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ABSTRACT
Objectives  HFE haemochromatosis genetic variants have 
an uncertain clinical penetrance, especially to older ages 
and in undiagnosed groups. We estimated p.C282Y and 
p.H63D variant cumulative incidence of multiple clinical 
outcomes in a large community cohort.
Design  Prospective cohort study.
Setting  22 assessment centres across England, Scotland, 
and Wales in the UK Biobank (2006–2010).
Participants  451 270 participants genetically similar to 
the 1000 Genomes European reference population, with 
a mean of 13.3-year follow-up through hospital inpatient, 
cancer registries and death certificate data.
Main outcome measures  Cox proportional HRs of 
incident clinical outcomes and mortality in those with 
HFE p.C282Y/p.H63D mutations compared with those 
with no variants, stratified by sex and adjusted for age, 
assessment centre and genetic stratification. Cumulative 
incidences were estimated from age 40 years to 80 years.
Results  12.1% of p.C282Y+/+ males had baseline 
(mean age 57 years) haemochromatosis diagnoses, with 
a cumulative incidence of 56.4% at age 80 years. 33.1% 
died vs 25.4% without HFE variants (HR 1.29, 95% CI: 
1.12 to 1.48, p=4.7×10-4); 27.9% vs 17.1% had joint 
replacements, 20.3% vs 8.3% had liver disease, and 
there were excess delirium, dementia, and Parkinson’s 
disease but not depression. Associations, including excess 
mortality, were similar in the group undiagnosed with 
haemochromatosis. 3.4% of women with p.C282Y+/+ had 
baseline haemochromatosis diagnoses, with a cumulative 
incidence of 40.5% at age 80 years. There were 
excess incident liver disease (8.9% vs 6.8%; HR 1.62, 
95% CI: 1.27 to 2.05, p=7.8×10-5), joint replacements 
and delirium, with similar results in the undiagnosed. 
p.C282Y/p.H63D and p.H63D+/+ men or women had no 
statistically significant excess fatigue or depression at 
baseline and no excess incident outcomes.
Conclusions  Male and female p.C282Y homozygotes 
experienced greater excess morbidity than 
previously documented, including those undiagnosed 
with haemochromatosis in the community. As 
haemochromatosis diagnosis rates were low at baseline 
despite treatment being considered effective, trials of 
screening to identify people with p.C282Y homozygosity 
early appear justified.

INTRODUCTION
HFE haemochromatosis is defined by iron 
overload1 2 due to gene variants, which 
dysregulate intestinal iron absorption. The 
p.C282Y+/+ (homozygous) group has mark-
edly raised iron measures: for example, 
median transferrin saturations were over 
80% and near 60% in men and women with 
p.C282Y+/+ in the Hemochromatosis and 
Iron Overload Screening (HEIRS) study 
but below 45% in compound heterozygotes 
(C282Y+/H36D+) and progressively lower 
across p.H63D+/+ (homozygote), p.C282Y± 
and p.H63D± carriers.3 Women with each 
genotype have lower mean iron measures 
than men.4

Clinical presentation of haemochromatosis 
is usually with fatigue, joint pain or raised 
iron measures or from family screening or 
less commonly from direct-to-consumer geno-
typing. Symptoms usually present after the 
age of 40 years.5 In severely affected patients 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ We analysed large-scale data on community volun-
teers from the UK Biobank, one of the world’s largest 
HFE genotyped cohorts.

	⇒ We have analysed incident disease outcomes during 
an extended follow-up period of a mean of 13.3 
years.

	⇒ We have provided the first clinical outcome data to 
age 80 years in those with haemochromatosis gen-
otypes, including those undiagnosed with haemo-
chromatosis at baseline, expanding the life course 
evidence on HFE penetrance.

	⇒ UK Biobank participants were somewhat healthier 
than the general population, but HFE allele frequen-
cies were similar to previous UK studies.

	⇒ Incident outcomes were from hospital inpatient and 
cancer registry follow-up, so it did not rely on poten-
tially biased patient self-reporting, but community-
diagnosed conditions may be underestimated.
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with p.C282Y+/+ (>90% of typical cases6), liver iron 
deposition can lead to liver fibrosis, cirrhosis and cancer,7 
especially in the presence of other causes of liver disease. 
Arthropathy,8 diabetes,9 endocrine dysregulation,10 heart 
arrhythmias and cardiomyopathies,11 and pneumonia9 
have also been reported.

While clinical cohorts frequently have iron over-
load complications, disease penetrance in population 
genotyped groups is uncertain, especially at older ages 
and those not diagnosed with haemochromatosis.3 12 13 
Beutler et al found negligible haemochromatosis symp-
toms in 152 p.C282Y homozygotes from California 
health appraisal clinics (excluding diagnosed patients).12 
The HEIRS study reported excess liver disease in 299 
men with p.C282Y+/+.14 The Melbourne Collaborative 
Cohort Study15 reported that 28.4% (95% CI, 18.8 to 
40.2) of men with p.C282Y+/+ (n=95, mean age 65 years 
at follow-up) had ‘documented iron overload-related 
disease’, with 1.2% of women with p.C282Y+/+ affected. 
Similarly, although excess mortality occurred in clinical 
patients (especially with liver disease),16 17 no excess 
mortality was reported in community-identified men with 
p.C282Y+/+ or other HFE genotype groups.15 18 Using 
the UK Biobank, we previously examined data on Euro-
pean ancestry community participants with mean 7-year 
follow-up, finding that the 1294 male p.C282Y homozy-
gotes had increased odds of liver disease and osteoar-
thritis compared with those without p.C282Y or p.H63D 
variants.9 A UK Biobank study with an 8.9-year follow-up 
quantified excess hepatic malignancies in male p.C282Y 
homozygotes (HR 10.5; 95% CI: 6.6 to 16.7; p<0.001 vs no 
HFE variant) and excess all-cause mortality (n=88 deaths; 
HR 1.2; 95% CI: 1.0 to 1.5; p=0.046).7

For p.C282Y/p.H63D compound heterozygotes, the 
Melbourne Collaborative Cohort Study15 found only one 
male (of 242 studied) with documented iron overload-
related disease, although alcohol was also a factor. Simi-
larly, a study of community-identified participants with 
p.H63D variants from the Busselton study (Australia) 
found none with clinically significant iron overloading.19

Given the accumulating evidence of significant clin-
ical penetrance with p.C282Y homozygosity (only) and 
the reported effectiveness of treatment (predominantly 
venesection), there is renewed interest in screening for 
those at high risk.1 20 21 HFE p.C282Y homozygosity is 
recommended for reporting to patients when found 
incidentally.22

The UK Biobank community cohort includes baseline 
questionnaires, plus hospital inpatient diagnoses during 
the mean 13.3-year follow-up. The cohort therefore 
provides a potential model for community-based genetic 
screening. Participant consent did not allow genotype 
feedback (see Methods), so outcomes reflect normal clin-
ical care. Here, we aimed to estimate risks and cumulative 
outcomes to age 80 years by genotype and sex for relevant 
clinical outcomes, including (for the first time) analyses 
of those undiagnosed with haemochromatosis at baseline.

METHODS
Study population
The UK Biobank includes community volunteers aged 
39–73 years at baseline assessments across England, 
Scotland and Wales, from 2006 to 2010. Participants 
were somewhat healthier than the general population,23 
but HFE allele frequencies were similar to previous UK 

Table 1  Baseline characteristics of male and female UK Biobank participants by selected p.C282Y/p.H63D genotypes

No p.C282Y or p.H63D variants p.H63D+/+ p.C282Y+/p.H36D+ p.C282Y+/+

Males

Total participants 122 841 4673 4959 1298

Mean age, years (SD) 56.99 (8.1) 56.99 (8.1) 56.97 (8.1) 56.84 (8.2)

Haemochromatosis diagnosis, n (%) 29 (0.02) 8 (0.2) 29 (0.6) 157 (12.1)

Self-reported fatigue, n (%) 12 094 (10.1) 451 (9.9) 523 (10.9) 148 (11.8)

 � Self-reported fatigue (60+ years), n (%), 4475 (8.2) 173 (8.2) 177 (8.0) 68 (11.8)

Prevalent depression, n (%) 5883 (4.8) 220 (4.7) 188 (3.8) 71 (5.5)

Females

Total participants 145 694 5580 5760 1604

Mean age, years (SD) 56.62 (7.9) 56.58 (8.1) 56.46 (7.9) 56.92 (8.0)

Haemochromatosis diagnosis, n (%) 8 (0.01) <5 12 (0.2) 54 (3.4)

Self-reported fatigue, n (%) 19 110 (13.5) 760 (14.1) 785 (14.1) 220 (14.4)

 � Self-reported fatigue (60+ years), n (%), 6055 (10.0) 253 (10.9) 229 (9.9) 77 (11.4)

Prevalent depression, n (%) 10 734 (7.4) 387 (6.9) 432 (7.5) 123 (7.7)

A total of 451 270 male and female participants genetically similar to the 1000 Genomes Project European reference population with HFE 
genotypic data available in the UK Biobank. Numbers presented are mean (SD) for continuous variables and n (%) for categorical variables. 
Fatigue = tiredness in more than half the days in past 2 weeks. See online supplemental eTables 2 and 3 for all p.C282Y/p.H63D genotype 
groups.

 on M
ay 3, 2024 at U

niversity of E
xeter. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2023-081926 on 13 M

arch 2024. D
ow

nloaded from
 

https://dx.doi.org/10.1136/bmjopen-2023-081926
http://bmjopen.bmj.com/


3Lucas MR, et al. BMJ Open 2024;14:e081926. doi:10.1136/bmjopen-2023-081926

Open access

studies.7 Data cover 451 270 participants, genetically 
similar to the 1000 Genomes Project European refer-
ence population,24 with HFE p.C282Y (rs1800562) and 
HFE p.H63D (rs1799945) genotypes from whole exome 
sequencing (whole exome sequence methods were by 
Regeneron25). Participants gave written informed consent 
and were informed of relevant health-related findings at 
baseline, but consent excluded individual notification of 
subsequent findings including genotypes. All research 

was conducted in accordance with both the Declarations 
of Helsinki and Istanbul.

Baseline variables and incident health outcomes
Baseline questionnaires covered doctor-diagnosed condi-
tions including haemochromatosis. Symptom questions 
included: ‘Over the past 2 weeks, how often have you felt 
tired or had little energy?’, and responses were coded 
as ‘fatigue’ combining ‘more than half the days’ with 

Figure 1  HRs of incident disease outcomes (95% CI) in selected p.C282Y/p.H63D genotypes compared with those with no 
mutations. HRs compared with those with neither HFE mutation. Cox proportional hazard regression models adjusted for age, 
assessment centre and genetic principal components 1–10. Joint replacement surgery includes a diagnosis of hip, knee, ankle 
or shoulder replacement. Any brain outcome included a diagnosis of delirium, dementia or Parkinson’s disease. See online 
supplemental eTables 4, 5, 9 and 10 for incident numbers and HRs for all p.C282Y/p.H63D genotype groups. CHD, coronary 
heart disease; LRTI, lower respiratory tract infection; URTI, upper respiratory tract infection; SSTI, skin and soft tissue infection; 
UTI, urinary tract infection.
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‘nearly every day’. Studied diagnoses were from a priori 
knowledge (see online supplemental eTable 1 for ascer-
tainment codes for 34 outcomes). England, Wales and 

Scotland hospital records were available from April 1996 
to October 2022. Prevalent diagnoses were from base-
line self-report plus hospital inpatient data from 1996 to 

Figure 2  Cumulative incidence of outcomes from ages 40 to 80 years by HFE genotypes (no p.C282Y or p.H63D variants vs 
p.C282Y homozygotes and p.C282Y homozygotes undiagnosed with haemochromatosis at baseline). Cumulative incidence 
(estimated % diagnosed by age 80 years; 95% CIs) for significant outcomes (p<0.05) from Cox proportional hazard regression 
models (figure 1; online supplemental eTables 5, 7, 10 and 12). Joint replacement surgery includes a diagnosis of hip, knee, 
ankle or shoulder replacement. Any brain outcome included a diagnosis of delirium, dementia or Parkinson’s disease. SSTI, skin 
and soft tissue infection; UTI, urinary tract infection.
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baseline. Incident diagnoses and surgical procedures were 
from hospital inpatient data (baseline to October 2022) 
plus cancer registries to December 2020 for England and 
Wales, and November 2021 for Scotland. National death 
records were available to November 2022. Disease ascer-
tainment used International Classification of Diseases 
10th revision codes. Surgical procedures were from 
Office of Population, Censuses and Surveys: Classification 
of Interventions and Procedures (OPCS-4). Having ‘any 
joint replacement surgery’ included hip, knee, ankle or 
shoulder replacement surgery. The ‘any brain outcome’ 
included delirium, dementia or Parkinson’s disease.

Statistical analysis
Cox proportional hazard regression estimated genotype 
associations with incident outcomes. Models were strati-
fied by sex and adjusted for age, assessment centre and 
10 genetic principal components (accounting for popu-
lation substructure). Main outcome proportional hazard 
assumptions (tested using ‘estat phtest’) were met in 
models adjusted for 5-year age bands. Given the extensive 
prior evidence for risks in p.C282Y+/+ groups, multiple 
testing corrections are discussed for lower-risk genotypes, 
using Bonferroni correction of p<0.001 (0.05/34 disease 
outcomes). Kaplan-Meier survivor functions estimated 
the probabilities of cumulative incidence for associated 
outcomes from age 40 to 80 years within 5-year bands, by 
HFE genotype and by sex. We applied observed incidence 
rates in each age group to a notional cohort, estimating 
hypothetical cumulative incident case numbers from age 
40 to 80 years. A sensitivity analysis repeated main anal-
yses excluding participants with a haemochromatosis 
diagnosis at baseline. All analyses were performed in Stata 
17.0.

Patient and public involvement
Patients and participants were and are extensively involved 
in the UK Biobank study itself. We used anonymised data 
that were already collected, and therefore, no patients 
were involved in developing the research question or the 
outcomes tested. The UK Biobank notified participants 
of relevant health-related findings in the baseline assess-
ment, but there is no individual notification of subse-
quent findings, including genotypes.

RESULTS
UK Biobank baseline characteristics were previously 
reported9 26 (table 1, online supplemental eTables 2 and 
3): 451 270 participants genetically similar to the Euro-
pean 1000 Genomes reference population were followed 
for a mean of 13.3 years. There were 1298 men with 
p.C282Y+/+ (homozygotes), 4959 with p.C282Y/p.H63D 
compound heterozygote and 4673 with p.H63D+/+: for 
women 1604, 5760 and 5580, respectively. In the male 
p.C282Y+/+ group, 12.1% had haemochromatosis diag-
noses at baseline, with 6/1000 diagnosed in p.C282Y/p.
H63D and 2 per 1000 in the p.H63D+/+ group: the 

respective rates in women were 3.4%, 2 per 1000 and 4 
per 10 000.

Men with p.C282Y+/+ aged 60 years plus reported base-
line excess fatigue (11.8% vs 8.2%; OR: 1.43, 95% CI: 1.11 
to 1.85, p=0.01), but there was no statistically significant 
excess fatigue with other genotypes, except a marginal 
association in men with p.H63D± (OR: 1.06, 95% CI 
1.00 to 1.12, p=0.05) which became non-significant after 
multiple testing correction. There were no differences in 
depression prevalence at baseline (table 1, online supple-
mental eTables 2 and 3).

Men with p.C282Y homozygous genotypes: excess mortality 
and morbidity versus without HFE variants
Figure 1 shows the HRs for studied incident outcomes by 
sex and genotype, with cumulative incidence (with CIs) 
at age 80 years presented in figure 2 for those outcomes 
which had significant HRs. Men with p.C282Y+/+ had 
increased rates of mortality versus those without p.C282Y 
or p.H63D variants (HR 1.29, 95% CI: 1.12 to 1.48, 
p=4.7×10-4; figure 1; online supplemental eTables 4 and 
5). A cumulative incidence of death was 33.1% (95% CI: 
28.9 to 37.8) vs 25.4% (figures 2 and 3A). Excess mortality 
in those undiagnosed with haemochromatosis at UK 
Biobank baseline (online supplemental eTables 6 and 7) 
was similar (HR 1.22, 95% CI: 1.05 to 1.43, p=1.0×10-2) 
with a cumulative death rate of 32.5% (95% CI: 27.9 to 
37.6) (online supplemental eFigure 1A).

Haemochromatosis diagnosis cumulative incidence at 
age 80 years in men with p.C282Y+/+ was 56.4% (figure 2, 
online supplemental eTable 8). Cumulative incidence 
of ‘any liver disease’ was 20.3% vs 8.3% without variants 
(HR 2.56, 95% CI: 2.10 to 3.12, p=8.70×10-21), and 7.7% 
developed liver fibrosis or cirrhosis versus 1.3%. There 
was a raised HR for alcoholic liver disease (figure 1) with 
a cumulative incidence 3.3% of men with p.C282Y+/+ 
versus 1.4%. Liver cancer cumulative incidence was 5.5% 
(95% CI: 3.8 to 8.0 vs 0.8% without variants). Men with 
p.C282Y+/+ also had raised a cumulative incidence of 
prostate cancer: 17.2% vs 14.8%. The cumulative inci-
dence graphs show excess liver disease clearly apparent by 
age 55 years, but the excess mortality becomes significant 
at older ages (figure  3A,B). Notably, 81.5% of deaths, 
66.3% of ‘any liver diseases’ and 71.8% of joint replace-
ments in men with p.C282Y+/+ occurred after age 65 
years.

Joint replacement cumulative incidence in men 
with p.C282Y+/+ was 27.9% vs 17.1% without variants 
(figure 3C): this remained after excluding those with frac-
tures within 5 days before surgery (n=53; HR 1.74, 95% CI: 
1.45 to 2.09; p=1.6×10-9). Men with p.C282Y+/+ also had 
excess osteoarthritis, fragility fractures and osteoporosis.

Brain outcome (dementia, delirium or Parkinson’s 
disease) cumulative incidence in men with p.C282Y+/+ 
was 16.4% vs 10.0% without variants (HR 1.65, 95% CI: 
1.31 to 2.06, p=1.70×10-5) (figure  3D); for delirium, 
12.4% vs 5.8% (HR 1.69, 95% CI: 1.26 to 2.27; p=4.80×10-

4); for non-Alzheimer’s dementia, 6.0% vs 3.0% (HR 2.05, 
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95% CI: 1.40 to 3.00; p=2.40×10-4); and for Parkinson’s 
disease, 3.7% vs 2.4% (HR 1.86, 95% CI: 1.21 to 2.87 
p=0.005).

Diabetes (type 1 or 2) cumulative incidence was 
23.5% in men with p.C282Y+/+ (vs 19.1%). Men with 
p.C282Y+/+ had excess hospital-diagnosed COVID-19 
(8% vs 4.8%, HR 1.51, 95% CI: 1.08 to 2.11; p=0.02, 
missing significance in earlier follow-up data27), urinary 
tract infections (UTIs) and skin and soft tissue infections 
(SSTIs). Associations were not significant for cardiac 
outcomes (arrhythmia, cardiomyopathy, coronary heart 
disease and heart failure) or depression.

Estimates of excess morbidity in the male p.C282Y+/+ 
group without haemochromatosis diagnoses in the 
community at UK Biobank baseline (n=1141) were 
mostly similar to those in the overall sample (figure  2, 
online supplemental eFigure 1A–D, online supple-
mental eTables 6 and 7). Notably, however, point HR esti-
mates for liver fibrosis or cirrhosis and liver cancer risk 
appeared marginally lower than in the whole group but 
with wide CIs including the whole study estimates (eg, for 
liver fibrosis and cirrhosis, HR 4.52, 95% CI: 3.07 to 6.66, 
p=2.10×10-14 without a diagnosis, vs HR 5.36, 95% CI: 3.83 
to 7.52; p=2.00×10-22 in the whole p.C282Y+/+ group). 
In addition, alcoholic liver disease and osteoporosis lost 
statistical significance, but cholecystitis became nominally 
statistically significant (HR 1.54, 95% CI: 1.02 to 2.32, 
p=0.04).

Women with p.C282Y homozygous genotypes: excess 
morbidity versus without HFE variants
Diagnosed haemochromatosis cumulative incidence in 
women with p.C282Y+/+ was 40.5% by age 80 years. There 
was no excess mortality, but this group experienced excess 
‘any liver disease’ (8.9% vs 6.75%; HR 1.62, 95% CI: 1.27 
to 2.05; p=7.80×10-5) (figure 4A), liver fibrosis or cirrhosis 
(1.9% vs 0.8%; HR 2.56, 95% CI: 1.50 to 4.36; p=0.001), 
alcoholic liver disease (1.0% vs 0.3%; HR 3.07, 95% CI: 
1.44 to 6.54; p=0.004) and cholecystitis, versus women 
without HFE variants (figures  1 and 2, online supple-
mental eTables 8–10).

Joint replacement surgery was more common in female 
p.C282Y homozygotes (23.2% vs 21.1%) (figure 4B), as 
were osteoarthritis and osteoporosis. A cumulative inci-
dence of brain outcomes was raised (8.6% vs 7.4%; HR 
1.30, 95% CI: 1.01 to 1.68; p=0.04), including delirium 
(5.9% vs 3.9%; HR 1.50, 95% CI: 1.08 to 2.08; p=0.02).

There was a nominally significant excess of heart failure 
(HR 1.34, 95% CI:1.03 to 1.75, p=0.03) but no associa-
tions with other studied cardiac outcomes. There were no 
associations with liver cancer, fragility fractures, diabetes, 
dementia, Parkinson’s disease or infections (SSTIs and 
UTIs).

Estimates of excess morbidity in the female p.C282Y+/+ 
group without haemochromatosis diagnoses in the 
community at UK Biobank baseline (n=1550) were 
similar to those in the overall sample (figure  2, online 
supplemental eFigure 2A,B, online supplemental eTables 
11 and 12).

Figure 3  Kaplan-Meier curves for the cumulative incidence of (A) mortality, (B) liver disease, (C) any joint replacement and 
(D) any brain outcome, in male HFE p.C282Y homozygotes compared with those with no mutations. Cumulative incidence 
(estimated % diagnosed by age 80 years; 95% CIs). Joint replacement surgery includes a diagnosis of hip, knee, ankle or 
shoulder replacement. Any brain outcome included a diagnosis of delirium, dementia or Parkinson’s disease.
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Men and women with p.C282Y/p.H63D compound 
heterozygous genotypes versus without HFE variants
Haemochromatosis diagnosis cumulative incidence in 
men with p.C282Y/p.H63D was 5.4% by age 80 years. 
However, there was no statistically significant increase in 
mortality, incidence of ‘any liver disease’ or liver cancers, 
joint replacements, or diabetes (figure  1). Men with 
p.C282Y/p.H63D were modestly more likely to develop 
SSTIs (HR 1.16, 95% CI: 1.01 to 1.33, p=0.03), but this lost 
statistical significance after multiple testing corrections.

Haemochromatosis cumulative incidence in women 
with p.C282Y/p.H63D was 2.7% by age 80 years, but there 
were similarly no excess mortality, musculoskeletal diag-
noses, diabetes, or brain outcomes (figure 1). However, 
there was a modest association with ‘any liver disease’ (HR 
1.19, 95% CI: 1.02 to 1.38, p=0.03), but associations with 
specific liver diagnoses were non-significant, including 
for liver fibrosis and cirrhosis, the most common form of 
liver disease with iron overload (figures 1 and 2, online 
supplemental eTables 4, 5 and 8–10).

Men and women with p.H63D homozygous genotypes versus 
without HFE variants
Diagnosed haemochromatosis cumulative incidence in men 
with p.H63D/H63D was 1.9% by age 80 years but with no 
excess mortality, liver disease diagnoses, liver cancers, joint 
replacement surgery, diabetes or depression. There were 
protective associations between p.H63D homozygosity and 
fragility fractures (HR 0.78, 95% CI: 0.62 to 0.98 p=0.03) and 
osteoporosis (HR 0.73, 95% CI: 0.53 to 0.99, p=0.04) (online 
supplemental eTables 4, 5 and 8).

Diagnosed haemochromatosis cumulative incidence 
in women with p.H63D/H63D was 0.6% by age 80 
years. There was no excess mortality, liver disease or 
liver cancers, joint replacement surgery, diabetes or 
depression. However, women also had a nominally 
significant (uncorrected p<0.05) protective association 
with fragility fractures (HR 0.87, 95% CI: 0.76 to 1.00 
p=0.05), echoing the similar protective associations in 
men with p.H63D/H63D (online supplemental eTables 
8–10).

Associations for men and women with p.C282Y+/- and 
p.H63D+/- (heterozygote carrier)
There were a small number of nominally significant 
protective and risk associations in carrier groups (online 
supplemental eTables 4 and 5), in men with p.C282Y± 
including for excess delirium (HR 1.13, 95% CI: 1.04 to 
1.24; p=0.006) and SSTIs (HR 1.14, 95% CI: 1.06 to 1.22; 
p=1.80×10-4) and men with p.H63D±, a protective asso-
ciation with fragility fractures (HR 0.92, 95% CI: 0.86 to 
0.99; p=0.03). For women with p.C282Y±, there were no 
associations, but for women with p.H63D±, a nominally 
significant excess of liver cancers (HR 1.26, 95% CI: 1.01 
to 1.58; p=0.04) was present, plus a protective association 
for osteoporosis (online supplemental eTables 9 and 10). 
Only the SSTI association was significant after multiple 
testing corrections.

DISCUSSION
Clinical penetrance by HFE genotypes in community 
samples has been uncertain, especially for those undiag-
nosed with haemochromatosis, the potential beneficia-
ries of population screening. Our results show greater 
excess morbidity and mortality in p.C282Y+/+ groups 
than previously documented, much occurring at older 
ages. Men with p.C282Y+/+ had marked excess mortality 
(33.1% dead by age 80 years vs 25.4% without p.C282Y 
or p.H63D variants), plus substantial excess joint replace-
ments, liver disease, brain outcomes and some infections. 
Estimates of excess morbidity in p.C282Y+/+ groups 
undiagnosed for haemochromatosis were similar (online 
supplemental eTables 7 and 12): perhaps most crucially, 
the p.C282Y homozygote male undiagnosed group had 
similar excess mortality, with an estimated cumulative 
death rate at age 80 years of 32.5% (95% CI: 27.9 to 37.6) 
vs 25.4% in those without HFE variants (online supple-
mental eFigure 1A, online supplemental eTable 7). Of 
women with p.C282Y+/+ (n=1604), diagnosed haemo-
chromatosis cumulative incidence by 80 years old was 
40.5%, with excess ‘any liver disease’, joint replacements 
and delirium present, suggesting more clinical pene-
trance than previously documented. In p.C282Y/p.H63D 

Figure 4  Kaplan-Meier curves for the cumulative incidence of (A) liver disease and (B) any joint replacement, in female HFE 
p.C282Y homozygotes compared with those with no mutations. Cumulative incidence (estimated % diagnosed by age 80 years; 
95% CIs). Joint replacement surgery includes a diagnosis of hip, knee, ankle or shoulder replacement.
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and H63D homozygote groups and carriers, we found no 
excess fatigue or depression at baseline and no excess 
mortality or major outcomes during follow-up.

Comparison of previous fatigue and depression studies
Baseline characteristics in the UK Biobank have been 
reported before,26 except for fatigue and depression. 
Fatigue and depression in haemochromatosis are 
important to patients and their carers, but the causal role 
of iron overload in these symptoms is unclear. Men with 
p.C282Y+/+ aged 60 years plus reported excess fatigue 
(11.8% vs 8.2% without HFE variants) at baseline but no 
excess depression at baseline or follow-up. Rates of both 
conditions were similar in the other studied genotype 
groups to those without HFE variants (except in men with 
p.H63D±, with very modest excess fatigue, non-significant 
with multiple statistical testing corrections). A blinded 
randomised trial of erythrocytapheresis28 in p.C282Y+/+ 
groups with moderately raised ferritin levels (300 µg/L 
and 1000 µg/L) did find reduced fatigue scores with 
transferrin saturations falling from mean 63.5% to 45.4% 
in the treatment group, although the mean fatigue score 
was below diagnosis level, making clinical interpretation 
unclear. Also, recent observational studies have cast doubt 
on relationships between fatigue, quality-of-life measures 
and iron parameters in patients with haemochroma-
tosis,29 30 and fatigue might also occur with venesection. 
A UK Biobank analysis found tiredness genetically linked 
to factors including increased adiposity, blood lipids and 
inflammatory markers.31

Comparison of previous mortality and morbidity studies
Rates of haemochromatosis diagnosis at baseline (mean age 
57 years) were low even in the p.C282Y+/+ group (12.1% in 
men and 3.4% in women), but cumulative estimates at age 80 
years indicated much higher diagnosis rates. These baseline 
rates are similar to cumulative rates from the US Electronic 
Medical Records and Genomics (eMERGE) network32 for 
the p.C282Y+/+ group at age 60 years. The eMERGE study32 
figures also show the majority of haemochromatosis diag-
noses occurring later in life, reaching nearly 50% in men and 
25% in women after age 80 years.

Earlier reports suggested no excess mortality in 
community-identified p.C282Y+/+,15 18 despite higher 
death rates in clinical cohorts with liver disease.15 33 In 
the UK Biobank much larger sample, we found clearly 
increased all-cause mortality in men with p.C282Y+/+ 
only (194 p.C282Y+/+ deaths, HR 1.29, 95% CI: 1.12 to 
1.48, p=4.70×10-4). A Swedish sample of 2273 p.C282Y 
homozygotes found similar increased mortality (HR 1.30, 
95% CI: 1.12 to 1.50, vs men with no mutations), with no 
excess in female homozygotes (HR 0.98, 95% CI: 0.82 
to 1.18).34 These studies found no excess mortality in 
p.C282Y/p.H63D or p.H63D/p.H63D groups.

Estimates of disease penetrance in community geno-
typed groups differ widely,3 12 13 with the highest estimate 
from the Melbourne Collaborative Cohort Study,15 of 
28.4% (95% CI: 18.8 to 40.2) of men with p.C282Y+/+ 

(n=95, mean age 65 years at follow-up) having ‘docu-
mented iron overload-related disease’ and 1.2% of female 
p.C282Y homozygotes being affected. In the UK Biobank, 
we found that diagnosed haemochromatosis cumulative 
incidence was 36.1% in men with p.C282Y+/+ and 21.2% 
of women with p.C282Y+/+ by age 65 years (online supple-
mental eTable 8), suggesting a larger burden of iron over-
load disease, especially in women with p.C282Y+/+. Liver 
cancers occurred in 5.5% (95% CI: 3.8 to 8.0) of men 
with p.C282Y+/+ by age 80 years, a slightly lower esti-
mate than at age 75 years7 (7.2%; 95% CI: 3.9 to 13.1) 
but within the earlier CIs. The estimate remains compa-
rable with a meta-analysis13 estimated lifetime incidence 
of severe liver disease (cirrhosis or hepatocellular carci-
noma) of 9% (95% CI: 2.6 to 15.3) in untreated male HFE 
p.C282Y+/+ homozygotes.

Several studies have reported excess arthritis in male 
p.C282Y homozygote and, to a lesser extent, in female 
homozygotes.9 Our results extend a previous 11.5-year 
follow-up,35 now showing the full extent of later-life 
joint replacements in male p.C282Y homozygotes and 
providing a robust measure for severe joint damage in 
haemochromatosis.

Excess diabetes has previously been reported in male 
p.C282Y homozygous,9 but other studies have suggested 
that HFE mutations do not have important pathophysi-
ological consequences in patients with type 2 diabetes.36 
We found a modest diabetes excess in individuals with 
p.C282Y+/+ (figures  1 and 2). Overall, as a cumulative 
diabetes incidence was 23.5% in men with p.C282Y+/+ vs 
19.1% without HFE variants, non-iron factors appear to 
now contribute a majority of diabetes even in men with 
p.C282Y+/+. Although cardiac complications are often 
noted in haemochromatosis reviews,11 37 there is little 
evidence linking community-identified p.C282Y homo-
zygosity to these outcomes38 39: our finding of excess 
heart failure in women with p.C282Y homozygous geno-
type only (HR 1.34, 95% CI: 1.03 to 1.75, p=0.03) needs 
further study.

Our previous UK Biobank report on brain outcomes 
(mean 10.5 years of follow-up) found that men with 
p.C282Y+/+ had excess dementia diagnoses and iron 
deposition in key brain areas on MRI.40 The current 
analysis also found higher incidence especially of non-
Alzheimer’s dementia in men with p.C282Y+/+ plus 
more delirium. Loughnan et al41 reported that men with 
p.C282Y+/+ had more Parkinson’s disease (OR 1.83; 
95% CI: 1.19 to 2.80; p=0.006) in cross-sectional analyses 
of UK Biobank: our incident analyses provide a similar 
estimate for Parkinson’s disease in men with p.C282Y+/+ 
(HR 1.86, 95% CI: 1.21 to 2.87; p=0.005).

In the HEIRS study,3 men and women with commu-
nity genotyped p.C282Y/p.H63D (compound heterozy-
gote) had substantially lower transferrin saturation levels 
compared with men and women with p.C282Y+/+. In line 
with this, a cumulative incidence of haemochromatosis 
diagnosed by age 80 years was relatively low (men 5.4% 
and women 2.7%), and there was no excess mortality, 
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liver fibrosis and cirrhosis, joint replacements, diabetes 
or depression in these groups. We did find that women 
with p.C282Y/p.H63D had nominally significant small 
excess of any liver disease (HR 1.19, 95% CI: 1.02 to 
1.38; p=0.03) although with no excess liver fibrosis and 
cirrhosis, no similar association in men with p.C282Y/p.
H63D and with a non-significant multiple testing p value. 
Men with p.C282Y/p.H63D had a small excess of SSTIs 
(HR 1.16, 95% CI: 1.01 to 1.33, uncorrected p=0.03), 
again with non-significant multiple testing p value.

Strengths and limitations
We analysed large-scale cohort data on community volun-
teers, providing the first outcome data to age 80 years. 
HFE allele frequencies were similar to other UK studies,7 
but the UK Biobank did recruit somewhat healthier 
participants than the general population,23 so we have 
focused on incident outcomes during the mean of 13.3-
year follow-up: we found no deviations from propor-
tional hazard assumptions in Cox models. Outcomes 
for both the overall genotype groups and those undiag-
nosed with haemochromatosis at the UK Biobank base-
line are presented. Previous studies have suggested that 
treated homozygous patients with p.C282Y do not have an 
increased mortality rate compared with the general popu-
lation,42 but numbers with haemochromatosis diagnoses 
at baseline were small in the current study and so outcomes 
in this group were not presented. Also, there were no data 
available on the diverse routes to diagnosis, so modelling 
treated outcomes would likely be confounded. Further 
work is needed on the effect of early diagnosis and treat-
ment of haemochromatosis. Most outcomes were from 
hospital inpatient care, so community-diagnosed condi-
tions may be underestimated, but findings are similar 
to analyses including primary care records (available to 
2017 only)7 and baseline data collected at interview.9 
Information on the criteria used to establish a diagnosis 
of fibrosis/cirrhosis in the hospital follow-up data (eg, 
non-invasive biomarker panels or liver biopsy) were not 
available.

Implications for early diagnosis and screening
We found greater excess morbidity than previously 
reported in both men and women p.C282Y+/+, especially 
at older ages, and in those undiagnosed with haemo-
chromatosis. Despite treatment (predominantly vene-
section) being considered effective for preventing liver 
disease progression,1 43 44 rates of haemochromatosis 
diagnosis were low at baseline: for example, of 31 men 
with p.C282Y+/+, with incident liver cancer, 17 were 
undiagnosed with haemochromatosis at baseline. Geno-
typing earlier in life could be a powerful preventive tool 
to identify individuals with p.C282Y+/+ who are clearly 
at major risk of related excess disease. A recent cross-
sectional genotyping study within a US health provider 
found that 72% (144/201) of homozygous patients 
with p.C282Y (mean age 62 years) had not been diag-
nosed with haemochromatosis, 36% of whom had iron 

overload.21 As cumulative diagnosed haemochromatosis 
in the UK Biobank cohort was estimated at 56.4% in men 
with p.C282Y+/+ and 40.5% in women by age 80 years 
with, p.C282Y+/+ genotyping with follow-up iron studies 
would likely have a high yield. However, the prevention 
potential following up p.C282Y/p.H63D and H63D+/+ 
groups will likely be very low, as there was no significant 
excess fatigue or depression at baseline and no excess 
mortality, incident liver fibrosis or cirrhosis, joint replace-
ments, or depression.

CONCLUSION
Men and women with p.C282Y homozygous geno-
types in this community cohort experienced greater 
excess morbidity than previously documented. Much 
of this excess liver, musculoskeletal, diabetes, brain and 
morbidity occurred after the age of 60 years. In those not 
diagnosed with haemochromatosis at study baseline, risks 
were broadly similar to those in the overall group, notably 
including excess mortality in men with p.C282Y+/+. 
Trials of targeted or community genotyping to diagnose 
haemochromatosis earlier appear justified, especially to 
identify people with the p.C282Y homozygote variants. 
The potential for iron-related preventive treatment in the 
p.C282Y/p.H63D, p.H63D+/+ and other HFE genotype 
groups appears very limited, as these genotype groups 
were associated with no statistically significant excess 
morbidity or mortality.
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