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Abstract  32 

Purpose 33 

The UK 100,000 Genomes Project offered participants screening for additional findings (AFs) in genes 34 

associated with familial hypercholesterolaemia (FH) or hereditary cancer syndromes including 35 

breast/ovarian cancer (HBOC), Lynch, familial adenomatous polyposis, MYH-associated polyposis, 36 

multiple endocrine neoplasia, von Hippel-Lindau. Here we report disclosure processes, manifestation of 37 

AF-related disease, outcomes and costs. 38 

Methods 39 

An observational study in an area representing one-fifth of England.  40 

Results 41 

Data were collected from 89 adult AF recipients. At disclosure, among 57 recipients of a cancer 42 

predisposition-associated AF and 32 recipients of an FH-associated AF, 35% and 88% respectively had 43 

personal and/or family history evidence of AF-related disease. During post-disclosure investigations, 44 

four cancer-AF recipients had evidence of disease, including one medullary thyroid cancer. Six women 45 

with an HBOC AF, three women with a Lynch syndrome AF, and two individuals with a MEN AF elected 46 

for risk-reducing surgery. New hyperlipidaemia diagnoses were made in six FH-AF recipients, and 47 

treatment (re-)initiated for seven with prior hyperlipidaemia. Generating and disclosing AFs in this 48 

region cost £1.4m; £8,680 per clinically significant AF.  49 

Conclusion 50 
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Generation and disclosure of AFs identifies individuals with, and without personal or familial evidence of 51 

disease, and prompts appropriate clinical interventions. Results can inform policy towards secondary 52 

findings. 53 

Introduction 54 

Genome sequencing has utility for understanding genetic contributions to rare disease and cancer(1,2) 55 

and its use in research and clinical settings has significantly increased in recent years. The scope of 56 

genome sequence analysis can technically be extended to include a search for variants associated with 57 

risks of future or asymptomatic disease, which may be unsuspected. Identified variants that are not 58 

pertinent to the presenting health condition have been termed incidental or, when intentionally sought, 59 

secondary findings. In 2013, the American College of Medical Genetics and Genomics (ACMG) proposed 60 

that a list of genes associated with conditions that are medically actionable before symptoms develop 61 

should be screened in individuals undergoing genome sequencing(3,4). Other professional groups do not 62 

recommend intentional clinical analysis of genes beyond those linked to the primary condition(5,6). 63 

Studies exploring attitudes of patients, health professionals, researchers and the public find broad 64 

support for the generation and return of actionable secondary findings(7). Identification of individuals at 65 

risk of associated diseases could inform surveillance for early disease detection and risk management, 66 

potentially saving lives and costly treatment of late-diagnosed disease. However, there is also potential 67 

for overdiagnosis, unwarranted medical intervention and anxiety, and justice arguments have been 68 

raised about offering ‘opportunistic’ screening to people already undergoing genome sequencing(8). A 69 

search and disclosure policy remains the subject of clinical and ethical debate(9,10), which has tended to 70 

focus on genome screening per se, with less attention paid to wider issues of clinical utility or the value 71 

and costs to patients and healthcare systems of extensive, recurrent clinical investigations and 72 

interventions to manage risk(11).  73 
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The UK 100,000 Genomes Project (100KGP), which began recruitment through the NHS in 2015, offered 74 

participants limited secondary findings, which Genomics England termed ‘additional findings’ (AFs), 75 

pathogenic and likely pathogenic variants in a number of genes associated with hereditary 76 

breast/ovarian cancer syndrome (HBOC, BRCA1, BRCA2); Lynch syndrome (MLH1, MSH2, MSH6); familial 77 

adenomatous polyposis (FAP, APC); MUTYH-associated polyposis (MAP, biallelic MUTYH); multiple 78 

endocrine neoplasia (MEN1, MEN1 and MEN2, RET); von Hippel-Lindau syndrome (VHL); familial 79 

hypercholesterolaemia (FH; LDLR, APOB, PCSK9, APOE (p.Leu167del)). Around 1% of the UK population 80 

are thought to harbour a pathogenic or likely pathogenic variant in one of the genes underlying 81 

breast/ovarian cancer predisposition, Lynch syndrome, and FH(12). 82 

Identification of a pathogenic variant is not synonymous with a clinical diagnosis(13). While studies 83 

assessing genotype and phenotype in unselected biobank cohorts find considerable under-84 

ascertainment of affected individuals, variant penetrance (the proportion of variant-carrying individuals 85 

who develop disease) is lower than in clinically ascertained families for a range of conditions(14), 86 

specifically FH(12,15–19); hereditary breast/ovarian cancer syndrome(12,17,18,20–23); and Lynch 87 

syndrome(12,17,18). While some biobank studies have reported on clinical outcomes of disclosing 88 

clinically actionable variants(16–24), there are few reports of communicating secondary findings in 89 

populations undergoing genome sequencing for diagnostic purposes(25). In their review, Sapp et al(25) 90 

found more evidence about disclosure practices than outcomes of secondary findings and concluded 91 

that evidence is limited regarding the prevalence of features consistent with specific secondary findings, 92 

healthcare use and behaviours, impacts on recipients, and cost-effectiveness. To address these 93 

questions in a real-world clinical setting, we undertook an observational study of participants receiving 94 

an AF from 100KGP in the UK NHS in one geographical area of England. We report variants identified 95 

and reported as AFs, disclosure processes, demographics and AF-related disease expression in recipients 96 

and their families, clinical investigations and interventions offered to assess and manage disease risk, 97 
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and costs of identification, and disclosure. Consequent behaviours and psychosocial impacts on 98 

recipients were studied using qualitative methods and will be reported separately. 99 

Setting 100 

The 100KGP recruited around 85,000 adults and children with undiagnosed rare disease or cancer 101 

through the UK NHS between 2015 and 2018(26). During recruitment, 92% of participants answered 102 

‘yes’ to the offer of a search for AFs. Further details are in supplementary material. Disclosure 103 

consultations for individuals in the present study were held between November 2021 and October 2022. 104 

Methods 105 

This study reports on generation of AFs, disclosure processes and outcomes in the Central and South 106 

Genomic Medicine Service (C&S GMS), one of seven NHS England alliances covering around one fifth of 107 

the population of England. The study was approved by South Central Berkshire B Research Ethics 108 

Committee (reference 21/SC/0254) and NHS Health Research Authority Confidentiality Advisory Group 109 

(reference 21/CAG/0160). An AF is defined as a confirmed pathogenic/likely pathogenic variant not 110 

previously reported to the 100KGP participant in whom it was found. 111 

Data collection 112 

A Patient Notification Document (PND; supplement) was designed by the study team and 100KGP 113 

Participant Panel Chair (JHW), informing participants of their right to opt out of the present study. 114 

Where clinical teams considered it appropriate, they sent the PND to adult participants after attendance 115 

at an AF disclosure appointment. Children in 100KGP were offered only a subset of AFs(27) and were not 116 

sent a PND. Data were collected relating to patients who were sent a PND and did not opt out after a 117 

minimum of two weeks. Case report forms were devised for each AF-associated condition with input 118 

from clinical teams, to collect demographic data, affected status with respect to primary condition, 119 
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personal and family history, referrals for AF-indicated clinical investigation or care, risk management 120 

processes and outcomes. Data were collected from review of medical records (including but not limited 121 

to the disclosure consultation) held at the hospital site disclosing each patient’s AF, by the clinical or 122 

clinical research team. Online data collection meetings between the site teams and study team were 123 

held prior to and during data collection, and the first author visited sites to review data. Family history 124 

data collected were as reported by the AF recipient to their care team and were not verified. Post-125 

disclosure healthcare data were collected by review of all data available at each site up to and including 126 

31st March 2023, a mean of 51.9 weeks (range 24-72.9) since AF disclosure. Variant data were obtained 127 

from clinical laboratories.  128 

Costs  129 

In brief, costs associated with all pipeline processes (Figure 1) were calculated and combined to estimate 130 

the total cost of disclosing AFs in the C&S GMS. Costs were calculated from a healthcare provider 131 

perspective, from the initial consent process up to and including the return of AFs in outpatient 132 

appointments in secondary care. The costs of follow-up care (tests, interventions) occurring after the 133 

disclosure consultation, and family cascade health service use were not included. Data on resource use 134 

and unit costs were extracted from multiple data sources, including laboratory records, national pay 135 

scales and NHS reference cost databases. Base case values were identified for all parameters, and 136 

low/high values were specified for key potential cost drivers, for use in one-way sensitivity analysis. For 137 

step 5 in the costing process (disclosure consultations), data were only available for 89 of a total of 157 138 

individuals with an AF. We therefore scaled up the total cost by 1.76 (157/89) to estimate disclosure-139 

related healthcare costs across the whole population receiving an AF. A detailed description of the 140 

costing methods, parameters and data sources is provided in the supplementary materials. Costs were 141 
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calculated per participant with an AF panel applied, per putative AF, and per individual with a true 142 

(disclosed) AF. One-way sensitivity analysis was undertaken for key potential cost drivers. 143 

Data analysis 144 

To understand whether identification of an AF associated with cancer predisposition or FH differed 145 

according to recruitment arm (cancer or rare disease) of 100KGP(26), we used Fisher’s exact test for 2x2 146 

tables to determine whether there was a difference in AF-relevant disease (evidenced by personal 147 

and/or family history) between patients with an AF associated with cancer predisposition or FH. 148 

Statistical significance was defined as p<0.05. 149 

Results  150 

AF variant analysis and report 151 

Figure 2 and Table S1 show the process of AFs variant generation and handling through to disclosure and 152 

study cohort inclusion. Genomics England analysed an AF panel in genomes of 17,194 participants 153 

recruited to 100KGP in C&S GMS who elected for AFs and identified 380 variants (putative AFs) in 377 154 

(2.2%) individuals, of which 106 variants (27.9% of putative AFs) had already been reported through 155 

standard of care testing, or primary 100KGP findings. Forty (10.5%) putative AFs were artefacts or 156 

unconfirmed, 73 (19.2%) were of uncertain significance (VUS) and two (0.5%) benign. Heterozygous 157 

MUTYH variants were found in two individuals in cis. These 117 variants (30.8% of all putative AFs) were 158 

not reported to clinical teams. Three individuals had two putative AFs; in each case one AF was reported 159 

and one variant removed after filtering.  160 

Disclosure 161 

An AF was found in 157 (0.91%) 100KGP participants in C&S GMS in the study period, including 13 162 

children and 21 now-deceased individuals (Table S1); a relative of two deceased individuals attended a 163 
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disclosure appointment and received a PND. Patients were offered in-person or remote consultations to 164 

disclose their AF and discuss implications and proposed clinical management. Clinical teams were unable 165 

to contact five patients, and six did not engage with clinical contact or actively declined further 166 

information. Disclosing clinical specialists and processes varied by site and AF gene (Table 1). Some sites 167 

conducted a two-step disclosure process. In all trusts, AFs in cancer predisposition genes were disclosed 168 

by Clinical Genetics personnel, either clinical geneticists or genetic counsellors; AFs in FH genes were 169 

disclosed by specialist nurses either through Clinical Genetics, a bespoke nurse-led FH service, or a lipid 170 

clinic consultant. In the latter case, patients were clinically assessed and managed by the disclosing 171 

physician or referred to a local specialist service, unless already under the care of a lipid clinic. All other 172 

AF recipients were referred to specialists for clinical assessment and management. 173 

Participants  174 

102 adult AF recipients had a disclosure consultation within the study time frame. For 13, clinical teams 175 

considered it inappropriate to send the PND. No individuals opted out. Data were collected from 89 AF 176 

recipients from 85 families who represent the study cohort. There were 67 unique variants in 11 genes. 177 

Mean recipient age was 46 years (range 23-83), and 39 (44%) were female. Ethnicity data were collected 178 

from medical records and stated as White British for 66 (74%). Thirty-seven (42%) individuals were 179 

affected with the condition for which they were recruited to 100KGP. For 59 (66%), no primary finding 180 

had been reported. 181 

In the study cohort, a cancer predisposition gene AF was disclosed to 57 participants, 48 (84%) in the 182 

rare disease recruitment arm and nine (16%) in the cancer arm. An FH gene AF was disclosed to 32 183 

participants, 28 (88%) in the rare disease arm and 4 (13%) in the cancer arm. Differences in prevalence 184 

of AF by gene and recruitment arm were not statistically significant (Table 1). 185 

Evidence of AF-related disease at disclosure 186 
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At disclosure, 20/57 (35%) and 28/32 (88%) recipients of an AF in a cancer-associated gene and FH-187 

associated gene, respectively, had an apparent personal and/or family history potentially relevant to the 188 

AF (Table 1, Figure 3a,) as defined in Table S2. This difference is statistically significant (p=<0.001) and 189 

remains significant when including family history of diagnoses at unknown age or older age than would 190 

suggest a primarily monogenic cause. Since genotype information was not available for relatives except 191 

where stated, it is not possible to attribute relatives’ reported phenotypes definitively to the AF. Specific 192 

diagnoses or clinical findings noted in patient personal and family history for FH, hereditary 193 

breast/ovarian cancer syndrome and Lynch syndrome are shown in Figure 3b. 194 

FH 195 

Among participants receiving an AF related to FH (n=32, age range 29-66, female n=12), 18 (56%) had a 196 

relevant personal history: 18 had a prior diagnosis of FH or hyperlipidaemia including one who had a 197 

cerebrovascular accident (CVA) aged in their thirties, and one a myocardial infarction (MI) aged in their 198 

forties. Two had possible achilles tenosynovitis, of whom one had known hyperlipidaemia. One person 199 

without known hyperlipidaemia had an abdominal aortic aneurysm. Eleven of these 18 also had a family 200 

history in a first-degree relative (FDR) or second-degree relative (SDR) of at least one FH-related concern 201 

including eight with a family history of hyperlipidaemia, six with premature cardiovascular disease (CVD) 202 

or MI, and one with a CVA.  203 

Of 13 individuals without known personal history of FH or hyperlipidaemia, nine had a family history 204 

including at least one of hyperlipidaemia (n=4), premature MI/CVD (n=5), or CVA (n=1). Four individuals 205 

had either no known personal or family history (n=3) or reported a family history of a cardiovascular 206 

event at unknown age. Pre-disclosure low density lipoprotein-C (LDL-C) measurements were not 207 

available for most recipients or for any relatives and no family had a prior genetic diagnosis of FH, 208 

precluding a distinction between hyperlipidaemia and FH. 209 
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Cancer predisposition 210 

Among participants with a cancer predisposition gene AF (n=57, age range 23-83 years, female n=27), six 211 

(11%) had a personal history of cancer or clinical signs relevant to the AF including bowel polyps. Three 212 

of the six also had a relevant family history. Fourteen (25%) had only a family history and 37 (65%) had 213 

neither personal nor family history.  214 

Thirty-eight participants received a BRCA AF (age range 23-69, female n=17). One had a personal history 215 

of BRCA-associated cancer, pancreatic acinar cell carcinoma diagnosed aged in their seventies and for 216 

which they were recruited to the 100KGP cancer arm; this individual‘s mother was diagnosed with 217 

breast cancer aged in her seventies, and child with bile duct cancer aged in their forties (the BRCA2 218 

variant was not reported as a primary finding). For three individuals without personal history of cancer 219 

the variant was already known in recipients’ families, having been identified during standard clinical care 220 

based on family history. The AF recipient in one of these families was aware of the familial variant and 221 

had actively deferred pre-symptomatic testing. Of the remaining 34, 11 had a family history suspicious 222 

for HBOC (Table S2), including seven with a family history of breast cancer. Of the seven, two also had 223 

an FDR diagnosed with prostate cancer (one aged in their fifties and sixties, respectively). Among the 224 

remaining four families, two had an FDR diagnosed with ovarian cancer, one an FDR with pancreatic 225 

cancer diagnosed age 74, and one with a relative diagnosed with prostate cancer aged in their fifties. 226 

Sixteen individuals (42.1%) reported no BRCA-related personal or family history. A further six individuals 227 

reported some family history of BRCA-related cancer diagnosed in elderly individuals or at an unknown 228 

age, or uncertain diagnosis; we did not classify these families as having a positive history of HBOC. 229 

Family history information was unavailable for one individual. 230 

Ten participants received a Lynch syndrome-associated AF (female n=5, age range 25-92). Four (40%) 231 

had a relevant personal history: one bowel mucinous adenocarcinoma (for which they were recruited to 232 
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the cancer arm of 100KGP; the AF was not reported as a primary finding) and prostate adenocarcinoma 233 

in situ both diagnosed in their sixties, and a history of bowel polyps. Three relatives of that individual 234 

had bowel cancer aged in their seventies, and an adult child had kidney cancer. A further individual had 235 

papillary transitional cell carcinoma of the bladder/ureter and bowel polyps aged in their eighties and an 236 

FDR diagnosed with bowel cancer aged in their forties. Two further individuals had a history of bowel 237 

polyps: in the family of one, two relatives had a history of bowel cancer, three of brain tumour and two 238 

of prostate cancer. Six individuals had no suspicious family history, although two reported some family 239 

history diagnosed in elderly individuals or at an unknown age. 240 

Two participants received an APC AF; neither had relevant personal or family history. The one individual 241 

with biallelic MUTYH (homozygous) had a personal history of bowel polyps below age 35 and reported 242 

no family history. Five participants had a RET AF and one a VHL AF; none reported personal or family 243 

history. 244 

Clinical investigations and outcomes 245 

Outcomes after return of AFs are shown in Table 2. For recipients of an FH-associated AF (n=32), a mean 246 

of 52.3 weeks (range 27.3–72.0) had elapsed between disclosure appointment and final data 247 

interrogation. A lipid screen was arranged for 28 individuals. Of the 14 (44%) not known to have 248 

hyperlipidaemia at disclosure, outcomes data were available for six who all began lipid-lowering 249 

therapy. Two had total cholesterol measurements below 6 mmol/L and statin therapy was initiated due 250 

to borderline total cholesterol or raised LDL-C. Of 18 (56%) individuals in whom hyperlipidaemia was 251 

diagnosed before AF disclosure, seven were not taking lipid-lowering medication either because no 252 

prescription had been made, or the individual had discontinued treatment. AF identification in 253 

individuals with prior hyperlipidaemia prompted a change in management for 17: (re-)introduction of 254 

lipid-lowering therapy, initially statin (n=13), supplemented with ezetimibe (n=1), or statin replaced by a 255 
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PCSK9 inhibitor together with ezetimibe (n=1), or increased dose (n=2). Ongoing care was arranged or 256 

continued through a lipid clinic or other physician for 30 individuals.  257 

Among recipients of an AF in a cancer-predisposition gene (n=57, 55 living), a mean of 51.7 weeks (range 258 

24–72.9) had elapsed between disclosure appointment and final data interrogation. Some clinical 259 

outcomes data were available for 22; four had a relevant post-disclosure diagnosis. 260 

All 16 age-eligible female recipients of a BRCA1/2 gene AF were referred for breast imaging. Age-eligible 261 

male BRCA1/2 AF recipients (n=17) were recommended to discuss prostate cancer risk/screening with 262 

their GP or referred to urology. One man sought a mammogram. Of 17 women with a BRCA1/2 AF (age 263 

range 24-69), ten were referred for discussion of risk-reducing mastectomy (RRM). Of four for whom 264 

outcomes data were available, two elected for surgery. Six women elected against RRM referral at AF 265 

disclosure. Ten women were referred for discussion of risk-reducing bilateral salpingo-oophorectomy 266 

(RRBSO). Of five for whom outcomes data were available, four elected for surgery; three for 267 

conventional RRBSO, and one had early salpingectomy with delayed oophorectomy as part of the 268 

PROTECTOR study(28). A BRCA1 variant disclosed to one individual (without prior personal or family 269 

history of BRCA-related cancer) was re-classified from likely pathogenic to VUS during the study period 270 

after national variant discussions. The patient had attended consultations with breast and gynaecology 271 

surgery teams but had not made surgical decisions. 272 

All nine living recipients of a Lynch syndrome AF were referred for bowel screening or to a Lynch 273 

syndrome MDT clinic. Colonoscopy results were available for two individuals (aged in their 50s). One 274 

small polyp was found in both, one of whom had a previous bowel polyp removal. Seven individuals 275 

were referred to their GP for a Helicobacter pylori test (no outcomes data available). Three commenced 276 

daily aspirin. Three women were referred to gynaecology and all elected for risk-reducing hysterectomy 277 
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and RRBSO. The single MSH2 AF recipient was referred for kidney scans in addition to bowel screening 278 

(no outcomes data available).  279 

Both recipients of an APC gene AF were referred for colonoscopy and endoscopy. Outcome data are 280 

available for one individual aged in 40s with no prior personal or family history. Four bowel polyps (two 281 

sessile, two adenomatous) were found. Gastroscopy was normal. The individual with biallelic MUTYH AF 282 

was referred for bowel screening (no outcomes data available). All five RET gene AF recipients received 283 

some screening including four for thyroid ultrasound scans and four for biochemical tests. One 284 

individual aged in their 40s with AF NM_020975.6(RET):c.2410G>A (p.Val804Met) without prior personal 285 

or family history of MEN-related disease was initially found to have raised calcitonin and underwent 286 

total thyroidectomy; a medullary thyroid carcinoma was detected. A second individual underwent risk-287 

reducing thyroidectomy following a thyroid ultrasound scan showing bilateral nodules. The recipient of a 288 

VHL AF attended a VHL clinic, an ophthalmology clinic and had an abdominal MRI scan with normal 289 

findings. 290 

For individuals with an AF in genes associated with FAP, MAP, and VHL, no risk management procedures 291 

were documented during the study period.  292 

Costs of disclosure 293 

Costs were calculated or estimated for the processes shown in Figure 1 and supplement. The mean 294 

number of disclosure-related outpatient episodes was 1.35 and the mean cost of outpatient care was 295 

£555 per recipient in the study cohort (Table 3). Participants with a cancer-related AF had more 296 

disclosure outpatient episodes (1.54 vs 1.00) and accrued greater outpatient care costs (£714 vs £270) 297 

than participants with an FH-associated AF. Cost differences by trust and gender reflected differences in 298 

episode coding and case mix, as well as differing proportions of episodes that were consultant-led.  299 
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The total cost of generating and disclosing AFs in the C&S GMS is £1.4m (Table 4). This represents a cost 300 

of £79 per participant in whose sample an AF panel was applied, £3,615 per participant with a putative 301 

AF, and £8,680 per disclosed AF. The most expensive component is genomic analysis (£1,065,261). One-302 

way sensitivity analysis indicated that most parameter variations had no effect on the study results. The 303 

one exception was the cost of the Genomics England AFs pipeline: when this increased from £56 per 304 

genome to £84 per genome, the cost per new AF identified increased from £8,680 to £11,746. When 305 

this cost reduced from £56 per genome to £28 per genome, the cost per new AF identified decreased 306 

from £8,680 to £5,613. 307 

Discussion 308 

This is the first report of identification and disclosure through the NHS of 100KGP AFs, clinically 309 

actionable secondary findings in a limited set of genes associated with cancer predisposition and FH, to 310 

adult participants. This observational study addresses several aspects of clinical utility of genomic 311 

testing(29) including diagnostic thinking, therapeutic management, patient health outcomes, and 312 

economic costs. A clinically actionable AF was reported in 0.91% of 17,194 100KGP participants who 313 

elected for AFs screening. From data extracted from medical records for 89 adults who attended an AF 314 

disclosure consultation, 48 AF recipients (54%) had a relevant personal and/or family history at 315 

disclosure. Personal and family histories were significantly more common in recipients of an FH-316 

associated AF than a cancer predisposition-associated AF, in line with studies investigating disease 317 

evidence in population studies(12,14,17,18). Cancer-related AF disclosure was managed through Clinical 318 

Genetics, and specialist referrals made for clinical investigation and care. Disclosure of FH-related AF 319 

was managed either via a lipid clinic consultant who also co-ordinated management, or via specialist FH 320 

nurses. Clinical care arranged for AF recipients was consistent with UK recommendations irrespective of 321 

personal and family history, and most participants engaged with recommended screening. In ten 322 
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individuals for whom outcomes data were available, a clinical diagnosis of AF-related disease was made 323 

during post-disclosure clinical investigations. Overall, the AFs analysis and disclosure process cost £79 324 

per participant, and £8,680 per individual to whom an AF was disclosed. The overall cost of generating 325 

and disclosing AFs across the C&S GMS was £1.4m.  326 

One BRCA variant, detected in a woman in her 30s without family history of cancer, was re-classified 327 

from likely pathogenic to variant of uncertain significance during the study period. This case highlights a 328 

potential significant harm of opportunistic screening. Although genetic counselling can aim to support 329 

nuanced decision making around risk management, it may not be possible to allay patient uncertainty 330 

and anxiety before and after re-classification, particularly when risk management strategies are life-331 

altering and irreversible. Our study includes three individuals in whose family there was a clinically 332 

reported variant for which the AF recipient had not personally undergone predictive testing. One 333 

individual had actively chosen to defer testing for the familial (BRCA) variant until around the time at 334 

which breast screening would begin, highlighting the need for effective informed consent and 335 

illustrating potential psychological harms to individuals and families which may be exacerbated by a 336 

considerable time gap between consent and disclosure.  337 

Our findings suggest that opportunistic screening for FH would identify many individuals with FH who 338 

are not under medical care, leading to initiation of or change in lipid-lowering therapy. The finding that 339 

seven individuals had a prior diagnosis of hyperlipidaemia but were not taking lipid-lowering medication 340 

highlights the need for increased primary care and patient awareness of FH. In the UK Biobank, LDL-C 341 

levels were significantly higher among heterozygous carriers of a pathogenic/likely pathogenic FH 342 

variant than non-carriers, and carriers had a three-fold risk of developing atherothrombotic 343 

cardiovascular disease compared with non-carriers(12). US population prevalence of hyperlipidaemia 344 

among FH carriers is 87%(19). FH is underdiagnosed and undertreated in most countries(30); NHS 345 
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England estimate that less than 8% of affected people are currently identified(31). Most individuals can 346 

be managed in primary care at low cost after an initial lipid clinic assessment, and LDL-C can be routinely 347 

measured allowing phenotype-guided treatment and monitoring of efficacy, and therapy implemented 348 

irrespective of age. Genetic diagnosis is valuable for risk stratification and family cascade testing(32), 349 

and our data show that a genetic diagnosis can prompt changes in clinical care regardless of prior clinical 350 

diagnosis. 351 

Regarding opportunistic screening for cancer predisposition, our data are less compelling; a small 352 

minority of individual heterozygous variant carriers had personal evidence of relevant disease. However, 353 

evidence of AF-related disease was found during post-disclosure investigations, highlighting the value of 354 

generating and disclosing AFs. For BRCA-related cancer in women and Lynch syndrome-related 355 

gynaecological cancer predisposition, no reliable intermediate biochemical or clinical measures of 356 

disease manifestation are available, and in our cohort, several unaffected women for whom data are 357 

available elected for risk-reducing surgery. A low rate of cancer diagnosis at disclosure in our cohort (age 358 

range 21-92 for cancer AFs) does not preclude increased risk of cancer at older age. Indeed, in an older 359 

cohort, the prevalence of relevant cancer was significantly increased among heterozygous carriers: 4.11-360 

fold for female carriers of a BRCA1/2 variant and 12.77-fold for carriers of a Lynch syndrome variant(12). 361 

Family history is limited as a means of identifying heterozygous variant carriers: a large proportion of 362 

variant carriers (75% for HBOC, 63% for Lynch syndrome, 34% for FH) had no family history of relevant 363 

disease in an FDR(12) or would not qualify for genetic testing under relevant guidelines (67% for HBOC, 364 

77% for Lynch, 86% for FH(17)). In another biobank study, 34% of BRCA1/2 carriers would not meet 365 

testing criteria(20). 366 

The 100KGP AFs genes(27) are a subset of the ACMG secondary findings gene list(3,33), and do not 367 

include genes associated with inherited cardiac conditions (ICC), which account for a large proportion of 368 
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all ACMG secondary findings(34). Penetrance of ICC gene variants is incomplete: for two of these 369 

prevalent disorders, hypertrophic cardiomyopathy and dilated cardiomyopathy, variant penetrance in 370 

UK Biobank is 23% and 35% respectively(35).  Our earlier small studies report on the complexities of 371 

secondary findings in ICC(36,37). The ACMG continue to revise and expand their secondary findings gene 372 

list(33), notwithstanding the need to accumulate evidence of clinical utility(3). 373 

We have presented information on the costs of AFs generation and disclosure but did not conduct a 374 

formal economic evaluation due to the narrow scope of our analysis. The estimated cost per true AF 375 

identified in our study population was £8,680. Determining the cost-effectiveness of a policy of offering 376 

AFs, including whether this falls below the National Institute for Health and Care Excellence cost-377 

effectiveness threshold of £20,000-£30,000 per unit of effectiveness gained(41), will require studies 378 

expanding the analytical perspective to capture all costs and consequences, including short and long-379 

term cost implications and impacts of returning AFs on life expectancy and quality of life. 380 

Our cost estimates are broadly in line with the limited literature. For individuals in the USA receiving 381 

secondary findings from the ACMG-recommended list, the mean cost of follow-up medical actions per 382 

finding up to one year post-disclosure was $128-$421, depending on medical action responses(38). In a 383 

modelling study evaluating the resource implications of returning secondary findings in Australia, the 384 

cost per individual was $430, and the cost per clinically significant finding $4,349(39). Population 385 

genomic sequencing in the USA for a panel of high-evidence genes associated with FH, HBOC and Lynch 386 

syndrome was judged likely cost-effective when compared with US cost-effectiveness thresholds, at 387 

$68,000 per QALY gained(40). However, an earlier US modelling study reported that returning secondary 388 

findings is unlikely to be cost-effective for generally healthy individuals(41). 389 

We have previously reported expert views that an approach to opportunistic screening should be at 390 

variant-level(9), and this view is supported by evidence that penetrance is heterogeneous even within 391 
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the same disease gene(14,19). Since monogenic disease expression is modified by common genetic 392 

variation(42–45), incorporating polygenic risk scores (PRS) with screening for monogenic variants might 393 

in the future increase the accuracy of risk estimation and be used to tailor genetic counselling and risk 394 

management. However, PRS are based on genome-wide association studies, in which the majority of 395 

participants are of European descent, meaning that PRS are not generalizable to globally diverse 396 

populations(46).  397 

Opportunistic genomic screening is distinct from population screening, and recommendations to report 398 

secondary findings are not necessarily an endorsement of population screening in a public health 399 

context(47). The ACMG propose that DNA-based risk detection should be evidence-based and comply 400 

with health screening criteria(48), and UK guidance criteria for population screening programmes are 401 

based on the same principles(49). One criterion is that the ‘natural history’ of a condition proposed for 402 

screening should be understood, including penetrance and age of onset in heterozygous variant carriers; 403 

such data remain limited. Health equity is imperative for a genomic screening policy(50), and 404 

implementation should consider design to benefit the whole population(13). A targeted approach - 405 

considering age of commencement of screening and risk management for a given condition - would 406 

offer greater population benefits than opportunistic genomic screening, while minimising risk of 407 

psychological harms that might result from disclosing a disease-predisposing variant several years 408 

before screening would be offered. Given the reduced costs of genetic testing (a bespoke gene panel 409 

may be more cost-effective than genome sequencing), population genetic screening could re-focus 410 

resources at an earlier stage in disease development, with advantages for individuals and health 411 

systems(15,51,52). Implementation of a targeted approach would require separate considerations for 412 

cancer predisposition and FH, and while a disease-specific approach would inevitably place a burden on 413 

health services, cancer- and FH-risk are managed by appropriate care specialisms. Maximising the utility 414 

of population screening while minimising psychological harms will require genomic counselling to 415 
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promote communication to relevant family members, psychological support and referral for appropriate 416 

risk assessment and management, and care in delivery to minority groups. The current under-417 

representation of individuals without recent north European ancestry in genomic datasets(46) presents 418 

a challenge to equitable genomic healthcare. Workforce planning and education to support delivery of 419 

preventative healthcare requires a long-term outlook.  420 

Limitations 421 

This study presents data from a real-world clinical situation and is limited by relatively small numbers of 422 

AF recipients and limited outcomes data available. In many cases specialist investigations took place at 423 

non-participating hospitals or after the study timeframe, and we are unable to report on pursual of 424 

referrals. Including family history of potentially relevant disease is likely to overestimate disease 425 

occurring due to the variant identified as an AF, since monogenic predisposition to cancer and FH (or 426 

hyperlipidaemia) represents a small proportion of total disease prevalence and in ungenotyped 427 

relatives, monogenic disease cannot be distinguished from multifactorial disease. We did not seek to 428 

verify patient-reported family history data.  429 

Some limitations should be noted related to the cost analysis.  First, we assumed all participants were 430 

consented individually but some may have been consented as a family group, slightly overestimating 431 

consent costs. Second, as disclosure-related secondary care resource use data were only available for a 432 

subset (89 of 157 participants with an AF), we scaled up this cost to estimate secondary care costs 433 

related to AFs disclosure across the population (n=157), potentially overestimating costs in this 434 

category. Third, data were not available for most of the resource use items included in the analysis to 435 

facilitate the extension of our analysis to consider the uncertainty surrounding our results using 436 

probabilistic sensitivity analysis. However, one-way sensitivity analysis suggests that there is one major 437 

cost driver: the cost of the Genomics England AFs pipeline. Fourth, this was an observational study with 438 
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no comparator group. Future studies comparing populations who receive AFs with those who do not 439 

could allow more robust conclusions to be drawn about the value of returning AFs.  440 

The health economic analysis performed is restricted to processes of generation and disclosure of AFs 441 

and does not include subsequent tests or interventions. Further research is required to understand 442 

longer-term health outcomes following disclosure, the value of providing care to AF recipients over the 443 

lifespan, impact on life expectancy, personal utility, and the extent to which AFs disclosure led to family 444 

cascade testing. Meaningful costing of follow-up care would require longer-term capture of sequential 445 

investigations, interventions, and family testing.  446 

Conclusions 447 

This study addresses several aspects of the clinical utility of secondary findings in selected genes 448 

associated with cancer predisposition and FH, including correlation with phenotype, clinical care 449 

interventions, patient health outcomes, and costs of generation and disclosure. Findings show that 450 

disclosing clinically significant secondary genomic findings in these genes identifies individuals with, or 451 

at risk of associated disease, and can prompt appropriate clinical interventions. Evidence of relevant 452 

disease was present in a significantly greater number of recipients of an FH-associated AF than in 453 

recipients of a cancer-associated AF. Questions of resourcing and equitable implementation of 454 

generating potentially disease-associated genomic findings in clinically unascertained populations, either 455 

as secondary findings or in a population screening context, require improved understanding of the 456 

natural history of these health conditions and long-term outcomes.  457 

Data Availability 458 

Because of the sensitive nature of the data collected for this study, requests to access the datasets from 459 

qualified researchers trained in human subject confidentiality protocols may be sent to the University of 460 

Oxford via the corresponding author at liz.ormondroyd@cardiov.ox.ac.uk. 461 

 462 

Acknowledgments  463 

mailto:liz.ormondroyd@cardiov.ox.ac.uk


21 
 

We are grateful to 100KGP participants for allowing data access, and Christine Patch, Kieran Elliott, Tim 464 

Rogers, Aditi Satija, Amanda Pichini, Helen Brittain, Richard Scott, Antonio Rueda Martin, Dorota Pasko, 465 

Constantina Polycarpou, Ellen McDonagh, Amie Jaye, Cassie Smith, Hannah Charlton, Tilly Beard, Simon 466 

Thompson, Kushmita Sawant, Suzanne Wood, Yufan Chen, and Kelly Wright at Genomics England. EO 467 

thanks Dr Karen Melham (University of Oxford Research Governance, Ethics and Assurance Team) for 468 

ethics guidance from inception and throughout the study. 469 

 470 

Funding Statement  471 

We acknowledge funding from the Wellcome Institutional Strategic Support Fund and NIHR Oxford 472 

Biomedical Research Centre. For the purpose of open access, the authors have applied a Creative 473 

Commons Attribution (CC BY) public copyright licence to any Author Accepted Manuscript (AAM) 474 

version arising from this submission. 475 

 476 

Author Contributions  477 

1. Conceptualization: E.O.; 2. Data curation: J.N., J.B., J.T., S.Bu., S.T., T.B., S.Br., J.C., T.C., J.G., A.H., C.H., 478 

A.LJ., A.O’R., J.A., D.K., S.L., J.L., S.W., E.W., E.O.; 3. Formal analysis: J.N., J.B., E.L., E.O.; 4. Funding 479 

acquisition: E.O.; 5. Investigation: J.N., J.B., E.O.; 6. Methodology: J.N., J.B, J.HW., E.O.; 7. Project 480 

administration: J.N., E.O., J.F.; 8. Resources: A.C., E.B., G.C., E.G., D.G., J.H., F.K., E.K., C.M., E.P., C.S., E.T., 481 

T.T., H.W., M.W.; 9. Writing-original draft: E.O.; 10. Writing-review & editing: J.B., J.N., G.C., J.HW., L.H., 482 

F.K., E.L., A.L., H.L., E.T., J.T., K.T. 483 

 484 

Ethics Declaration  485 

The study was approved by South Central Berkshire B Research Ethics Committee (reference 486 

21/SC/0254) and NHS Health Research Authority Confidentiality Advisory Group (reference 487 

21/CAG/0160). 488 

 489 

Conflict of Interest 490 

The authors declare no conflicts of interest. 491 

 492 

References 493 

1. 100,000 Genomes Project Pilot Investigators, Smedley D, Smith KR, Martin A, Thomas EA, 494 
McDonagh EM, et al. 100,000 Genomes Pilot on Rare-Disease Diagnosis in Health Care - Preliminary 495 
Report. N Engl J Med. 2021 Nov 11;385(20):1868–80.  496 

2. Chakravarty D, Solit DB. Clinical cancer genomic profiling. Nat Rev Genet. 2021 Aug;22(8):483–501.  497 

3. Green RC, Berg JS, Grody WW, Kalia SS, Korf BR, Martin CL, et al. ACMG recommendations for 498 
reporting of incidental findings in clinical exome and genome sequencing. Genet Med Off J Am Coll 499 
Med Genet. 2013 Jul;15(7):565–74.  500 

4. Miller DT, Lee K, Abul-Husn NS, Amendola LM, Brothers K, Chung WK, et al. ACMG SF v3.1 list for 501 
reporting of secondary findings in clinical exome and genome sequencing: A policy statement of the 502 



22 
 

American College of Medical Genetics and Genomics (ACMG). Genet Med Off J Am Coll Med Genet. 503 
2022 Jul;24(7):1407–14.  504 

5. van El CG, Cornel MC, Borry P, Hastings RJ, Fellmann F, Hodgson SV, et al. Whole-genome 505 
sequencing in health care: recommendations of the European Society of Human Genetics. Eur J Hum 506 
Genet EJHG. 2013 Jun;21(6):580–4.  507 

6. Boycott K, Hartley T, Adam S, Bernier F, Chong K, Fernandez BA, et al. The clinical application of 508 
genome-wide sequencing for monogenic diseases in Canada: Position Statement of the Canadian 509 
College of Medical Geneticists. J Med Genet. 2015 Jul;52(7):431–7.  510 

7. Mackley MP, Fletcher B, Parker M, Watkins H, Ormondroyd E. Stakeholder views on secondary 511 
findings in whole-genome and whole-exome sequencing: a systematic review of quantitative and 512 
qualitative studies. Genet Med Off J Am Coll Med Genet. 2017 Mar;19(3):283–93.  513 

8. de Wert G, Dondorp W, Clarke A, Dequeker EMC, Cordier C, Deans Z, et al. Opportunistic genomic 514 
screening. Recommendations of the European Society of Human Genetics. Eur J Hum Genet EJHG. 515 
2021 Mar;29(3):365–77.  516 

9. Ormondroyd E, Mackley MP, Blair E, Craft J, Knight JC, Taylor JC, et al. “Not pathogenic until proven 517 
otherwise”: perspectives of UK clinical genomics professionals toward secondary findings in context 518 
of a Genomic Medicine Multidisciplinary Team and the 100,000 Genomes Project. Genet Med Off J 519 
Am Coll Med Genet. 2018 Mar;20(3):320–8.  520 

10. Isidor B, Julia S, Saugier-Veber P, Weil-Dubuc PL, Bézieau S, Bieth E, et al. Searching for secondary 521 
findings: considering actionability and preserving the right not to know. Eur J Hum Genet. 2019 522 
Oct;27(10):1481–4.  523 

11. Katz AE, Nussbaum RL, Solomon BD, Rehm HL, Williams MS, Biesecker LG. Management of 524 
Secondary Genomic Findings. Am J Hum Genet. 2020 Jul 2;107(1):3–14.  525 

12. Patel AP, Wang M, Fahed AC, Mason-Suares H, Brockman D, Pelletier R, et al. Association of Rare 526 
Pathogenic DNA Variants for Familial Hypercholesterolemia, Hereditary Breast and Ovarian Cancer 527 
Syndrome, and Lynch Syndrome With Disease Risk in Adults According to Family History. JAMA 528 
Netw Open. 2020 Apr 29;3(4):e203959.  529 

13. Murray MF, Giovanni MA, Doyle DL, Harrison SM, Lyon E, Manickam K, et al. DNA-based screening 530 
and population health: a points to consider statement for programs and sponsoring organizations 531 
from the American College of Medical Genetics and Genomics (ACMG). Genet Med. 2021 Jun 532 
1;23(6):989–95.  533 

14. Forrest IS, Chaudhary K, Vy HMT, Petrazzini BO, Bafna S, Jordan DM, et al. Population-Based 534 
Penetrance of Deleterious Clinical Variants. JAMA. 2022 Jan 25;327(4):350–9.  535 

15. Abul-Husn NS, Manickam K, Jones LK, Wright EA, Hartzel DN, Gonzaga-Jauregui C, et al. Genetic 536 
identification of familial hypercholesterolemia within a single U.S. health care system. Science. 2016 537 
Dec 23;354(6319):aaf7000.  538 



23 
 

16. Alver M, Palover M, Saar A, Läll K, Zekavat SM, Tõnisson N, et al. Recall by genotype and cascade 539 
screening for familial hypercholesterolemia in a population-based biobank from Estonia. Genet 540 
Med. 2019 May 1;21(5):1173–80.  541 

17. Grzymski JJ, Elhanan G, Morales Rosado JA, Smith E, Schlauch KA, Read R, et al. Population genetic 542 
screening efficiently identifies carriers of autosomal dominant diseases. Nat Med. 2020 543 
Aug;26(8):1235–9.  544 

18. Buchanan AH, Lester Kirchner H, Schwartz MLB, Kelly MA, Schmidlen T, Jones LK, et al. Clinical 545 
outcomes of a genomic screening program for actionable genetic conditions. Genet Med. 546 
2020;22(11):1874–82.  547 

19. Dikilitas O, Sherafati A, Saadatagah S, Satterfield BA, Kochan DC, Anderson KC, et al. Familial 548 
Hypercholesterolemia in the Electronic Medical Records and Genomics Network: Prevalence, 549 
Penetrance, Cardiovascular Risk, and Outcomes After Return of Results. Circ Genomic Precis Med. 550 
2023 Apr;16(2):e003816.  551 

20. Manickam K, Buchanan AH, Schwartz MLB, Hallquist MLG, Williams JL, Rahm AK, et al. Exome 552 
Sequencing-Based Screening for BRCA1/2 Expected Pathogenic Variants Among Adult Biobank 553 
Participants. JAMA Netw Open. 2018 Sep 7;1(5):e182140.  554 

21. Fan X, Wynn J, Shang N, Liu C, Fedotov A, Hallquist MLG, et al. Penetrance of Breast Cancer 555 
Susceptibility Genes From the eMERGE III Network. JNCI Cancer Spectr. 2021 May 8;5(4):pkab044.  556 

22. Leitsalu L, Palover M, Sikka TT, Reigo A, Kals M, Pärn K, et al. Genotype-first approach to the 557 
detection of hereditary breast and ovarian cancer risk, and effects of risk disclosure to biobank 558 
participants. Eur J Hum Genet. 2021 Mar;29(3):471–81.  559 

23. Ohneda K, Hamanaka Y, Kawame H, Fuse N, Nagami F, Suzuki Y, et al. Returning individual genomic 560 
results to population-based cohort study participants with BRCA1/2 pathogenic variants. Breast 561 
Cancer. 2023 Jan 1;30(1):110–20.  562 

24. Buchanan AH, Manickam K, Meyer MN, Wagner JK, Hallquist MLG, Williams JL, et al. Early cancer 563 
diagnoses through BRCA1/2 screening of unselected adult biobank participants. Genet Med. 564 
2018;20(5):554–8.  565 

25. Sapp JC, Facio FM, Cooper D, Lewis KL, Modlin E, van der Wees P, et al. A systematic literature 566 
review of disclosure practices and reported outcomes for medically actionable genomic secondary 567 
findings. Genet Med Off J Am Coll Med Genet. 2021 Dec;23(12):2260–9.  568 

26. Turnbull C, Scott RH, Thomas E, Jones L, Murugaesu N, Pretty FB, et al. The 100 000 Genomes 569 
Project: bringing whole genome sequencing to the NHS. BMJ. 2018 Apr 24;361:k1687.  570 

27. Genomics England [Internet]. [cited 2023 Sep 4]. Additional findings. Available from: 571 
https://www.genomicsengland.co.uk/initiatives/100000-genomes-project/additional-findings 572 

28. Two-step operation (removal of tubes followed by removal of ovaries - RRESDO) - Protector 573 
[Internet]. [cited 2023 May 22]. Available from: http://protector.org.uk/information-for-574 



24 
 

participants/what-is-involved/two-step-operation-removal-of-tubes-followed-by-removal-of-575 
ovaries---rresdo/ 576 

29. Hayeems RZ, Dimmock D, Bick D, Belmont JW, Green RC, Lanpher B, et al. Clinical utility of genomic 577 
sequencing: a measurement toolkit. Npj Genomic Med. 2020 Dec 15;5(1):1–11.  578 

30. Vallejo-Vaz AJ, Stevens CAT, Lyons ARM, Dharmayat KI, Freiberger T, Hovingh GK, et al. Global 579 
perspective of familial hypercholesterolaemia: a cross-sectional study from the EAS Familial 580 
Hypercholesterolaemia Studies Collaboration (FHSC). The Lancet. 2021 Nov 6;398(10312):1713–25.  581 

31. Google My Maps [Internet]. [cited 2023 May 18]. London Lipid Clinics. Available from: 582 
https://www.google.com/maps/d/viewer?mid=1h63Jm9qm4S7DSW67oCJNlrfLCAu3glG7 583 

32. Sturm AC, Knowles JW, Gidding SS, Ahmad ZS, Ahmed CD, Ballantyne CM, et al. Clinical Genetic 584 
Testing for Familial Hypercholesterolemia: JACC Scientific Expert Panel. J Am Coll Cardiol. 2018 Aug 585 
7;72(6):662–80.  586 

33. Miller DT, Lee K, Abul-Husn NS, Amendola LM, Brothers K, Chung WK, et al. ACMG SF v3.2 list for 587 
reporting of secondary findings in clinical exome and genome sequencing: A policy statement of the 588 
American College of Medical Genetics and Genomics (ACMG). Genet Med Off J Am Coll Med Genet. 589 
2023 Aug;25(8):100866.  590 

34. Haer-Wigman L, van der Schoot V, Feenstra I, Vulto-van Silfhout AT, Gilissen C, Brunner HG, et al. 1 591 
in 38 individuals at risk of a dominant medically actionable disease. Eur J Hum Genet. 2019 592 
Feb;27(2):325–30.  593 

35. McGurk KA, Zhang X, Theotokis P, Thomson K, Harper A, Buchan RJ, et al. The penetrance of rare 594 
variants in cardiomyopathy-associated genes: A cross-sectional approach to estimate penetrance 595 
for secondary findings. Am J Hum Genet. 2023 Aug 28;S0002-9297(23)00279-3.  596 

36. Mackley M, McGuire K, Taylor J, Watkins H, Ormondroyd E. From Genotype to Phenotype. Circ 597 
Genomic Precis Med. 2018 Oct;11(10):e002316.  598 

37. Ormondroyd E, Harper AR, Thomson KL, Mackley MP, Martin J, Penkett CJ, et al. Secondary findings 599 
in inherited heart conditions: a genotype-first feasibility study to assess phenotype, behavioural and 600 
psychosocial outcomes. Eur J Hum Genet EJHG. 2020 Nov;28(11):1486–96.  601 

38. Hart MR, Biesecker BB, Blout CL, Christensen KD, Amendola LM, Bergstrom KL, et al. Secondary 602 
findings from clinical genomic sequencing: prevalence, patient perspectives, family history 603 
assessment, and health-care costs from a multisite study. Genet Med. 2019 May;21(5):1100–10.  604 

39. Vu M, Degeling K, Martyn M, Lynch E, Chong B, Gaff C, et al. Evaluating the resource implications of 605 
different service delivery models for offering additional genomic findings. Genet Med Off J Am Coll 606 
Med Genet. 2021 Apr;23(4):606–13.  607 

40. Guzauskas GF, Garbett S, Zhou Z, Schildcrout JS, Graves JA, Williams MS, et al. Population Genomic 608 
Screening for Three Common Hereditary Conditions : A Cost-Effectiveness Analysis. Ann Intern Med. 609 
2023 May;176(5):585–95.  610 



25 
 

41. Bennette CS, Gallego CJ, Burke W, Jarvik GP, Veenstra DL. The cost-effectiveness of returning 611 
incidental findings from next-generation genomic sequencing. Genet Med Off J Am Coll Med Genet. 612 
2015 Jul;17(7):587–95.  613 

42. Kuchenbaecker KB, McGuffog L, Barrowdale D, Lee A, Soucy P, Dennis J, et al. Evaluation of 614 
Polygenic Risk Scores for Breast and Ovarian Cancer Risk Prediction in BRCA1 and BRCA2 Mutation 615 
Carriers. J Natl Cancer Inst. 2017 Jul 1;109(7):djw302.  616 

43. Coignard J, Lush M, Beesley J, O’Mara TA, Dennis J, Tyrer JP, et al. A case-only study to identify 617 
genetic modifiers of breast cancer risk for BRCA1/BRCA2 mutation carriers. Nat Commun. 2021 Feb 618 
17;12:1078.  619 

44. Olmastroni E, Gazzotti M, Arca M, Averna M, Pirillo A, Catapano AL, et al. Twelve Variants Polygenic 620 
Score for Low‐Density Lipoprotein Cholesterol Distribution in a Large Cohort of Patients With 621 
Clinically Diagnosed Familial Hypercholesterolemia With or Without Causative Mutations. J Am 622 
Heart Assoc Cardiovasc Cerebrovasc Dis. 2022 Mar 24;11(7):e023668.  623 

45. Fahed AC, Wang M, Homburger JR, Patel AP, Bick AG, Neben CL, et al. Polygenic background 624 
modifies penetrance of monogenic variants for tier 1 genomic conditions. Nat Commun. 2020 Aug 625 
20;11(1):3635.  626 

46. Martin AR, Kanai M, Kamatani Y, Okada Y, Neale BM, Daly MJ. Current clinical use of polygenic 627 
scores will risk exacerbating health disparities. Nat Genet. 2019 Apr;51(4):584–91.  628 

47. Brothers KB, Vassy JL, Green RC. Reconciling Opportunistic and Population Screening in Clinical 629 
Genomics. Mayo Clin Proc. 2019 Jan;94(1):103–9.  630 

48. Wilson JM, Jungner YG. [Principles and practice of mass screening for disease]. Boletin Oficina Sanit 631 
Panam Pan Am Sanit Bur. 1968 Oct;65(4):281–393.  632 

49. GOV.UK [Internet]. [cited 2023 May 18]. Criteria for a population screening programme. Available 633 
from: https://www.gov.uk/government/publications/evidence-review-criteria-national-screening-634 
programmes/criteria-for-appraising-the-viability-effectiveness-and-appropriateness-of-a-screening-635 
programme 636 

50. Khoury MJ, Bowen S, Dotson WD, Drzymalla E, Green RF, Goldstein R, et al. Health equity in the 637 
implementation of genomics and precision medicine: A public health imperative. Genet Med Off J 638 
Am Coll Med Genet. 2022 Aug;24(8):1630–9.  639 

51. Levy-Lahad E, Lahad A, King MC. Precision medicine meets public health: population screening for 640 
BRCA1 and BRCA2. J Natl Cancer Inst. 2015 Jan;107(1):420.  641 

52. Turnbull C, Sud A, Houlston RS. Cancer genetics, precision prevention and a call to action. Nat 642 
Genet. 2018 Sep;50(9):1212–8.  643 

 644 

Figures and tables 645 



26 
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