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Abstract

IMPORTANCE HFE gene-associated hereditary hemochromatosis type 1(HH1) is underdiagnosed,
resulting in missed opportunities for preventing morbidity and mortality.

OBJECTIVE To assess whether screening for p.Cys282Tyr homozygosity is associated with
recognition and management of asymptomatic iron overload.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study obtained data from the
Geisinger MyCode Community Health Initiative, a biobank of biological samples and linked electronic
health record data from a rural, integrated health care system. Participants included those who
received a p.Cys282Tyr homozygous result via genomic screening (MyCode identified), had
previously diagnosed HH1 (clinically identified), and those negative for p.Cys282Tyr homozygosity
between 2017 and 2018. Data were analyzed from April 2020 to August 2023.

EXPOSURE Disclosure of a p.Cys282Tyr homozygous result.

MAIN OUTCOMES AND MEASURES Postdisclosure management and HFE-associated phenotypes
in MyCode-identified participants were analyzed. Rates of HFE-associated phenotypes in MyCode-
identified participants were compared with those of clinically identified participants. Relevant
laboratory values and rates of laboratory iron overload among participants negative for p.Cys282Tyr
homozygosity were compared with those of MyCode-identified participants.

RESULTS A total of 86 601 participants had available exome sequences at the time of analysis, of
whom 52 994 (61.4%) were assigned female at birth, and the median (IQR) age was 62.0 (47.0-73.0)
years. HFE p.Cys282Tyr homozygosity was disclosed to 201 participants, of whom 57 (28.4%) had a
prior clinical HH1 diagnosis, leaving 144 participants who learned of their status through screening.
There were 86 300 individuals negative for p.Cys282Tyr homozygosity. After result disclosure,
among MyCode-identified participants, 99 (68.8%) had a recommended laboratory test and 36
(69.2%) with laboratory or liver biopsy evidence of iron overload began phlebotomy or chelation.
Fifty-three (36.8%) had iron overload; rates of laboratory iron overload were higher in MyCode-
identified participants than participants negative for p.Cys282Tyr homozygosity (females: 34.1% vs
2.1%, P < .001; males: 39.0% vs 2.9%, P < .001). Iron overload (females: 34.1% vs 79.3%, P < .00T;
males: 40.7% vs 67.9%, P = .02) and some liver-associated phenotypes were observed at lower
frequencies in MyCode-identified participants compared with clinically identified individuals.
CONCLUSIONS AND RELEVANCE Results of this cross-sectional study showed the ability of
genomic screening to identify undiagnosed iron overload and encourage relevant management,
suggesting the potential benefit of population screening for HFE p.Cys282Tyr homozygosity. Further
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Abstract (continued)

studies are needed to examine the implications of genomic screening for health outcomes and
cost-effectiveness.

JAMA Network Open. 2023;6(10):€2338995. doi:10.1001/jamanetworkopen.2023.38995

Introduction

Hereditary hemochromatosis type 1 (HH1; OMIM 235200") predisposes to iron overload with iron
accumulation in the liver, heart, and pancreas. Without treatment, iron overload can result in
morbidity and mortality associated with end-stage liver disease (ESLD, including fibrosis, cirrhosis,
and hepatocellular carcinoma), cardiomyopathy, and diabetes. Iron overload can be effectively
treated and, if initiated early, can reverse or prevent organ damage.

Hereditary hemochromatosis type 1is caused by variants in the HFE gene (OMIM 613609).%3
The ¢.845G>A missense variant (p.Cys282Tyr) is associated with the highest risk for iron overload
when present on both alleles (p.Cys282Tyr homozygote).* Hereditary hemochromatosis type 1 has
variable prevalence in ancestral groups but is the most common genetic disease in Northern
Europeans, with an estimated prevalence of 1in 150 to 400 people.*” Population screening for HH1
has been considered by several professional entities, including the US Preventive Services Task
Force, American College of Physicians, and Centers for Disease Control and Prevention (CDC), and
representatives of gastroenterology specialty societies. Each entity has either found insufficient
evidence to support such screening or has recommended against it.512

Areview of clinical penetrance in p.Cys282Tyr homozygotes estimated that 10% of males were
likely to develop severe liver disease if iron overload was not identified and treated prior to
irreversible liver damage." A study from the UK Biobank,'* with approximately 3000 p.Cys282Tyr
homozygotes, detected substantial increases in the prevalence of hemochromatosis, liver disease,
rheumatoid arthritis, osteoarthritis, and diabetes in individuals with the variant vs controls without
the variant. Further analyses found an increased risk for hepatic malignant neoplasm in male
homozygotes' and, in a subset of participants aged 65 to 70 years, identified increased prevalence
of frailty, sarcopenia, and chronic pain.'®

Although these data suggest that p.Cys282Tyr homozygosity is associated with increased risk
for end organ damage in broader cohorts, no published population screening studies have returned
HFE results to participants. Consequently, comparisons of disease severity in individuals with
clinically identified vs genomic screening-identified p.Cys282Tyr homozygosity are limited, and
downstream impact of screening is undetermined.

Recently, p.Cys282Tyr homozygosity was added to the American College of Medical Genetics
and Genomics (ACMG) Secondary Findings list for assessment and return on indication-based
sequencing.”” Currently, the Centers for Disease Control and Prevention Office of Genomics and
Precision Public Health is considering adding p.Cys282Tyr homozygosity to its tier 1list, defined as
genomic interventions that have substantial potential to benefit public health." If broader screening
for p.Cys282Tyr homozygosity is to be considered, evidence is needed demonstrating the ability of
genomic screening to identify unrecognized iron overload before clinical diagnosis and
documentation of treatment efficacy.

To identify the utility of population screening for p.Cys282Tyr homozygosity, we measured iron
overload-associated diagnoses and postdisclosure health behaviors in individuals who were
identified via genomic screening, and we compared the rates of HFE-associated phenotypes among
individuals with genomic screening-identified positive p.Cys282Tyr homozygosity results (indicating
presence of the variant in the homozygous state), with clinically diagnosed HH1, and among those
negative for p.Cys282Tyr homozygosity (indicating absence of homozygosity for the variant).
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Methods

Study Design, Setting, and Participants

This retrospective cross-sectional study focused on participants who received p.Cys282Tyr homozygous
results through the Geisinger MyCode Community Health Initiative (MyCode) or had their exome
assessed and were found to have negative p.Cys282Tyr homozygosity prior to the COVID-19 pandemic
(between 2017 and 2018). The Geisinger Institutional Review Board approved MyCode and this study. All
participants provided written informed consent. We followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

MyCode is a biobank of biological samples and linked electronic health record (EHR) data from
over 333 000 participants recruited regardless of their phenotype.’®2° Participants consent to
broad health-related research, including genetic analysis, and a subset of participants’ exomes have
been sequenced as part of a collaboration with Regeneron Genetics Center.?' Since 2013, MyCode
participants have consented to receive disclosure of medically actionable results.?>?* Aggregated
variant files are filtered and reviewed for pathogenic or likely pathogenic variants in actionable genes
that are designated in the ACMG Secondary Findings V3.1, including HFE p.Cys282Tyr
homozygosity.>>?® Participants are eligible to receive results if their variants are confirmed as
pathogenic or likely pathogenic by a Clinical Laboratory Improvement Amendments-certified clinical
laboratory.?® Participants receiving results are offered a complimentary follow-up with a genetics
professional to review the result and discuss associated management.?23

Participants with p.Cys282Tyr homozygosity who received their positive results via initial
MyCode screening were grouped as MyCode identified. Participants with previously clinically
diagnosed HH1 were grouped as clinically identified.

Clinical Data Collection and Outcome Measures

Clinicians familiar with HH1adapted the eMERGE Network abstraction form?” to delineate variables of
interest (eMethods in Supplement 1). For p.Cys282Tyr homozygotes, automated queries of relevant
diagnosis codes (eMethods in Supplement 1), procedures, and laboratory values from the Geisinger EHR
were completed and deposited in the Geisinger Research Electronic Data Capture tool.28° Certified
genetic counselors (J.M.S., M.L.B.S., Z.M.S., N.M.O.) completed dual manual EHR reviews between
October 2019 and April 2020 to verify automated queries and collect unstructured data. Discrepancies
were resolved through consensus and physician review (M.S.W.). Automated EHR queries of relevant
laboratory values were completed for participants negative for p.Cys282Tyr homozygosity.

Postdisclosure Health Behaviors and Laboratory Findings

Postdisclosure health behaviors examined in MyCode-identified participants included laboratory
testing relevant to iron metabolism, liver biopsy, cardiac magnetic resonance imaging (MRI),
phlebotomy, and chelation. For each behavior that was completed after disclosure, attribution to the
HFE result disclosure was assessed using clinician documentation (eg, medical record notes) and
diagnostic codes associated with orders in the EHR.

Laboratory test results relevant to iron metabolism that were available in the EHR were
evaluated for each MyCode-identified participant. Each participant's highest serum iron, serum
ferritin, and transferrin saturation levels and lowest total iron-binding capacity (TIBC) level were
collected and assessed for evidence of iron overload. Participants were considered to have iron
overload if they met laboratory, imaging, or other criteria.

The laboratory criteria were transferrin saturation of 45% or greater and serum ferritin level of
300 ng/mL or greater in individuals assigned male at birth or 200 ng/mL or greater in individuals
assigned female at birth'®"? (to convert serum ferritin to microgram per liter, multiply by 1.0);
laboratory studies could be completed asynchronously. Imaging criteria were a radiology report
explicitly referencing iron overload (eg, moderate hepatic iron deposition noted on MRI). Other
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criteria were iron overload on liver biopsy or clinical documentation of iron overload such as on the
problem list, encounter diagnoses, clinician documentation, and scanned notes.

Comparisons and Definitions

Iron metabolism laboratory values and laboratory iron overload rates were compared between MyCode-
identified participants and participants negative for p.Cys282Tyr homozygosity. The HFE-associated
phenotypes that were compared between MyCode-identified participants and clinically identified
participants included iron overload, liver disease, and heart disease. Liver disease was defined as fibrosis,
cirrhosis, nonalcoholic steatohepatitis and/or nonalcoholic fatty liver disease, abnormal results of a liver
function test (=2 elevated transaminase measurements in the EHR =3 months apart without an
intervening normal value), or other documentation of chronic liver disease (eg, diagnosis of liver disease
on the problem list). As a secondary research question exploring the synergistic effect of genomic and
other liver disease risk factors, frequency of liver disease was assessed in MyCode-identified participants
and clinically identified participants with or without liver disease risk factors, defined as chronic hepatitis
Cvirus (HCV) infection and alcohol use disorder (AUD; mention of AUD in the EHR). Heart disease was
defined as evidence of cardiomyopathy and/or heart failure documented in the EHR.

Statistical Analysis

The null hypotheses were as follows: (1) there was no difference in iron overload and associated
diseases between MyCode-identified participants and clinically identified participants or between
MyCode-identified participants and participants negative for p.Cys282Tyr homozygosity, and (2)
genetic result disclosure had no implications for health behaviors or process outcomes. Data were
stratified into MyCode-identified participants, clinically identified participants, and participants
negative for p.Cys282Tyr homozygosity. Participants were further stratified based on sex assigned at
birth. Any variable that was not in the EHR was treated as not performed. Categorical variables were
described using frequency (percentage), and continuous variables were described using median
(IQR). Pearson ¥ or Fisher exact tests and Wilcoxon rank sum tests were used to compare
differences between groups in categorical and continuous variables, respectively.

Demographic characteristics of participants in the 3 groups were compared. Race and ethnicity
were collected from the EHR and included the categories Black or African American, Hispanic or Latino,
White, Other (including American Indian or Alaska Native, Asian, Native Hawaiian or Other Pacific
Islander), not Hispanic or Latino, and unknown. Data on race and ethnicity were collected and analyzed
in this study to report the demographic characteristics of the 3 cohorts and to inform the generalizability
of results.

Odds ratios (ORs) and 95% Cls were used to quantify the relative strength of the association
between HFE-associated phenotype and method of identification (MyCode identified vs clinically
identified) or negative status. Completion of certain laboratory tests relevant to iron metabolism before
vs on or after result disclosure was compared, and the McNemar test was used to assess statistical
significance. Significant differences were determined at a = .05. All analyses were conducted using SAS,
version 9.4 (SAS Institute Inc). Data were analyzed from April 2020 to August 2023.

Results

After exclusion of 100 individuals who were ineligible to receive MyCode results, the analysis
included 86 501 MyCode participants with available exome sequences (53 108 individuals assigned
female at birth [61.4%], 33 388 individuals assigned male at birth [38.6%], and 5 individuals with
unknown sex assigned at birth [.006%]) (Table 1). Participants had a median (IQR) age of 62.0 (47.0-
73.0) years. HFE p.Cys282Tyr homozygosity was disclosed to 201 participants between 2017 and
2018, of whom 57 (28.4%) had a clinical diagnosis of HH1 prior to receiving their MyCode results (49
of whom had prior genetic testing) and were grouped as clinically identified participants. The
remaining 144 participants (71.6%) learned of their status through MyCode screening and thus were
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grouped as MyCode-identified participants. There were 86 300 participants negative for
p.Cys282Tyr homozygosity (Figure 1). Six MyCode-identified participants died between result
disclosure and medical record review but were included in the analysis.

The median (IQR) time from result disclosure to review was 1.44 (1.35-1.51) years. Compared
with participants negative for p.Cys282Tyr homozygosity, MyCode-identified participants were
younger (median [IQR] age, 56.6 [41.6-71.8] years vs 62 [47.0-73.0] years; P = .045), included a
higher proportion of non-Hispanic individuals (100% vs 97.1%; P = .02), had more longitudinal EHR
data (median [IQR] length, 21.3 [15.4-23.6] years vs 17.0 [11.0-22.0] years; P = <.001), and had a larger
proportion who were alive at medical record review (93.0% vs 88.7%; P = .007).

Postdisclosure Findings

After HFE result disclosure, 99 of 144 MyCode-identified participants (68.8%) had a serum ferritin
(96 [66.7%]) or transferrin saturation (83 [57.6%]) test (Table 2), and 65 (45.1%) completed both
tests. Most initial iron tests (84.4% [151 of 179]) could explicitly be attributed to the genetic result
(Table 2). When comparing completion of these iron tests in MyCode-identified participants before

Table 1. Participant Demographics

MyCode participants with p.Cys282Tyr MyCode participants

homozygous results, No. (%) negative for p.Cys282Tyr P value
MyCode identified Clinically identified homozygosity, Comparison to MyCode- Comparison to clinically
Characteristic (n =144) (n=57) P value (n = 86 300), No. (%) identified participants  identified participants
Age at medical record review, 56.6 (41.6-71.8) 65.7 (52.3-70.3) .07 62.0 (47.0-73.0) .045° .32
median (IQR)
Sex assigned at birth
Female 85 (59.0) 29 (50.9) 52994 (61.4)
Male 59 (41.0) 28 (49.1) .29 33301 (38.6) .55P AP
Unknown 0 0 5(<0.1)
Ethnicity®
Not Hispanic or Latino 144 (100) 57 (100) 83778 (97.1)
] . . NA .022 422
Unknown or Hispanic or Latino 0 0 2522 (2.9)
Race®
Black or African American 0 0 1452 (1.7)
White 144 (100) 57 (100) NA 84189 (97.6) .25 >.99°
Otherd 0 0 659 (0.8)
Alive at medical record review 138 (95.8) 53(93.0) 47 76559 (88.7) .007° 31
Smoking status
Current 24 (16.7) 9 (15.8) 14086 (16.3)
Former 58 (40.3) 24 (42.1) 31109 (36.0)
>.99 B350 .70°
Never 61 (42.4) 24 (42.1) 40825 (47.3)
Unknown 1(0.7) 0 280(0.3)
Active alcohol drinker
True 74 (51.4) 29 (50.9) 40090 (46.4)
False 69 (47.9) 28 (49.1) >.992 45071 (52.2) 52° .81°
Not in medical record 1(0.7) 0 1139 (1.3)
AUD 18 (12.5) 6 (10.5) .70 NA NA NA
Time from return of screening 1.44 (1.35-1.51) NA NA NA NA NA
results, median (IQR), y
Length of EHR, median (IQR), y 22.2 (14.6-25.5) 21.3(15.4-23.6) 72 17.0(11.0-22.0) <.001° <.001°

Abbreviations: AUD, alcohol use disorder; EHR, electronic health record; NA, not applicable.
2 Calculated with Fisher exact test, with statistical significance at a = .05.

b Calculated with Fisher exact test with Monte Carlo Estimation (seed = 1).

€ Race and ethnicity data were collected from the EHR.

d Other included the following categories in the EHR: American Indian or Alaska Native (n = 109), Asian (n = 271), Native Hawaiian or Other Pacific Islander (n = 115), Other (n = 1), and
Unknown (n = 163). The numbers for each category represent those of MyCode participants negative for p.Cys282Tyr homozygosity.
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vs after HFE result disclosure, all tests were completed at higher frequencies after result disclosure
(Table 2). Patient-level completion of relevant laboratories is summarized in eTable 1in Supplement 1.

The median highest values of serum ferritin and transferrin saturation and median lowest TIBC level
were outside the reference ranges in both male and female MyCode-identified participants (Figure 2;
eTable 2 in Supplement 2). Fifty-three of 144 MyCode-identified participants (36.8%) met criteria for
laboratory or other iron overload, of which only 47 (88.7%) had such evidence after result disclosure
(Table 3). Because iron overload penetrance is age related, age at time of result disclosure was analyzed.
MyCode-identified female participants with evidence of iron overload were older than females without
iron overload (median [IQR] age, 61.3 [51.1-69.9] years vs 46.2 [35.1-67.9] years; P = .004). There was no
significant difference in median (IQR) age of MyCode-identified male participants with vs without iron
overload (65.2 [44.1-70.0] years vs 61.1[42.2-71.4] years; P = .37) (eTable 3 in Supplement 2).

After result disclosure, 5 of 144 MyCode-identified participants (3.5%) had a liver biopsy, all of
which were attributed to the HFE result. Four of these 5 participants met criteria for laboratory iron
overload prior to the procedure, and 1 had transferrin saturation and serum ferritin levels within
normal ranges; the biopsy was prompted by a liver MRI demonstrating moderate to severe hepatic
steatosis and hepatic iron concentration of 1.4 mg/g. Three of 144 participants underwent cardiac
MRI after result disclosure, and 2 had the study in response to their genetic result and iron studies. Of
these 3 participants, 2 had abnormal serum ferritin levels, 1 met laboratory criteria for iron overload,
and 1had the procedure performed for an unrelated indication (chemotherapy), although this
participant had an abnormal serum ferritin result prior to imaging.

Thirty-six (69.2%) of the 52 MyCode-identified participants with laboratory'" or liver biopsy evi-
dence of iron overload began phlebotomy (n = 35) or chelation (n = 1) after result disclosure. An addi-
tional 6 participants (11.5%) initiated phlebotomy after result disclosure without documented iron over-
load in the EHR. Two of these 6 participants received care outside of the Geisinger system; external rec-
ords were not available to assess eligibility for intervention. Of the remaining 4 participants, 3 had

Figure 1. Flow Diagram of Study Design and Cohort Definitions

333000 MyCode participants ‘

86601 Adults with available
exome sequences

l—»‘ 100 Excluded due to results ineligibility
86501 Assessed ‘

86300 Negative for p.Cys282Tyr 201 With HFE p.Cys282Tyr homozygous result disclosed via
homozygosity the MyCode Genomic Screening and Counseling Program
between 2017 and 2018
144 |dentified by sequence 57 With prior clinical
analysis with no prior diagnosis of HH1
. clinical diagnosis of HH1 (clinically identified)
Evaluated via (MyCode identified) )
automated Evaluated via
EHR data pull l automated EHR
_ data pull confirmed
Evaluation of post-HFE result and supplemented
disclosure management with dual, manual
i EHR review
Comparison of rates of laboratory Comparison of rates of HFE-associated phenotypes
iron overload and most extreme and ages of diagnosis
iron-related laboratory values « Iron overload
= o Liver disease including fibrosis, cirrhosis, and
chronic liver disease
* Hepatocellular carcinoma
* Heart disease including cardiomyopathy and
heart failure
EHR indicates electronic health record; HH1, hereditary hemochromatosis type 1.
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abnormal serum ferritin result and 1also had abnormal transferrin saturation level, although none met
laboratory criteria for iron overload. All 4 participants had phlebotomy that was recommended by their
treating hematologist.

Comparisons Across 3 Participant Groups

The highest serum ferritin, transferrin saturation, and serum iron values and lowest TIBC levels of
MyCode-identified participants were compared with those of participants negative for p.Cys282Tyr
homozygosity and were stratified by sex assigned at birth. Compared with participants negative for
p.Cys282Tyr homozygosity, MyCode-identified participants had higher median (IQR) levels of serum
ferritin (females: 165.0 [77.0-450.5] ng/mL vs 92.1[42.0-197.3] ng/mL, P < .001; males: 714.6
[294.0-1037.0] ng/mL vs 222.7 [113.9-438.4] ng/mL, P < .001), transferrin saturation (females: 61.5
[36.0-80.0] pg/dL vs 26.0 [18.0-35.0] pg/dL, P < .001; males: 59.0 [49.0-95.0] pg/dL vs 29.0 [21.0-
39.0] pg/dL, P < .001), and serum iron (females: 141.0 [97.0-166.0] pg/dL vs 92.1[42.0-197.3] pg/dL,
P < .001; males: 147.0 [124.0-192.0] pg/dL vs 87.0 [63.0-113.0] pg/dL, P < .001) and a lower median
(IQR) TIBC level (females: 226.5 [197.0-257.5] pg/dL vs 286.0 [233.0-333.0] pg/dL, P < .001; males:
224.0 [189.0-259.0] pg/dL vs 251.0 [192.0-300.0] pg/dL, P = .02) (Figure 2; eTable 2 in
Supplement 2). MyCode-identified participants had higher rates of laboratory iron overload (females:
341% vs 2.1%, P < .001; males: 39.0% vs 2.9%, P < .001) (eTable 4 in Supplement 2).

The frequency of HFE-associated phenotypes in MyCode-identified participants was compared
with that in clinically identified participants and stratified by sex assigned at birth. MyCode-
identified participants had a lower frequency of iron overload (females: 34.1% vs 79.3% [P < .001],
OR, 014 [95% Cl, 0.05-0.37]; males: 40.7% vs 67.9% [P = .02], OR, 0.32 [95% Cl, 0.12-0.84]) and
some liver-associated phenotypes (eg, fibrosis in individuals without HCV or AUD: females, 2.7% vs
23.1% [P = .003], OR, 0.09 [95% CI, 0.02-0.49]; males, 2.1% vs 27.3% [P = .003], OR, 0.06 [95%
Cl, 0.01-0.51]) (Table 3). A secondary analysis combining MyCode and clinically identified participants
found that those with AUD or HCV infection were 3.74 times more likely to have chronic liver disease

Table 2. Postdisclosure HFE-Associated Management Among MyCode-ldentified Participants (n = 144)

Total No. of MyCode- Days from Frequency attributed to Completion of laboratory
HFE-associated identified participants Predisclosure, No. Postdisclosure, No. postdisclosure, HFE result disclosure, study predisclosure vs
management who ever completed (%) of participants (%)  of participants (%)  median (IQR) No. of participants (%)® postdisclosure, P value
Serum iron (n = 144) 98 (68.1) 41 (41.8) 85 (86.7) 39.0(15.0-165.0) 71 (83.5)° <.001%¢
Serum ferritin (n = 144)® 104 (72.2) 39 (37.5) 96 (92.3) 27.0(10.0-78.5) 83 (86.4)° <.001%¢
Transferrin saturation 95 (66.0) 32(33.7) 83 (87.4) 42.0(17.0-168.0) 68 (81.9)° <.001%¢
(n = 144)°
TIBC (n = 144) 95 (66.0) 38 (40.0) 83 (87.4) 42.0(17.0-168.0) 68 (81.9)° <.001%¢
Liver panel (n = 144) 134(93.1) 131(97.8) 103 (76.9) 62.0(27.0-178.0) 43 (41.7)° <.001%fe
Phlebotomy (n = 144) 42 (29.2) 1(2.4) 41 (97.6) 78.0(43.0-180.0) NA NA
Phlebotomy, eligible 36 (69.2) 1(2.8)" 35(97.2) 78.0(42.0-180.0) NA NA
patients (n = 52)9
Chelation (n = 144) 1(0.7) 0 1(100) 19.0 (19.0-19.0) NA NA
Chelation, eligible 1(1.9) 0 1(100) 19.0 (19.0-19.0) NA NA
patients (n = 52)¢
Cardiac MRI (n = 144) 5(3.5) 2 (40.0) 3(60.0) 132.0(57.0-211.0) 2(66.7) NA
Liver biopsy (n = 144) 9 (6.3) 4 (44.4) 5(55.6) 200.0 (126.0-299.0) 5 (100) NA
Abbreviations: MRI, magnetic resonance imaging; NA, not applicable; TIBC, total iron d Calculated with McNemar test.
binding capacity. © Statistically significant at a = .05.

2 Predisclosure and postdisclosure rates were reported as a proportion of the total
number of participants who ever completed the risk management behavior.

f Liver panels were completed less frequently after disclosure vs before disclosure.

8 Phlebotomy and chelation rates were reported as proportions of the 52 participants

b Attribution of the postdisclosure initial management behavior was assessed and with iron overload identified in laboratory studies or on liver biopsy.

reported as a proportion of the total number of participants with that risk management

h Before result disclosure, 1 MyCode-identified participant received phlebotom
behavior completed after result disclosure. y P P P Y

secondary to a polycythemia diagnosis.
© Additional participants had this study attributed to their result at a later time. The initial

order was not attributed to the HFE p.Cys282Tyr homozygosity result and was
therefore not counted as attributed to the result.
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(23 of 30 [76.7%]) compared with those without (80 of 171[46.8%]) (eTable 5 in Supplement 2). No
participants had hepatocellular carcinoma. Of the 144 MyCode-identified participants, 18 (12.5%)
had cardiomyopathy or heart failure. These phenotype rates did not differ from those of clinically
identified participants. Age of onset of HFE-associated phenotypes in MyCode-identified participants
compared with clinically identified participants is summarized in eTable 6 in Supplement 2.

Discussion

This cross-sectional study provided insights into the implications of population genomic screening
for HFE p.Cys282Tyr homozygosity. It confirmed that iron overload was underdiagnosed among

Figure 2. Most Extreme HFE-Associated Laboratory Values in MyCode-Identified Participants
vs Participants Negative for p.Cys282Tyr Homozygosity
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those with positive p.Cys282Tyr homozygosity results, which has implications for preventing
morbidity and mortality. Additionally, two-thirds of MyCode-identified participants had a relevant
laboratory test after result disclosure, and most eligible participants proceeded with phlebotomy or
chelation, demonstrating the ability of genomic screening to prompt relevant health behaviors.

Unlike previous studies, 639 the present study included genetic result disclosure, which
allowed for comparison of HFE-associated phenotypes in MyCode-identified participants vs clinically
identified participants and those negative for p.Cys282Tyr homozygosity. These comparisons
highlighted that genomic screening increased identification of iron overload while identifying
participants with decreased disease severity compared with clinically identified participants. Given
the limited postdisclosure period and the role of age in diagnosis of iron overload, future studies with
alonger follow-up period are needed.

Even with conservative criteria for attributing behaviors to result disclosure, a sizable
proportion of participants altered their care in response to the genetic results, suggesting the
potential role of p.Cys282Tyr genomic screening. Over two-thirds of participants underwent a
recommended laboratory test after disclosure, most of which were attributable to the genetic result.
The proportion of participants engaging in risk management that was directly associated with result

Table 3. Frequency of HFE-Associated Phenotypes in MyCode-ldentified and Clinically Identified Participants

Females, No./total No. (%) Males, No./total No. (%)
MyCode Clinically MyCode Clinically
HFE-associated diagnosis, No. (%) identified identified P value OR (95% CI) identified identified Pvalue OR(95% Cl)
HH1 diagnosis 31/85(36.5)  29/29 (100) <.001? NA 24/59 (40.7) 28/28 (100) <.001> NA
Iron overload, any 29/85(34.1)  23/29(79.3) <.001? 0.14 (0.05-0.37)  24/59 (40.7) 19/28 (67.9) .022 0.32(0.12-0.84)

Laboratory criteria: transferrin ~ 29/85 (34.1)  21/29(72.4) <.001? 0.20(0.08-0.50)  23/59(39.0) 18/28 (64.3) .03? 0.35(0.14-0.90)

saturation 245% and serum

ferritin 2300 ng (male)

or 2200 ng (female)

Imaging® 5/85 (5.9) 1/29 (3.4) >.99°¢ 1.75 6/59(10.2) 4/28 (14.3) 72¢ 0.68 (0.18-2.63)

(0.20-15.63)

Other criteria® 2/85(2.4) 9/29 (31.0) <.001*  0.05(0.01-0.27) 2/59(3.4) 8/28 (28) .001° 0.09 (0.02-0.45)
Heart disease® 10/85(11.8) 5/29(17.2) 53¢ 0.64 (0.20-2.06)  8/59(13.6) 6/28 (21.4) .36¢ 0.58 (0.18-1.85)
Fibrosis in participants without 2/75 (2.7) 6/26(23.1) .003< 0.09 (0.02-0.49) 1/48(2.1) 6/22 (27.3) .003“®  0.06(0.01-0.51)
HCV infection and AUD
Cirrhosis in participants without 0/75 3/26(11.5) .02%2 0/48 1/22 (4.6) 31¢ NA
HCV infection and AUD
Chronic liver disease (all) in 30/75 (40.0) 15/26 (57.7) 12 0.49 (0.20-1.21) 23/48 (47.9) 12/22 (54.6) .61 0.77 (0.28-2.11)
participants without HCV infection
and AUD

NASH or NAFLD in participants 17/75 (22.7) 12/26 (46.2) .022 0.34(0.13-0.88) 15/48(31.2) 8/22 (36.4) .67 0.80 (0.28-2.30)

without HCV infection and AUD

Abnormal result from liver 9/75 (12.0) 9/26 (34.6) .02¢2 0.26 (0.09) 9/48 (18.8) 7/22 (31.8) 23 0.49 (0.16-1.57)

function study in participants
without HCV infection and AUD'

Other chronic liver disease in 10/75(13.3)  3/26(11.5) >.99¢ 1.18 (0.30-4.66) 4/48 (8.3) 3/22(13.6) .67¢ 0.58(0.12-2.82)
participants without HCV
infection and AUD?

Fibrosis in individuals with HCV 0/10 0/3 NA NA 1/11(9.1) 3/6 (50.0) .10¢ 0.10(0.01-1.35)
infection and/or AUD
Cirrhosis in individuals with HCV ~ 0/10 0/3 NA NA 1/11(9.1) 1/6 (16.7) >.99¢  0.50(0.02-9.77)
infection and/or AUD
Chronic liver disease (all) in 8/10 (80.0) 3/3 (100) >.99¢ NA 6/11 (54.6) 6/6 (100) .10¢ NA
participants without HCV infection
and/or AUD
Abbreviations: AUD, alcohol use disorder; EHR, electronic health record; HCV, hepatitis 9 Participants with other evidence of iron overload included those with iron overload on
C virus; HH1, hereditary hemochromatosis type 1; MRI, magnetic resonance imaging; NA, liver biopsy or other clinical documentation of iron overload by a clinician in the EHR.

not applicable; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis; OR, odds ratio.

¢ Evidence of cardiomyopathy and/or heart failure in the EHR.

f Abnormal result from liver function study was defined as 2 or more aspartate
aminotransferase or alanine aminotransferase levels flagged as elevated in the EHR at
b Participants were considered to have evidence of iron overload on imaging when their least 3 months apart without an intervening normal value.
radiology report indicated evidence of iron overload (eg, moderate hepatic iron
deposition noted on liver MRI).

2@ Statistically significant at a = .05.

8 QOther chronic liver disease included any other documentation of a chronic liver disease
such as a diagnosis of liver disease on the problem list.
¢ Calculated with Fisher exact test.
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disclosure was likely higher. Laboratory tests lacking explicit documentation might have been
prompted by result disclosure, as transferrin saturation and serum ferritin, while not uncommonly
ordered, are not routine screening tests.

Clinical evaluation after identification of iron overload is an intermediate outcome associated
with the recommended intervention of therapeutic phlebotomy or chelation. A total of 69.2% of
eligible participants initiated an iron-lowering intervention. Six participants initiated phlebotomy
without EHR evidence of iron overload, and thus, may not have met guidelines for this intervention.
However, their treating clinician may have had additional information that was not captured in the
EHR to prompt treatment.

Although additional studies are needed to explore the implications of p.Cys282Tyr screening for
the prevention of end organ damage, preventing ESLD is important. A meta-analysis identified
substantial impairment in quality of life in individuals with ESLD.3' Patients with ESLD and their
families also experience substantial financial burden and distress associated with worse health
outcomes.>? These findings support the importance of early interventions, including consideration
of genomic screening, that prevent organ damage.

In addition to illustrating the ability of genomic screening to identify individuals with iron
overload and to guide care, these results begin to inform the potential implementation of genomic
screening. MyCode-identified participants had evidence of iron overload at the time of screening.
MyCode-identified participants had a median age of 56.6 years, and the data suggest that screening
at a younger age may identify individuals with iron overload earlier and enable appropriate
intervention to prevent subsequent organ damage. Additionally, individuals with evidence of AUD or
HCV infection were more likely to have chronic liver disease compared with individuals without these
risk factors. Although further research is needed to elucidate the additive effects of the genetic and
environmental risks for liver injury, these results suggest genomic screening may have added benefit
for those with other risk factors for chronic liver disease.

Consistent with a previous study, we also speculate that genomic screening for HH1
susceptibility would be cost-effective,®® particularly if added to a program that is already screening
for other disorders.3* First, genetic testing costs are decreasing, and identifying iron overload
through laboratory testing and the associated intervention if iron overload is identified (phlebotomy)
is low cost. Second, phlebotomy is known to correct iron overload and resulting organ damage if
initiated before irreversibility. Based on our study results, uptake of testing and interventions is
substantial. Third, the costs of organ damage, such as cirrhosis and cardiomyopathy, are high. We
propose testing these speculations through rigorous cost-effectiveness studies, including decision
modeling using recommended best practices.>”

Limitations

This study has several limitations. First, phenotype and management behaviors were extracted from the
Geisinger EHR. Thus, capture of diagnoses and health behaviors was limited if a patient received care
outside of the Geisinger system. This study was completed in a single health system; additional studies
are needed to ensure the generalizability of results across systems and the population. Second, the study
relied on process and intermediate outcomes to determine clinical utility. Doing so was unavoidable
given that health outcomes of interest, such as liver fibrosis and cardiomyopathy, take years to develop.
Thus, it is necessary to rely on a chain of evidence demonstrating that improved intermediate outcomes
play arole inimproved health outcomes. In another study, there was robust evidence that intervention in
individuals with clinically apparent iron overload was effective in preventing end organ damage.® This
finding, coupled with the modest transient harms associated with therapeutic phlebotomy,*® supports
the provision of intervention to individuals with presymptomatic iron overload.™
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Conclusions

This cross-sectional study identifies the potential benefit of population genomic screening for HFE
p.Cys282Tyr homozygosity. While more research is needed on the implications of genomic screening
for health outcomes and cost-effectiveness, findings of this study support the return of p.Cys282Tyr
homozygosity results to patients as an actionable secondary finding and its potential inclusion in
population screening.
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