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Abstract

Introduction Markers are important tools to assess the

nutrition status and effects of nutrition interventions. There

is currently insufficient consensus in nutrition sciences on

how to evaluate markers, despite the need for properly

evaluating them.

Objectives To identify the criteria for the evaluation of

markers related to nutrition, health and disease and to

propose generic criteria for evaluation.

Method The report on ‘‘Evaluation of Biomarker and

Surrogate Endpoints in Chronic Disease’’ from the Institute

of Medicine was the starting point for the literature search.

Additionally, specific search strategies were developed for

Pubmed.

Results In nutrition, no set of criteria or systematic

approach to evaluate markers is currently available. There

is a reliance on the medical area where statistical methods

have been developed to quantify the evaluation of markers.

Even here, a systematic approach is lacking—markers are

still evaluated on a case-by-case basis. The review of

publications from the literature search resulted in a data-

base with definitions, criteria for validity and the rationale

behind the criteria. It was recognized that, in nutrition, a

number of methodological aspects differ from medical

research.

Conclusions The following criteria were identified as

essential elements in the evaluation of markers: (1) the

marker has a causal biological link with the endpoint, (2)

there is a significant association between marker and end-

point in the target population, (3) marker changes consis-

tently with the endpoint, e.g., in response to an

intervention, and (4) change in the marker explains a

substantial proportion of the change in the endpoint in

response to the intervention.
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Introduction

Markers are a cornerstone in research on bodily function,

health and disease, including pharmaceutical and nutrition

research. They may reflect or ‘mark’ an exposure, a status,

a function or a risk factor. As such, they can be used as

outcomes in studies on the effects of a food or food con-

stituent on status, functions or risk factors. One of the

conclusions of the European Commission-funded project

PASSCLAIM, coordinated by ILSI Europe, was that there

is a need for adequate markers in nutrition sciences [1].

Therefore, ILSI Europe decided to start an activity

called Marker Initiative on Nutrition Research that aims to

identify and review the criteria on the validation of

markers. The initiative distinguishes 3 steps:

The first step combined two parallel approaches:

• One approach was identifying criteria for validity of

markers by reviewing the available methodological/

theoretical concept of marker validation as described in

the literature. The outcomes of the literature research

are illustrated in the present manuscript.

• The second approach combined different groups of

experts from different fields of nutrition research as

addressed by ILSI Europe. They identified criteria for

validation of markers, based on the analysis of markers

most commonly used in their field.

The second step was a workshop that aimed to achieve

consensus on the criteria to evaluate markers. This work-

shop gathered nutrition scientists from and outside the ILSI

Europe Marker Initiative to discuss the criteria identified in

the preliminary work done in the two parallel approaches

of the first step.

The final step (ongoing) will be the combination of the

consensus set of criteria for evaluating markers in nutrition

research, with guidance on how to use them. The appli-

cation of criteria on markers used in different fields would

enable the identification of markers that fulfil the criteria,

and those for which future research is needed in order to

meet the criteria.

Overall, this Marker Initiative aims at producing a

practical toolkit for the evaluation of markers in nutritional

research. As previously stated, this paper reviews how

different research areas covering health-related issues,

including nutrition, medical research, drug development

and exposure assessment, evaluate whether a certain

measurement is a meaningful marker of a certain aspect of

current or future health or function. For this review,

nutrition research includes research on food intake, food

and nutrient exposure, nutritional status and effects of

nutrition on physiological functions. The aims of this

activity are to make:

• An inventory of the criteria, found in the literature, for

validation of markers of nutrition, health and disease.

• A proposal for the generic criteria for the validity of

markers of nutrition, health and disease to be used in

nutrition research.

Analytical validity is, although clearly an important

criterion, outside the scope of this paper.

Definition framework

In reviewing the literature, a broad definition of the concept

of marker is applied, comprising criteria for evaluating

markers of dietary intake, dietary exposure, nutritional

status and physiological functions. The inventory, as

mentioned above, was set up to include measures on bio-

logical materials and information gathered, e.g., via ques-

tionnaires. Although most information retrieved in the

study covers measures on biological materials, in this

publication, it was chosen not to speak of ‘‘biomarkers’’ but

of ‘‘markers’’.

A great diversity in terminology and definitions in the

field of marker assessment was recognized. Potischman

defined a biomarker as ‘‘any biological specimen that is an

indicator of nutritional status with respect to intake or

metabolism of dietary constituents. It can be biochemical,

functional or clinical index of status of an essential nutrient

or another dietary constituent’’ [2]. Potischman proposed

that markers of exposure be used to validate dietary mea-

surement, or as a surrogate of dietary intake, or as an

integrated measure of nutritional status, and that they

should be evaluated according to precision, accuracy,

sensitivity, specificity to the nutrient, and variability

between subjects and temporality [2–4].

Although Potischman has proposed a definition for

nutritional status markers, no definition framework could

be discovered for the nutrition research area, covering

dietary intake, nutritional status, nutrient exposure and

effects of nutrition interventions on physiological and/or

pathological outcomes. Therefore, for this review, it was

decided to adhere to the definition of the Biomarker Defi-

nition Working Group (BDWG) that was proposed in 2001

and to comply with the definition framework of surrogate

markers [5–7].

According to the BDWG, a marker is ‘‘a characteristic

that is objectively measured and evaluated as an indicator

of normal biological processes, pathogenic processes or

pharmacologic responses to a therapeutic intervention’’ [5].

A clinical endpoint is a measure that captures information

on ‘‘how a patient feels, functions or survives’’ [8]. In
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medical research, three types of markers are distinguished:

prognostic, predictive and surrogates [7]. Prognostic

markers predict the likely course of disease for a patient,

irrespective of the treatment. Predictive markers predict

patient’s response to treatment. Finally, a surrogate marker

is used to replace a clinical endpoint to obtain a faster,

simpler and/or less expensive evaluation of the efficacy of

an experimental treatment and is, therefore, also called a

surrogate endpoint. A marker is termed ‘‘validated’’ if it

‘‘has been demonstrated by robust statistical methods to be

associated with a given clinical endpoint (prognostic

markers), to predict the effect of a therapy on a clinical

endpoint (predictive markers), or to be able to replace a

clinical endpoint to assess the effects of a therapy (surro-

gate markers)’’ [7]. The statistical methods used for the

validation depend on the type of the marker.

The glossary, present at the end of the manuscript, lists

terms and definitions that are most often used in the dis-

cussions on marker evaluation.

Materials and methods

It was decided to use the report of the Institute of Med-

icine (IOM) on ‘‘Evaluation of Biomarkers and Surrogate

Endpoints in Chronic Disease’’ as a starting point because

a committee of the IOM was convened ‘‘to generate

recommendations on the qualification process for bio-

markers with a focus on risk biomarkers and surrogate

endpoints in chronic disease’’ [9]. This committee was

asked to work on this task because the Food and Drug

Administration (FDA) is exploring the development of a

framework for validating modifiable risk factors (markers)

for chronic diseases, such as cancer, heart disease, dia-

betes and others that can be the subject of a health claim.

The task of IOM was closely related to the purpose of

ILSI Europe transversal ‘Marker Initiative on Nutrition

Research’. In addition to the IOM list of references, and

as their process of literature retrieval was not described in

the IOM report, a PubMed database search was performed

to ensure that no critically important articles were miss-

ing. The search string(s) for PubMed included terms in

the field of nutrition, medicine, pharmacology, toxicology,

genomics, proteomics and metabolomics, and terms rela-

ted to all types of markers, including questionnaires and

other measures of non-biological nature. Publications on

the validity of analytical methods to analyse biological or

other samples were not included. Therefore, the following

steps were adopted in order to perform the literature

search (see Fig. 1):

The references in Table A-1 at page 254 of the IOM

report were screened by title and summary/commentary, on

relevance in the light of the aforementioned terminology.

Then, a first search in PubMed was performed (see

search string 1, time limits from 1948 to 2011).

Search string 1 (date of search: 4 August 2011, numbers

of hits are mentioned in brackets):

1. (biomarker* or ‘‘risk factor*’’ or ‘‘surrogate end-

point*’’ or ‘‘predictive marker*’’).ti,ab. (321.978)

2. biological markers (119.856)

3. 1 or 2 (416.813)

4. valid*.ti,ab. (296.207)

5. criteri*.ti,ab. (323.000)

6. 3 and 4 and 5 (1.466)

7. (health or physiological or function or nutrition).ti,ab.

(2.271.384)‘

8. 6 and 7 (372)

9. limit 8 to humans (336)

The results of this search were compared on authors and

title with the literature list of the IOM report [9]. Because

of the very little overlap observed in the literature retrieved

(one paper only between the results of search 1 and the

references in the IOM report), a second PubMed search

(Search string 2) was performed (Note: due to the large

numbers of publications found in the literature, the second

search was limited to 2010 and 2011):

Search string 2 (date of search: 8 August 2011, numbers

of hits are mentioned in brackets):

1. (biomarker* or ‘‘risk factor*’’ or ‘‘surrogate end-

point*’’ or ‘‘predictive marker*’’).ti,ab. (322193)

2. Biological Markers (119.856)

3. 1 or 2 (417.028)

4. criteria*.ti,ab. (323.149)

5. (valid* or evaluat*).ti,ab. (1.988.377)

6. 3 and 4 and 5 (6.835)

7. limit 6 to humans (6.299)

8. (health* or physiological* or function* or nutrition*

or CVD or CHD or cardiovasc* or cancer* or

oncolo* or tumor* or tumour* or HIV or AIDS or

genetic*).ti,ab. (5.456.419)

9. exp neoplasms/or exp digestive system diseases/or

exp respiratory tract diseases/or exp cardiovascular

diseases/or exp ‘‘nutritional and metabolic diseases’’/

or exp endocrine system diseases/or exp immune

system diseases/(6.297.638)

10. 8 or 9 (9.388.890)

11. 7 and 10 (5.070) (and limited to 2010–2011)

One scientist reviewed the titles and abstracts of every

record retrieved on (1) aim of the paper and (2) discussion

on criteria to validate markers. Full articles were consid-

ered to be relevant if the information in the title and the

abstract indicated that the publication discusses criteria on

the validation, qualification and/or evaluation of (bio)

markers. Articles were discarded when describing a study
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to describe/assess a specific marker, but the abstract did not

indicate criteria for a validation, qualification and/or an

evaluation process.

Two other scientists followed the same procedure on a

random 10 % sample of the search results, in order to

cross-check that most relevant articles were picked-up

from the search, validating the process of retrieving liter-

ature. This resulted in 4 additional papers on a check of

±500 titles and abstracts to be added to the list of relevant

publications. On the basis of this result, the review

Fig. 1 Flowchart of the search procedure
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produced was considered adequate for the purpose of the

assessment.

The reading of the full text publications focused on

validation processes, discussion on how markers should be

validated, qualified and/or evaluated, and what criteria

should be used for this process. The terminology used in

these publications was also captured. This resulted in a

database with information about the criteria used for the

qualification and evaluation of markers, corresponding

rationale of the markers—if presented—and definitions

used for the terminology extracted from the selected

publications.

The database was constructed with the following

elements:

• Full reference: ability to go back to the original

publications.

• Definitions: create an overview of the definitions used

in the area of marker validation.

• Criteria for validity (what): create an overview of the

criteria that are proposed and used for validation,

qualification and evaluation of markers.

• Rationale behind the criteria: the ‘‘why’’ behind the

criteria that are proposed in the validation, qualification

and evaluation processes.

• Methodology: types of scientific methods that contrib-

ute to the validation, qualification and evaluation of

markers.

• Context of the paper: physiological and/or technical

context (e.g. cancer research, bone metabolism).

It was then checked whether publications retrieved with

the word ‘biomarker’ in the search string were different

from those retrieved using the word ‘marker’, in order to

keep a broader perspective in this review. It came out that

18 articles were different from those proposed when using

‘biomarker’ and these were not related to diet or nutrition.

Results

Publications resulting from the search strategy

The PubMed search string 1 resulted in 336 publications

and screening of the references in the IOM report [9]

yielded 101 publications. Because only one paper was

identified in both searches, a search string 2 was developed,

which resulted in several thousands of publications related

in some way to the validation of markers. To achieve a

number of publications that could reasonably be reviewed,

search string 2 was limited to 2010–2011. The total search

process yielded 1,184 publications of which, concluded

from the titles and the abstracts, 185 were considered to be

relevant enough for full text review.

The survey was unable to provide one publication

proposing a set of criteria or a systematic approach to

assess or qualify markers to be used in nutrition research

either for dietary exposure or for research on status,

functions or health consequences. For drug development,

a clear framework of types of markers has been devel-

oped in the last 2 decades [5–7]. This framework focused

on surrogate markers. Most publications referred to cri-

teria to assess markers in drug development or the curing

of diseases and, consequently on surrogate markers, with

the exception of markers for exposure. The assessment of

markers in drug development on their meaningfulness is

mostly, if not completely, performed on a case-by-case

basis, due to a lack of consensus on the quantification in

the evaluation process. Dietary exposure data have been

discussed in relation to their validity; however, these

publications lack a discussion on the criteria for valida-

tion [2–4].

Properties required for evaluating surrogate markers

The 1987 meeting of the Biometrics Society started the

discussion on how to establish valid ‘surrogates’ [10]. In

his landmark publication, Prentice laid out a definition for a

surrogate endpoint, being ‘‘a response variable for which a

test of the null hypothesis of no relationship to the treat-

ment groups under comparison is also a valid test of the

corresponding null hypothesis based on the true endpoint’’

and also presented criteria for a surrogate endpoint (see

Table 1) [11]. These criteria have been the basis for further

discussion on criteria and the development of statistical

evaluation methods. The review process of the selected

literature resulted in a database on the definitions and

theoretical criteria to assess the meaningfulness of markers

in scientific processes. Table 1 summarises the theoretical

criteria extracted from the selected publications. These

criteria were put in relation to prognostic markers, pre-

dictive markers and surrogate endpoints.

Developments in statistical methods on the evaluation

of surrogate markers and surrogate endpoints

The Prentice criteria [11] can be evaluated by using data

from a single clinical trial in which the surrogate and the

true endpoints have been observed. However, the fourth

criterion requires proving a null hypothesis of no effect of

treatment after adjustment for the surrogate. Recognizing

the difficulty of this approach, Freedman et al. [19] pro-

posed to replace this fourth criterion by the estimation of

the proportion of the treatment effect on the true endpoint

mediated by the surrogate (Proportion Explained, PE).

According to this proposal, for a valid surrogate endpoint,

the PE should be close to 1.
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Table 1 Summary of the properties required for different types of (bio) markers, extracted from the selected literature

Publication Criteria identified in publications Proposed properties

Prognostic Predictive Surrogate

endpoint

Prentice [11] Treatment has a significant impact on the surrogate endpoint X

Treatment has a significant impact on the true endpoint X

The surrogate endpoint has a significant impact on the true endpoint X

The full effect of treatment upon the true endpoint is captured by the surrogate X

Lippman [12] Differential expression of the biomarker in normal and high-risk tissue X X X

Ability to analyse the biomarker in small tissue specimens X X X

Quantitative degree or pattern correlating the biomarker with the stage of disease; and X X X

Availability of preclinical or early clinical data supporting modulation by study agent X X

Boissel [13] Show biological plausibility X X X

Show significant association between biomarker and clinical endpoint in the target

population

X X X

Show that the biomarker changes consistently in response to therapy, preferably in a

predictable and dose-dependent fashion that agrees with the known mechanism of action

of the therapeutic intervention

X X

Show that changes in the biomarker with treatment explain a substantial proportion of the

efficacy on the clinical endpoint

X X

Rolan [14] Analysis of data on the statistical properties of the surrogate relating to (1) reproducibility,

(2) accuracy and (3) bias of measurement

X X X

The analysis may include (1) observer error and (2) observer variability X X X

The marker must have a close correlation with the clinical endpoint in a stable

environment

X X X

The marker must be sensitive to interventions X X

The marker must share a causal mechanism with the clinical endpoint X X

Temple [15] Qualitative surrogates: Both surrogate and clinical endpoint move in the same direction X

Quantitative surrogates: The surrogate fully captures the effect of the treatment on the

outcome

X

Evidence that the surrogate biochemical, anatomic and/or morphological, or

pathophysiologic endpoint is on the causal pathway to the adverse outcome or is a

regular finding associated with that outcome and is plausibly related to a common causal

factor

X

A history of successful intervention with a pharmacologically-related agent or (even

better) a range of pharmacologically-unrelated agents

X X

Lesko [16] Biological plausibility should provide a mechanistic basis for using the surrogate endpoint X

Epidemiological or survey studies of the natural history of the disease should support

surrogate status by establishing the statistical relationship between the biomarker and the

clinical endpoint under basal conditions (30)

X

Adequate and well-controlled clinical trials should provide an estimate of the expected

benefit in terms of clinical endpoints that can be derived mathematically or

mechanistically from an estimate of the change in the potential surrogate endpoint.

Ideally, an appropriate dose–response or exposure–response relationship would be

established as aupplemental support for surrogate status

X

The analysis should include a consideration of potential adverse reactions unrelated to the

clinical endpoints predicted by the surrogate endpoint

X

An exposure–response model should be developed that mathematically describes and

predicts relationships between drug doses or plasma concentrations and surrogate

endpoints and clinical outcomes. Verification of these predictions is important

X X X

The development and validation of biomarkers and surrogate endpoints should be built

into the drug development process, beginning with the preclinical phase

X X

It may be helpful to conduct a meta-analysis of multiple clinical trials to look across and

within studies to determine the consistency of effects following interventions with

various drug classes and within different stages of the disease
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Buyse and Molenberghs showed that PE is ill-defined

because, mathematically, it is not proportional. They

proposed to replace it by two measures: the relative effect

(RE) and the adjusted association (AA). RE is the ratio of

the effects of treatment upon the true and the surrogate

endpoints. RE could be used to construct a model

allowing a prediction of the effect of treatment on the true

endpoint, based on the effect on the surrogate endpoint

[20].

In a single-trial setting, the use of RE for the prediction

purposes requiring adopting assumptions that cannot be

tested. This limitation does not apply in a multiple trials

setting, i.e., in the so-called meta-analytic approach to the

validation of surrogate endpoints [21]. In a nutshell, the

approach consists of using data from multiple clinical trials

in which both surrogate and true endpoints have been

observed. Trial-specific treatment effects are estimated and

analysed by using a linear model. The model predicts the

treatment effect on the true endpoint, with the effect on the

surrogate as an input. The precision of the prediction is

quantified by the coefficient of determination, R2. The

closer value of R2 to 1, the more predictive the model and

the higher the validity of a surrogate endpoint.

To interpret the clinical meaningfulness of the values of

R2, the concept of a surrogate threshold effect (STE) has

been developed [22]. STE is the lowest treatment effect

upon the surrogate endpoint that predicts a significant

treatment effect upon the true endpoint. If STE is small

enough within the usual range of treatment, then the sur-

rogate endpoint may be deemed useful. This is because a

small STE indicates narrow prediction limits for the

treatment effect on the true endpoint. Hence, the surrogate

may ‘‘reasonably predict’’ the effect of treatment on the

true endpoint, as postulated in the definition of the Bio-

markers Definitions Working Group [9].

Proposals for systematic approaches to evaluate

markers

There is substantial literature discussing the qualitative

framework for the evaluation of markers in the medical

area. Some attempts have been made to provide them from

a qualitative to a quantitative framework for marker eval-

uation. Below, a list is provided with proposals for quan-

titative evaluation procedures that we have identified in our

literature research:

• Ransohoff 2007 (summarised in Table 1 in the publi-

cation) [23] and Lassere 2007 (ranking system with

different variables) [24]

• Bouxsein 2008 (four-step approach) [25]

• Altar 2008 (summarised in Table 1 in the publication,

systematic framework developed by the Pharmaceutical

Research and Manufacturers of America) [26]

• Wagner 2008 (from exploration to surrogacy) [6]

• Liang 2009 (4 criterions to fulfil) [27]

• Hlatky 2009 (6 phases for the evaluation of novel risk

markers) [28]

• Early Detection Research Network (EDRN) 2009 (5

phases, phasing of marker development is developed as

a tool to clinically detect cancer before symptoms

appear and to identify people at risk; see Fig. 2) [29]

• Doust 2010 (3 phases: exploration, qualification and

evaluation of clinical utility) [30]

• IQWiG report 2011 (flow diagram to determine the

validity of markers in oncology) [31].

Table 1 continued

Publication Criteria identified in publications Proposed properties

Prognostic Predictive Surrogate

endpoint

Mayeux [17] Content validity, which shows the degree to which a biomarker reflects the biological

phenomenon studied

X X X

Construct validity, which pertains to other relevant characteristics of the disease or trait,

for example, other biomarkers or disease manifestations

X X X

Criterion validity, which shows the extent to which the biomarker correlates with the

specific disease and is usually measured by sensitivity, specificity and predictive power

X X X

Monitorability of the marker (development of the marker) X X X

Sistare [18] Specific fit-for-purpose need, the initial goal and the study designs must be synchronized

and focused and not broadened in an attempt to address all deficiencies in current

conventional biomarkers

X X X

Strengths and limitations of (bio) markers X X X

Initially establish claims describing the utility of biomarkers X X X

Full capacity of a biomarker: It is essential that the study protocol generates samples that

mimic the most pressing problem that the biomarker is intended to address (study

design)

X X X
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The above-mentioned schemes are based on sets of cri-

teria for validation, qualification and evaluation processes

that are summarized in Table 1. Lassere [24], Altar [26] and

the EDRN [29] have proposed grading and/or weighing

evidence in their evaluation process of markers. Wagner [6]

proposed an evaluation process tailored to the degree of

certainty required in different contexts of use, which is

illustrated with an inverted pyramid of marker qualification.

Discussion

This review summarises the developments of marker

evaluation in the medical and nutrition sciences. Because

in nutrition sciences no definition framework is available

according to this review, it was decided to use the defini-

tions from the medical sciences. The majority of the papers

in the medical area on evaluation of markers cover prog-

nostic and predictive markers and surrogate endpoints.

The discussion will first focus on the small number of

findings in the nutrition sciences. Then, the concept of

association versus causality is discussed in the light of

commonly found criteria for the evaluation. The discussion

continues to elaborate on the development of statistical

methods for surrogate markers and the proposals that have

been launched for a systematic approach in the evaluation

of markers. The applicability of the medical approach on

evaluation of markers in nutrition sciences will be con-

sidered, taking into account the potential pitfalls in the use

of surrogate markers as identified from medical studies.

Finally, the applicability of the medical evaluation system

approaches will be discussed with respect to single and

multiple marker systems in nutrition sciences.

Findings in nutrition sciences

This review of existing recent literature on criteria for the

evaluation of markers in nutrition, and life science at large,

generated little data dedicated to nutrition research. In the

recent past, several activities of ILSI covered the validity

of exposure markers in nutrition [2–4, 32–47]. These

papers discuss the validity of specific markers as such in

relation to dietary intake/exposure but did not intend to

create consensus on criteria to be used for the validation of

markers. Most publications were dealing with surrogate

markers and/or markers for drug development.

This review indicates that no specific definition framework

exists for nutrition research. Only Potischman has proposed a

definition for a nutritional status marker [2]. Neither has there

been any organized discussion on the development of criteria

to validate markers used in nutrition research, including intake

markers, status markers, exposure markers and markers of

physiological effects on nutrition intervention. It can be con-

cluded that nutrition research strongly relies on the develop-

ment of criteria for the assessment of markers in the medical

area. For drug development, a consensus exists on the

framework of types of surrogate markers, which is based on

the definitions of prognostic marker, predictive marker and

surrogate endpoints [5–7].

Association or causality: criteria for evaluation

The need for a proper evaluation process for surrogate markers

is based on the search for causality between the surrogate

marker and the endpoint. In 1965, Sir Bradford Hill proposed

nine characteristics that relate to causality [48]. They do not

prove causality, but the more the criteria apply, the more likely

that an observed association is of a causal nature.

1. Strength of the association: causation is supported if

the relative risk due to the exposure is very large.

2. Consistency of observed association: has it been

repeatedly observed by different persons, in different

places, circumstances and times?

3. Specificity of the association: causation is supported if

an exposure appears to cause only a specific effect.

Fig. 2 Reasons for failure of surrogate markers in predicting

endpoints. Adapted from Fleming 1996 [60]. a The surrogate is not

in the causal pathway of the process. b Of several causal pathways,

the intervention affects only the pathway mediated through the

surrogate. c The surrogate is not on the pathway of the intervention’s

effect or is insensitive to its effect. d The intervention has

mechanisms of action independent of the process that results in the

outcome. Dotted lines = mechanisms of action that might exist
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4. Temporal relationship of the association: causation is

supported if exposure precedes the effect.

5. Biological gradients: a clear dose–response curve

admits of a simple explanation and puts the observa-

tion in a clearer light.

6. Biologically plausible: it will be helpful if the causa-

tion is biologically plausible; according to Hill, this is

a feature that cannot be demanded.

7. Coherence: the cause-and-effect relationship should

not seriously conflict with the generally known facts of

the natural history of the disease.

8. Experiment: occasionally, evidence that reducing or

removing the exposure decreases the effect can be used

to draw conclusions about causality.

9. Analogy: in some circumstances, comparison between

weaker evidence of causation between an exposure and

its effect and strong evidence of causality between

another exposure and its similar effect is appropriate.

These nine characteristics should not be considered a

checklist but provide an approach for studying association

before we cry causation [48]. According to Biesalski, the

nine characteristics are an approach to the interpretation of

the data sets that provide a way to compensate for data gaps

[49]. In this review, a set of commonly used criteria to

evaluate the meaningfulness of a marker to its intended

endpoint is identified. These have a lot in common with the

characteristics of Sir Bradford Hill in 1965. This is logical,

as a certain measure being a marker of a certain endpoint

may be based on a causal relationship between this marker

and the endpoint. Commonalities observed are as follows:

• The surrogate marker must share a causal biological

mechanism with the endpoint (biological plausibility).

• Significant association between surrogate marker and

endpoint in the target population.

• Surrogate marker changes consistently with the end-

point in response to the intervention.

• Change in the surrogate marker explains a substantial

proportion of the change in the endpoint in response to

the intervention.

Statistical considerations on surrogate markers

and surrogate endpoints

The criteria described in Table 1 are more characteristics

than criteria because they lack quantification. These qual-

itative characteristics offer a conceptual framework for the

evaluation of surrogate markers. The quantification of a

conceptual framework is necessary before the characteris-

tics can be used in an evaluation process. Characteristics

become criteria and are fully operational when a decision is

taken on their thresholds. For the drug development area,

several methods have been developed to quantify charac-

teristics. This process started with the landmark publication

of Prentice who proposed that (1) a treatment should have a

significant impact on the surrogate endpoint, (2) a treat-

ment should have a significant impact on the true endpoint,

(3) the surrogate endpoint should have a significant impact

on the true endpoint, and (4) the full effect of treatment

upon the true endpoint is captured by the surrogate [11].

Among many proposals, only few were of any practical

value. It is clear that the optimal surrogate marker, cap-

turing the full effect of an intervention upon the endpoint,

is a rather hypothetical concept. Therefore, Prentice’s

definition [19] is of a limited practical value because it is

not possible to confirm the null hypothesis of no effect

based on the observed data. Thus, evidence from clinical

trials with non-significant treatment effects cannot be used,

even though such trials may be consistent with a desirable

relationship between both the surrogate and the endpoint.

The operational criteria, derived by Prentice, aimed at

addressing this issue. However, Buyse and Molenberghs

showed that the last two of Prentice’s criteria were nec-

essary and sufficient for binary responses, but not in gen-

eral [20]. More importantly, the fourth criterion also

requires proving a null hypothesis. Hence, although the

criteria seem appealing and are easy to apply, they are not a

valid approach.

PE, proposed by Freedman et al. [19], attempted to

rectify the problems related to the use of Prentice’s

definition. However, although practically feasible, the use

of PE does not offer a valid approach either. This is

because it is an ill-defined measure [20]. PE could be

replaced by the use of RE and AA [20]; especially, the

latter measure is of interest, as it could predict the effect

of treatment on the true endpoint. However, in a single-

trial setting, the use of RE requires making untestable

assumptions. Hence, though estimation of RE is practi-

cally feasible, the use of the measure is not very

appealing. This limitation is removed by the extension of

the concept of RE and AA to the case of multiple trials.

The meta-analytic approach to the validation of surrogate

endpoints is feasible from a practical point of view [21].

In fact, it has been used to validate a range of candidate

endpoints in oncology [50–55].

The key measure in the meta-analytic approach is the

trial-level R2. The desired value of R2 is 1, but it is not

possible to attain it in practice. Hence, values as close to 1

as possible are sought. However, there is no universally

accepted threshold value for R2 to deem a candidate sur-

rogate endpoint acceptable. This is partly due to the fact

that it is difficult to interpret the values of R2. STE

addresses this problem [22]. The choice of a threshold

value for STE may be easier to define than for R2, because

the former measure is expressed on a clinically meaningful
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scale. Nevertheless, there are no universal rules for

choosing the threshold, as the choice depends on the dis-

ease and treatments under study.

Given the discrepancies between the pharmaceutical and

nutrition frameworks, it seems plausible to assume that

additional research on the validation criteria, assessing the

discrepancies, might be warranted. To this aim, the use of

the causal inference approach could be investigated. The

approach has recently become the focus of intensive

research within the pharmaceutical clinical trials context.

While it has not led to any well-established set of criteria

yet, it can potentially offer a solution for the situations

when, for instance, the validation can only use data from

epidemiological studies.

Surrogate marker evaluation systems

Statistical evaluation could probably be done objectively,

although evidence for a putative surrogate cannot be solely

based on the statistical validity of a surrogate [9]. An

objective evaluation for the biological plausibility, which

we propose to include in any evaluation process, and the

correlation between both, might be even more difficult.

Combined evaluation of different types of evidence is not

easy. Lassere’s scheme is a step towards a combined

evaluation of different types of evidence in this direction

[56]. She constructed a systematic approach for the eval-

uation of markers containing the following domains of

criteria:

• Study design (ranking from 0 to 5)

• Target outcome (idem)

• Statistical evaluation (idem)

• Penalties (-1 to -3 reduction points in case some

information is missing).

Its usability can be questioned, but one of the values of

the attempt lies in that it illustrates many difficulties an

overall evaluation scheme illustrates, e.g., what domains to

include, how to weigh the different domains, and what

thresholds to use. The quest for a framework ‘‘regulating’’

this issue, at least at this point and within the drug devel-

opment domain, has not led to any commonly accepted

procedure or scheme [9]. However, a standardised method

to present marker validation data, i.e., to make it easier to

compare different markers and to assess their validity for

specific applications, would be of great support for the

nutrition sciences.

Applicability in the nutrition research

A major question in the evaluation process is ‘‘what are the

issues to be taken into account when evaluating a marker

for its intended purpose’’? Markers are effective only to the

degree that they are used in the appropriate context. Drug

use is mostly employed for looking at disease treatment,

whereas in nutrition, there is a need for markers of

reduction in disease risk and markers for health—effects

that are only partly comparable with the drug approach,

and which may need to be evaluated differently [18, 49,

57–59]. The IOM committee recommends that the same

degree of scientific rigour should be used for the evaluation

of markers across regulatory areas, whether they are pro-

posed for use in the arenas of drugs, medical devices, bi-

ologics, or foods and dietary supplements [9].

The assessment of a marker needs evidence-based sci-

ence and a well-defined endpoint. However, as already

mentioned, it is not easy to define what an endpoint is, and

what a marker is because most endpoints can be considered

as marker for a more integrative function. For instance,

nutrition interventions most often result in multiple effects

on sets of physiological processes instead of the improve-

ment of one specific target. The definition of the endpoint

may therefore depend on the purpose of the study, i.e., the

context of use.

Secondly, does every marker need to fulfil all criteria,

and does each criterion contribute to the same extent in

qualifying a marker? Literature is mainly focused towards

surrogate markers to explore the efficacy of drugs, and we

were unable to find a rationale for adequate weighing of

each criterion to fit its purpose. For example, plausibility

may be required as a golden standard and may not be

mandatory for assessing a risk factor when there is a very

good correlation between a marker and a risk. Practicality

is a key criterion for epidemiology, while it is less

important for research, as well as inter-individual vari-

ability that can be compensated to a great extent in epi-

demiology. Accuracy is a key factor to assess a status,

while precision is a key factor to monitor changes.

The third point is that scientific data rarely provide

100 % certainty: correlation tends towards 1, repeatability

tends towards 100 %, precision is fair, accuracy must be

good, but what is the threshold to deny that a criterion is

fulfilled? The meaningfulness of a marker, or the certainty

of such meaningfulness, is often considered to be a

dichotomous phenomenon: it is meaningful or not for a

specific purpose. In drug development, this requirement has

proved unrealistic [7]. In fact, such dichotomy exists only

if it is decided to put a ‘breaking point’ (X) somewhere on

a continuous scale of meaningfulness. The totality of data

will point somewhere on a scale ranging from very unlikely

to very likely meaningful. Below a certain breaking point

X, there is reasonable doubt as to whether the measure is

meaningful, and above that point, one is beyond reasonable

doubt. In the latter case, it is concluded that the parameter

and, therefore the effects, on such a parameter are mean-

ingful; if not, the relevance of the parameter remains
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hypothetical. This approach, however, raises several

questions, such as where to place X on the scale of

‘‘meaningfulness’’, and how do decide on this? Is this a

scientific or a ‘risk–benefit management’ decision? Some

argue that X may be relatively low for communications

about health and diet in non-commercial settings and high

for such communications in a commercial setting. Others

may say that X should depend on the presence and mag-

nitude of any potential risk involved. If no risk, then X can

be lower; but how much lower? Should X be higher if the

marker is related to an intervention to cure a disease,

compared to an intervention that is intended to prevent

disease onset [60] or to improve mental or physical

performance?

Potential problems with the use of surrogate markers

Although the use of surrogate markers is promising in

nutrition research, we need to understand that not all sur-

rogate markers may be fit for every purpose. A study, in

which, e.g., a margarine containing sitostanol ester

decreases both LDL-cholesterol levels and the incidence of

cardiovascular diseases, does not prove that lowering LDL-

cholesterol itself by the intervention decreases the inci-

dence of and mortality due to cardiovascular diseases. The

reason is that such study does not exclude the possibility

that the intervention had—at least—two separate effects,

one being the effect on cholesterol and one on cardiovas-

cular disease. One cannot conclude whether the effect on

cardiovascular disease was fully, partially, or in no way

caused by the effect on cholesterol. Fleming [61, 62] ele-

gantly explains the potential reasons for failure of markers

in predicting endpoints, a concept that was also described

by Boissel [13] (see Fig. 2).

Longer time intervals between the measurement of the

surrogate marker and the outcome, and increasing com-

plexity of the effect of the intervention on the surrogate

marker and the outcome may result in more reasons for

failure of the surrogate marker in predicting the outcome.

Reasons for failure of surrogate markers in predicting

endpoints may further increase when using multiple

markers in study designs.

Multiple markers

Sets of markers that emerge from omics techniques are

recent examples of the use of multiple markers, tools

aiming at managing the limitations of single markers. Over

the last decade, there has been a significant development in

the biology of genomics, transcriptomics, proteomics and

metabolomics, collectively known as omics. In the field of

nutrition, there has been a great expectation that this field

would deliver significant advances in marker discovery. By

and large, the reality has fallen far short of expectations

[63]. Most of the interest in this area has been in the dis-

covery of diagnostic and prognostic markers for disease. In

human nutrition, this expectation that the omics area would

reveal nutrient-sensitive markers also prevailed in the early

part of the last decade, but again, very little progress has

been made. There are a number of methodological prob-

lems facing nutrition research, which do not apply to

medical research. Perhaps the largest difference is that the

development of a disease involves a significant level of

metabolic perturbation. Thus, when comparing cases to

controls, there are marked metabolic differences that can

be readily detected with any one of the omics technologies.

Moreover, following successful therapeutic intervention,

the reversal of this significant metabolic perturbation is

also readily detected with omics technologies. In human

nutrition, the effects of variation in nutrient intake are

subtle compared to those in medicine or in pharmacology,

and moreover, their effects are very diverse [58]. Whereas

the cholesterol lowering drugs, such as the statins, have

very specific effects, changing dietary fats to alter blood

cholesterol impinges on many other areas of metabolism.

The agreement on the significance of a level of change in

gene expression was informally agreed-upon but not vali-

dated by any scientific rationale, as far as we were able to

ascertain.

A second methodological problem is that for transcri-

ptomics, most available material is from peripheral blood

mononuclear cells that are heavily dominated by genes

involved in the immune system. Again, for metabolomics,

blood tends to be dominated by endogenous metabolites,

such as lipid traffic from adipose tissue to liver or amino

acid traffic from muscle to liver. Subtle changes in multiple

metabolites due to diet are unlikely to be detected by

standard metabolomics. Thus, there is a growing interest in

the use of targeted metabolomics where, for example, a

total lipid profile is determined. Urinary metabolomics

tends to be dominated by the excretion of plant phyto-

chemicals, and there is interest in this as a potential marker

of food intake [64].

In human nutrition, markers are generally used either to

identify long-term dietary patterns (e.g. red blood cell

folate or cholesteryl ester eicosapentaenoic acid) or to

identify a nutrient-sensitive factor, which if altered indi-

cates an increased or decreased risk of a disease (elevated

plasma low-density lipoprotein cholesterol and heart dis-

ease, elevated plasma glucose and type 2 diabetes). At

present, there is little evidence that the omics technologies

will add to this in the short term, but it is likely that in the

course of time and with targeted omics technologies, some

improvements will be made. One area that is attracting

attention is the area of stress testing individuals, most often

with a test meal. Thus, whereas inter-individual differences
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might be small in the fasting state, the real variability is

seen in the postprandial state [65]. This will pose chal-

lenges in that most of the epidemiological data linking diet

and chronic disease use fasting values and very few link

challenge tests to disease development. Moreover, we need

to first understand if and to what extent, e.g., postprandial

variability is relevant for current or future health or phys-

iological function.

Conclusions

The discussion on the meaningfulness of markers started

only late 1980s and primarily focuses on drug development.

This paper reviewed the state of the art for processes for

evaluating markers in general for medicine and nutrition.

Definition framework

In the nutrition sciences, a diversity of markers is used,

based on experiences and tradition without a proper

framework of definitions or criteria to evaluate these

markers for their intended purpose, not for markers that

estimate exposure and intake, nor for markers that estimate

future outcomes related to nutrition interventions.

Nutrition science mostly relies on the medical research

area with respect to the development of and evaluation of

(bio) markers. In the medical sciences, there are some

qualitative criteria. However, markers for medical purposes

are still evaluated on a case-by-case basis. Improving

uniformity in terminology in nutrition research probably

would improve systematic assessment of markers.

Proposed criteria

Most common theoretical criteria in the assessment of the

meaningfulness of surrogate markers are as follows:

1. The marker must share a causal biological mechanism

with the endpoint (biological plausibility).

2. Significant association between marker and endpoint

in the target population.

3. Marker changes consistently with the endpoint in

response to the intervention.

4. Change in the marker explains a substantial proportion

of the change in the endpoint in response to the

intervention.

These criteria can better be considered as concepts of

thinking because they lack quantification.

Due to the limited discussion on criteria to validate

dietary intake markers, dietary exposure markers and

nutritional status markers, no criteria could be proposed for

these types of markers.

Statistical developments

To statistically evaluate surrogate markers and surrogate

endpoints, several methods have been developed. The key

method used at this moment is the meta-analytical

approach that leads to an estimate that results in a trial-

level R2 with an optimal value of 1. The value of 1 is not

obtainable in practice, and there is no universal rule for

choosing a threshold value.

The adoption of markers in nutrition research needs a

combination of biological and statistical considerations [7].

The criteria from the medical sciences are not yet easily

applicable to evaluate markers in nutrition.

Systematic approach for the assessment of validity

In general, there is a lack of systematic approach. In its

recent overview ‘‘Evaluation of biomarkers and surrogate

endpoints in chronic disease’’, IOM does not come up with

a system for the evaluation of markers and concludes that,

currently, the evaluation of markers is not based on uni-

form standards or processes but rather on the gradual

development of consensus in the scientific community [9].

Some authors have proposed a systematic approach to

assess the meaningfulness of markers, but these proposals

have not been implemented into consensual systematic

review systems for marker assessment.

Gaps in applying approaches from medicine and drug

development into nutritional context

• Evidence for markers/surrogates in drug development

comes from clinical trials. In nutrition research, this

type of data is lacking. Many nutrition intervention

studies do not use hard endpoints but surrogate markers

as endpoints. With this approach, the outcomes of a

nutrition intervention study rely on the validation of

those surrogate markers in relation to their hard end-

points that are provided by medical research.

• In drug development, the target population generally

comprises patients suffering from a disease, and the

target intervention is the treatment of the disease. In

nutrition, the target is prevention of the disease in the

population at large. The latter is somehow similar to,

e.g., the area of infectious diseases with vaccination as

the intervention. Marker/surrogate research is much

less advanced for vaccination trials than, e.g., for

oncological ones.

• Exceptions can be made for enteral and parenteral

nutrition, which are products dedicated to patients.

However, usually these interventions are supportive to

medical treatment but are not considered to be medical

treatment as such.
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• In drug development, there is usually a well-established

set of endpoints one might consider for the evaluation

of a treatment’s efficacy. In nutrition, the choice and/or

definition of an endpoint are often less clear.

• There are proposals for systematic approaches for the

evaluation of markers in drug development/medicine,

but not in nutrition.

• No consensus criteria in the nutrition research area

exist.
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Glossary

Marker (including

biomarker)

A characteristic that can be

objectively measured and evaluated

as an indicator of daily dietary

intake, daily habits, biological and/

or pathological processes or

responses to interventions that may

affect daily habits, biological and/or

pathological processes [5].

Biological marker

(biomarker)

A characteristic that is objectively

measured and evaluated as an

indicator of normal biological

processes, pathogenic processes or

pharmacologic responses to a

therapeutic intervention [5]. This

definition is now commonly used

although variations on this definition

are not uncommon [16, 17, 66–68].

Prognostic marker Biomarker that forecasts the likely

course of disease irrespective of the

treatment [7].

Predictive marker A marker that forecasts the likely

response to a specific treatment [7].

Surrogate endpoint A marker that is intended to substitute

for a clinical endpoint. A surrogate

endpoint is expected to predict clinical

benefit (or harm or lack of benefit or

harm) based on epidemiologic,

therapeutic, pathophysiologic or other

scientific evidence [5]. According to

Buyse, surrogate end points require

data demonstrating both that the

surrogate is prognostic of the true

end point, and that the effect of

treatment on the surrogate correlates

with that of the true end point [7].

Clinical endpoint A characteristic or variable that

reflects how a patient feels,

functions or survives [5].

Endpoint A characteristic or variable that

reflects any physiological and

pathological function of an

individual. (This is a definition

brought up by the expert group of

Approach A.)

Target engagement

marker

A marker that occurs early in a

pathophysiologic cascade and

informs on physical or biological

interactions with the molecular

target of the drug and, thus,

assesses how hard a drug hits the

target [6].

Disease related

marker

A marker that occurs late in the

pathophysiologic cascade and is

linked to clinical benefit and, thus,

assesses the effect of a drug on a

particular disease [6].

Validation A process that demonstrates by

robust statistical methods that a

marker is associated with a given

clinical endpoint (prognostic

markers), predicts the effect of a

therapy on a clinical endpoint

(predictive markers) or is able to

replace a clinical endpoint to assess

the effects of a therapy (surrogate

markers) [7].

Qualification A process that assesses the available

evidence on associations between

the marker and the (clinical)

endpoint, including data showing

effects of interventions on both the

marker and the outcomes [9].

Evaluation A utilization phase that builds a

contextual analysis on the specific

use proposed and the applicability of

the available evidence for this use.

This must include a determination of

whether the validation and

qualification conducted provide

sufficient support for the use

proposed [9].
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