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Abstract 

Background: The All of Us Research Program (AoURP, “the program”) is an initiative, sponsored by the National Insti-
tutes of Health (NIH), that aims to enroll one million people (or more) across the USA. Through repeated engagement 
of participants, a research resource is being created to enable a variety of future observational and interventional 
studies. The program has also committed to genomic data generation and returning important health-related infor-
mation to participants.

Methods: Whole-genome sequencing (WGS), variant calling processes, data interpretation, and return-of-results 
procedures had to be created and receive an Investigational Device Exemption (IDE) from the United States Food 
and Drug Administration (FDA). The performance of the entire workflow was assessed through the largest known 
cross-center, WGS-based, validation activity that was refined iteratively through interactions with the FDA over many 
months.

Results: The accuracy and precision of the WGS process as a device for the return of certain health-related genomic 
results was determined to be sufficient, and an IDE was granted.

Conclusions: We present here both the process of navigating the IDE application process with the FDA and the 
results of the validation study as a guide to future projects which may need to follow a similar path. Changes to the 
program in the future will be covered in supplementary submissions to the IDE and will support additional variant 
classes, sample types, and any expansion to the reportable regions.
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Background
The primary objectives of the All of Us Research Program 
(AoURP, “the program”) are (1) to build a comprehen-
sive research resource composed of surveys, biometrics, 
genetics, electronic health records, and biospecimens 
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from one million or more participants reflecting the 
diversity of the USA; (2) to make these data and biospeci-
mens broadly available for research exploring biological, 
social, and environmental determinants of health and 
disease; and (3) to return genomics results, gleaned from 
whole-genome sequencing (WGS) [1] or genotyping 
arrays, directly to participants who elect to receive such 
information. Although some previous research stud-
ies have returned genomics results to their participants 
[2–9] and many clinical laboratories have validated WGS 
pipelines for the purpose of returning germline disease 
diagnoses [10], none has done so on the scale, or with the 
diversity of participants, as the AoURP.

The program adopted the genes identified by the Amer-
ican College of Medical Genetics and Genomics (ACMG) 
for return of incidental findings [11] as the returnable 
regions for the “Hereditary Disease Risk (HDR) Report.” 
Additionally, portions of seven genes with known gene-
drug interactions were chosen for return in the “Medi-
cine and Your DNA Report” (hereafter referred to as the 
Pharmacogenomics or “PGx Report”). An overview of 
the genomics workflow for return of results is shown in 
Fig. 1.

During the conceptualization of the AoURP, the 
National Institute of Health (NIH) staff consulted with 
staff at the United States Food and Drug Administra-
tion (FDA), who determined that the proposed project 
met the criteria for a Significant Risk (SR) Device Study, 
defined as incorporating a device that “is for a use of sub-
stantial importance in diagnosing, curing, mitigating, or 
treating disease, or otherwise preventing impairment of 
human health and presents a potential for serious risk to 
the health, safety, or welfare of a subject” (21 CFR 812.3). 
Because of this, an Investigational Device Exemption 
(IDE) would be required for the return of health-related 
genomic results in addition to institutional review board 

(IRB) approval [12]. The requirement for FDA approval 
of NIH-sponsored research projects intending to return 
genetic results has been the topic of much prior discus-
sion, primarily due to concerns over jurisdiction (i.e., 
FDA vs. IRB) and the non-trivial process of defining 
the exact requirements for approval [13]. Previous FDA 
approvals of direct-to-consumer genomic sequencing 
tests (such as Foundation Medicine [14] and 23andMe 
[14]) and return of results from research projects (such as 
NSIGHT [13]) served as useful examples, but the AoURP 
presented a unique set of challenges and, with its high 
visibility, an opportunity to establish precedents for the 
genomic medicine research community.

Here, we present the process of applying for and receiv-
ing an IDE from the FDA, which encompassed analysis 
of 1210 validation samples selected to assess the ana-
lytical validity of our whole-genome sequencing assay. 
These samples allowed us to assess coverage and vari-
ant calling specifically in 59 genes recommended for the 
return of secondary findings by the American College of 
Medical Genetics (ACMG). We found high reproduc-
ibility between the three genome centers involved in this 
analysis (differences between centers were smaller than 
the within center variability), with high genome-wide 
accuracy (99.89%) on gold standard controls. The process 
we defined with the FDA and the lessons learned should 
benefit future studies seeking to follow a similar path.

Methods
Interrogated regions of the genome and determination 
of validation requirements
The portion of the whole genome that was proposed for 
the return of genomic results encompassed 223,913 bases 
across 66 genes. Of these, 59 and 7 genes comprise the 
HDR and PGx reports, respectively (Additional file  1: 
Table  S1, Additional file  2: ACMG59_PGx.combined.

Fig. 1 Overview of All of Us Research Program return of genomic results workflow. Participants are enrolled at a variety of locations including 
mobile sites, hospitals, and walk-in clinics. Samples are sent to the Biobank (Mayo Clinic) where DNA is extracted and stored. Upon indication from 
the program to proceed, samples are sent to one of three Genome Centers—Baylor College of Medicine (BCM), Broad Institute (BI), or University 
of Washington (UW)—for whole-genome sequencing. For participants who have consented to return of genomic results, data are forwarded on 
to the Clinical Validation Laboratories (CVLs) for pharmacogenomics (PGx) analysis and variant interpretation and orthogonal confirmation for 
Hereditary Disease Risk (HDR) gene pathogenic or likely pathogenic variants. Reports are generated by the Report and Harmonization Platform 
(Color) and delivered to participants through the Genetic Counseling Resource (Color). QC quality control
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hg19.annotated.bed). Requirements were refined in col-
laboration with the FDA.

Validation samples used
We identified 1210 DNA samples, both whole blood 
and buffy coat and human-derived cell lines (Table  1). 
These 1210 samples come from 6 different sources. The 
blood-derived patient samples (total n = 376, broad n = 
148, BCM n = 189, UW n = 39) used at the Broad and 
BCM were collected as part of the eMERGE Network 
III study [17]. Patient samples from UW were collected 
by their clinical practice and originally selected due to a 
personal or family history of cancer. They were identi-
fied by assessing previously sequenced clinical samples 
from these projects for the presence of variants in the 
genes that will be reported in the AoURP. They are not 
enrolled for patient care or part of a study but do have 
informed consent between the provider and patient. 
The NGS panel originally used for these samples has 
been described previously [18, 19]. These samples were 
used to assess accuracy, precision, and assay fail rate. 
The blood-derived healthy donor aliquots (unique n = 
32, broad n = 60, BCM n = 60, UW n = 32) were col-
lected for the Biobank by Biochain (https:// www. bioch 
ain. com/ custom- servi ces/ clini cal- sample- colle ction/) 
Although each genome center obtained material from 32 
distinct samples, some samples were sequenced in repli-
cate within the genome centers, as part of precision and 
other assessments. The Genome Centers selected match-
ing saliva and blood samples from Biochain’s collection 
having the largest available quantity of DNA. These sam-
ples were used to assess the performance in the report-
able range, precision, interlab concordance, limit of 

detection, extraction performance, molecular index per-
formance, and assay fail rate. Genome in a Bottle (GiaB) 
reference cell lines [17, 20] (broad n = 40, BCM n = 34, 
UW n = 22) were ordered from the Coriell Biorepository 
[21]. These samples were identified by searching ground 
truth data for known variants in the set of genes that will 
be reported in the AoURP and were used to assess the 
performance in the reportable range, accuracy, limit of 
detection, molecular index performance, and assay fail 
rate. Cell lines with known HDR variants (broad n = 35, 
BCM n = 30, UW n = 35) were also ordered from the 
Coriell Biorepository [21] after having been identified by 
searching ground truth data for known variants in the set 
of genes that will be reported in the AoURP. These were 
used to assess the performance in the reportable range, 
accuracy, precision, interlab concordance, molecular 
index performance, and the assay fail rate. DNA from the 
Genetic Testing Reference Materials Coordination Pro-
gram (GeT-RM) [16], which provides extensively char-
acterized PGx cell lines (broad n = 155, BCM n = 155, 
UW n = 155). These samples were identified by search-
ing the repository for samples containing PGx alleles 
that will be reported in the AoURP. They were used to 
evaluate the reportable range, accuracy, precision, inter-
lab concordance molecular index performance, and assay 
fail rate. Lastly, we used historical, blood-derived WGS 
data from the TOPMed [22] project at the BCM and 
broad sites to evaluate sample failure rates historically. 
All three All of Us Genome Centers were previously par-
ticipants in the National Heart, Lung, and Blood Insti-
tute’s Trans-Omics for Precision Medicine (TOPMed) 
research program and contributed WGS data for partici-
pating cohorts. TOPMed samples were sequenced at 30× 

Table 1 Summary of assessments and numbers of specimens included in each study

This table summarizes the samples that were used for each set of comparisons that comprise this study. Many samples were sequenced in replicate either across the 
genome centers or within them and these counts reflect replicates, not unique samples

GIAB Genome in a Bottle [15], HDR hereditary disease risk, CDC United States Centers for Disease Control and Prevention, GeT-RM Genetic Testing Reference Materials 
Coordination Program [16], PGx pharmacogenomics, WGS whole-genome sequencing

Sample cohort Assessment

Reportable 
range

Accuracy Precision Interlab 
concordance

Limit of 
detection

Extraction 
performance

Molecular 
index 
performance

Assay fail rate

Blood-derived patient samples n/a 376 271 n/a n/a n/a n/a 30

Blood-derived healthy donor 
aliquots

5 n/a 84 28 21 15 28 28

GIAB reference cell lines 1 18 n/a n/a 37 n/a 37 37

Cell lines with known HDR vari-
ants

30 65 48 48 n/a n/a 30 30

CDC GeT-RM PGx cell lines 68 310 186 186 n/a n/a 164 175

Historical blood-derived WGS 
data

n/a n/a n/a n/a n/a n/a n/a 25,028

https://www.biochain.com/custom-services/clinical-sample-collection/
https://www.biochain.com/custom-services/clinical-sample-collection/
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minimum coverage at participating sequencing centers 
using harmonized methods. Because of the harmoniza-
tion required in methods and QC parameters, this sam-
ple set served as an ideal resource to evaluate aggregate 
historical fail rates for a comparable sample type to those 
collected for the AoURP.

Sample preparation, sequencing, and primary 
and secondary bioinformatics
For the control samples, we received DNA from the Cori-
ell Biorepository [21]. DNA from commercially sourced 
blood samples and future AoURP participant samples 
was extracted from 4 ml EDTA (whole blood) or 10 ml 
EDTA (buffy coat) by two methods: salt-based precipita-
tion on Autogen FlexStar or bead-based method on Che-
magen 360. Samples were stored in −80 °C automated 
freezers and were checked for volume via a BioMicroLab 
volume check instrument. DNA samples were also quan-
tified (spectrometric method) via Lunatic-Unchained 
Labs/Trinean DropSense 96 to obtain total DNA con-
centration as well as A260/280 and A260/230. All sam-
ples met a minimum concentration of 50 ng/μl and an 
A260/280 of 1.6–2.0. To assess the performance equiva-
lency of the two methods, whole blood and buffy coat 
(WBC) specimens from five donors were extracted using 
the autogen and chemagen platforms. DNA from these 
samples was sequenced using WGS and an orthogonal 
targeted panel assay.

Each Genome Center performed quality control (con-
firmation of volume and concentration) of the samples 
submitted from the AoURP Biobank. Samples that met 
the quality thresholds were accessionned, and sample ali-
quots were prepared for library construction processing 
(normalized with respect to concentration and volume).

DNA samples were first sheared using a Covaris soni-
cator and then size-selected using AMPure XP beads to 
restrict the range of library insert sizes. Libraries were 
constructed using the PCR Free Kapa HyperPrep library 
construction kit and utilizing dual-indexed adapters. 
Libraries were quantified using qPCR with the Illumina 
Kapa DNA Quantification Kit and then normalized and 
pooled for sequencing. Actual implementations of the 
library construction processes (automation platforms 
used, for instance) varied across the Genome Centers. 
Pooled libraries were loaded on the Illumina NovaSeq 
6000 instrument, and WGS was performed with Illumina 
reagents following the manufacturer’s best practices.

After demultiplexing, WGS analysis occurred on the 
DRAGEN Platform (Illumina), which consists of opti-
mized algorithms for mapping, aligning, sorting, dupli-
cate marking, and haplotype variant calling. Alignment 
used the GRCh38DH [23] reference genome, downloaded 
from ftp:// ftp. 1000g enomes. ebi. ac. uk/ vol1/ ftp/ techn ical/ 

refer ence/ GRCh38_ refer ence_ genome/. The DRAGEN 
pipeline produced a large number of metrics that cover 
lane, library, flow cell, barcode, and sample-level metrics 
for all runs as well as assessing contamination and map-
ping quality. For the purposes of the IDE analyses, the 
software version of the DRAGEN software was harmo-
nized to the 3.4.12 version at all Genome Centers.

Data analyses
Accuracy
In the absence of an FDA-approved ground truth assay 
for each reportable variant, the FDA requested that accu-
racy be presented as the positive and negative percent 
agreement (PPA and NPA, respectively) of the device 
calls compared to a high-quality comparator assay [24]. 
For comparator assays, we used clinically validated gene 
panels and in some cases capillary sequencing. In the 
case where the gene panel data was used as a comparator, 
calls made from the panel were designated as “true posi-
tive” and “true negative,” and calls from the WGS were 
categorized based on presence or absence in the panel 
data. Specific important variants in the population were 
represented in the dataset, including founder alleles in 
BRCA1 and BRCA2 (Additional file 1: Table S2).

Concordance of pathogenic/likely pathogenic calls in cell 
lines
Previously characterized human cell line-derived DNA 
(Coriell Biorepository) was processed through the pro-
duction workflows for WGS, capillary, or panel sequenc-
ing at all Genome Centers and CVLs (BCM; UW; and 
Color Health, Color). Calls of the known pathogenic (P) 
or likely pathogenic (LP) variants were assessed at each 
site and the concordance of variant calls and genotypes 
was measured (Additional file 1: Table S3).

Performance in reference cell lines
Performance on the National Institute of Standards 
and Technology (NIST) human reference cell lines 
(NA12878 [15], NA24385, NA24149, and NA24143) 
was evaluated by comparing to the Genome in a Bot-
tle v3.3.2 gold standard truth set. In all comparisons 
against reference samples, we used the vcfeval [25] tool 
and harmonized on the --ref-overlap --decompose and 
--output-mode=annotate flags. Comparisons were lim-
ited to the NIST high confidence regions. To qualify as a 
true positive, variants must match not only the alternate 
allele but also the genotype call (e.g., the zygosity). Vari-
ant calls with mismatched genotypes were considered 
false positives.

ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
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Accuracy of PGx sites
Accuracy of PGx calling was determined using 159 
patient samples that had previously been orthogo-
nally validated by Sanger sequencing, next-generation 
sequencing (NGS) panel, or genotyping assays (Table 3). 
As noted above for the HDR genes, the selected PGx 
clinical samples provided a representation of genes 
and alleles that aligned with the expected prevalence 
of reportable alleles in the general population as deter-
mined by Clinical Pharmacogenetics Implementation 
Consortium (CPIC) [26] (www. cpicp gx. org). In genes 
where reported allele frequencies are extremely rare and 
no clinical samples were accessible, cell line samples were 
used to provide a more comprehensive list of reportable 
alleles for validation (Additional file 1: Tables S4 and S5).

Precision
To assess the equivalence of processing and variant call-
ing across the three Genome Centers within the AoURP 
device, we computed the concordance of variant calls and 
genotypes from five donor-derived blood specimens col-
lected and processed through the WGS and variant call-
ing pipelines. Replicate samples were run at each center, 
and the equivalence between replicates was determined 
to demonstrate that the variability in sample processing 
and variant calling between labs was no greater than the 
variability within labs (Additional file  1: Table  S6). The 
overall equivalence was calculated using the Jaccard simi-
larity coefficient between each pair of labs over all vari-
ants (i.e., the size of the intersection of the calls divided 
by the size of the union of the calls). We further evaluated 
the equivalence across and between labs using the WGS 
data from 175 human cell line-derived genomic DNA 
samples that were part of the PGx accuracy and NIST 
accuracy studies (Additional file 1: Table S7).

Inter‑ and intra‑Genome Center precision
Two studies were completed to calculate inter- and intra-
Genome Center precision. In the first study, 20 replicate 
blood-derived DNA samples from five individual donors 
were examined. Data from clinical gene panel testing [27, 
28] of these samples alone, without additional confirma-
tory testing, was used to define the “truth.” Although this 
is an imperfect truth set, it allows us to directly compare 
to a previously validated clinical test, which we expect to 
be highly accurate. Variant genotypes from WGS on all 
20 samples at each Genome Center were compared to 
the panel variants to determine concordance across sites 
by genomic context (Additional file  1: Table  S8). In the 
second study, 30 human cell lines (the same cell lines as 
were used in the P/LP variant accuracy assessment) were 
sequenced utilizing the clinical NGS panel as described 
above to define the “truth.” Calls from WGS on all 30 

samples at each Genome Center were compared to the 
panel variants and genotypes to determine concord-
ance across sites by genomic context (Additional file  1: 
Table  S9). To demonstrate the equivalence of cell line-
derived DNA with that of blood-derived primary sam-
ples, we calculated performance measures and technical 
measures for selected assessments, run on both clinical 
cohorts and cell lines (Additional file  1: Tables S10 and 
S11).

Precision of PGx calling
Precision of PGx variant calling was assessed by process-
ing 62 cell lines with known PGx alleles, as defined by 
Stargazer [29] at each of the three Genome Centers and 
CVLs (Additional file 1: Table S12).

Limit of detection
In order to determine the range of acceptable genomic 
DNA inputs into library construction, an input titration 
experiment using DNA derived from NA12878 with total 
input amounts ranging from 25 to 1500 ng into library 
construction was performed. These input levels span a 
range from 10× the lowest acceptable input to 2× the 
highest standard input into library construction across 
the Genome Centers. To assess the effect of lower input 
amounts on sensitivity and to confirm that the minimum 
input identified produces acceptable sensitivity and pre-
cision, the vcfeval tool [25] was leveraged to calculate 
sensitivity versus NIST for each titration point (Addi-
tional file 1: Figure S6). Similar titration and analysis were 
done with samples from the AoURP Biobank (Additional 
file 1: Table S13).

Sequence generation quality control specification 
determination
For coverage metrics, we used the Picard tool to remove 
read data uniformly (downsampling) from four NIST 
control samples for which gold standard variant data is 
available. For contamination, we created a set of bioinfor-
matically contaminated samples by adding progressively 
more read data from a second sample to a control sam-
ple. For the duplicate rate, we progressively added more 
duplicates to a sample while holding the yield constant.

Reportable range
To define reportable genomic intervals, we selected tran-
scripts for each of the 59 genes of interest, using primar-
ily MANE Select [30] and RefSeq [31] guidelines. We 
extend exons from the − 15 upstream intronic position 
to the + 6 downstream intronic position. We then added 
intervals to cover known P/LP variants outside of the 
− 15 to + 6 regions and for 43 PGx star allele sites. We 
excluded three types of technically challenging regions 

http://www.cpicpgx.org
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from the reportable range: (1) PMS2 exons 12–15, which 
has high homology with the PMS2CL pseudogene; (2) 
regions with high GC content (typically > 75% across 100 
bp) that can result in low coverage; and (3) regions with 
spurious variant calling artifacts due to the presence of 
micro-repeats (di-, trinucleotides) and long homopoly-
mers (Additional file 1: Table S14).

An additional set of regions did not consistently have 
at least 20× coverage in 20% of the samples in the data-
set. A per-site coverage analysis was performed across 
the entire HDR gene and PGx site region with a dataset 
of 104 samples from the three Genome Centers with a 
whole-genome mean coverage of 30–35×. This analysis 
revealed six regions that included 56 bases across four 
genes (Additional file  1: Table  S15). For these regions, 
none was low enough quality to consider excluding the 
region from the reportable range.

Invalid rates
To illustrate fail rates at each step, we used historical 
data and data from this validation study. Invalid rates 
were also calculated from panel data at Color and UW. 
BCM data represents capillary sequence data from an 
internal cohort. For historical data, we used the National 
Heart, Lung, and Blood Institute Trans-Omics for Preci-
sion Medicine (TOPMed) [22] cohort as it represents a 
large number of samples run at all three Genome Centers 
(Additional file 1: Tables S16 and S17).

Statistics
For the precision calculation, the equivalence was calcu-
lated using the Jaccard similarity coefficient (the size of 
the intersection divided by the size of the union of the 
sample sets) between each pair of labs over all variants. 
Calls are considered “intersecting” if they match exactly 
in both the alternate allele and genotype. The union con-
tains all variant calls in the sample sets.

Calculation of PPA and NPA in clinical specimens
A set of 271 patient samples was examined for accuracy 
across a range of genomic contexts, variant subtypes, and 
zygosity. Gene panels were those used in the eMERGE III 
study at BCM and Broad 15 or an ACMG panel at UW 
16, intersected with the HDR Report interval. Genomic 
contexts were defined using bed files from the Genome 
Alliance for Genomic Health (GA4GH, www. ga4gh. org) 
benchmarking-tools repository. Confidence intervals 
were calculated using the normal distribution (i.e., mean 
± 1.96 (standard deviation/square root of n) where n is 
the number of samples). Although this approach was 
accepted for this IDE by the FDA, we note that it is more 
correct to assume a binomial distribution. To calculate 
PPA and NPA, we compared each sample against a set of 

variant genotype truth data for that sample using vcfeval 
(either published variant genotypes for reference sets like 
NIST and Get-RM or variant genotypes from previous 
sequencing runs in our clinical pipelines for clinical sam-
ples). Variant genotypes appearing in the truth but not in 
the evaluation sample are false negatives, variant geno-
types appearing in both the truth and evaluation sample 
are true positives, variant genotypes appearing in neither 
the truth nor the evaluation sample are true negatives, 
and variant genotypes that do not appear in the truth but 
appear in the evaluation sample are false positives.

Results
Initial assessment of FDA requirements
Over 19 months, the Genome Centers, CVLs, and 
NIH staff discussed each major element of the pro-
gram (including participant consent, sample processing, 
analysis and interpretation, and return of results) with 
reviewers at the FDA via a series of conference calls and 
presubmission inquiries, to define the elements required 
for the IDE application (Fig. 2). The FDA determined that 
the “device” to be approved in this case constituted all 
steps of the process and requested that validation sam-
ples be primarily derived from blood to match the sample 
types used by the program. Those samples should reflect 
the variant types (single-nucleotide variants, SNVs, and 
insertions or deletions, indels) and genomic proper-
ties (GC rich, complexity) that were anticipated to be 
reported to participants. Substantial work was required 
even after the submission of the original IDE. During the 
review process, the FDA requested additional clarifica-
tions and analyses with short turn arounds (typically 3–5 
days). We have paraphrased those requests in Additional 
file 1: Table S18 to provide an example of what investiga-
tors should expect during the review process. An analy-
sis of the incidence of reportable variants within the 
HDR genes across the clinical laboratories at BCM, color, 
UW, and Laboratory for Molecular Medicine at Partners 
HealthCare (LMM, associated with the Broad Genome 
Center) revealed that some genes will likely have very few 
reportable variants and that indels are not reportable in 
several genes (Additional file 1: Figure S1).

Per the IDE process, requirements were set by the 
study sponsor (NIH), which were then used to define five 
specific acceptance criteria. The data showed sequencing 
depth exceeding 20× for the HDR and PGx reportable 
range, high accuracy for all Genome Centers (> 99.7%), 
and high concordance of data generated at the Genome 
Centers (> 99.7%) for both the HDR region and PGx 
alleles. Limit-of-detection studies demonstrated accu-
rate data produced from a range of input amounts with 
an expected invalid rate for blood-derived specimens of 
< 1%.

http://www.ga4gh.org
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Accuracy
Across a set of 271 blood-derived clinical samples, 
PPA ranged from 94.24 to 100% when broken down by 
genomic context, with NPA at 100% across all catego-
ries (Table  2 and Additional file  1: Table  S8). The accu-
racy of the AoURP device was > 99% (horizontal dotted 
line) in events up to 20 bases in length (Additional file 1: 
Figure S2). We detected five recurrent false-positive and 
false-negative variants in a large number of the samples 
(Additional file 1: Table S19) which were removed from 
the analysis. All were benign, likely benign or variants 
of uncertain significance, would not be reported clini-
cally, and fall in regions that are known to have sequence 
homology or mapping issues [32]. On a set of human cell 
lines with known HDR variants, the overall concordance 
was 100% for a set of known P/LP variants (Additional 
file 1: Table S3), and in a detailed assessment of variant 
and genotype calling in the control sample NA12878, 
accuracy was 100% for variants in the reportable range 

(Additional file  1: Table  S20) and 99.89% for variants 
across the whole genome (Additional file  1: Table  S21). 
The accuracy of PGx calling was determined on 159 
blood-derived patient samples which had previously been 
orthogonally validated in each Genome Center (Table 3). 
We observed concordance in 100% of calls (595/595).

Precision
The Genome Centers jointly agreed to harmonize the 
production pipelines to the extent possible, but some 
parts of the pipelines (e.g., DNA quality control [QC] and 
quantification) could not be harmonized perfectly, so we 
used sample replicates to demonstrate functional equiv-
alence. Twenty commercially obtained, blood-derived 
healthy donor aliquots from five individuals were exam-
ined, with clinical, gene-panel testing of these samples 
used to define “truth.” WGS variants and genotypes were 
compared to the panel variants to determine concord-
ance across sites and discordance by genomic context 

Fig. 2 Timeline of the IDE application process. The requirements for the investigational device exemption (IDE) content were refined through a 
series of pre-IDE submissions and responses, in-person meetings, and teleconferences with the United States Food and Drug Administration (FDA) 
over a period of 19 months. AoURP, All of Us Research Program; CCP, Change Control Policy; IC, informed consent; PGx, pharmacogenomics; Pre-Sub, 
pre-submission; SR, significant risk; Sup, supplement
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(Additional file  1: Table  S8). The data were highly con-
cordant, with the differences observed between Genome 
Centers smaller than the within-center sample vari-
ance. When broken out by genomic context, the context 
with the largest range was insertions, where PPA varied 
between 94.44 and 100%.

PGx variant calling precision across the three Genome 
Centers was assessed by processing 62 cell lines with 
known PGx alleles. A total of 298 of 300 alleles were 
found to be concordant, with discordance only found in 
G6PD alleles due to an incorrect ploidy call in the bioin-
formatics pipeline (Additional file 1: Table S12).

Limit of detection
The minimum amount of input DNA for sequencing 
was determined from NA12878 to be 250 ng, as lower 
amounts either failed to produce a library or showed 
reduced sensitivity. Additionally, four commercially 
obtained, healthy donor aliquots from the AoURP 
Biobank were compared against that sample’s gene panel 
data, with assessments of sensitivity and precision (Addi-
tional file 1: Table S13). We observed a range of PPA from 
98.1% for indels in DNA samples isolated on the Autogen 
FlexStar instrument to 100% for indels in DNA samples 
isolated on Chemagen 360 instruments. NPA remained 
at 100% across these comparisons.

To evaluate the performance as a function of allele 
fraction, seven replicates of NA12878 were sequenced 
with the AoURP WGS pipeline and compared to results 
from NIST, restricted to the high confidence regions. The 

analysis indicates that confident and accurate heterozy-
gous calls are made between 30 and 75% allele fraction 
for SNVs and 30–65% allele fraction for indels (Addi-
tional file 1: Figure S8).

Other analyses
We performed several additional analyses to satisfy the 
FDA requirements. We assessed equivalent performance 
and technical measures of cell line-derived DNA with 
that of blood-derived DNA. Clinical specimens and cell 
lines were highly concordant (Additional file  1: Tables 
S10 and S11). We demonstrated that the intended analyte 
was being measured by noting that the  K2EDTA blood 
collection kits used by the program were approved by the 
FDA for hematological blood analysis. We described how 
quality-metric thresholds were selected and optimized 
(Figs. S3 and S4), showed that variant performance from 
both extraction methods and both blood collections were 
equivalent (Additional file 1: Table S22), and determined 
a fail rate below 1% for blood-derived specimens. Finally, 
we established the accuracy of the “liftover” step (conver-
sion of variants called on the GRCh38DH reference to 
the GRCh37 reference), with the exception of four sites 
that had no corresponding GRCh37 position (Additional 
file 1: Table S23).

Change management
In concordance with FDA regulations [33], the AoURP 
established a Change Control Policy, which stated that 
each proposed change will be assessed for risk by an 

Table 2 Accuracy of variant calling across genomic contexts and variant types in patient samples

a + indicates that a variant was present on the panel or the corresponding whole genome sequencing (WGS) sample. b– indicates that a variant was not present on 
the panel or the corresponding WGS sample. cSubsequent to the investigational device exemption (IDE) submission, additional review indicated that this number 
should in fact be a total of 21 panel positive, but WGS negative variants distributed across the various subcategories (some variants were missannotated in the original 
tables). However, to reflect what was actually submitted as part of the IDE, the original number is listed here. The impact on overall performance measures is small. 
PPA positive percent agreement, CI confidence interval, NPA negative percent agreement, P/LP pathogenic/likely pathogenic, SNVs single-nucleotide variants

Panel+a/
WGS–b

Panel–/WGS+ Panel+/WGS+ Panel–/WGS– PPA [95% CI] NPA [95% CI]

All compiled 76c 201 29,475 45,847,148 99.74% [99.68–99.81%] 100% [100–100%]

P/LP variants only 0 0 145 28,474,503 100% [100–100%] 100% [100–100%]

SNVs only 23 6 28,710 45,848,108 99.92% [99.87–99.97%] 100% [100–100%]

Insertions only 9 8 225 29,887,204 96.20% [94.30–98.00%] 100% [100–100%]

Deletions only 33 12 540 42,170,158 94.24% [92.65–95.83%] 100% [100–100%]

Segmental duplications 12 2 2119 38,466,267 99.44% [99.10–99.78%] 100% [100–100%]

Known pseudogenes 9 74 1075 45,676,596 99.17% [98.60–99.73%] 100% [100–100%]

Low mappability regions 18 12 1069 36,912,107 98.34% [97.84–98.85%] 100% [100–100%]

Low complexity regions 24 69 956 38,072,735 97.55% [96.35–98.75%] 100% [100–100%]

Low GC regions 6 12 197 14,792,575 97.04% [95.87–98.22%] 100% [100–100%]

High GC regions 0 0 23 3,891,553 100% [100–100%] 100% [100–100%]

Heterozygous variants only 75 147 18,295 45,858,382 99.59% [98.48–99.70%] 100% [100–100%]

Homozygous variants only 1 83 11,180 45,865,561 99.99% [99.97–100%] 100% [100–100%]
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expert review panel made up of members from the 
AoURP Genome Centers and CVLs, and a formal recom-
mendation is submitted for NIH evaluation and approval 
prior to FDA involvement. Categories are summarized 
in Additional file  1: Table  S24. For major changes (e.g., 
new reportable genes, changing procedure QC metrics 
and acceptance criteria, addition of new concepts to 
reports), the AoURP will obtain FDA approval through a 
supplemental application to the parent IDE. “Moderate” 
changes, defined as those that do not affect the validity of 
the data (see 21 CFR 812.35(a)(3)(ii) for complete defini-
tion) require FDA notification within 5 working days of 
implementation. Minor changes (defined fully in 21 CFR 
812.150(b)(5)) may be reported to the FDA in the annual 
report.

Discussion
The FDA IDE process for the return of genomic results 
required nearly 2 years to complete but ultimately dem-
onstrated that WGS as a clinical laboratory assay per-
formed at a high level across all three Genome Centers, 
genes of interest, and various sequence contexts. Based 
on previous FDA submissions from Foundation Medicine 
[34], MSK-IMPACT [35], and 23andMe [36], as well as 
the experience in the NSIGHT project [13] and the FDA’s 
guidelines [24], we initially expected the requirements for 
the IDE process to be largely similar to the Clinical Lab-
oratory Improvement Amendments (CLIA) validation 
framework under which the AoURP Genome Centers 
and CVLs operate their clinical laboratories (Additional 
file 1: Table S25). Instead, we found that the FDA require-
ments exceed those that are required by CLIA.

Genomic testing research studies under the supervi-
sion of IRB protocols, as the AoURP is, have histori-
cally not been subject to IDE regulation [37]. However, 
in 2013, the FDA asserted authority over the use of 
genomic sequence of newborns with the NSIGHT pro-
ject [13]. AoU leadership consulted the FDA early on 
because of the unique scale of return of results activi-
ties in the AoURP. The FDA determined that since the 
safety and effectiveness of these investigational devices 
for the purposes of providing information on a per-
son’s health has not been established (i.e., it is unknown 
whether these devices are safe and effective for the 
claimed use), returning results directly to study sub-
jects in which they or their healthcare providers may 
make medical decisions based upon the results, present 
significant risks to the study subjects, and thus would 
require FDA oversight. An IDE was preferable to full 
approval because the device is not commercially mar-
keted and will likely undergo significant modifications 
during its course. Our experience has shown that any 

group initiating a research project that may require 
FDA approval should budget considerable upfront time 
and resources to the process. This is particularly true if 
the “device” has no predicate in FDA approval history. 
The complexity of defining, designing, and executing 
on a validation study of this scale ultimately required 
that we reduce the proposed scope in several important 
ways (e.g., limiting acceptable specimen input types 
to blood, returning only SNVs and Indels, reducing 
reportable PGx alleles).

A major impediment to efficient approval was the 
lack of a closely related predicate test (i.e., a test that 
has previously been reviewed and approved by the 
FDA). Previously reviewed NGS and genotyping assays 
(e.g., Foundation Medicine, 23andMe) were different 
enough as to not be considered predicates. The FDA 
staff extrapolated from tests and technologies that they 
had previously reviewed, such as genotyping arrays and 
targeted sequencing.

Professional organizations provide guidelines for 
clinical laboratories who are validating genomic assays 
[38, 39]. The FDA’s approach differs from these guide-
lines in important ways. First, in defining “ground 
truth,” the FDA strongly prefers patient-derived clini-
cal specimens over reference samples derived from cell 
lines. In this study, the FDA requested a comparison to 
demonstrate the equivalence of these two sample types 
(Tables  S10 and S11). That comparison showed near 
equivalence; however, it is unclear if this will impact 
the FDA’s preference for patient-derived samples going 
forward. Second, assessing variant calling performance 
for a particular variant class in a representative number 
of sites is generally considered acceptable as a proxy for 
the performance of that variant class at other genomic 
positions [38, 39]. However, the FDA required us to 
demonstrate performance in every reportable gene and 
PGx allele. The three Genome Centers collectively had 
access to hundreds of clinical remnant specimens from 
previous studies; for a smaller group or a single labora-
tory applying for an IDE, this would have been a chal-
lenging requirement.

This work represents the first time a sequencing con-
sortium has harmonized the bioinformatics pipelines 
at the level of the software version and command-line 
parameters instead of focusing on “functional equiva-
lence.” This allowed us to capitalize on one another’s 
validations and greatly simplified concordance calcu-
lations. However, one potential downside is the lack 
of “multiple views” of the same data set, provided by 
multiple independent analysis approaches, which can 
support one another where they agree and potentially 
reveal systematic problems where they do not.
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Conclusions
The AoURP is a groundbreaking research project that 
will generate a massive dataset to accelerate the study 
of disease but which also presents challenges under the 
current regulatory landscape. After a multi-year effort 
across multiple groups, the AoURP device was validated 
and an IDE was granted so that the genomics arm of the 
program could begin. We appreciate the collaborative 
relationship with the FDA and hope that this work will 
provide a streamlined model for future projects.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
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tute: http:// www. corie ll. org/1/ NIGMS/ Addit ional- Resou rces/ Multi ply- Confi 
rmed- Mutat ions- GeT- RM [41]. Reference genome data is available from ftp:// 
ftp. 1000g enomes. ebi. ac. uk/ vol1/ ftp/ techn ical/ refer ence/ GRCh38_ refer ence_ 
genome/ [42].
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