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The UK Biobank is a prospective study of 502,543 individuals, combining extensive
phenotypic and genotypic datawith streamlined access for researchers around the
world". Here we describe the release of exome-sequence data for the first 49,960 study
participants, revealing approximately 4 million coding variants (of which around
98.6% have afrequency of less than 1%). The data include 198,269 autosomal predicted
loss-of-function (LOF) variants, a more than 14-fold increase compared to the imputed
sequence. Nearly all genes (more than 97%) had at least one carrier with a LOF variant,

and most genes (more than 69%) had at least ten carriers with a LOF variant. We
illustrate the power of characterizing LOF variants in this population through
association analyses across 1,730 phenotypes. In addition to replicating established
associations, we found novel LOF variants with large effects on disease traits,
including PIEZO1 on varicose veins, COL6A1 on corneal resistance, MEPE onbone
density, and /IQGAP2 and GMPR on blood cell traits. We further demonstrate the value
of exome sequencing by surveying the prevalence of pathogenic variants of clinical
importance, and show that 2% of this population has a medically actionable variant.
Furthermore, we characterize the penetrance of cancer in carriers of pathogenic
BRCA1 and BRCA2 variants. Exome sequences from the first 49,960 participants
highlight the promise of genome sequencingin large population-based studies and
arenow accessible to the scientific community.

The UK Biobank (UKB) is a prospective population-based study of
more than 500,000 individuals with extensive and readily accessible
phenotypicand genetic data’. The release of genome-wide genotyping
array data’ for study participants has accelerated genomic discov-
ery through association studies and enabled advances in population
genetic analyses, the exploration of genetic overlap between traits
and Mendelian randomization studies**. Although array data in com-
bination with genotype imputation capture the spectrum of common

genetic variants, rare variation that is more likely to modify protein
sequences and have large phenotypic consequences is captured less
well by these approaches.

Here, we extend the UKB resource with the first study of whole-exome
sequencing (WES) for 49,960 UKB participants, generated by the Regen-
eron Genetics Center, as part of a collaboration with GlaxoSmithKline.
These dataareavailableto approvedresearchers through the UKB Data
Showcase (http://ukbiobank.ac.uk/). WES enables the direct assessment
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of protein-altering variants, the functional consequences of which
are more readily interpretable than non-coding variants, providing a
clearer path towards mechanistic and therapeutic insights, as well as
having a potential use in therapeutic target discovery and validation®®
andin precision medicine”. Here, we provide an overview of sequence
variationin UKB exomes, review predicted damaging variants and their
consequencesin the general population and perform comprehensive
predicted LOF burden testing with 1,730 phenotypes, illustrating the
use of this resource in studies of common and rare phenotypes with a
focus on deleterious coding variation.

Demographics and clinical characteristics

Weselected 50,000 participants from the UKB resource and prioritized
individuals with more complete phenotype data: those with whole-body
magnetic resonance imaging (MRI) data from the UKB Imaging Study,
enhanced baseline measurements, hospital episode statistics (HES)
and linked primary healthcare records. Additionally, we selected one
disease area for enrichment, including individuals with admission to
hospital with a primary diagnosis of asthma (International Clinical
Diagnosis 10 (ICD10) codes J45 or J46). This resulted in 8,250 partici-
pants with asthma, or approximately 16% of sequenced participants,
compared with anincidence of 13% among all 502,543 UKB participants
(Table1). During data generation, samples from 40 participants were
excluded due to failed quality-control measures or participant with-
drawal, which resulted in a final set 0f 49,960 individuals of predomi-
nantly European ancestry. All study participants provided informed
consent. Thesequenced participants are representative of the overall
502,543 UKB participants (Table1) for age, sex and ancestry. Owing to
theascertainment strategy, sequenced participants were more likely to
have HES diagnosis codes (84.2% of participantsin the WES study com-
pared with 78.0% overall), were enriched for individuals with asthma
and had numerous enhanced physical measures (eye measures, hear-
ing testsand electrocardiogram data, Table 1). The exome-sequenced
participants did not differ fromall participants in the median number
of primary and secondary ICD10 codes. The WES individuals include
194 parent-offspring pairs, including 26 mother-father-child trios, 613
full-sibling pairs, 1 monozygotic twin pair and 195 second-degree rela-
tives based on identity-by-descent estimates" (Supplementary Fig.1).

Characterization of coding variation in WES data

Exomes were captured using aslightly modified version of the IDT xGen
Exome Research Panel v.1.0. The basic design targets 39 megabases
of the human genome (19,396 genes among autosomes and sex chro-
mosomes) and was supplemented with additional probes to boost
coverage at underperformingloci.Ineach sample and among targeted
bases, coverage exceeds 20x at 94.6% of sites on average (s.d., 2.1%).
We observe 4,752,777 variants within targeted regions (Table 2). They
include 1,224,107 synonymous (97.8% with minor allele frequency
(MAF) <1%), 2,492,667 missense (98.9% with MAF <1%) and 198,269 pre-
dicted LOF variants that affect at least one coding transcript (initiation
codonloss, premature stop codons, splicing and frameshifting inser-
tion or deletion (indel) variants; 99.6% with MAF <1%); the increas-
ing proportion of rare variants in the LOF and missense categories
is consistent with purifying selection (Supplementary Fig. 3a). The
median number of variants perindividual includes 9,584 synonymous
(interquartile range (IQR),128), 8,702 missense (IQR,136) and 120 LOF
variants (IQR, 12) and is comparable to previous exome-sequencing
studies'>’. Restricting analysis to LOF variants that affect all ENSEMBL
v.85 transcripts for a gene, the number of LOF variants decreases to
132,336 overall and 95 per individual (areduction of around 33.2% and
about 20.8%, respectively), which is consistent with previous stud-
ies. Among LOF variants, we observed similar sequencing depth and
allelic balance in comparison to non-LOF variants (Supplementary
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Table 1| Clinical characteristics of WES and all UKB

participants

Demographic and clinical characteristics UKB50,000 UKB500,000
WES participants
participants

Number of participants 49,960 502,543

Number of women (%) 27,243 (54.5) 273,460 (54.4)

Age at assessment in years (Q1-Q3)* 58 (45-71) 58 (45-71)

Body-mass index in kg m?(Q1-Q3)? 26 (21-31) 26 (21-31)

Number of imaged participants (%)? 12,075 (241)° 21,407 (4.3)°°

Number of current and past smokers (%)° 17,515 (35.0) 216,482 (43.1)

Townsend deprivation index (Q1-Q3)? -2.0(-6.1,-21) -21(-6.2,-1.9)

Inpatient (ICD10) 3-digit codes per patient 5(2-9) 5(2-9)

(Q1-Q3)

Patients with >1inpatient ICD10 diagnoses (%) 42,066 (84.2) 391,983 (78.0)

Genetic ancestry assignment

African (%) 1.49 1.24

East Asian (%) 0.54 0.51

European (%) 93.6 94.5

Cardiometabolic phenotypes

Coronary disease (%) 3,340 (6.7) 35,879 (7.1)

Heart failure (%) 300 (0.6) 4,399 (0.8)

Type 2 diabetes (%) 1,541(3.0) 17,261(3.4)

Respiratory

Asthma (%) 8,250 (16.5) 68,149 (13.5)

COPD (%) 741(1.4) 7,438 (1.4)

Oncology phenotypes

Breast cancer in women (% in women) 1,657 (6.1) 16,772 (6.1)

Ovarian cancer (% in women) 162 (0.6) 1,777 (0.6)

Pancreatic cancer (%) 602(1.2) 4,611(0.9)

Prostate cancer (% in men) 848 (3.7) 8,855 (3.9)

Melanoma (%) 598 (1.1) 5,715 (1.1)

Enhanced measures®

Hearing test (%) 40,546 (81.1) 167,011 (33.2)

Visual acuity measured (%) 39,461(78.9) 117,092 (23.2)

IOP measured (left) (%) 37,940 (75.9) 111,942(22.2)

Autorefraction (%) 36,067 (72.1) 105,989 (21.0)

Retinal OCT (%) 32,748 (65.5) 67,708 (13.4)

Electrocardiogram at rest (%) 10,829 (27.) 13,572 (2.1)

Demographics and clinical characteristics of UKB 50,000-sequenced participants and overall
500,000 participants. See Supplementary Methods for definition of UKB clinical phenotype
definitions and Supplementary Table 1 for additional characteristics. Values are expressed

as the median (first to third quantile (Q1-Q3)) or as counts (and percentages). COPD,

chronic obstructive pulmonary disease; IOP, intra-ocular pressure; OCT, optical coherence
tomography.

°Demographic and enhanced measure counts were based on data from the initial
assessment visit.

"The number of samples with WES data and at least one non-missing image-derived
phenotype value from data downloaded from the UKB in November 2018.

°The number of samples with at least one non-missing image-derived phenotype value from
data downloaded from UKB in November 2018.

9The genetic ancestry assignment is based on the number of samples in 3 predefined regions
of a plot of the first two genetic principal component scores, where the regions are selected
to represent African, East Asian and European ancestry (Supplementary Fig. 2).

Table 2).Including non-targeted regions adjacent to exons, we observe
10,189,098 indel and single-nucleotide variants (SNVs) after quality con-
trol, 98.5% with a MAF <1%. As expected, the X chromosome exhibited
lower proportions of LOF-to-missense variants (2,492,667 missense
and 198,269 LOF variants in autosomes, an approximately 12.6:1 ratio



Table 2| Summary statistics for variants in sequenced
exomes of 49,960 UKB participants

Autosomal variantsin Median autosomal variants

WES per participant (IQR)
Variants Variants Variants Variants
with with
MAF <1% MAF <1%
Total 10,189,098 10,037,865 49,477 (739) 1,695 (176)
Targeted regions® 4,752,777 4,682,580  24,339(285) 783 (63)
Variant type’®
SNVs 4,540,330 4,473,417 23,541(276) 741 (61)
Indels 212,447 209,163 797 (29) 43(10)
Multi-allelic 604,728 593,926 3,410 (64) 120 (18)
Predicted function
Synonymous 1,224,107 1197941 9,584 (128) 227 (27)
Missense 2,492,667 2,466,331 8,702 (136) 379 (39)
LOF (any transcript) 198,269 197,574 175 (14) 20(7)
LOF (all transcripts) 132,336 131,942 95 (11) 13(5)
LOF (LOFTEE) 169,881 169,406 120(12) 16 (7)

Counts of autosomal variants observed across all individuals by type or functional class

for all and for variants with MAF <1%. The number of targeted bases by the exome-capture
design was n =38,997,831. All variants passed the quality-control criteria (see Supplementary
Methods), individual and variant missingness <10% and Hardy-Weinberg P > 107, The median
count and IQR per individual for all variants and for variants with MAF < 1% are shown.
2Counts are restricted to WES-targeted regions.

(Table2); 59,796 missense and 3,670 LOF variants on the X chromosome,
anaround 16.3:1ratio) (Supplementary Table 3). This phenomenon
is the expected result of the increased efficiency of selection against
deleterious variants on the X chromosome.

Enhancement of coding variationin WES data

Toevaluate the enhancements of WES data to the UKB genetic variation
resource, we compared the number of targeted autosomal coding vari-
ants observed in 49,909 individuals for whom WES, array genotypes
and theimputed sequence were all available from the UKB?; therefore,
the variant counts for this subset of data differ from Table 2. Variants
inthe WES dataset were included in this analysisif the data passed the
quality-control criteria (see Supplementary Methods) and variantsin
the imputed sequence dataset were included if the data had an info
score > 0.3. Among all autosomal variants, we observed increases in
the total number of coding (3,913,039 compared with 647,230), syn-
onymous (1,243,633 compared with 249,263), missense (2,491,290
compared with 384,406) and LOF (198,116 compared with 13,561) vari-
ants in the WES dataset compared with the imputed sequence data,
respectively (Supplementary Table 4). This represents a 14.6-fold
increase in the number of autosomal LOF variants identified by WES
compared to those in the imputed sequence. In addition, there was a
16.1-fold increase in the ascertainment of indels in the WES dataset
(212,447 (Table 2)) compared to theimputed sequence dataset (13,179)
(Supplementary Table 5). Among nearly four-million coding variants
observedinthe WES data, only 13.0% were also observed intheimputed
sequence dataset, highlighting the added value of WES for the ascer-
tainment of rare coding variation.

Concordance of WES, array and imputed genotypes

We summarized the concordance between the WES and array geno-
types as well asthe WES and imputed allele dosages for the 46,911 indi-
viduals of European ancestry for whom all three genetic resources
were available, using the squared correlation (R?) of allele counts

(see Supplementary Methods). This measure facilitates the interpreta-
tion of assessments of accuracy for both rare and common variation'*,
Asexpected, concordance measured by R between genomic measures
declines with a decrease in MAF (Supplementary Fig. 4).

R’ concordance between the WES and imputed sequence dataranged
from 32.2% for MAF < 0.01% to 95.2% for MAF > 1%, with an average of
53.1% across all allele frequencies. Furthermore, the WES dataset has
much greater concordance with array genotypes, as both methods
directly assay the variation rather than make a computational predic-
tion. Thisis particularly true in the rarest allele frequencies for which
the accuracy of imputation is limited when using current imputation
reference panels. R> concordance between WES and array genotyped
variants was substantially higher, ranging from 73.2% for MAF < 0.01% to
98.7% for MAF >1%, with an average of 92.3% across all allele frequencies.

LOF variantsin WES and imputed sequence data

LOF variants constitute a major class of genetic variation that is of
greatinterest because of their disruption of gene function, their causal
role in many Mendelian disorders and the success of leveraging pro-
tective LOF variants to identify new drug targets>*'®. Rare LOF varia-
tion is best captured by direct sequencing approaches, such as WES,
and we sought to quantify the improved yield of LOF variation from
WES compared to array genotyping and the imputed sequence. We
compared the number of LOF variants ascertained through WES and
the imputed sequence among 46,911 UKB participants of European
ancestry. Notably, not all individuals with WES data have data for the
imputed sequence available—105 individuals for whom WES data were
available failed the quality-control criteria for the genotyping chip and
were not included in the UKB genotyping chip or imputed sequence
release. We observed a larger number of LOF variants that affected any
transcriptinthe WES dataset compared with theimputed sequence data
(248,730 compared with 14,872, respectively) (Supplementary Table 6).
Furthermore, we observed agreater number of genes with at least one
carrier of aheterozygous LOF variant (17,718 genes from the WES data-
set; 7,500 genes from the imputation dataset with an info score > 0.3)
and genes with at least one carrier of a homozygous LOF variant (789
from WES; 612 fromimputation) (Supplementary Table 7). At equivalent
sample sizes (n=46,911 individuals of European ancestry for whom
both WES and imputed sequence datawere available), the WES dataset
included a greater number of genes with LOF variants, across all car-
rier count thresholds. Notably, the WES data from 46,911 individuals
yielded more genes (17,718) with heterozygous LOF variants than the
imputed sequence dataset (with info score > 0.3) for all 462,427 UKB
participants of European ancestry (8,724 genes). Tracking the increase
inthe number of genes with carriers of heterozygous LOF variants with
theincreaseinthe number of sequenced samples suggests that we are
approachingsaturation for this metric, and have probably observed at
least one carrier with aheterozygous LOF variant for most of the genes
that tolerate these variants, and for most genes overall (Supplementary
Fig.3c). By contrast, the number of genes for which homozygous LOF
variants are observed stillappears toincrease rapidly as more samples
inthe UKB are sequenced, which suggests that homozygousinstances
of LOF variants for many more genes can be identified by sequencing
additional individuals (Supplementary Fig. 3d).

Projection of variantsin 500,000 UKB participants

By extrapolating the data, we can estimate the number of genes for
which multiple carriers of LOF variants will be observed once our
experiment is complete and all approximately 500,000 participants
aresequenced. Cautiously, we currently predict that more than17,000,
15,000 and 12,000 genes will have at least 10, 50 and 100 carriers of
heterozygous LOF variantsin the full dataset, respectively (Fig.1, Sup-
plementary Methods).
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Fig.1|Predicted number ofgenesin carriers of heterozygous LOF variants
inaround 500,000 whole-exome sequences from existing WES data. The
number of autosomal genes with atleast1,5,10,and soon, carriers of
heterozygous LOF variants that passed Goldilocks quality control (see
Supplementary Methods), had genotype missingness of <10% and Hardy-
Weinbergequilibrium P>10"increases with sample size. UKB participants of
European ancestry with WES data (n=46,911) were downsampled at random to
the number of individuals specified on the x axis. The number of genes
containing atleast the indicated count of carriers of heterozygous LOF variants
withMAF <1%asindicated inthelegend are plotted on the y axis. The number
of autosomal genesis 18,574 in this gene model. The blue dashed line indicates
the predicted number of genes (18,273) with atleast 1 carrier of aheterozygous
LOF variantin 500,000 exomes. Solid curves connect the observed number of
genes; dashed curves connect predicted counts froma 3-binomial mixture
model (see Supplementary Methods).

Comparison to other large-scale WES resources

Our WESresults are consistent with those of arecent large-scale survey
of genetic variation in 141,456 individuals from the Genome Aggrega-
tion Database (gnomAD). When we annotate both exome variant lists
with the same annotation pipelines and subset the results to similar
numbers of individuals and ancestry, we observe 17,718 genes with
LOF variants in any transcript (LOFggc) in 46,911 individuals of Euro-
pean ancestry in the UKB with WES data compared with 17,946 genes
with LOF variantsin any transcriptin 56,885 individuals of non-Finnish
European ancestry in gnomAD exomes. Further restricting the data
to high-confidence LOF variants with LOFTEE (LOF, o) (see Supple-
mentary Methods), we obtain 17,323 genes with LOF variants in the
UKBand 17,620 in gnomAD (see Supplementary Methods). Consistent
with expectation, we observe around 10% more genes with at least 10
LOF variants, including single-nucleotide polymorphisms and indels,
and around 12% more genes with at least 10 individuals carrying LOF
variants using the LOF. definition compared to LOF, o, respectively
(Supplementary Fig. 5).

17

Survey of medically actionable pathogenic variants

To date, more than 5,000 genetic disorders have known molecular
causes and associated genes. The American College of Medical Genetics
(ACMG) has proposed 59 genes (ACMG SF2.0)'3" (hereafter ACMG59)
that are associated with highly penetrant disease phenotypes and for
which available treatments and/or prevention guidelines can reduce
the morbidity and mortality in genetically susceptible individuals.
Large-scale human genomic sequencing efforts coupled with elec-
tronic health record data provide opportunities to assess penetrance
and prevalence of pathogenic and likely pathogenic variants inknown
monogenic disease genes, as well as investigate the phenotypic effects
of variants of unknown significance. In addition, phenotypically
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agnostic population sampling provides opportunities to better char-
acterize the phenotypic spectrum of these disorders and estimate
the associated disease penetrance in the population. Furthermore,
these efforts enable the implementation of precision medicine by
identifying individuals who carry medically actionable pathogenic
variants and providing medical care and surveillance pre-emptively.
The informed consent for the UKB does not allow the return of these
results to individuals or their healthcare providers as it does in the
Geisinger-Regeneron DiscovEHR project™.

We interrogated variant data for the 49,960 individuals with WES
from the UKB toidentify a ‘strict’ set of reported pathogenic missense
and LOF variants (that is, those with at least two stars in ClinVar and no
conflicting interpretations) as well as a set of likely pathogenic LOF
variants (thatis, those ingenes for which truncating variants are known
to cause disease) according to current ACMG guidelines® (see Sup-
plementary Methods). We identified 548 such variants (315 reported
pathogenic, 233 likely pathogenic) in 992 carriers from the sample of
49,960 individuals (Supplementary Table 8). Nine individuals carried
variantsintwo genes. Of note, 37 of the likely pathogenic variants would
qualify as previously reported pathogenic variants using a broader
definition (Supplementary Table 9). Pathogenic or likely pathogenic
variants were observed in 47 out of 59 genes listed in ACMGS59, with a
median number of 4 variants per gene and a median of 7 carriers per
gene (these calculationsincluded the 12 genes for which there were no
observed carriers). Overall, 2.0% of the sequenced individuals carry a
reportable pathogenic or likely pathogenic variantin at least one gene
fromthe 59 gene set of ACMG59. Using the same methodology for data
from 91,514 participants from the DiscovEHR study® that have been
sequenced to date, we observed a slightly higher percentage of indi-
viduals, 2.76%, who carry a potentially actionable rare pathogenic or
likely pathogenic variantinthe 59 gene set of ACMG59 (Supplementary
Table 10). This difference may reflect differences between a study of
individuals who seek clinical care (DiscovEHR) and a population-based
study not ascertained in the context of active clinical care (UKB).

Among the 47 reportable genes from the 59 gene set of ACMG59,
variants in cancer-associated genes were the most prevalent in UKB
with WES; BRCA2 (93 variants, 166 carriers), BRCAI (39 variants,
59 carriers), PMS2 (21 variants, 59 carriers) and MSH6 (35 variants,
52 carriers); and variants in LDLR, which is associated with familial
hypercholesterolaemia (Mendelian inheritance in man (MIM) code
143890), were the second most prevalent (35 variants, 68 carriers).
Cardiac dysfunction disorders were also highly represented mainly
by variants in KCNQI, which causes long QT syndrome (MIM192500)
(25 variants, 55 carriers), PKP2, which causes arrhythmogenic right
ventricular dysplasia (MIM 609040) (21 variants, 54 carriers), and
MYBPC3, which causes cardiomyopathy (MIM 115197) (25 variants,
50 carriers) (Supplementary Fig. 6a). Of the 992 carriers of medically
actionable pathogenic variants, 985 were heterozygous for patho-
genic variantsin genes that are responsible for dominant conditions.
Additionally, we identified six individuals who were homozygous for
pathogenic variants in genes associated with autosomal recessive
disorders (familial adenomatous polyposis 2, MIM 608456) and mis-
match repair cancer syndrome (MIM 276300), which are caused by
to biallelic pathogenic variants in MUTYH and PMS2, respectively)
and one individual who was hemizygous for an X-linked condition
(Fabry disease (MIM 301500), which is caused by pathogenic vari-
antsin GLA).Indeed, the male individual who was hemizygous for the
pathogenic variant (c.335G>A; p.Argl12His) in GLA has diagnoses of
angina pectoris, atrial fibrillation, chest pain and chronic ischaemic
heart disease. Similarly, one individual who was homozygous for a
pathogenic missense variant (c.1145G>A; p.Gly382Asp) inMUTYH has
ahistory of benign neoplasm of the colon, diverticular disease of the
intestine, colonic polyps and intestinal obstruction. These examples
illustrate how the extensive health data available for UKB participants
provide avaluable resource to assess variant pathogenicity and disease



risk at the population level, and the potential to model outcomes for
individuals who have pathogenic variants.

We evaluated the penetrance of pathogenic and likely pathogenic var-
iantsin BRCAI1and BRCA2 (Supplementary Fig. 6b and Supplementary
Table 11) to compare five BRCAI or BRCA2 associated cancers? as well
as to explore whether risk was conferred for other cancers. Although
BRCA1and BRCA2have differences inrisk among cancer subtypes, due
to low sample sizes, we analysed summed counts in 114 male and 110
female participants with reported pathogenic and likely pathogenic
variants in BRCAI or BRCA2. We found that the prevalence of cancers
isincreased in carriers of pathogenic or likely pathogenic variants
in BRCAI or BRCA2 for five cancers (breast cancer in women, ovarian
cancer, prostate cancer, melanomaand pancreatic cancer derived from
self-report or HES data) that have previously been associated with muta-
tionsin BRCAIor BRCA2. The cancer prevalence for any of the five can-
cerswas 21.1% in carriers compared with 6.6% in non-carriers; odds ratio
(OR)=3.77 (95% confidenceinterval (Cl)=2.73-5.21), P=1.7x10™2 (3,337
cases, 46,599 controls)). There was no significant difference between
carriers and non-carriers when all other cancers, excluding these five,
were combined (15.8% in carriers compared with 17.7% in non-carriers,
OR=0.87(95%Cl=0.58-1.30), P=0.55 (8,300 cases, 38,424 controls)).
The most-prevalent cancer typesin this group were unspecified malig-
nant neoplasms of skin (C443 and C449), and carcinoma in situ of the
cervix (D069). Increased risk was observed in the carriers of BRCAI or
BRCA2variants for each of the five previously associated cancers ana-
lysed individually (ovarian cancerinwomen, OR=10.07 (95% Cl=4.36-
23.29), P=4.9 x1075 (162 cases, 27,076 controls); breast cancer inwomen,
OR=4.42(95% Cl=2.80-6.97), P=2.9 x 1078 (1,654 cases, 25,584 con-
trols); prostate cancer in men, OR=3.48 (95% C1=1.98-6.11), P=1.5x10™*
(888 cases, 21,818 controls); melanoma, OR=1.9 (95% Cl=0.78-4.62),
P=0.20 (599 cases, 49,345 controls); and pancreatic cancer, OR=3.48
(95% C1=1.78-6.82), P=1.7 x 1073 (602 cases, 49,342 controls) (P val-
ues were calculated using Fisher’s exact tests). These differences in
overall cancer risk also manifest as clearly earlier disease onset and
rates of cancer-free survival. Comparing the cumulative proportion
of female participants who were free of breast and ovarian cancer, we
estimate ahazardratio of4.31in carriers of BRCAI or BRCA2 variants to
non-carriers (95% Cl=2.97-6.26, P=1.4 x107) (Supplementary Fig. 6¢).
Comparing the cumulative proportion of male participants who were
free of prostate cancer, the hazard ratio was 3.68 in carriers of BRCA1
or BRCA2 variants to non-carriers (95% Cl =2.17-6.24, P<3.3x107)
(Supplementary Fig. 6d). With the UKB WES resource, cancer risk can
be more-deeply explored across broader sets of variants as well as
with larger WES datasets and continued accrual of incident cancers.
Our results corroborate those of another recent population-based
application of WES linked to health records' to evaluate cancer riskin
individuals with pathogenic variants in BRCAI or BRCA2, demonstrating
the value of WES toidentify high-penetrance rare alleles that are associ-
ated with clinical phenotypes; such efforts canbe applied across other
genetic disorders, enabling the implementation of precision medi-
cine at the population level. We also note that penetrance estimates
from population-based studies such as ours appear to be lower than
those from previous studies, which may have relied on the screening
of high-risk patients or families (for example, we estimate an around
20%risk of breast cancer in carriers of medically actionable variantsin
BRCAI or BRCA2in our sample (median age, 58 years), compared with
previous meta-analytic estimates of 30-40% risk at an age of 60 years)?.

Phenotypic associations with LOF variation

The combination of WES, which enables the comprehensive capture of
LOF variants, with rich health information allows for the broad inves-
tigation of the phenotypic consequences of human genetic variation.
We conducted burden tests for rare (MAF <1%) LOF variants in 16,219
autosomal genes with at least 4 carriers of LOF variants and in1,730

traits (1,059 discrete traits with at least 50 cases defined by HES and
self-reported data; 671 quantitative, anthropometric and blood traits)
in 46,876 individuals of European ancestry. For each gene-trait associa-
tion, we also evaluated the signal for the single variantsincludedinthe
burden test. We identified 26 unique gene burden-trait associations
with P<1077; among these, 24 were more significant than any single
LOF variantincludedinthe burden test. Given the number of genes and
traits analysed, we expected around 2.5 false-positive results to reach
P<107(corresponding to a false-discovery rate of approximately 10%).
Reassuringly, theresultsinclude several well-established associations
(Supplementary Tables 12,13), in addition to new signals (Table 3), for
which we sought replication (Supplementary Tables 14, 15).

Forexample, we observe that carriers of MLHI LOF variants, which are
associated with Muir-Torre and Lynch syndromes® (MIM 158320 and
609310, respectively), were atincreased risk of malignant neoplasms
of the digestive organs (OR=70, P=8.2 x10™). Carriers of PKDI LOF
variants, the major cause of autosomal dominant polycystic kidney
disease?* (MIM173900), were atincreased risk of chronic kidney disease
(OR=86,P=6.4x107). Carriers of TTN LOF variants are at increased
risk of cardiomyopathy (OR=12, P= 6.7 x10°°), whichis consistent with
previous reports®. Inaddition to Mendelian disorders, other findings
with strong support in the literature include HBB with red-blood-cell
phenotypes?®, IL33with eosinophils (driven by rs146597587)%, KALRN
with platelet volume (driven by rs56407180)?%, GP1BA with platelet
volume®, TUBB1 with multiple platelet phenotypes®® and COL4A4 with
urine microalbumin®. In some cases, we see patterns of association with
traits that may be secondary to known phenotypic associations. For
example, ASXL1 and CHEK2 are genes involved in myeloproliferative
disorders*and cancer®, respectively, which may explain the observed
associations with haematological traits (which may be secondary to
myelodysplastic disease or chemotherapy). Indeed, carriers of LOF
variants in ASXL1, a known driver of clonal haematopoiesis of inde-
terminant potential, are 5 years older on average than non-carriers.
Thisis consistent with the possibility that many of the observed ASXL1
LOF variants are somatic mutations. Of the 103 carriers of ASXL1 LOF
variants, 45 (44%) were identified as carriers of LOF variants for clonal
haematopoiesis of indeterminant potential (see Supplementary Meth-
ods). We observed no significant differences in age for carriers of LOF
variants in the other genes included in Tables 3 or Supplementary
Tables 12,13 (Supplementary Table 16).

Many other known phenotypic associations are supported by the
dataat more-modest significance thresholds (Supplementary Table13).
Theseinclude, for example, associations between LOF variantsin LDLR
with coronary artery disease*, GPIBB with platelet count®, KRTS with
fibrosis and scarring of skin, as well as PALB2 and BRCA2 with cancer
risk®8, We observed no exome-wide significant LOF burden associa-
tions on chromosome X.

LOF associations and novel gene discovery

Our LOF gene burden association analysis identified six gene-trait
LOF associations with P<107 that have not previously been reported
(Table 3). We identified anovel association between PIEZOI LOF variants
(cumulative allele frequency = 0.18%) and increased risk for varicose
veins (OR =4.9, P=3.2 x10°®). This finding is driven by a burden of
rare LOF variants, with the most-significant PIEZO1 single-variant LOF
association achieving a Pvalue of 2.6 x 107, ‘Leave-one-out’ sensitiv-
ity analyses indicated that no single variant accounted for the entire
signal and step-wise regression analyses indicated that three separate
variants (one of which had a minor allele count of greater than one)
were contributing to the burden signal (Supplementary Table 17). We
replicated this finding for varicose veins (1,572 cases, 75,704 controls)
in WES data from the DiscovEHR study (OR =3.8, P=1.5x107°) (Sup-
plementary Table 14). This region had previously been implicated in
varicose veins by common non-coding variants with small effects®
(rs2911463,0R=0.996). PIEZO1 encodes a36-transmembrane-domain
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Table 3 | Novel LOF gene burden associations

Gene ICD10 code (binary phenotype) RR|RA|AA OR (95% Cl) WES burdenP SNV (n) Lowest PSNV Imputed 50,000
burden P

PIEZO1 183.9 (asymptomatic varicose veins of Control: 43,189[142|0  4.9(2.8-8.6) 3.2x107® 73 26x107° 0.083

lower extremities) Case: 1,266/20|0
FAM160B1 T81.3 (disruption of wound) Control: 44,723|8|0 280 (35-2,200) 9.4x10® 9 NA?® NAP
Case: 65/3|0

Gene Quantitative phenotype RR|RA|AA B(95% CI) WES burdenP SNV (n) Lowest PSNV Imputed 50,000
burden P

MEPE Heel-bone mineral density t-score 41,775150|0 -0.46 (-0.62,-0.3) 1.2x10® 26 3.6x107° 3.4x107°

COL6AT  Mean corneal resistance factor 35,533|17|0 -1.5(-2,-1) 47x107° 20 1.8x10™* NAP

COL6A1 Mean corneal hysteresis 35,532[17|0 -1.3(-1.8,-0.86) 29x107® 20 5.3x10™ NAP

IQGAP2 Mean platelet thrombocyte volume 45,362(164|0 0.72 (0.57-0.86) 9.2x107% 57 6.6x107° on

GMPR Mean corpuscular haemoglobin 45,162/183|0 0.4 (0.25-0.54) 3.8x10® 13 21x107 2.6x10°

LOF gene burden association with available clinical and continuous traits in 46,979 UKB participants of European ancestry with WES.

“No SNV reached the threshold for association analysis (minor allele count of at least four).
PNot applicable (NA), no LOF variants were observed in the imputed sequence.

cation channel that is highly expressed in the endothelium and has a
critical role in the development and adult physiology of the vascular
system as it translates shear stress into electrical signals*. This previ-
ousreport ofthe rs2911463 variant mapped the association to PIEZO1
through evidence of gene function and analysis using DEPICT, but
did not find strong evidence in expression quantitative trait loci that
would clarify the mechanismin order to modulate the target therapeu-
tically*. Rare missense variants have been reported in families segre-
gating autosomal-dominant dehydrated hereditary stomatocytosis
(MIM 194380), which is characterized by haemolytic anaemia with
primary erythrocyte dehydration due to decreased osmotic fragility.
Additionally, biallelic LOF variants in PIEZO1 have been reported in
families with lymphatic malformation syndrome (MIM 616843), arare
autosomal recessive disorder characterized by generalized lymphoe-
dema, intestinal and/or pulmonary lymphangiectasia and pleural or
pericardial effusions. Notably, some of the reported patients with [ym-
phoedema presented with varicose veins and deep-vein thrombosis*.
Our datanotonly provide support for PIEZO1 as the causal gene in this
locus, butalso clarify the direction of effect, as the loss of gene function
incarriers with heterozygous LOF variants leads to anincreased risk of
developing varicose veins.

Wealsoidentified anovel LOF burden association with MEPE (cumu-
lative MAF = 0.18%) and decreased bone mineral density (BMD) (as
measured by heel BMD ¢-score, —0.46 s.d., P=1.2x107%). Leave-one-out
analyses suggested that the aggregate signal is driven by multiple vari-
ants (Supplementary Table 18), only one of which could be imputed
(rs753138805, which encodes a frameshift that results in an early
truncation of the protein). In analysis of all 500,000 UKB partici-
pants, rs753138805 was significantly associated with decreased BMD
(-0.4s.d.,P=2.0x108) and showed a trend for increased risk of osteo-
porosis (OR=1.9, P=0.10, n = 3,495 cases, Supplementary Table 15).
These findings are corroborated by analysis of the HUNT study*, in
which rs753138805 was associated with decreased BMD (-0.5s.d.,
P=2.1x10"%)and increased risk of any fracture (OR=1.4,P=1.6 107,
n=24,155 cases) (Supplementary Table 15). In the DiscovEHR study, we
observed a directionally consistent, but nonsignificant, association
for MEPE LOF variants with femoral-neck BMD ¢-score (-0.19, P=0.22)
(Supplementary Table 14). The MEPE locus was previously reported*
to have six independent signals with modest effects on BMD.

Although two of the previously reported non-coding variants are
in moderate (r* = 0.5) or high (r? = 0.78) linkage disequilibrium with
two variants that contribute to the burden test, the burden associa-
tion is only partially attenuated in conditional analyses (P=2.9 x10™*,
includingall six previously reported variants). MEPE encodes a secreted
calcium-binding phosphoprotein that has a key role in osteocyte
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differentiation and bone homeostasis**. Studiesin Mepe™” knockout
mice (Mepe™™™) have yielded inconsistent results, with two groups
reporting an increase in BMD***¢ and another reporting no change®’.

Another new signal comprises LOF variants in COL6A1 (cumula-
tive allele frequency = 0.03%) that are associated with a 2.7 mm Hg
decrease in corneal resistance factor (-1.5s.d., P=4.7 x107°) and
corneal hysteresis (-1.3 s.d., P=2.9 x 10°%), which are measures of
corneal biomechanics*®. COL6A1 encodes a component of the col-
lagen type-VImicrofibrils, which haveimportant roles in maintaining
the structure and function of the extracellular matrix and which are
major components of the human cornea®. This locus has previously
been implicated in ocular traits; rs73157695 and nearby common
variants have been associated with myopia*® (OR=0.94; P=107"*) and
intraocular pressure®. Leave-one-out analyses indicate that multiple
variants are driving the association (Supplementary Table 19) and
that these are not in strong linkage disequilibrium with previously
reported variants (Supplementary Tables 20, 21). Protein levels of
COL6A1 were reduced in eyes from patients with keratoconus®,
and individuals with keratoconus and other corneal diseases, such
as Fuchs’ corneal dystrophy, have reduced corneal hysteresis and
corneal resistance factor®®. Measures of corneal hysteresis and cor-
neal resistance factor were not available in the DiscovEHR study for
replication analyses.

The new LOF burden associations for IQGAP2, GMPR (driven by
rs147049568) and FAM160BI relate to platelet morphology, haemo-
globinlevels and wound healing, respectively. Previous genome-wide
association and exome-chip studies have implicated /QGAP2and GMPR
in haematological variability®®>*, Our results for these two genes, each
of which could be replicated in the DiscovEHR study (Supplementary
Table 14), provide additional evidence of causal roles for these genes
and establishes the direction of effect with respect to gene function on
haematological traits. We also observe nominal evidence for replica-
tion of FAM160B1 LOF variants with disruption of wound healingin the
DiscovEHR study (OR=13.2, P=0.02) and find that no single variant
drivesthe association signal inleave-one-out analyses (Supplementary
Table 22). However, little is known about the function of FAM160B]1,
and further characterization is necessary.

Inequivalent sample sizes, the LOF burden results from theimputed
sequence dataset would not have uncovered the LOF associations at
P<107asidentified by WES (Supplementary Table 23). Furthermore, for
19 out of 26 LOF burden results described herein, gene burden results
from WES inthe 50,000 participant subset were more significant than
burdenresults from theimputed sequence dataset of all 500,000 UKB
participants (Supplementary Table 23), demonstrating the value of
rare variants captured by WES to power these associations. Notably,



we observed qualitatively similar significance for burden tests using
LOFgc and LOF, i criteria (Supplementary Fig. 7).

Discussion

Integration of large-scale genomic and precision medicine initiatives
offer the potential to revolutionize medicine and healthcare. Such
initiatives provide a foundation of knowledge that link genomic and
molecular datato health-related data at the population scale, enabling
researchers tomore-completely and systematically study genetic vari-
ationandits functional consequences on healthand disease. Here, we
describe theinitial study of large-scale WES data for 49,960 UKB partici-
pants, which—to our knowledge—is currently the largest open-access
resource of WES data linked to health records and extensive longitu-
dinal study measures. These data greatly extend the current genetic
resource, particularly in ascertainment of rare coding variation, which
we demonstrate is useful for resolving variant-to-gene links and the
directionality of gene-to-phenotype associations.

After quality control, we observed nearly four million SNVs andindel
coding variants. Only approximately 10.1% of the coding variantsidenti-
fied by WES were observed in the sequence imputed from the array of
46,911 participants with both WES and imputed sequence, highlighting
the added value of WES. This enrichment was even more pronounced
with LOF variation for which WES identified more than 240,000 tar-
geted and untargeted LOF variants of which only approximately 4%
ofthese were presentinthe imputed sequence dataset. Furthermore,
25.9% of the coding variantsin theimputed sequence were not observed
inthe WES data that may represent alarge proportion of rare variants
that have poorimputation accuracy, as observed in our concordance
and visual validation analyses. A small proportion of these variants,
seenonlyintheimputed sequence, also represent variants that are not
intheregionstargeted by the exome capture design and sequencing, a
limitation of the targeted-capture approach. Increasing the numbers
ofindividuals and ancestral diversity inimputation reference panelsis
expected to improve imputation accuracy for rare variants.

Aswith previous studies of this size*°, we observed a large number
of LOF variants, including at least one carrier of arare heterozygous
LOF variantin 97% of autosomal genes (compared to more than 41%
of autosomal genesin the imputed sequence data for the same par-
ticipants). Itis important to note that our LOF annotation strategy
isgeared towards increasing sensitivity for the identification of LOF
variants and downstream association discovery. While the number
of genes with heterozygous instances of LOF variantsisapproaching
saturation at this sample size, WES in the entirety of the UKB resource
will considerably increase the number of carriers of LOF variants and
the ability to detect phenotypic associations. We also observe 789
autosomal genes with homozygous instances of rare LOF variants,
and this number of genes will also increase with continued sequenc-
ing of all UKB participants; however, studies in populations with a
high degree of parental relatedness®**¢ will provide even more genes
withhomozygous LOF variants and complement efforts such as the
UKB. LOF variation is an extremely important class of variation for
identifying drivers of high geneticrisk of disease, new disease genes
and therapeutic targets. Very large sample sizes are needed to detect
new LOF associations given their collective rare allele frequencies.
The WES data provide a substantial enhancement to the number of
LOF variants identified and the power to detect new associations,
which will only improve with continued sequencing of all UKB par-
ticipants.

We illustrate the unique value of this expanded WES resource
in the UKB to assess pathogenic and likely pathogenic variantsina
disease-agnostic large-scale population-based study with longitudi-
nal follow-up. We conducted a survey of pathogenic and likely patho-
genic variantsinmedically actionable ACMGS59 genes. Using stringent
variant-filtering criteria, we arrived at an estimated prevalence of 2%

of individuals in this study population having a clinically actionable
finding. This resource enables us to characterize disease-risk profiles
forindividualswho carry pathogenic and likely pathogenic variantsin
medically relevant disease genes, including cancer susceptibility genes,
such as BRCAI and BRCA2. We observed that carriers of pathogenic
or likely pathogenic variants had 3.77-fold greater odds of any of the
five cancers previously associated with BRCA1 or BRCA2; penetrance
for any of the five cancers was 21.1% in carriers compared with 6.6% in
non-carriers. We further explored whether these variants conferred
risk to any other cancers and did not observe any such associations.
This resource will be valuable for the assessment of variant pathogenic-
ity, particularly for variants of unknown significance and novel vari-
ants, andin exploringthe full spectrum of disease risk and phenotypic
expression. One limitation of the resource for such purposesis limited
ancestral diversity. This and other similar studies also highlight the
value and potential to apply large-scale sequencing at the population
scale to identify a meaningful proportion of individuals who are at
high risk of diseases for which effective interventions are available
that canreduce the morbidity and mortality of genetically susceptible
individuals; such precision medicine approaches could substantially
reduce the burden of many diseases.

We conducted gene-burden association testing for LOF variants
acrossallgenes and included more than1,700 binary and quantitative
traits. In addition to replication of numerous positive controls, we
also highlight previously undescribed significant LOF associations
that provide new biological and geneticinsights of large effect on dis-
ease traits of interest, including PIEZOI for varicose veins, MEPE for
BMD and COL6AI1 for corneal thickness. We identified a previously
undescribed gene-burden association in PIEZO1, a mechanosensing
ion channel that is present in endothelial cells in vascular walls; LOF
variants confer a nearly fivefold increased odds of varicose veins in
carriers of heterozygous LOF variants in PIEZO1. We also identified
apreviously undescribed LOF burden association in MEPE, which is
associated with decreased BMD and an approximately 2-fold increased
odds of osteoporosis and 1.5-fold increased risk of fractures. Overall,
through WES and gene-burden tests of association for LOF variants, we
identified 26 unique gene-trait associations that exceededaP<107, of
which 24 were more significant than any single LOF variantincludedin
the burden test, highlighting the value of WES and the ability to detect
new associations that are driven by rare coding variation. Although
several of these regions had previously beenidentified in genome-wide
association studies of more than10x the sample size, akey strength of
the currentapproachistheidentification of likely causal genes and the
direction of effect: two key pieces of information required for transla-
tion towards new therapeutics. This survey of rare LOF associations
was limited by sample size for most binary traits but was well-powered
for many quantitative traits. Although surveys of LOF variation in the
entire UKB study using array and imputed sequence data have identified
LOF associations in previous reports®®, the WES data identified new
associations that are unique to the exome sequence and detected in
only approximately one tenth of the sample size; our results highlight
the considerable power of WES for the discovery of LOF variants and
rare variant associations and the further promise of new biological
insights through the sequencing of all participantsin the UKB resource.

Efforts are underway to sequence the exomes of all 500,000 UKB
participants; these efforts will greatly expand the rare coding variation
ascertained, including the number of carriers of heterozygous LOF
variants that can now be observed in nearly all genes and the number
of genes for which naturally occurring homozygous knockouts canbe
observed. Coupled with therichlaboratory, biomarker, health-record,
imaging and other health-related data that are continually added to
the UKB resource, WES will enhance the power for discovery and will
continue toyield many important findings and insights. The WES data
areavailabletoapproved researchers through similar access protocols
as existing UKB data (http://ukbiobank.ac.uk/).
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Data transfer from sequencing machine to DNAnexus
-Upload Agent v1.5.30 https://wiki.dnanexus.com/Downloads#Upload-Agent

Single-sample processing, all in DNAnexus

-Conversion of sequencing data in BCL format to FASTQ format and the assignments of paired-end sequence reads to samples based on
10-base barcodes; bcl2fastq v2.19.0 https://support.illumina.com/sequencing/sequencing_software/bcl2fastg-conversion-software.html
-Read alignment; bwa 0.7.17 http://bio-bwa.sourceforge.net

-Duplicate marking, stats gathering; picard v1.141 https://broadinstitute.github.io/picard/

-SAM/BAM/CRAM file generation and manipulation; samtools v1.7 http://www.htslib.org

-Variant calling; WeCall v1.1.2 https://github.com/Genomicsplc/wecall

-Sequence Quality Control; FastQC 0.11.8 http://www.bioinformatics/babraham.ac.uk/projects/fastqc/

-VCF file manipulation and index generation; bcftools v1.7 http://www.htslib.org, bgzip/tabix v1.7 http://www.htslib.org
-Multi-threaded file compression and decompression; pigz v2.3.4 https://zlib.net/pigz/

Generation of “freeze” data

-Joint genotyping to generate project-level VCF (pVCF) files; GLnexus v0.4.0 https://github.com/dnanexus-rnd/GLnexus

-Generation of variant representations in PLINK format; PLINK v1.90b3.37 https://www.cog-genomics.org/plink2/

-Ancestry predictions, IBD (Identity-by-descent) estimate, and pedigree reconstruction; PLINK v1.90b3.37 https://www.cog-
genomics.org/plink2/, PRIMUS https://primus.gs.washington.edu/primusweb/

Data analysis -Single variant and burden tests for quantitative traits; BOLT-LMM_v2.3.2 https://data.broadinstitute.org/alkesgroup/BOLT-LMM/
-Single variant and burden tests for binary outcomes; SAIGE_v0.29.1 https://github.com/weizhouUMICH/SAIGE
-GHS quantitative results; PLINK v1.90b3.38 64-bit (7 Jun 2016) https://www.cog-genomics.org/plink/1.9/
-Various, including GHS meta analyses; PLINK v1.90b3.45 64-bit (13 Jan 2017) https://www.cog-genomics.org/plink/1.9/
-Imputed sequence conversion; PLINK v2.00a2LM AVX2 Intel (31 Mar 2018) https://www.cog-genomics.org/plink/2.0/

-]
QU
==
-
=
D
=
(D
(%
D
V)
=
(@)
o
=
(D
o
O
=
>
«Q
(%]
C
3
3
QU
=
S

19490120

4

810




-Various; R v3.4.3 https://cran.r-project.org
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The UK Biobank related datasets generated during and/or analyzed in the current study are available to any bona fide researcher from the UK Biobank Showcase,
https://biobank.ctsu.ox.ac.uk/showcase/ UK Biobank data for this report were obtained under data access application 26041.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were all those available in UK Biobank, or subsetted to those with available exome sequencing, as described in the text. Further
subsetting was applied based on the specific use case, for example, results include individuals of European ancestry defined by principal
components and clustering, and concordance analysis includes individuals with available exome and imputed sequence, as described in the
text. Sample sizes for replication studies included all individuals available from their respective samples as detailed in the text. No power
calculations were performed or required in advance.

Data exclusions  This analysis excludes whole exome sequencing variants that do not pass 'Goldilocks' QC, as detailed in Supplemental Methods. Results in UK
Biobank excluded individuals of non-European ancestry as defined by principal components and clustering as detailed in the text and

Supplemental Methods.

Replication We replicated UK Biobank gene burden association results in the Regeneron-Geisinger DiscovEHR, and results related to MEPE in the HUNT
study, as described in the text and supplemental material.

Randomization  This study is observational. No process of randomization of experimental groups was performed or applicable to this study.

Blinding This study is is observational, using coded de-identified data. No process of blinding to group allocation was performed or applicable to this
study.
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Human research participants

Policy information about studies involving human research participants

Population characteristics UK Biobank is a general population prospective epidemiological study comprising approximately 500,000 individuals, age 40-69
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Population characteristics years of age at recruitment. See Table 1 of the manuscript for clinical and demographic characteristics for the subset of UK
Biobank with WES and all of the UKB participants. Additional population characteristics are available to the public at http://
www.ukbiobank.ac.uk/

Recruitment UK Biobank recruited approximately 500,000 individuals 40-69 years of age in 2006 to 2010 by mailers to people in the UK
medical system. Informed consent was obtained for all participants.

Ethics oversight The scientific protocol of the UK Biobank is approved from appropriate external ethics committees in accordance with guidance
from relevant bodies. For additional information, see https://www.ukbiobank.ac.uk/wp-content/uploads/2011/05/EGF20082.pdf

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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