessment 

www.efsa.europa.eu/publications 47 EFSA Supporting publication 2020:EN-1899

The present document has been produced and adopted by the bodies identified above as authors. In accordance with Article 36 of Regulation (EC) No 
178/2002, this task has been carried out exclusively by the authors in the context of a grant agreement between the European Food Safety Authority and 
the authors. The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an 
output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the 
conclusions reached in the present document, without prejudice to the rights of the authors.

Franzoni, F.; Santoro, G.; Carpi, A.; Da Prato, F.; Bartolomucci, F.; Femia, F.R.; Prattichizzo, F.; 
Galetta, F. Antihypertensive effect of oral potassium aspartate supplementation in mild to 
moderate arterial hypertension. Biomedicine & pharmacotherapy = Biomedecine & 
pharmacotherapie 2005;59:25-29

Garcia-Esquinas, E.; Pollan, M.; Tellez-Plaza, M.; Francesconi, K.A.; Goessler, W.; Guallar, E.; Umans, 
J.G.; Yeh, J.; Best, L.G.; Navas-Acien, A. Cadmium exposure and cancer mortality in a 
prospective cohort: The Strong Heart Study. Environmental health perspectives 
2014;122:363-370

Gijsbers, L.; Dower, J.I.; Mensink, M.; Siebelink, E.; Bakker, S.J.; Geleijnse, J.M. Effects of sodium and 
potassium supplementation on blood pressure and arterial stiffness: a fully controlled dietary 
intervention study. J Hum Hypertens 2015;29:592-598

Graham, U.M.; McCance, D.R.; Young, I.S.; Mullan, K.R. A randomised controlled trial evaluating the 
effect of potassium supplementation on vascular function and the renin-angiotensin-
aldosterone system. J Hum Hypertens 2014;28:333-339

Grimm, R.H.; Kofron, P.M.; Neaton, J.D.; Svendsen, K.H.; Elmer, P.J.; Holland, L.; Witte, L.; 
Clearman, D.; Prineas, R.J. Effect of potassium supplementation combined with dietary 
sodium reduction on blood pressure in men taking antihypertensive medication. J Hypertens 
Suppl 1988;6:S591-593

Grioni, S.; Agnoli, C.; Krogh, V.; Pala, V.; Rinaldi, S.; Vinceti, M.; Contiero, P.; Vescovi, L.; Malavolti, 
M.; Sieri, S. Dietary cadmium and risk of breast cancer subtypes defined by hormone receptor 
status: A prospective cohort study. Int J Cancer 2019;144:2153-2160

Grobbee, D.E.; Hofman, A.; Roelandt, J.T.; Boomsma, F.; Schalekamp, M.A.; Valkenburg, H.A. Sodium 
restriction and potassium supplementation in young people with mildly elevated blood 
pressure. J Hypertens 1987;5:115-119

Gu, D.; He, J.; Wu, X.; Duan, X.; Whelton, P.K. Effect of potassium supplementation on blood 
pressure in Chinese: a randomized, placebo-controlled trial. J Hypertens 2001;19:1325-1331

He, F.J.; Marciniak, M.; Carney, C.; Markandu, N.D.; Anand, V.; Fraser, W.D.; Dalton, R.N.; Kaski, 
J.C.; MacGregor, G.A. Effects of potassium chloride and potassium bicarbonate on endothelial 
function, cardiovascular risk factors, and bone turnover in mild hypertensives. Hypertension 
2010;55:681-688

Higgins, J.P.; Altman, D.G.; Gotzsche, P.C.; Juni, P.; Moher, D.; Oxman, A.D.; Savovic, J.; Schulz, 
K.F.; Weeks, L.; Sterne, J.A.; Cochrane Bias Methods, G.; Cochrane Statistical Methods, G. 
The Cochrane Collaboration's tool for assessing risk of bias in randomised trials. Bmj 
2011;343:d5928

Higgins, J.P.T.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring inconsistency in meta-analyses. 
Bmj 2003;327:557-560

Julin, B.; Wolk, A.; Bergkvist, L.; Bottai, M.; Akesson, A. Dietary cadmium exposure and risk of 
postmenopausal breast cancer: A population-based prospective cohort study. Cancer research 
2012;72:1459-1466

Kaplan, N.M.; Carnegie, A.; Raskin, P.; Heller, J.A.; Simmons, M. Potassium supplementation in 
hypertensive patients with diuretic-induced hypokalemia. The New England journal of 
medicine 1985;312:746-749

Kawano, Y.; Minami, J.; Takishita, S.; Omae, T. Effects of potassium supplementation on office, home, 
and 24-h blood pressure in patients with essential hypertension. Am J Hypertens 
1998;11:1141-1146

Lin, Y.S.; Caffrey, J.L.; Lin, J.W.; Bayliss, D.; Faramawi, M.F.; Bateson, T.F.; Sonawane, B. Increased 
risk of cancer mortality associated with cadmium exposures in older Americans with low zinc 
intake. J Toxicol Environ Health A 2013;76:1-15

MacGregor, G.A.; Markandu, N.D.; Best, F.E.; Elder, D.M.; Cam, J.M.; Sagnella, G.A.; Squires, M. 
Double-blind randomised crossover trial of moderate sodium restriction in essential 
hypertension. Lancet 1982;1:351-355

Matlou, S.M.; Isles, C.G.; Higgs, A.; Milne, F.J.; Murray, G.D.; Schultz, E.; Starke, I.F. Potassium 
supplementation in blacks with mild to moderate essential hypertension. J Hypertens 
1986;4:61-64



Dose-response relationship for risk assessment 

www.efsa.europa.eu/publications 48 EFSA Supporting publication 2020:EN-1899

The present document has been produced and adopted by the bodies identified above as authors. In accordance with Article 36 of Regulation (EC) No 
178/2002, this task has been carried out exclusively by the authors in the context of a grant agreement between the European Food Safety Authority and 
the authors. The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an 
output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the 
conclusions reached in the present document, without prejudice to the rights of the authors.

Matthesen, S.K.; Larsen, T.; Vase, H.; Lauridsen, T.G.; Pedersen, E.B. Effect of potassium 
supplementation on renal tubular function, ambulatory blood pressure and pulse wave velocity 
in healthy humans. Scandinavian journal of clinical and laboratory investigation 2012;72:78-86

Miller, J.Z.; Weinberger, M.H.; Christian, J.C. Blood pressure response to potassium supplementation 
in normotensive adults and children. Hypertension 1987;10:437-442

Morgan, R.L.; Thayer, K.A.; Santesso, N.; Holloway, A.C.; Blain, R.; Eftim, S.E.; Goldstone, A.E.; Ross, 
P.; Ansari, M.; Akl, E.A.; Filippini, T.; Hansell, A.; Meerpohl, J.J.; Mustafa, R.A.; Verbeek, J.; 
Vinceti, M.; Whaley, P.; Schunemann, H.J. A risk of bias instrument for non-randomized 
studies of exposures: A users' guide to its application in the context of GRADE. Environment 
international 2019;122:168-184

Morgan, R.L.; Whaley, P.; Thayer, K.A.; Schunemann, H.J. Identifying the PECO: A framework for 
formulating good questions to explore the association of environmental and other exposures 
with health outcomes. Environ Int 2018;121:1027-1031

Orsini, N.; Li, R.; Wolk, A.; Khudyakov, P.; Spiegelman, D. Meta-analysis for linear and nonlinear 
dose-response relations: examples, an evaluation of approximations, and software. American 
journal of epidemiology 2012;175:66-73

Overlack, A.; Conrad, H.; Stumpe, K.O. The influence of oral potassium citrate/bicarbonate on blood 
pressure in essential hypertension during unrestricted salt intake. Klin Wochenschr 1991;69 
Suppl 25:79-83

Overlack, A.; Maus, B.; Ruppert, M.; Lennarz, M.; Kolloch, R.; Stumpe, K.O. [Potassium citrate versus 
potassium chloride in essential hypertension. Effects on hemodynamic, hormonal and 
metabolic parameters]. Dtsch Med Wochenschr 1995;120:631-635

Overlack, A.; Stumpe, K.O.; Moch, B.; Ollig, A.; Kleinmann, R.; Muller, H.M.; Kolloch, R.; Kruck, F. 
Hemodynamic, renal, and hormonal responses to changes in dietary potassium in 
normotensive and hypertensive man: long-term antihypertensive effect of potassium 
supplementation in essential hypertension. Klin Wochenschr 1985;63:352-360

Patki, P.S.; Singh, J.; Gokhale, S.V.; Bulakh, P.M.; Shrotri, D.S.; Patwardhan, B. Efficacy of potassium 
and magnesium in essential hypertension: A double-blind, placebo controlled, crossover study. 
Bmj 1990;301:521-523

Richards, A.M.; Nicholls, M.G.; Espiner, E.A.; Ikram, H.; Maslowski, A.H.; Hamilton, E.J.; Wells, J.E. 
Blood-pressure response to moderate sodium restriction and to potassium supplementation in 
mild essential hypertension. Lancet 1984;1:757-761

Sawada, N.; Iwasaki, M.; Inoue, M.; Takachi, R.; Sasazuki, S.; Yamaji, T.; Shimazu, T.; Endo, Y.; 
Tsugane, S. Long-term dietary cadmium intake and cancer incidence. Epidemiology 
2012;23:368-376

Siani, A.; Strazzullo, P.; Russo, L.; Guglielmi, S.; Iacoviello, L.; Ferrara, L.A.; Mancini, M. Controlled 
trial of long term oral potassium supplements in patients with mild hypertension. Br Med J 
(Clin Res Ed) 1987;294:1453-1456

Skrabal, F.; Gasser, R.W.; Finkenstedt, G.; Rhomberg, H.P.; Lochs, A. Low-sodium diet versus low-
sodium/high-potassium diet for treatment of hypertension. Klin Wochenschr 1984;62:124-128

Smith, S.J.; Markandu, N.D.; Sagnella, G.A.; MacGregor, G.A. Moderate potassium chloride 
supplementation in essential hypertension: is it additive to moderate sodium restriction? Br 
Med J (Clin Res Ed) 1985;290:110-113

Sterne, J.A.C.; Savovic, J.; Page, M.J.; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, 
H.Y.; Corbett, M.S.; Eldridge, S.M.; Emberson, J.R.; Hernan, M.A.; Hopewell, S.; Hrobjartsson, 
A.; Junqueira, D.R.; Juni, P.; Kirkham, J.J.; Lasserson, T.; Li, T.; McAleenan, A.; Reeves, B.C.; 
Shepperd, S.; Shrier, I.; Stewart, L.A.; Tilling, K.; White, I.R.; Whiting, P.F.; Higgins, J.P.T. 
RoB 2: a revised tool for assessing risk of bias in randomised trials. Bmj 2019;366:l4898

Sundar, S.; Sachdev, K.K.; Vaish, S.K.; Bhattacharya, S.K.; Singh, V.P.; Agarwal, S.K. Potassium 
supplementation in essential hypertension--a double blind placebo controlled study. The 
Journal of the Association of Physicians of India 1985;33:776-777

Valdes, G.; Vio, C.P.; Montero, J.; Avendano, R. Potassium supplementation lowers blood pressure 
and increases urinary kallikrein in essential hypertensives. J Hum Hypertens 1991;5:91-96



Dose-response relationship for risk assessment 

www.efsa.europa.eu/publications 49 EFSA Supporting publication 2020:EN-1899

The present document has been produced and adopted by the bodies identified above as authors. In accordance with Article 36 of Regulation (EC) No 
178/2002, this task has been carried out exclusively by the authors in the context of a grant agreement between the European Food Safety Authority and 
the authors. The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an 
output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the 
conclusions reached in the present document, without prejudice to the rights of the authors.

Vongpatanasin, W.; Peri-Okonny, P.; Velasco, A.; Arbique, D.; Wang, Z.; Ravikumar, P.; Adams-Huet, 
B.; Moe, O.W.; Pak, C.Y.C. Effects of potassium magnesium citrate supplementation on 24-
hour ambulatory blood pressure and oxidative stress marker in prehypertensive and 
hypertensive subjects. The American journal of cardiology 2016;118:849-853

Whelton, P.K.; Buring, J.; Borhani, N.O.; Cohen, J.D.; Cook, N.; Cutler, J.A.; Kiley, J.E.; Kuller, L.H.; 
Satterfield, S.; Sacks, F.M.; Taylor, J.O. The effect of potassium supplementation in persons 
with a high-normal blood pressure. Results from phase I of the Trials of Hypertension 
Prevention (TOHP). Trials of Hypertension Prevention (TOHP) Collaborative Research Group. 
Ann Epidemiol 1995;5:85-95



Dose-response relationship for risk assessment 

www.efsa.europa.eu/publications 50 EFSA Supporting publication 2020:EN-1899

The present document has been produced and adopted by the bodies identified above as authors. In accordance with Article 36 of Regulation (EC) No 
178/2002, this task has been carried out exclusively by the authors in the context of a grant agreement between the European Food Safety Authority and 
the authors. The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an 
output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the 
conclusions reached in the present document, without prejudice to the rights of the authors.

Abbreviations

Cd cadmium

CI confidence interval

DBP diastolic blood pressure

dCd dietary cadmium

EFSA European Food Safety Authority

K potassium

KI Karolinska Institutet

NKUA National and Kapodistrian University of Athens

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses

RR Relative risk

SBP systolic blood pressure

SE standard error

uCd urinary cadmium

UNIMORE University of Modena and Reggio Emilia

UPORTO University of Porto

WMD weighted mean differences
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Appendix A – Risk of bias assessment for experimental studies 
Risk of bias assessment for experimental studies on potassium supplementation and blood pressure 
levels using RoB 2.0 tool. Responses underlined in green are potential markers for low risk of bias, 
and responses in red are potential markers for a risk of bias. Where questions relate only to sign posts 
to other questions, no formatting is used.

Domain 1: Risk of bias arising from the randomization process

Domain 2: Risk of bias due to deviations from the intended interventions (effect 
of assignment to intervention).

Signalling questions Comments Response options
1.1 Was the allocation 
sequence random?

Y / PY / PN / N / NI

1.2 Was the allocation 
sequence concealed until 
participants were enrolled 
and assigned to 
interventions?

If the study reports a statement that it is 
randomized, we consider the study as 
randomized. 
Any indication of randomization is accepted as 
true for Y (generally ‘older’ trials were not used to 
report details of randomization process as well as 
allocation concealment. 

Y / PY / PN / N / NI

1.3 Did baseline differences 
between intervention 
groups suggest a problem 
with the randomization 
process? 

Y / PY / PN / N / NI

Risk-of-bias judgement Low / High / Some 
concerns

Signalling questions Comments Response options
2.1. Were participants aware 
of their assigned 
intervention during the 
trial?

Y / PY / PN / N / NI

2.2. Were carers and people 
delivering the interventions 
aware of participants' 
assigned intervention during 
the trial?

Y / PY / PN / N / NI

2.3. If Y/PY/NI to 2.1 or 2.2: 
Were there deviations from 
the intended intervention 
that arose because of the 
experimental context?

According to the guidance, we can answer N or 
PN in case of either cessation of the intervention 
because of acute toxicity, or non-adherence to 
intervention or changes to intervention that are 
typical of routine case, so unrelated to the 
experimental context (as for example the 
expectations of participants that seek the 
experimental intervention if they feel to have been 
‘unlucky’ (assigned to the comparator). This is an 
issue in clinical trial with drugs, probably it is not 
the case for potassium trials

NA / Y / PY / PN / N / 
NI

2.4. If Y/PY to 2.3: Were 
these deviations from 
intended intervention 
balanced between groups?

NA / Y / PY / PN / N / 
NI

2.5 If N/PN/NI to 2.4: Were 
these deviations likely to 
have affected the outcome?

NA / Y / PY / PN / N / 
NI
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Domain 3: Missing outcome data

Domain 4: Risk of bias in measurement of the outcome

2.6 Was an appropriate 
analysis used to estimate 
the effect of assignment to 
intervention?

Both intention-to-treat (ITT) analyses and 
modified intention to treat (mITT) analyses 
excluding participants with missing outcome data 
should be considered appropriate. (Missing 
outcome data are addressed in a separate 
domain). 
If not clearly stated, an ITT analysis is 
implemented, based on the assigned intervention 
at the start of the trial

Y / PY / PN / N / NI

2.7 If N/PN/NI to 2.6: Was 
there potential for a 
substantial impact (on the 
result) of the failure to 
analyse participants in the 
group to which they were 
randomized?

Only to answer in case of per-protocol analysis NA / Y / PY / PN / N / 
NI

Risk-of-bias judgement Low / High / Some 
concerns

Signalling questions Comments Response options
3.1 Were data for this 
outcome available for all, or 
nearly all, participants 
randomized?

  Y (all: 100%) or PY (nearly all: at least 80% of 
participants)

Y / PY / PN / N / NI

3.2 If N/PN/NI to 3.1: Is 
there evidence that the 
result was not biased by 
missing outcome data?

NA / Y / PY / PN / N

3.3 If N/PN to 3.2: Could 
missingness in the outcome 
depend on its true value?

Judgement of PN based mainly on two factors: if 
reasons of withdrawal are reported and if drop-out 
rate is similar between intervention and control 
groups

NA / Y / PY / PN / N / 
NI

3.4 If Y/PY/NI to 3.3: Is it 
likely that missingness in 
the outcome depended on 
its true value?

NA / Y / PY / PN / N / 
NI

Risk-of-bias judgement Low / High / Some 
concerns

Signalling questions Comments Response options
4.1 Was the method of 
measuring the outcome 
inappropriate?

At least two measurements to say PN/N
The issue of type and modality of BP measure 
(supine, seated, device, cuff size) will be 
postponed to stratified analysis, since if such 
concerns are present, they are non-differential, 
i.e. the same at the baseline and at the end of the 
trial, and identical between treated and control 
group

Y / PY / PN / N / NI

4.2 Could measurement or 
ascertainment of the 
outcome have differed 
between intervention 
groups?

N if there is an explicit statement that was the 
same between intervention/placebo groups

Y / PY / PN / N / NI
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Domain 5: Risk of bias in selection of the reported result

Additional domain 6: Risk of bias for cross-over design

Overall risk of bias 

4.3 If N/PN/NI to 4.1 and 
4.2: Were outcome 
assessors aware of the 
intervention received by 
study participants?

Y / PY / PN / N / NI

4.4 If Y/PY/NI to 4.3: Could 
assessment of the outcome 
have been influenced by 
knowledge of intervention 
received?

N for sure if an automatic device is implemented. 
PN if manual but trained personnel or the same 
person for all participants.

NA / Y / PY / PN / N / 
NI

4.5 If Y/PY/NI to 4.4: Is it 
likely that assessment of the 
outcome was influenced by 
knowledge of intervention 
received?

NA / Y / PY / PN / N / 
NI

Risk-of-bias judgement Low / High / Some 
concerns

Signalling questions Comments Response options
5.1 Were the data that 
produced this result 
analysed in accordance with 
a pre-specified analysis plan 
that was finalized before 
unblinded outcome data 
were available for analysis?

Y / PY / PN / N / NI

Is the numerical result being 
assessed likely to have been 
selected, on the basis of the 
results, from...

5.2. ... multiple outcome 
measurements (e.g. 
scales, definitions, time 
points) within the 
outcome domain?

Y / PY / PN / N / NI

5.3 ... multiple analyses 
of the data?

Y / PY / PN / N / NI

Risk-of-bias judgement Low / High / Some 
concerns

Signalling questions Comments Response options
6.1 Was a wash-out period 
of at least 2 weeks present?

Y if present and of at least 2 weeks. NA if parallel 
design

Y  /  N / NA

Risk-of-bias judgement Low if Y or NA, Some Concerns if N. No high risk 
category in this domain

Low / Some concerns

Risk-of-bias judgement Low / High / Some 
concerns
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Appendix B – Risk of bias assessment for nonexperimental studies
Risk of bias assessment for nonexperimental studies on cadmium exposure and breast cancer risk using 
ROBINS-E tool.

Domains Criteria

Bias due to confounding

Factors considered mandatory in order to judge a study at moderate risk 
of bias are: age, smoking habits and body mass index
Factors considered mandatory to judge a study at low risk of bias are: 
hormone replacement therapy use, energy intake (only for dietary 
intake), and creatinine adjustment (only for urine excretion).
To be considered at low risk of bias, a study must include age, smoking 
body mass index and hormone therapy use, and in addition energy 
intake for studies using dietary cadmium exposure assessment, and 
creatinine adjusted for urine excretion. 

Bias in selecting 
participants in the study

Selection of eligible participants must not be related to cadmium 
exposure.

Bias in exposure 
classification 

Possible exposure misclassification for studies not using a biological 
sample for the assessment or based on an assessment performed after 
the beginning of the study. 

Bias in departure from 
intended exposure

There should be no concern about departure from intended exposure 
due to the long term, i.e. that subjects may have changed exposure 
during follow-up. A threshold of 20 years of mean follow-up have been 
considered at Moderate risk for possible change in exposure from the 
beginning of the study to the end of follow-up.

Bias due to missing data Definition of reasonable cutpoint for missing data. Studies with less than 
10% are considered at low risk.

Bias in outcome 
measurement 

Possible bias based on the modality of outcome assessment. High risk in 
case of assessment based on self-report only without external validation.

Bias in selection of 
reported results

Evidence that results have not been selected. Clear reporting of 
statistical methods.

Overall risk of bias

If at least one domain was found at risk of bias, the overall risk was 
considered high. If more than one domain was found at moderate risk of 
bias, the overall risk was considered moderate. If all domains were at 
low risk of bias, the overall risk was considered low.
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Appendix C – Illustration of the drmeta Stata package
In this Appendix we report the details of drmeta Stata package used for illustration of Models and 
examples reported in the report.

* ssc install drmeta , replace

* Example #1. Tables of mean differences 

use http://www.stats4life.se/drm/md_drm.dta, clear

* Model 1

drmeta md dose, se(semd) data(n sd) id(id) type(type_md) ml stddev

* Model 2

mkspline doses = dose, nk(3) cubic displayknots

mat knots = r(knots)

drmeta md doses1 doses2, se(semd) data(n sd) id(id) type(type_md) ml stddev

drmeta_graph , matk(knots)  dose(2(.5)10) ref(5) ///

 ytitle("Mean Difference") xtitle("Dose") list  yline(0, lp(dot) lc(black)) xlabel(2(1)10) ylabel(#7) ///

 addplot(-2*(d-5)+.2*(d^2-25))  plotopts(lc(blue) lp(l)) name(fig_md, replace)

* Example #2. Tables of hazard ratios

use http://www.stats4life.se/drm/hr_drm.dta, clear

* Model 1

drmeta b walk   , se(seb) data(n case) type(type)  id(id) ml stddev

lincom walk, eform

* Model 2

mkspline walks = walk, nknots(3) cubic displayknots

mat knots = r(knots)

drmeta b walks1 walks2  , se(seb) data(n case) type(type)  id(id) ml stddev

drmeta_graph ,  matk(knots)   dose(0(.2)4) list ref(2) ///

     addplot(-.5*(d-2)+.5*(d>2)*(d-2)) plotopts(lc(blue) lp(l))  eform  ///

ytitle("Adjusted Hazard Ratio") xtitle("Walking (hours/week)") ///

ylabel(1 1.2 1.5 2 3 4, angle(horiz)) name(fig_hr, replace)
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Appendix D – Illustration of the dosresmeta R package
In this Appendix we report the details of dosresmeta R package used for illustration of Models and 
examples reported in the report.

rm()

#install.packages("devtools")

#devtools::install_github("alecri/dosresmeta")

pacman::p_load(dosresmeta, rms, tidyverse, haven, ggthemes, Epi, scales, gridExtra, 
ResourceSelection, epiDisplay)

# Example 1. Tables of mean differences

md_drm <- read_dta("http://www.stats4life.se/drm/md_drm.dta")

# Model 1

m_l <- dosresmeta(formula = md ~ dose, id = id,sd = sd, n = n, covariance = "md", method = "ml", 
data = md_drm, proc = "1stage")

summary(m_l)

# Model 2

knots <- quantile(md_drm$dose, c(.1, .5, .9), type=2)

m_s <- dosresmeta(formula = md ~ rcs(dose, knots), id = id,sd = sd, n = n, covariance = "md", 
method = "reml", data = md_drm, proc = "1stage")

summary(m_s)

# Tabulate predicted contrasts 

newd <- data.frame(dose = seq(2, 10, 1))

pred_m_s <- round(predict(m_s, newd, expo = FALSE, xref = 5),2)

pred_m_s

# Example #2. Tables of hazard ratios

hr_drm <- read_dta("http://www.stats4life.se/drm/hr_drm.dta")

# Model 1

m_l <- dosresmeta(formula = b ~ walk, id = id, se = seb, cases = case, n = n, 

                  method = "ml", type="ir", data = hr_drm, proc = "1stage")

summary(m_l)
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# Model 2

knots <- quantile(hr_drm$walk, c(.1, .5, .9), type=2)

m_s <- dosresmeta(formula = b ~ rcs(walk, knots), id = id, se = seb, cases = case, n = n, 

                  method = "ml", type="ir", data = hr_drm, proc = "1stage")

summary(m_s)

# Tabulate predicted contrasts 

newd <- data.frame(walk = seq(0, 5, 1))

pred_m_s <- round(predict(m_s, newd, expo = TRUE, xref = 2),2)

pred_m_s
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