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The numbers of international collaborations among birth cohort studies designed to better understand asthmaand aller-
gies have increased in the last several years. However, differences in definitions and methods preclude direct pooling of
original data on individual participants. As part of the Mechanisms of the Development of Allergy (MeDALL) Project, we
harmonized data from14birth cohort studies (eachwith 3–20 follow-up periods) carried out in 9European countries during
1990–1998 or 2003–2009. The harmonization process followed 6 steps: 1) organization of the harmonization panel;
2) identification of variables relevant toMeDALL objectives (candidate variables); 3) proposal of a definition for each candi-
date variable (reference definition); 4) assessment of the compatibility of each cohort variable with its reference definition
(inferential equivalence) and classification of this inferential equivalence as complete, partial, or impossible; 5) convoca-
tion of a workshop to agree on the reference definitions and classifications of inferential equivalence; and 6) preparation
and delivery of data through a knowledge management portal. We agreed on 137 reference definitions. The inferential
equivalence of 3,551 cohort variables to their corresponding reference definitions was classified as complete, partial, and
impossible for 70%, 15%, and 15% of the variables, respectively. A harmonized database was delivered to MeDALL in-
vestigators. In asthmaandallergy birth cohorts, the harmonization of data for pooled analyses is feasible, and high inferen-
tial comparabilitymay be achieved. TheMeDALLharmonization approach can be used in other collaborative projects.

allergy; asthma; birth cohorts; data accuracy; data harmonization; data pooling; data sharing

Abbreviations: CHICOS, Developing a Child Cohort Research Strategy for Europe; DataSHaPER, Data Schema andHarmonization
Platform for Epidemiologic Research; ENRIECO, Environmental Health Risks in European Birth Cohorts; FP6, Sixth Framework
Programme for Research and Technological Development; FP7, Seventh Framework Programme for Research and Technological
Development; GA2LEN, Global Allergy and Asthma European Network; ISAAC, International Study of Asthma and Allergies in
Childhood; MeDALL, Mechanisms of the Development of Allergy; PARIS, Pollution and Asthma Risk: An Infant Study; PIAMA,
Prevention and Incidence of Asthma andMite Allergy.

Over the past 30 years, more than 130 birth cohort studies
with data on asthma and allergy have been initiated (1). The
information gathered by these birth cohort studies has already

significantly advanced our understanding of allergy and asthma,
particularly during the first few years of life (2). However, these
data are usually held in isolated, independent databases.
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Although methods of assessing the data vary, the majority
of the studies have followed rigorous methodology, and the
resultant data are relatively readily available in electronic
format.

Since 2004, the European Union’s Sixth and Seventh Frame-
work Programmes for Research and Technological Develop-
ment (FP6 and FP7, respectively) have funded several projects
designed to identify, compare, and evaluate pooling data from
existing European birth cohort studies (Global Allergy and
AsthmaEuropeanNetwork (GA2LEN) (FP6) (3–7), Environ-
mental Health Risks in European Birth Cohorts (ENRIECO)
(FP7) (8, 9), Developing a Child Cohort Research Strategy for
Europe (CHICOS) (FP7) (10), and Mechanisms of the Devel-
opment of Allergy (MeDALL) (FP7) (2, 10–12)). These pro-
jects have strengthened the networking capacity of birth
cohort studies and have produced a large number of joint stud-
ies that have frequently used meta-analysis based on cohort
original data (1, 12, 13). Though a few studies have integrated
data from different birth cohorts in a single pooled analysis (7,
14), a formal reproducible approach for data harmonization has
not been reported.

Several approaches for harmonizing data from different co-
horts have been proposed (15–21). Among them, the Data
Schema and Harmonization Platform for Epidemiological
Research (DataSHaPER) Project (15) and the Maelstrom
Research guidelines (16) have provided guidance aiming to
facilitate rigorous, transparent, and effective data harmoni-
zation. Other initiatives have proposed methods for collabora-
tive study designs (22) or harmonization of data collection
(23). However, no studies have adopted a formal harmoni-
zation approach to asthma and allergic diseases, despite the
well-known complexity in defining and assessing these con-
ditions (1).

Therefore, we report the strategy, process, and results of the
harmonization developed during the FP7 MeDALL Project
(2, 11, 12). We adapted the DataSHaPER approach and
capitalized on the previous harmonization experience of the
partners mentioned above (4, 8, 10) and the technological
support provided by a knowledge management portal for
systems medicine (24).

METHODS

Birth cohorts

The harmonization process included the use of questionnaire
information collected on children in one of the 14 longitudinal
population-based birth cohort studies. A total of 47,998 children
of pregnant women or mothers with newborn babies recruited in
9 European countries were included (25). Seven of the studies re-
cruited children between 1990 and 1998: theAsthmaMulticentre
Infant Cohort Study—Menorca (AMICS–Menorca), Spain (26);
the ChildrenAllergy,Milieu, Stockholm,Epidemiology (BAMSE)
Study, Sweden (27, 28); the Environment andChildhoodAsthma
(ECA) Study in Oslo, Norway (29); the German Infant Study on
the Influence of Nutrition Intervention PLUS Environmental
and Genetic Influences on Allergy Development (GINIplus),
Germany (30); Influence of Life-Style Factors on the Devel-
opment of the Immune System and Allergies in East andWest
Germany PLUS the Influence of Traffic Emissions and Genetics

(LISAplus) Study, Germany (31); the Multicenter Allergy
Study (MAS), Germany (32); and Prevention and Incidence
of Asthma and Mite Allergy (PIAMA), the Netherlands (33).
The remaining 7 cohort studies included children recruited
between 2003 and 2009: the Born in Bradford (BiB) Study,
United Kingdom (34); the Study on the Pre- and Early Postna-
tal Determinants of Child Health and Development (EDEN),
France (35); the Environment and Childhood Project—Sabadell
(INMA–Sabadell), Spain (26); Pollution and Asthma Risk: An
Infant Study (PARIS), France (36); the Rhea Mother-Child
Cohort Study, Heraklion, Greece (37); Rome and Bologna
Birth Italian Cohorts—Rome (ROBBIC–Roma) Study,
Italy (38); and Rome and Bologna Birth Italian Cohorts—
Bologna (ROBBIC–Bologna) Study, Italy (38). In all co-
horts, parents gave written informed consent, and the
studies were approved by local ethics review boards.

Variables

All birth cohort investigators collected information on parti-
cipants for a minimum of 3 follow-up periods and a maximum
of 20 follow-up periods (from pregnancy to 20 years of age)
(see Web Table 1, available at https://academic.oup.com/aje).
All of the researchers followed standardized protocols and
included several validated questions regarding the outcome
variables in their questionnaires, such as the one used in the
International Study of Asthma and Allergies in Childhood
(ISAAC) (39). Investigators followed strict quality control
measures before, during, and after data collection to ensure the
validity of the data collected.

Data harmonization process

The harmonization process was adapted from the Data-
SHaPER Project (15) and followed 6 steps (see Figure 1).

Step 1: organization of the harmonization panel. The data
harmonization panel was formed by the harmonization coordi-
nators and cohort experts. The harmonization coordinators
were in charge of organizing the entire process, contacting inves-
tigators in each cohort study, and ensuring active participation of
the cohort experts. These included, for each birth cohort, a princi-
pal investigator and a statistician or data manager who was very
familiar with the cohort database.

Step 2: Identification of candidate variables. The cohort
experts identified relevant variables for ongoing and future
research objectives within MeDALL. From the identified vari-
ables, the harmonization coordinators preselected those for
which 1) an agreed-upon reference definition was likely to
be found or produced by expert consensus and 2) enough
data were available to provide sufficient statistical power for
the envisioned analyses (i.e., at least 3 cohorts had data avail-
able for the variable). The candidate variables were then clas-
sified with regard to whether complex harmonization was
needed or basic harmonization was needed (e.g., age, sex, and
height). A total of 122 variables were preliminarily classified as
“complex harmonization needed” and were allocated to one
of 5 dimensions: 1) symptoms, 2) treatment, 3) environ-
mental exposures, 4) sociodemographic factors, and 5) physi-
cal activity. (See a complete list of variables per dimension in
Web Table 2.) A total of 28 variables were classified as “basic
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harmonization needed.” They covered basic demographic char-
acteristics, early-life risk factors, and clinical information, and
they mostly required adaptation of the units of measurement (see
details inWebTable 3).

Step 3: Proposal of a reference definition. The harmoni-
zation coordinators proposed a reference definition for each
variable on the basis of the validated ISAAC questionnaire
(39) and theMeDALL core questionnaires (40).When a refer-
ence definition was not available in these sources, the cohort
experts were asked to propose one. All proposed reference def-
initions can be found inWeb Table 2.

Step 4: Inferential equivalence classification of cohort vari-
ables to reference definitions. The principal investigator of
each cohort study identified which question(s) matched each
candidate variable in their cohort at the different follow-ups.
Data for most questions (candidate variables) were collected
during several follow-up periods (e.g., wheezing in the last 12
months), and they were considered as many times as they ap-
peared. Then each principal investigator assessed the compatibility
(inferential equivalence) of their own variables with the

corresponding reference definitions by assessing the meaning
of, format of, and data collection procedure for each variable
(general pairing rules).

Three qualification categories (complete,partial, and impossible)
were used, adapted from the ones proposed in the DataSHaPER
Project (15, 21). A variable was classified as complete if the
meaning, format, and standard operating procedures used for
data collection allowed the complete construction of the reference
definition. A partial qualification was given if the meaning, for-
mat, and standard operating procedures used for the data collec-
tion allowed the construction of the reference definition, but with
an unavoidable loss of information. The inferential equivalence
of a variable was classified as impossiblewhen insufficient infor-
mation existed to construct the reference definition. Further,
when a given variable was not included in a specific cohort
study, the inferential equivalence classification of that variable
was consideredmissing. To facilitate this task, the harmonization
coordinators distributed some examples of candidate variables,
reference definitions, and classification of inferential equivalence
alongwith the specific pairing rules that could be applied to these

From the Identified Relevant Variables, the HC Preselects Those for Which:

(1) An agreed-upon RD is likely to be found or produced by expert consensus

(2) Enough data are available to provide sufficient power for the analyses

Step 1: Organization of

the Harmonization Panel 

Step 3: Proposal of a

Reference Definition 

Step 4: Inferential

Equivalence

Classification of Cohort

Variables to Reference

Definitions    

Step 5: Consensus

Agreement Workshop 

Step 6: Data Preparation

and Delivery 

Step 2: Identification of

Candidate Variables 

Steps Activities

HCs: High-Level Management Support

CEs: a PI and a Statistician From Each Cohort

CE: Identifies Relevant Variables for Ongoing and Future Research Objectives Within the Project

Complex Harmonization Needed Basic Harmonization Needed

Not

Harmonized 

Not Fulfilling

(1) or (2) 

Fulfilling (1) and (2):

Candidate Variables 

HC: Proposes an RD for Each Variable to Be Harmonized (Based on Validated Questionnaires).

If the HC Cannot Find a Proposal for an RD → the CE is Asked to Propose One. 

PI: Assesses Compatibility of Their Own Cohort Variables to Corresponding RDs, Classifying Them As:

Complete: if meaning, format, and SOPs allow complete construction of the RD

Partial: if meaning, format, and SOPs allow construction of the RD but with a loss of information

Impossible: if insufficient information existed to construct RD

HC: Compiles All Cohort Qualifications Prior to a Workshop for Final Consensus-Building

HC Organizes a 4-Day Workshop to Agree On:

(1) RDs when needed

(2) Variables’ inferential equivalence

      classification

(3) Pairing rules for variables with partial

     qualifications

Workshop Rules for RDs Agreement:

Maximum of 10 Minutes of Discussion

for Each RD 

Consensus

No Consensus

on RD 

RD Excluded

From

Harmonization

Each Cohort Provides Harmonized Variables to the Knowledge Management Portal Following the

Decisions Agreed Upon During the Consensus Agreement Workshop 

Figure 1. Process used for harmonization of data on asthma and allergy variables in 14 birth cohorts from 9 European countries, MeDALL Proj-
ect, 2010–2015. CE, cohort expert; HC, harmonization coordinator; MeDALL, Mechanisms of the Development of Allergy; PI, principal investigator;
RD, reference definition; SOPs, standard operating procedures.
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example variables. Harmonization coordinators compiled
all cohort qualifications prior to a workshop (see next step) held
for final consensus-building.

Step 5: Consensus agreement workshop. Harmonization
coordinators organized a 4-day consensus agreement workshop
with the cohort experts to agree on final reference definitions,
inferential equivalence classification, and pairing rules for all
variables. The rules for discussionweremade explicit and agreed
to by the harmonization panel at the beginning of the workshop.
For example, a maximum of 10 minutes was assigned for
discussion of a reference definition; if no consensus was
reached during that time, the proposed reference definition
was excluded from the harmonization process and its variable(s)
was excluded from the final database. Notes were taken during
the workshop by different participants and were checked by the
harmonization coordinators for postworkshop quality control.
The final reference definitions agreed upon can be found inWeb
Table 2.

Step 6: Data preparation and delivery. The investigators
in each cohort study provided data on the harmonized vari-
ables to the knowledge management portal following the de-
cisions agreed on during the workshop.

The MeDALL partner Biomax (Biomax Informatics AG,
Planegg, Germany), a bioinformatics company with experi-
ence in systems medicine (24, 41, 42), provided dedicated
technological support during all of above the steps. Biomax
developed a knowledge management portal for the project
(https://ssl.biomax.de/medall) that stores, manages, structures,
and provides project-specific knowledge, allowing flexible data
harmonization and integration. After the harmonization process,
all of the data were integrated in the portal, where different algo-
rithmic checks were performed to ensure data quality. Data-
cleaning rules included checks for completeness (e.g., were
data available for all participants?), availability of required data
(e.g., were all variables provided as defined in the metadata?), a
data type check (e.g., float, thesaurus), consistency checks of
the collected data across follow-up periods (e.g., if a “yes”
answer was provided for “ever receiving a physician’s diagno-
sis of asthma,” then responses to the same question in the fol-
lowing examinations were set to “yes”), and outlier detection.
Units and codes were automatically converted and unified on
the basis of unit ontology and code mapping. We also included
logical checks where possible; for example, stated sex was
confirmed with chromosomal information. Finally, data-quality
descriptors were provided as summary statistics, including com-
pleteness, coverage (availability at different ages), and standard
statistics for data distribution.

Statistical analysis

We calculated the proportion of variables classified as com-
plete, partial, and impossible among the total that required com-
plex harmonization. We stratified these results by cohort and
harmonization step (before or after the workshop).

Cohen’s κ coefficient was calculated to evaluate the agree-
ment between the qualifications conducted by investigators in
each cohort study before the workshop and the qualifications
resulting from it. This coefficient was calculated overall, by
cohort, by domain, and by variable.

RESULTS

Reference definitions

A total of 122 reference definitions were proposed for discus-
sion in the consensus agreement workshop, during which some
reference definitions were changed for clarification, variable
merging (i.e., combining 2 or more definitions into 1), or crea-
tion of new reference definitions. We finally harmonized 137
reference definitions (see Web Table 2 for all proposed refer-
ence definitions, together with modifications) and classified
the inferential equivalence to the reference definition of 3,551
variables on which data were collected across the multiple
follow-ups of the 14 cohort studies.

Pairing rules

During the harmonization workshop, we agreed on the pairing
rules for classifying the inferential equivalence of each variable
to its reference definition. For example, a variable would result in
a complete qualification if differences from the reference defini-
tion consisted of: 1) minor additional response categories (e.g.,
having the explicit missing-data option “don’t know” or “don’t
wish to answer”) or 2) equivalent methods of data genera-
tion (e.g., telephone interview vs. paper questionnaire). A
partial qualification would result if: 1) minor language dif-
ferences were found (e.g., a single synonym was not covered) or
2) a minor part of the definition was not asked about (e.g., “had an
asthma attack” instead of “ever had an asthma attack”). Finally, an
impossible qualification would result if: 1) questions asked about
different time frames (e.g., “at least 2 weeks” instead of “at least 6
months”); 2) variables had strongly more restrictive definitions
than the reference definition (e.g., asking about a specific allergic
reaction instead of asking about an allergic reaction in general); or
3) different methods of data generation had been used (e.g., physi-
cal activity data from an accelerometer vs. questionnaire data).

Pairing rules did not include any consideration with regard to
data distribution for each variable (e.g., mean values, missing
values, or outliers). Table 1 shows an example of how a variable
was harmonized, including the reference definition agreed upon
during the workshop, the definitions available in different co-
horts or periods, and a set of pairing rules. All harmonization re-
sults are stored in the knowledgemanagement portal (https://ssl.
biomax.de/medall) and can be provided upon request.

Inferential equivalence classification of variables

Before the workshop, cohort experts classified their variables
according to their inferential equivalence (Table 2). Among 3,551
variables included, 2,206 variables (62%) were qualified as com-
plete, 1,243 (35%) were classified as partial, and 102 (3%) were
classified as impossible. After the workshop, 2,481 (70%) of the
3,551 variables were qualified as complete, 550 (15%) as partial,
and 520 (15%) as impossible (Table 2). Variables for which data
were not available (missing) in a given cohort or period were not
included in the denominator, since their inferential equivalence
(complete, partial, or impossible) remained unknown.

WebTable 4 shows the inferential equivalence for all variables
according to cohort and period. Figure 2 shows the distribution
of final inferential equivalence classifications according to the 5
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variable dimensionsmentioned above. The “symptoms” dimen-
sion was the closest to the overall classification, with 73% of the
variables in this dimension being classified as complete, 13%
as partial, and 14% as impossible. The proportion of variables
classified as complete was high (79%) in the “environmental ex-
posures” dimension and low in the “treatment” (57%) and “physi-
cal activity” (29%) dimensions. Almost 60% of variables in the
“physical activity” dimension were classified as impossible. Final
classifications for all included variables are shown inWeb Figures
1–14.All variables, and their inferential equivalence classifica-
tions, have been integrated into the final MeDALL database in
order to provide researchers with additional information with
which to conduct sensitivity analyses and test formisclassification.

Agreement between inferential equivalence
classifications before and during the workshop

The overall agreement between the inferential equivalence
classifications assigned to all variables before the workshop by
the cohort principal investigators and the final qualifications
agreed upon during the workshop was 0.49; agreement ranged

from 0.32 in the PIAMA cohort to 0.76 in the PARIS cohort
(Table 2). In general, agreement was higher for variables from
studies that recruited children between 2003 and 2009 than for
variables from studies that recruited children between 1990 and
1998. Fair-to-moderate agreement was obtained for all 5 dimen-
sions (0.40–0.50); data on agreement by dimension and vari-
able are available from the authors upon request.

DISCUSSION

Main findings

The present MeDALL harmonization study showed that
harmonization of databases from different European asthma
and allergy birth cohorts is feasible and successful when follow-
ing and adapting the steps reported by the DataSHaPER (15, 21)
group. After 6 months of preparation and a 4-day workshop, we
agreed on 137 reference definitions and classified their inferential
equivalence to 3,551 cohort variables. More than two-thirds of
the harmonized variables were classified as complete, and the re-
maining 30%were classified as either partial or impossible.

Table 1. Example of a Reference Definitiona and Paring Rules Used to Classify the Inferential Equivalence of Each Original Cohort Variableb to
the Reference Definition, as Part of the Process of Harmonizing Data on Asthma and Allergy in 14 Birth Cohorts From 9 European Countries,
MeDALL Project, 2010–2015

Inferential
Equivalence
Classification
(Qualification)

Definition Provided by Cohort Study Investigators Pairing Rules

Complete “Has your child had wheezing or whistling in the chest
during or after exercise in the last 12 months?”

Synonyms for “wheezing”were accepted because they were
language- and culture-specific.

The timing of wheezing relative to exercise could be either during
exercise or after it.

“Has your child ever had wheeziness when playing or
when outdoors with/without having a cold?”

All questions not specifying “in the last 12 months” but where the 12-
month period was respected because of the follow-up time frame
were considered to provide “complete” data.

“Has your child had wheeziness when playing or when
outdoors with/without having a cold after the age of 1
year?”

Before the age of 2 years, “playing or when outdoors”was considered
to represent “exercise” (question asked at follow-up at age 2 years or
earlier).

“In the past 12months, has running around ever made
your child wheezy?”

This question was asked at 3 and 4 years of age; the panel judged
that “running around” at these ages was equivalent to exercise.

“In the past 12months, in which of the following
situations has your child had a whistling, wheezy
sound of breathing during or after exercise?”

Though in some cases the wording was different, all of these
definitions were judged as equivalent.

“Has your child’s breathing ever sounded wheezy during
exertion during the past 12months?”

“Has your child hadwheezing or raspy breathing in
conjunctionwith physical exertion in the last 12months?”

“Did exercise impair wheezing in the last 12months?”

Partial “Has your child had trouble breathing in connection with
exertion in the past 12months?”

The symptoms regarding breathing difficulties asked about in this
question were considered broader than the ones asked about in
the reference definition, which focused on wheezing.

Impossible “In the past 24months, has your child’s chest sounded
wheezy during or after exercise?”

The time frame from this definition was broader than the one used in
the reference definition (24months vs. 12months).

“Has your child ever sounded like that (wheezing and
whistling) after exercise?”

The time frame from thesedefinitionswasbroader than theoneused in the
referencedefinition (ever vs. 12months).

“Has your child ever sounded like that after exercise?”

Abbreviation: MeDALL, Mechanisms of the Development of Allergy.
a Reference definition: “In the past 12months, has your child’s chest sounded wheezy during or after exercise?” (yes/no).
b Variable name: wheezing after exercise in the last 12 months.
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Table 2. Distribution of Variables’ Inferential Equivalence Classifications, by Cohort, Before and After a ConsensusWorkshop Held to Harmonize Asthma and Allergy Data on 14 Birth
Cohorts From 9 European Countries, MeDALL Project, 2010–2015

Cohort Study (Ordered by
Year of Recruitment)

Recruitment
Year

No. of
Definitionsa

BeforeWorkshop After Workshop

κComplete Partial Impossible Complete Partial Impossible

No.b % No. % No. % No. % No. % No. %

MAS 1990 393 205 52 185 47 3 1 253 65 76 19 64 16 0.47

ECAStudy in Oslo 1992/1993 304 232 76 60 20 12 4 225 74 28 9 51 17 0.53

BAMSEStudy 1994/1996 219 119 54 100 46 0 0 127 58 44 20 48 22 0.43

PIAMAStudy 1996/1997 420 290 69 128 30 2 1 335 80 32 8 53 12 0.32

GINIplus 1996/1998 338 108 32 210 62 20 6 172 51 92 27 74 22 0.43

AMICS–Menorca 1997/1998 422 344 82 78 18 0 0 349 83 21 5 52 12 0.44

LISAplus Study 1997/1998 335 100 30 230 69 5 1 182 54 109 33 44 13 0.37

ROBBIC–RomaStudy 2003/2004 114 65 57 21 18 28 25 71 62 22 19 21 19 0.50

EDENStudy 2003/2005 150 94 63 48 32 8 5 100 67 11 7 39 26 0.55

PARIS 2003/2006 401 349 87 38 9 14 4 346 86 33 8 22 6 0.76

ROBBIC–Bologna Study 2004/2005 72 61 85 11 15 0 0 48 67 10 14 14 19 0.58

INMA–Sabadell 2004/2007 114 60 53 53 46 1 1 68 60 25 22 21 19 0.35

RheaMother-Child
Cohort Study

2007/2008 119 84 71 35 29 0 0 91 77 18 15 10 8 0.56

BiB Study 2007/2009 150 95 63 46 31 9 6 114 76 29 19 7 5 0.69

Total 3,551 2,206 62 1,243 35 102 3 2,481 70 550 15 520 15 0.49

Abbreviations: AMICS–Menorca, Asthma Multicentre Infant Cohort Study—Menorca; BAMSE, Children Allergy, Milieu, Stockholm, Epidemiology; BiB, Born in Bradford; ECA, Environment
and Childhood Asthma; EDEN, Study on the Pre- and Early Postnatal Determinants of Child Health and Development; GINIplus, German Infant Study on the Influence of Nutrition Intervention
PLUS Environmental and Genetic Influences on Allergy Development; INMA–Sabadell, Environment and Childhood Project—Sabadell; LISAplus, Influence of Life-Style Factors on the Devel-
opment of the Immune System and Allergies in East and West Germany PLUS the Influence of Traffic Emissions and Genetics; MAS, Multicenter Allergy Study; MeDALL, Mechanisms of the
Development of Allergy; PARIS, Pollution and Asthma Risk: An Infant Study; PIAMA, Prevention and Incidence of Asthma and Mite Allergy; ROBBIC–Bologna, Rome and Bologna Birth Italian
Cohorts—Bologna; ROBBIC–Roma, Rome and Bologna Birth Italian Cohorts—Rome.

a From a total of 122 requested variable definitions, the number of definitions per cohort depended on the number of follow-up periods for which data on each variable were available.
b Number of variables.
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Comparisonwith similar initiatives

This work supports and extends previous and ongoing initia-
tives on data harmonization (15–21, 43–46). Two novel features
of our harmonization process were: 1) the consensus workshop
as a key step that allowed discussion of and agreement on all ref-
erence definitions and inferential equivalences and 2) the broad
spectrum of harmonized exposures and outcomes, which were
not driven by a single specific research question but were inte-
grated to eventually answer multiple research questions (47, 48),
including questions on -omics (49).

Our findings support the importance of undertaking the
harmonization exercise at the beginning of a large collaborative
project. Actually, it is common to undertake several harmoniza-
tion efforts for the same variables on multiple occasions for
different analyses, involving different actors and implying
a substantial waste of time and lack of reliability. The moder-
ate agreement in variable qualification before and after the
workshop (overall κ coefficient of 0.49) may have resulted
from numerous issues that an individual expert would con-
sider differently when thinking alone than when participating
in group discussions. These aspects may include the concep-
tual complexity of the involved variables, differences in the
wording and formatting of the questions, and even the iterative

nature of the harmonization process itself. In this sense, the κ
values should be interpreted not as a measure of the quality of
the first inferential equivalence classification but as a marker
of the complexity of data harmonization and the necessity
of the harmonization process.

Our approach ensures a more efficient use of time and finan-
cial resources, improves the reliability of results of pooled anal-
ysis within the MeDALL Project, and allows performing meta-
analyses with other projects’ data with a clear framework for
how variables have been defined (50). In general, no significant
differences in results have been found between meta- and
pooled analyses, although pooled analysis exhibits higher
precision of estimates (48, 51, 52). Since a big limitation
of pooling data is heterogeneity, a harmonization process,
such as the one reported here, will also facilitate strategies
for pooling in the future.

Strengths and limitations

Strengths of the present work included the very rigorous pro-
cess applied, which allows others to reproduce the approach; the
use of technological support (the MeDALL knowledge manage-
ment portal) that included all reference definitions, variables, and
codification; and the expert knowledge used in order to make
decisions. Existing long-term collaboration between most of
the birth cohort studies, starting with the GA2LEN initiative (3,
4) and continuing through the ENRIECO (8) and CHICOS (10)
projects, was fundamental to this commitment and to the estab-
lishment of a birth-cohort alliance in the Human Early-Life Ex-
posome (HELIX) Project (53), which links information on all
of the environmental hazards mothers and children are exposed
to with data on the health, growth, and development of children.
Harmonized data from these cohort studies increase the range of
exposures, increase the sample size and thus the statistical power
of the studies, and allow for more detailed stratification. There-
fore, in a collaborative project, the use of harmonized data (when
performing either pooled analysis or meta-analysis) will increase
the reproducibility, reliability, and validity of its results (49).

The harmonization process involved a panel of multidisciplin-
ary experts, includingmedical, epidemiologic, psychological, bio-
statistical, data management, and information technology experts.
Following harmonization, all MeDALL partners agreed to keep
the data management portal up to date and active so that several
research studies could be conducted and their results published
(50, 54, 55). Finally, it was possible to harmonize data from 3
additional MeDALL birth cohort studies that did not participate
in the first harmonization process thanks to the detailed harmo-
nization reports available in the knowledge management portal
(details available from Biomax upon request), supporting the
reproducibility of our approach.

We encountered several limitations while harmonizing the
MeDALL data. First, the cross-cultural differences have been
challenging occasionally, with some of the symptom definitions
reflecting the subtle differences between the languages involved
in this large European collaboration (e.g., “wheezing” in
German cannot be translated directly but is translated into 3
words: Giemen, Pfeifen, and Brummen). Second, the cohorts
were heterogeneous regarding the spectrum and assessment
methods of environmental and psychosocial exposures. For
instance, some of the cohort studies had more detailed
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Figure 2. Distribution of the inferential equivalence classifications of
cohort variables to reference definitions, overall and by variable dimen-
sion, in 14 birth cohorts from 9 European countries, MeDALL Project,
2010–2015. The figure shows the percentage of variables classified as
complete (black), partial (lined), and impossible (white) among the total
that required complex data harmonization. Web Figures 1–14 show the
distribution of inferential equivalence classifications for each variable, as
follows: symptoms—asthma and wheezing (Web Figure 1), rhinitis (Web
Figure 2), eczema (Web Figure 3), other allergy-related variables (Web
Figure 4), family history of allergic diseases (Web Figure 5), and puberty
(Web Figure 6); treatment—treatments for allergic diseases in the last 12
months (Web Figure 7), physician consultations for allergic diseases in
the last 12months (Web Figure 8), triggers of allergic diseases in the last
12months (WebFigure 9), and absence from school or outdoor activities
because of allergic diseases in the last 12months (Web Figure 10); envi-
ronmental exposures—indoor exposures (gas cooking, dampness, mold,
pets) (Web Figure 11) and smoking exposures (Web Figure 12); sociode-
mographic factors—siblings and other children (parity at birth and number
of other children in the home at the time of each examination) (Web Fig-
ure 13); and physical activity—type, intensity, and periods of physical activ-
ity (WebFigure 14).MeDALL,Mechanismsof theDevelopment of Allergy.
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questions on indoor environment than others (26–31, 33, 36,
38), while others focused on psychological factors (26–28, 30–
32). Notably, data on some exposures and diseases could not be
harmonized because of a large amount of heterogeneity or lack
of data. Thus, the new common database created after per-
formance of the MeDALL harmonization work does not
yet include data on all variables, but it does include data
on a large set of core variables on asthma and allergy and
on the most prevalent exposures and risk factors.

Third, we did not assess the influence of using harmonized
variables on the validity of previous studies that used the same
variables. This is an area deserving of attention in future research.
Finally, we did not consider between-country differences in intel-
lectual property rights or ethical rules and regulations. Such con-
siderations fall beyond the scope of a data harmonization
exercise.

Conclusions

We have shown that data harmonization from different birth
cohort studies and periods with cross-cultural differences is feasi-
ble and may achieve high comparability by using a predefined
strategy, technological support, and commitments from
all involved researchers. We encourage investigators in other
collaborative projects to adopt and execute similar harmoniza-
tion strategies, either by accessing our reference definitions,
detailed pairing rules, and examples for variables on allergic
symptoms, diseases, and risk factors in children or by taking
advantage of the lessons learned and detailed stepwise descrip-
tion of the defined procedures. Further evidence regarding the
effects of the data harmonization process on the validity of
study results is needed.
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