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studies (and sometimes within studies when data were 
aggregated across different sleep laboratories), different 
recording approaches were used to measure air�ow, oxy-
genation, respiratory effort, muscle tone, limb movement, 
eye movement, and brain activity. Such differences not 
only affect the availability of core parameters within and 
across studies, but also the ability to de�ne events and cre-
ate uniform metadata, and the overall precision and accu-
racy of measurements.

� Event De�nitions�The AASM publishes criteria for scoring 
speci�c events within the sleep study (respiratory events, 
stages, leg movements, etc.) [37]. However, the criteria for 
scoring events (particularly hypopneas) have changed 
multiple times over the last 15 years. These changes may 
result in large differences in disease classi�cation [38,�39]. 
In addition, many key terms used to annotate events and 

de�ne sleep disorders have evolved [40]. The original met-
ric used to classify sleep disordered breathing focused 
on quantifying the number of apneic events per hour to 
calculate an apnea index [41]. Subsequent de�nitions 
expanded criteria to include hypopneas characterized by 
reductions in air�ow with decreased oxygen saturation to 
calculate a broader index, which initially was labeled a res-
piratory disturbance index, and later an apnea-hypopnea 
index (AHI) [18]. As the AHI became accepted as a stand-
ard measure of obstructive sleep apnea, thresholds were 
proposed to classify disease as mild, moderate, and severe 
disease [42, 43]. However, the AHI was shown to be widely 
variable depending on which de�nitions were applied to 
de�ne hypopneas (with variable criteria for de�ning crit-
ical changes in breathing amplitude and/or inclusion of 
desaturation and/or arousal). Due to lack of consensus, 
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Index of Sleep Control; PSQI: Pittsburgh Sleep Quality Index; PSQI: Pittsburgh Sleep Quality Index; FOSQ: Functional Outcomes of Sleep Questionnaire; 
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the AASM even published two de�nitions characterized 
as �recommended� and �alternative.� Subsequent revi-
sions proposed more uni�ed �recommended� and �accept-
able� hypopnea de�nitions that still vary with respect to 
criteria related to associated oxygen saturation and/or 
arousal [44, 45]. Additional measures used to character-
ize event subtypes include detection of increased respira-
tory effort with cortical arousal classi�ed as a respiratory 
 effort-related arousal (RERA) and a summation of the AHI 
and RERA index designated as the respiratory disturbance 
index (RDI) [37, 46].

� Data formatting�Sleep data are routinely collected and 
saved using a variety of proprietary software dictated by 
the speci�c equipment used. To avoid the need to access 
multiple software tools for data analysis and to stand-
ardize the presentation of data, the NSRR requests data 
contributors to transfer polysomnography data as EDF 
�les (https://edfplus.info/), a standardized format devel-
oped to promote sleep data exchange [47, 48]. However, 
many laboratories do not routinely save data in EDF, 
requiring support for exporting and de-identifying data 
for data-sharing. While the NSRR can assist contribu-
tors with these tasks (i.e. providing deidenti�cation tools 
or guidance on best practices for exporting data), these 
procedures are generally not automated, and their imple-
mentation can delay data sharing efforts. In addition to 
sometimes containing subtle corruptions, e.g. due to trun-
cations of data transfers, EDF �les themselves can vary in 
content and format: for example, (1) with continuous or 
discontinuous (gapped) recordings, (2) missing physical 
unit or transducer header �elds, (3) inappropriate dynamic 
ranges or misspeci�ed units, (4) the presence of annota-
tions encoded within the EDF, or (5) with single night data 
split across multiple EDF �les. Further, annotation �les can 
occasionally be temporally misaligned with respect to the 
underlying signal data.

Many users are interested in training algorithms to automati-
cally score events within the polysomnogram, or to extract novel 
metrics based on scored events. Those goals require access to the 
annotation �les that provide tabular scored events, delineated 
by their duration, inter-event intervals, and associated features 
(e.g. desaturation). However, such �les are encoded in a range of 
different formats, and the labeling, encoding, and directory struc-
tures of associated data �les vary.

� Actigraphy�Actigraphy data are also saved in a variety of 
formats and lack a single �standard.� There are scant pub-
lished recommendations that guide data collection, with 
variability in what data are saved (counts, accelerometry 
motion), sampling rates, and auxiliary data (light, event 
markers, etc.).

� Patient-reported outcomes�There is not a standard set 
of Common Data Elements recommended for sleep or 
circadian research. Accordingly, the datasets within the 
NSRR include a variety of sleep questionnaires such as 
the Epworth Sleepiness Scale, Women�s Health Initiative 
Insomnia Rating Scale, Pediatric Sleep Questionnaire, 
Pittsburgh Sleep Quality Index, and Functional Outcomes 
of Sleep Questionnaire. Some patient-reported data are 
based on single items, subsets of items, or paraphrased 
questions abstracted from one or more instruments, with 
response categories and/or rating scales that are differ-
ent from the validated survey instruments. Moreover, 
the reference period (e.g. �in the past two weeks�) 
vary across studies and often are not preserved in the 
data dictionary submitted by data owners, which pose 
challenges to metadata documentation and chronicity 
assessment of certain sleep disorders. Many items within 
questionnaires overlap different domains (e.g. insomnia 
vs sleep quality; sleepiness vs functional impairment), 
which makes mapping those items to speci�c domains 
challenging.
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Figure 2. Concept map of selected sources of heterogeneity in sleep data. This diagram summarizes the sources of heterogeneity in sleep and 
circadian data discussed in this paper.
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Approaches for Addressing Sleep Data 
Heterogeneity, Developing Metadata, and Data 
Harmonization
To minimize the effects of heterogeneity while providing opportu-
nities to assess and learn from sources of heterogeneity, data are 
ingested using a well-de�ned process that captures critical meta-
data at the study and variable level. Innovative approaches that 
NSRR has employed to address data heterogeneity have stemmed 
from integrated initiatives that include (1) speci�cation of study-
level and variable-level metadata, including use of compositional 
terminology and mapping of terms to a common standard, as 
possible, (2) standardization of sleep-wake period information, (3) 
post-processing polysomnography data to standardize and anno-
tate the data and channel labels, and (4) integration and exten-
sion of harmonized variables. Figure 3 outlines the overview for 
data ingestion and metadata generation.

Speci�cation of study-level metadata.
To generate a template for the speci�cation of study-level 
metadata we adopted a reporting format based on checklists 
promoted by the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) initiative [49]. Using founda-
tional NSRR datasets as models, we traced the data collection, 
processing, and analysis approaches involved in different types 
of studies to identify sources of heterogeneity that could be 
speci�ed as metadata elements. We compiled a set of key value 
pairs for each of these elements that we used to generate a 
metadata intake form incorporating (1) a study overview sec-
tion providing information about the investigator(s), support, 
study design, eligibility and exclusion criteria, exposures, inter-
ventions, outcomes, access restrictions, and a list of validated 
survey instrument for collecting patient-report outcomes, (2) 
an actigraphy data section providing information about data 
collection and processing including recording devices, software, 
sampling rates, annotation methods, and de�nitions of speci�c 
times and periods of interest, and (3) a polysomnography data 

section providing information about data collection and pro-
cessing including equipment, montages, sampling rates, data 
formats, scoring methods, and de�nitions of thresholds used 
to identify hypopnea events. This form has been deployed as a 
spreadsheet incorporating selectable and extensible options for 
each element that has been integrated into the NSRR data dep-
osition process. Information abstracted from completed forms 
has been used to generate a matrix that provides a sortable 
�ltered overview of the studies included in the NSRR with direct 
links to available datasets (19).

Speci�cation of variable-level metadata
In the early stages of development of the NSRR we recognized 
that there was signi�cant variation in the range and depth of 
metadata available for variables in many datasets. While we 
knew that advanced cross-cohort search capabilities might make 
it possible to retrieve similarly labelled variables from different 
datasets [50, 51], we were also aware that inadequate character-
ization of the provenance of these variables would make it dif�-
cult to determine if they were comparable.

The original plan for the NSRR called for the de�nition of a sleep 
research ontology that would serve as the basis for a structured 
vocabulary to characterize dataset variables. While this approach 
was conceptually appealing, in practice the development of an 
extensible ontology proved to be a cumbersome process that led 
to signi�cant delays in the deployment of usable resources. One 
challenge was the ability to readily expand upon and integrate 
with existing ontologies (SNOMED and LOINC) due to their limited 
coverage of sleep terms. As a workable alternative, we compiled a 
set of canonical terms abstracted from variables included in the 
larger foundational datasets. These terms were edited for clarity 
to provide precise de�nitions of origins, thresholds, and states 
before they were added to a curated data dictionary. We were sub-
sequently able to link variables in each dataset to terms in this 
data dictionary, enabling them to serve as points of connection 
for cross-cohort queries. When it proved to be feasible, additional 
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Figure 3: Outline of data ingestion and metadata generation processes in NSRR. This diagram illustrates the work�ow required to generate and 
curate enhanced metadata in the NSRR. The original metadata consists of PDF �les of study manuals, forms, and data dictionaries. Information 
extracted from these resources is categorized as study-level, �le-level, or variable-level metadata during the data ingestion process. This structured 
metadata is reviewed and extended to generate several output products including: (1) semi-structured metadata in the form of a README �le 
that serves as a dataset introduction page on the NSRR website; (2) a version-controlled standardized data dictionary that incorporates standard 
conceptual domains/subdomains and enhanced variable-level metadata including relevant study-level metadata, provenance information, hyperlinks 
to data collection forms, and standardized tags; (3) summary statistics for each variable strati�ed by common demographic groupings; (4) harmonized 
data for selected groups of variables that are comparable across datasets; (5) enhanced search results using standardized NSRR tags; and (6) an at-a-
glance matrix showing the availability of data by category and PSG channel. The right panel shows a screenshot of variable-level metadata for the 
�ahi� variable integrated into the NSRR after review and curation.
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metadata elements were appended to linked variables in the form 
of tags providing information about the source, timing, equipment, 
and methodology used to collect data. We also linked, when able, 
terms to sleep-related terms in the National Library of Medicine�s 
(NLM) Common Data Element library. However, coverage of sleep 
data within the NLM is currently limited.

This parallel approach to the speci�cation of study-level and 
variable-level metadata has streamlined the work�ow required 
to integrate datasets submitted for inclusion in the NSRR. 
Minimizing the ambiguity of metadata mapped at both levels 
effectively serves to improve the accuracy of cross-cohort que-
ries conducted to identify comparable variables retrieved from 
disparate datasets.

Compositional terminology.
A special problem in specifying metadata and adopting uni-
form terminology relates to the marked variation in de�nitions 
of apnea and hypopneas, both over time and across datasets. To 
address this problem, we developed a compositional terminology 
con�gured to generate compound labels that can be parsed to 
provide fully quali�ed metadata pertaining to speci�c variables. 
To accommodate the full range of variable-level metadata per-
taining to indices of sleep disordered breathing, we developed a 
compositional terminology modeled after the  post-coordination 
approach utilized by the SNOMED CT system to de�ne complex 
concepts [52]. This �exible scheme can be used to generate a 
compound label for each variable comprised of a root compo-
nent and qualifying suf�x components. The root component 
includes linked abbreviations that designate the type of event 
measured (Event), the measurement recorded (Data type), and 
any quali�ers used to characterize the measurement (Data 
quali�er) (Supplementary Table S1). A suf�x component sepa-
rated by an underscore can be appended to designate a sleep 
stage and body position, and additional suf�x components can 
be added to designate a data source and level of oxygen satu-
ration or desaturation. This scheme also incorporates precom-
piled suf�x components that correspond to speci�c criteria used 
to identify hypopneas based on varying de�nitions. The labels 
generated using this compositional terminology can be parsed 
by algorithms to enable large scale mapping and harmonization 
of variables. Those variables that are mapped to labels can be 
automatically converted between wide and long data formats. 
When converted to a long data format, the information encoded 
in each label can be extracted to generate a pro�le of semantic 

terms. This approach has proven to work well with polysomnog-
raphy and actigraphy data which tend to have many permuta-
tions of similar measures. We are also assessing the utility of 
apply a compositional terminology to other types of sleep data 
such as self-reported questionnaire items.

De�ning core sleep-wake information.
One of the initial challenges in sleep data standardization 
relates to the inconsistency in the terminology used to specify 
time points and intervals describing sleep and wake periods. 
Depending on the context and usage, �time� might refer to a 
speci�c point in time or to an interval between two time points. 
While �duration� and �period� could both be taken to correspond 
to intervals, they were often used interchangeably in proto-
col descriptions and data dictionaries without any indication 
of whether they referred to intervals between designated time 
points or to speci�c intervals when subjects were determined to 
be awake or asleep.

Recognizing the need to develop internally consistent terms 
to distinguish time points and intervals prompted us to compile 
a list of key concepts used to de�ne sleep-wake intervals in 
available NSRR study protocols. These included speci�c time 
points, intervals between time points, and states within inter-
vals. Review of study documentation and research publications 
helped to identify commonly used terms that could be mapped 
to speci�c concepts. This in turn enabled us to designate stand-
ardized terms that incorporate precise de�nitions of �time,� 
�period,� and �duration� that can be used to delineate distinct 
intervals, and to visualize their inter-relationships graphically 
(Figure 4). In the terminology developed based on these de�-
nitions, �time� refers to a speci�c point in time that is either 
recorded as a clock time or marked by when an event starts 
or ends. �Period� refers to a continuous interval between two 
speci�c time points de�ned a priori, while �duration� refers to 
the sum of the lengths of multiple intervals describing a speci�c 
state or condition, wherein the state can be further speci�ed as 
sleep stages. Adoption of this standardized terminology allows 
for unambiguous demarcation of the intervals and sleep-wake 
states used to characterize the state-speci�city of respiratory, 
cardiac, electroencephalographic, and movement-related events. 
Use of structured de�nitions also allowed inconsistencies in 
data calculations to be identi�ed. For example, in one instance, 
applying standardized nomenclature identi�ed that a summary 
respiratory index was calculated erroneously to include events 
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Figure 4: Sleep�wake terminology schema. To disambiguate notations that refer to different time points, sleep intervals, periods, and durations, the 
NSRR utilizes a visual schema that identi�es (a) Time points (going to bed, falling asleep, waking up during sleep, waking up after sleep, getting out of 
bed), (b) intervals (recording, in-bed), and (c) states (awake, asleep). Terminologies based on these designations are organized in reference to (d) clock 
times (recording start time, lights-off/in-bed time, sleep onset, sleep offset, lights-on/out-bed time, recording end time), (e) periods (recording period, 
in-bed period, sleep period, sleep onset latency), and (f) durations (sleep duration = sleep period�wake after sleep onset (WASO), wake after sleep 
onset = sleep period�sum of sleep durations within the sleep period). Note that other iterations could further distinguish stages (N1, N2, NREM, and 
REM) within states.
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in the interval between recording start and end times rather 
than only during the time asleep.

Standardization of data represented within the 
polysomnogram, including channel labels.
By de�nition, the principal indices used to classify sleep-related 
physiological disturbances rely on the identi�cation and quanti�-
cation of events annotated from the polysomnography recordings. 
As described above, the variation in data collection, annotation, 
and scoring approaches introduce considerable heterogeneity. 
During its initial phase, NSRR�s computer scientists and biomed-
ical engineers developed several signal processing tools, tailored 
to working with NSRR data. Tool development was informed by 
the needs of the local team as well as feedback from the User 
Community solicited during community outreach events. The 
NSRR team has further developed a robust signal processing 
pipeline for sleep data that can be applied both to existing and 
new NSRR datasets, as well as users� own sleep studies uploaded 
to the cloud. Details of these tools will be reported in a subse-
quent publication, but include:

� EDF Annotation Translator: this provides the framework for 
reading annotations stored in multiple �le formats such as 
XML, CSV, and text �les, and transforms them to a standard 
XML �le format with Sleep Resource Ontology concepts for 
de�ning the events.

� Altamira: an EDF Viewer allows the display of signals and 
standardized annotations

� Luna (http://zzz.bwh.harvard.edu/luna/): is a C/C++ toolset 
and R extension library for the manipulation and analysis 
of large numbers of EDFs, designed with both paralleliza-
tion and working with NSRR annotation data in mind; it 
can also be deployed as a Docker container, to facilitate 
migration to the cloud computing environment. These 
tools support an NSRR analytical pipeline (NAP) that identi-
�es primary signals and annotations; re-labels polysomno-
grams using canonical labels; and provides a standardized 
�NSRR� version of data that has been re-referenced and 
re-sampled to a common standard. These tools include a 
series of semi-automated checks on incoming data, and 
outputs a more technically uniform set of signal and anno-
tation �les. For example, we employ steps to (1) identify 
and potentially �x technical issues with EDFs, (2) �ag noisy, 
�at or duplicate signals, (3) check EEG polarities, (4) check 
the consistency and alignment of stage annotations with 
the signal data, and potentially �x misaligned staging data, 
(5) automatically relabel channels and annotations, poten-
tially re-referencing, resampling or rescaling signals as 
needed, and dropping redundant or undocumented chan-
nels, and (6) generate a battery of statistics summarizing 
sleep macro- and micro-architecture, with a focus on the 
EEG.

A challenge in analyzing sleep signal data relates to a lack of 
standards or requirements that could be used to indicate data 
are of suf�cient quality for supporting speci�c, or a set of broad, 
applications. The NSRR team prioritizes data modi�cations 
aimed at enhancing usability�such as making physical units, 
sampling rates, �le formats, or channel nomenclatures similar 
between and within studies. This approach deliberately avoids 
altering speci�c information content to achieve a particular 
minimum standard, recognizing that the appropriateness of 

such standards varies according to the speci�c research ques-
tion and analytical methods employed. For example, stand-
ards that �ag a given recording suitable for one analysis (e.g. 
examining spectral properties of the stable NREM EEG) may not 
apply to others (e.g. studying sleep onset or the relationship 
between sleep and circadian factors). Future work may include 
developing an array of diagnostic metrics and annotating these 
for their relative applicability for different purposes. However, 
ultimately, decisions related to data quality need to be made 
by the researchers who best understand their speci�c research 
questions.

Harmonization Steps
The process of data harmonization focuses on the speci�cation 
of homogenized phenotypes that can be used to identify and 
characterize potentially comparable variables abstracted from 
different datasets, as exempli�ed by the work of the Trans-Omics 
for Precision Medicine (TOPMed) initiative [53]. While we were 
able to utilize resources provided by the TOPMed and BioData 
Catalyst projects to harmonize a range of non-sleep variables in 
NSRR datasets (including age, sex, race, ethnicity, smoking sta-
tus, body mass index, and blood pressure), we recognized that 
the inherent complexity of device-based sleep data would make 
it dif�cult to develop integrated functions capable of accurately 
harmonizing sleep research phenotypes [54, 55]. Towards that 
end, we engineered a unique approach to the harmonization of 
polysomnography and polygraphy variables that leveraged the 
degree of speci�city afforded by our compositional terminology. 
This approach progressed through the following iterative stages, 
as exempli�ed by harmonization efforts for sleep-disordered 
breathing variables:

1. Speci�cation of target phenotypes�Candidate phenotypes 
were reviewed to identify commonly used terms (e.g. the 
AHI), as supported by their citation in published guidelines 
and use in the research literature.

2. Characterization of heterogeneity�Data generation and 
acquisition processes were reviewed to determine which 
study-level and variable-level metadata elements con-
tributed most signi�cantly to the heterogeneity between 
related but distinct target phenotypes. Potential sources of 
heterogeneity included sleep acquisition procedures, and 
for hypopnea and apnea terms, included (1) air�ow reduc-
tion thresholds, (2) oxygen desaturation thresholds, and (3) 
the presence or absence of arousal(s).

3. Re�nement of target phenotypes�Practical considerations 
prompted us to limit the degree of granularity required to 
specify target phenotypes. For example, although we con-
sidered basing de�nitions on the four level AASM classi�-
cation of sleep apnea monitoring devices, we categorized 
the sleep device types into those that include or do not 
include EEG data. We limited de�nitions of thresholds of 
�ow reduction to levels that could be mapped to speci�c 
AASM guidelines. By doing so we were able to identify 13 
permutations of sleep-disordered breathing events by com-
bining study types, �ow reduction thresholds, and event 
de�nitions at 3% and 4% oxygen desaturation thresholds 
that we were able to consolidate to generate 7 AHI pheno-
types and 3 REI phenotypes.

4. Mapping compositional tags to target phenotypes�We 
used our compositional terminology scheme to assign 
metadata tags to each phenotype to generate harmonized 
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terms. Checks were conducted to con�rm that each 
mapped compositional tag corresponded to a mutually 
exclusive AHI or REI phenotype (Supplementary Figure S2).

5. Identi�cation of candidate variables�Queries were con-
ducted using harmonized terms to identify candidate vari-
ables in each dataset based on mapped compositional tags 
originally assigned during the ingestion and curation of 
each dataset added to the NSRR.

6. Generation of harmonized variables�Each retrieved can-
didate variable was further evaluated to determine the 
degree to which it matched the speci�cation of a har-
monized term. When a candidate variable was deemed 
to be an appropriate match, a new version marked as a 
harmonized variable was added to the dataset with a link 
to the harmonized term that could be used to trigger a 
 cross-cohort query to identify similarly harmonized vari-
ables present in other datasets.

We conduct this review on a regular basis in the course 
of processing and curating datasets added to the NSRR. 
External investigators may also follow this approach for 

determining if selected variables may be candidates for 
harmonization.

Examples of Data Harmonization in NSRR
The following examples show the results of harmonization efforts 
to describe variation in sleep metrics across age and gender. 
Overnight EEG data from a total 25 678 studies (14 618 male, 11 
060 female), ages 2.5�90 years, were reprocessed using the Luna 
pipeline, harmonizing channel labels, polarity, removing artifact, 
and resampling at standard rates. Figure 5a and b shows the clear 
reduction in N3 sleep density and increase in sleep fragmentation 
index across age, and evident gender differences.

In contrast, Figure 6 shows the results of efforts to har-
monize the AHI. Data mapping efforts allowed unambiguous 
assignment of speci�c de�nitions across key variations in AHI 
values, demonstrating that at any age, AHI values are con-
siderably highest when the 1999 Chicago criteria are applied 
(including hypopneas with a 50% reduction in amplitude with 
a 3% desaturation or arousal), and lowest for the AASM 2015 
de�nition (which requires a 30% amplitude reduction and 4% 
desaturation to accompany hypopneas). Unlike the approach 

Figure 5. (a) and (b) Sleep architecture across the lifespan and by gender in NSRR. (a) Stage N3 density (minutes of N3 sleep divided by total sleep 
period time, SPT); (b) sleep fragmentation index. Data from 26 673 individuals selected from the NSRR with polysomnography data, aged 2.5�90 years 
(57% male), from 13 cohorts (APPLES, CCSHS, CFS, CHAT, MESA, MNC, MrOS, MSP, NCHSDB, SHHS, SOF, STAGES, and WSC). Blue: male. Red: female.
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