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Importance: Hereditary hemochromatosis (HH) is an autosomal recessive genetic disorder that 

leads to iron overload. Conflicting results of previous research has led some to believe the brain is 

spared from the toxic effects of iron in HH.

Objective: To test the association of the strongest genetic risk variant for HH on i) brain wide 

measures sensitive to iron deposition and ii) the rates of movement disorders, in a substantially 

larger sample than previous studies of its kind.

Design: Cross-sectional retrospective study of participants from the UK Biobank. Genotype, 

health record and neuroimaging data was collected from January 2006 to May 2021. Data analysis 

was conducted from January 2021 to April 2022.

Setting: The UK Biobank cohort is a population-based sample.

Participants: Neuroimaging analysis consisted of 836 individuals and analysis of neurological 

disorders consisted of 488,288 individuals of largely northern European ancestry. Disorders tested 

included movement disorders [ICD10: G20-G26], abnormalities of gait and mobility [ICD10: 

R26], and other disorders of the nervous system [ICD10: G90–99]. 206 individuals were excluded 

from analysis due to withdrawal of consent.

Exposure: Homozygosity for p.C282Y, the largest known genetic risk factor for HH.

Measures: T2-weighted and T2* signal intensity from brain MRI scans, measures sensitive to 

iron deposition and clinical diagnosis of neurological disorders.

Results: The total cohort consisted of 488,288 individuals (223,569 males) aged 49–87 years, 

2,889 of whom were p.C282Y homozygotes. The neuroimaging analysis, which consisted of 165 

p.C282Y homozygotes (66 male) and 671 matched controls (272 male), showed that p.C282Y 

homozygosity was associated with decreased T2-weighted and T2* signal intensity in subcortical 

motor structures (basal ganglia, thalamus, red nucleus, and cerebellum; Cohen’s d > 1) consistent 

with substantial iron deposition. Across the whole UK Biobank (2,889 p.C282Y homozygotes, 

485,399 controls), we found a significantly increased prevalence for movement disorders in male 

homozygotes (OR (95% CI) = 1.80 (1.28–2.55), p=0.001), but not females (OR (95% CI) = 1.09 

(0.70–1.73), p=0.69). Among the 31 p.C282Y homozygote males with a movement disorder only 

10 had a concurrent HH diagnosis.

Conclusion and Relevance: These findings indicate increased iron deposition in subcortical 

motor circuits in p.C282Y homozygotes and confirm an increased risk of movement disorders 

in homozygous males. Early treatment in HH effectively prevents the negative consequences of 

iron-overload in the liver and heart. Our work suggests that screening for p.C282Y homozygosity 

in high-risk individuals also has the potential to reduce brain iron accumulation and to reduce the 

risk of movement disorders among males who are homozygous for this mutation.

Introduction

Hereditary hemochromatosis (HH) is a disorder that leads to iron overload in the body. 

HH type 1 is predominantly related to an HFE gene mutation, with 95% of cases being 

homozygote for p.C282Y (p.Cyst282Tyr) mutation1. The excess iron absorbed by the body 

leads to an accumulation of iron in organs, particularly in the liver, resulting in increased 

risk for liver disease and diabetes2. With a homozygosity rate of approximately 0.6% in 
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northern European populations, HH has been deemed the most prevalent genetic disorder 

in Europe3–5. The penetrance of HH and other associated diseases in p.C282Y homozygote 

individuals appears to be larger for males than females5, leading researchers to believe 

that expelling excess iron through menstruation and pregnancy lowers disease burden and 

penetrance in females. The primary treatment for HH is phlebotomy which appears to 

reduce adverse clinical outcomes3 if started early. As a result, some researchers have 

advocated for re-evaluating screening and early case ascertainment2.

Although the impact of HH and p.C282Y homozygosity on the liver and heart is largely 

accepted2,3, its effect on the central nervous system is still disputed. While some studies 

have reported a higher risk for Alzheimer’s and Parkinson’s disease in p.C282Y homozygote 

individuals6,7, other studies have reported no risk8,9 or a protective effect10. Modest 

sample sizes and pooled analysis across sexes may explain these conflicting results. Case 

studies of HH individuals experiencing neurological deficits have suggested neuroimaging 

abnormalities in the basal ganglia, substantia nigra, and cerebellum11,12,13, all regions 

known to have a substantial role in controlling movement14. However, these previous 

studies included only individuals diagnosed with HH, and therefore do not describe 

neurological deficits and abnormalities of p.C282Y homozygote individuals independent 

of HH diagnosis. This is important as the penetrance of p.C282Y homozygosity for an HH 

diagnosis is incomplete, with estimates ranging from 1 to 28%5,15. A recent analysis of 

brain MRI data from 206 p.C282Y homozygote individuals taken from the UK Biobank16 

examined T2* signal in a limited set of predefined anatomical regions of interest (ROIs), 

and found evidence of increased iron deposition in subcortical structures and cerebellum for 

p.C282Y homozygote individuals.

Since many of the brain regions affected by p.C282Y homozygosity are known to play 

a role in motor circuits/control17 and given case reports of movement deficits in HH 

individuals6,7,11,12, we investigated the relationship between p.C282Y homozygosity and 

movement disorders in 488,288 individuals from the UK Biobank, leveraging novel imaging 

methods that permit greater granularity of associations across the brain. Specifically, we 

investigated: i) the impact of p.C282Y homozygosity on whole brain voxel-wise measures 

of iron deposition; ii) the association of p.C282Y homozygosity with movement disorders, 

testing for overlap with HH diagnosis.

Methods

UK Biobank Sample

Genotypes, MRI scans, demographic and clinical data were obtained from the UK Biobank 

under accession number 27412, excluding 206 participants who withdrew their consent. All 

participants provided electronic signed informed consent and the study was approved by the 

UK Biobank Ethics and Governance Council. This resulted in a total sample of 488,288 

individuals (223,569 males) with a mean age of 69.0 years (standard deviation 8.1 years). 

We used UK Biobank v3 imputed genotype data, quality control is described elsewhere18. 

From this sample, 2,889 individuals (1,293 male) were identified as homozygote for 

p.C282Y (A/A at rs1800562). As previous research does not indicate intermediate disease 

burden for p.C282Y heterozygotes2, we coded control individuals as homozygote for no risk 
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allele (G/G at rs1800562) or heterozygote (A/G at rs1800562), i.e., with a recessive model 

of inheritance. This resulted in 485,399 controls (222,276 male). The recruitment period for 

participants was from 2006 to 2010. Genotype, health record and neuroimaging data was 

collected from January 2006 to May 2021. Data analysis was conducted from January 2021 

to April 2022. This study follows the Strengthening the Reporting of Observational Studies 

in Epidemiology (STROBE) reporting guideline for cross-sectional studies19.

Neuroimaging Analysis

Image acquisition—T1 weighted and diffusion weighted scans were collected from three 

scanning sites throughout the United Kingdom, all on identically configured Siemens Skyra 

3T scanners, with 32-channel receiver head coils. For diffusion scans, multiple scans with no 

diffusion gradient were collected (b=0 s/mm2) to fit diffusion models. The average of these 

b=0 scans was used as voxel-wise measures of T2-weighted intensities. Diffusion-weighted 

scans were collected using a SE-EPI sequence at 2mm isotropic resolution. T1 scans were 

collected using a 3D MPRAGE sequence at 1mm isotropic resolution. Voxel-wise T2* 

values were estimated as part of the susceptibility-weighted imaging protocol at a voxel 

resolution of 0.8×0.8×3mm and with two echoes (TE=9.42,20ms). To reduce noise, T2* 

images were spatially filtered (3×3x1median filtering followed by limited dilation to fill 

missing data holes). Further details of image acquisition and processing can be found here20.

Image Preprocessing—Scans were corrected for nonlinear transformations provided 

by MRI scanner manufacturers21,22, and T2-weighted, and T2* images were registered to 

T1 weighted images using mutual information23. Intensity inhomogeneity correction was 

performed by applying smoothly varying, estimated B1-bias field24. Images were rigidly 

registered and resampled into alignment with a pre-existing, in-house, averaged, reference 

brain with 1.0 mm isotropic resolution24. See supplementary methods for further description 

of atlas registration and regions of interest.

Covariate Matched Controls—From the full 2,889 p.C282Y homozygotes, only 165 

had qualified imaging. As we did not want to have a large imbalance between the number 

of controls and p.C282Y homozygotes, we selected covariate matched controls at a ratio 

of 4:1 (controls:cases) as this ratio provides maximal power to discover associations25, 

see supplementary materials for details. This resulted in 154 p.C282Y homozygotes (64 

male) and 595 controls (248 male) for T2-weighted scans and 165 (66 male) p.C282Y 

homozygotes and 671 (272 male) controls for T2*/R2* from susceptibility-weighted scans.

Statistical analysis—Uncorrected mean T2* values were taken for each voxel, after 

which the reciprocal of each voxel (1/T2*) was calculated to compute mean R2* values 

across the brain for 671 matched controls. This gave more spatially smooth estimates when 

compared to computing R2* values and then taking the mean. R2* has been shown to 

be linearly proportional to iron concentration26. We used a previously published estimate 

linking R2* values on 3T MRI scanners to iron concentration from biopsied liver tissue to 

relate our R2* values to estimated levels of iron27,28. This previous work estimated Iron 

Concentration [μg/g dry] = C × R2*[Hz]/3.2, where C = 2000/36 to convert from μmol of 

iron to μg.
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General linear models (GLMs) were applied univariately to test the association between 

p.C282Y homozygosity and a) T2-weighted and b) T2*. Each voxel-wise T2-weighted/T2* 

intensity was pre-residualized for age, sex, scanner, and top ten principal components of 

genetic ancestry. We then calculated Cohen’s d effect sizes as the residualized voxel-wise 

differences between p.C282Y homozygotes and controls divided by the pooled estimate 

of the standard deviation. We additionally ran a model to test the association between 

p.C282Y homozygosity and R2* intensities. For this, we pre-residualized T2* intensities for 

the covariates listed above and clipped outlier subjects on a per voxel basis to the nearest 

non-outlier value if they were more than three median absolute deviations from the median. 

Next, we computed the reciprocal of each voxel to obtain a residualized and outlier clipped 

R2* measure. This R2* value was then associated with p.C282Y homozygosity to obtain 

beta estimates and p values. We related R2* beta estimates to iron concentration as described 

above. Supplementary materials contain details sex-stratified and p.C282Y heterozygosity 

imaging analysis.

Neurological Disease Burden Analysis

Given our neuroimaging findings of substantially lower T2-weighted and T2* intensities 

– indicative of iron deposition – for p.C282Y homozygotes in motor circuits of the brain, 

we wanted to test if p.C282Y homozygosity imparted any risk for i) movement disorders, 

ii) gait disorders, and iii) a broad category of neurological disorders. As imaging was 

not an inclusion criterion for this portion of the analysis, we included the entire sample 

listed above. We did not perform any covariate-matching of controls. We fit sex-agnostic 

logistic models in the full sample and sex stratified logistic models in 223,569 males (1,293 

p.C282Y homozygote) and 264,719 females (p.C282Y 1,596 homozygote), separately, 

to predict diagnosis from p.C282Y homozygosity status controlling for age and top ten 

principal components of genetic ancestry (sex-agnostic models also had a fixed effect of 

sex). We fit three models sex-agnostic (full sample) and for each sex to test the domains 

described above, predicting: movement disorders [ICD10: G20-G26], abnormalities of gait 

and mobility [ICD10: R26], and other disorders of the nervous system [ICD10: G90–

99]. We fit an additional three models, two for the most prevalent movement disorders 

(Parkinson’s disease [ICD10: G20] and essential tremor [ICD10: G25]), as well as a super-

category of significantly associated diagnoses combining a diagnosis of either a) movement 

disorders or b) other disorders of the nervous system into a single outcome. Supplementary 

analysis tested these models using p.C282Y heterozygosity status.

Results

Neuroimaging

Iron accumulation reduces both T2 and T2* relaxation times in MRI, with T2* thought to be 

more specific to iron29 and its relaxation rate R2* (1/T2*) shown to be linearly proportional 

to iron concentration26. Conversely, T2 relaxation times are additionally sensitive to other 

effects such as edema and gliosis30 in addition to iron accumulation. Firstly, we visualize 

the mean R2* values across the brain in controls and relate this to estimates of iron 

concentration28 to gain a baseline understanding of iron distribution across the brain. Next, 
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we assess the impact of p.C282Y homozygosity on both T2-weighted and T2* voxel-wise 

intensities.

Baseline R2* Distribution—Figure 1 shows mean values of R2* for control individuals 

(671 individuals). We see the pallidum, sub-thalamic nucleus and red nucleus display higher 

mean R2* values – consistent with higher iron deposition in these regions. With R2* being 

proportional to iron concentration26, we also indicate estimated iron concentration values. 

This distribution is consistent both with previous neuroimaging studies of R2*31 as well as 

direct estimates of iron concentration from postmortem brain samples32.

Neuroimaging Associations—We performed a voxel-wise analysis of T2-weighted and 

T2* intensities (lower intensities consistent with higher iron deposition33) using p.C282Y 

homozygosity status as our predictor of interest – see Table 1 for sample sizes. We found 

that voxel-wise associations were largely overlapping for T2-weighted and T2* images 

– Figure 2, eFigures 1 & 2. Overall, we observed larger effect sizes for T2-weighted 

scans vs. T2* values (eFigure 2) – with on average effects being 30% reduced for T2* 

associations. p.C282Y homozygosity was associated with lower T2-weighted intensities 

in bilateral caudate nucleus, putamen, thalamus (specifically the ventral-anterior, ventral-

lateral dorsal, ventral-lateral ventral, and pulvinar nuclei (regions defined from34)), red 

nucleus, sub-thalamic nucleus, and both white and grey matter of the cerebellum (Figure 2). 

Additionally, we observed higher T2-weighted intensities in the white matter of the superior 

cerebellar peduncle, which comprises the primary output pathway from the cerebellum to 

the thalamus and red nucleus, possibly indicating gliosis in this region35,36. T2* images 

showed a similar overall distribution of associations except for the red nucleus, sub-thalamic 

nucleus, and cerebellar white matter where significant associations were only seen in 

T2-weighted analysis (compare panels D and E of Figure 2 with respective panels in 

eFigure 1) – possibly indicating processes not related to iron accumulation or saturation 

of the T2* signal in these regions. eFigure 3 displays mean differences in R2* (1/T2*) 

between p.C282Y homozygotes and controls and relates this to estimated differences in 

iron concentration. This figure displays peak differences in estimated iron concentration in 

the pulvinar nucleus and dentate nucleus of the cerebellum. Despite the pallidum’s high 

iron content (Figure 1), we did not find T2-weighted or T2* associations for p.C282Y 

homozygosity in this region. Sex-stratified analysis of T2-weighed scans revealed similar 

associations in males and females, but with p.C282Y homozygote females having on 

average approximately 28% smaller effect sizes than males (eFigures 4–5). Supplementary 

analysis showed that p.C282Y heterozygosity was associated with a very similar regional 

pattern of T2-weighted intensity albeit with substantially smaller effect sizes (eFigure 6–

7). Using R2* imaging we estimated that p.C282Y heterozygosity was associated with 

an average iron concentration increase of 4.93μg/g dry compared to 30.00 μg/g dry for 

p.C282Y homozygotes in affected brain regions – see supplementary materials. eFigure 

8 displays the differential age trajectories of mean T2-weighted intensities for p.C282Y 

genotype groups, indicating that all genotype groups show evidence consistent with iron 

accumulation over age but that the progression appears to be faster in later years for 

p.C282Y homozygotes.

Loughnan et al. Page 6

JAMA Neurol. Author manuscript; available in PMC 2022 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Neurological Disease Burden Analysis

The brain regions identified in our neuroimaging analysis are all implicated as important 

nodes in brain circuits responsible for motor control17,37. We, therefore, aimed to determine 

if p.C282Y homozygote individuals were specifically enriched for movement disorders and 

other disorders of the nervous system. Table 1 displays the sample size for this analysis. 

In sex-agnostic models we found that p.C282Y homozygotes had a higher chance of 

developing either movement disorders or other disorders o the nervous system (OR (95% 

CI) = 1.29 (1.07–1.56), p=0.008), this appeared to be driven more by risk for movement 

disorders (OR (95% CI) = 1.46 (1.11–1.92), p=0.007) than by other disorders of the nervous 

system (OR (95% CI) = 1.19 (0.93–1.52), p=0.17). As males appear to have a greater 

penetrance for HH and other associated diseases2, we performed a sex-stratified analysis. 

We found that p.C282Y homozygote males had a higher chance of being diagnosed with 

either a movement disorder or other disorders of the nervous system (OR (95% CI) = 1.57 

(1.22–2.01), p=0.0004). This association appeared to be driven more by movement disorder 

diagnoses (OR (95% CI) = 1.80 (1.28–2.55), p=0.001) than by diagnosis of other disorders 

of the nervous system (OR (95% CI) = 1.39 (1.00–1.93), p=0.049). The International 

Classifications for Diseases (ICD) chapter of movement disorders includes Parkinson’s 

disease and essential tremor, which were both associated with p.C282Y homozygosity 

in males (Parkinson’s disease: OR (95% CI) = 1.83 (1.19–2.80), p=0.006 and essential 

tremor: OR (95% CI) = 2.02 (1.14–3.58), p=0.02). p.C282Y homozygote males did not 

have a higher chance of being diagnosed with gait or mobility disorders (OR (95% 

CI) = 0.90 (0.61–1.31), p=0.57). No significant associations were found for p.C282Y 

homozygote females for any diagnosis tested – see Figure 3 panel A and eTable 3. p.C282Y 

heterozygosity was not associated with any diagnosis tested (eFigure 9 and eTables 4–5). 

In supplementary results we found that within p.C282Y homozygotes regional T2-weighted 

intensity was not associated clinical diagnosis (see eFigure 10) although this should be 

interpreted with caution given the very small number of samples available to perform this 

test.

The convergence of our neuroimaging and genetic associations on movement-related circuits 

of the brain and movement disorders suggests that p.C282Y homozygosity may lead to 

brain pathology even in sub-clinical HH cases. We, therefore, looked at the overlap between 

individuals with neurological diagnoses and a clinical diagnosis of hemochromatosis for 

p.C282Y homozygote males. We found that for p.C282Y homozygote males with a 

movement disorder diagnosis (31 individuals), the majority (21 individuals) did not have 

a concurrent HH diagnosis. We found a similar pattern for other nervous system disorders 

where 15 out of 37 men had a concurrent hemochromatosis diagnosis – see Figure 3 panel 

B.

Discussion

We found the most prominent genetic risk factor for HH, p.C282Y homozygosity, was 

associated with substantially lower T2-weighted and T2* intensities in brain regions related 

to motor control - consistent with increased iron deposition in these regions. Furthermore, 

p.C282Y homozygosity in males (but not females) was associated with increased risk 
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for movement-related disorders and other nervous system disorders. These results are 

consistent with previous case reports of movement disorders in HH individuals11,12 and 

a higher disease burden for p.C282Y homozygote males vs. females2,3. Moreover, we found 

that most p.C282Y homozygote males diagnosed with either i) a movement disorder or 

ii) another disorder of the nervous system did not have a concurrent hemochromatosis 

diagnosis. This is important given the difference in treatment for HH and movement 

disorders3,38.

These imaging-clinical associations in p.C282Y homozygote males are consistent with a 

class of disorders termed ‘Neurodegeneration with Brain Iron Accumulation’ (NBIA), in 

which rare genetic mutations lead to iron deposition in the basal ganglia39. This iron 

deposition is believed to lead to oxidative damage of these brain regions impairing their 

function and resulting in movement deficits. Hemochromatosis has traditionally not been 

included as a cause of NBIA. Previous studies of the neurological manifestations of 

p.C282Y homozygosity6–10 have had conflicting results likely related to small sample sizes, 

lack of stratification based on sex, and biased subject ascertainment. The current study 

addresses these issues by conducting disease associations in a sample 500 times larger than 

the previously listed studies, performing sex-stratified analysis, and selecting individuals on 

genotype, not disease status. We believe our voxelwise neuroimaging results provide strong 

support that p.C282Y homozygosity imparts large, selective effects on subcortical structures 

known to function as key nodes in the brain’s motor circuits and suggest revisiting p.C282Y 

homozygosity as a form of NBIA, albeit with reduced penetrance.

The globus pallidus is a region that shows prominent iron deposition even in healthy 

individuals31,32 and large amounts of iron deposition, manifesting as low T2/ T2* intensity, 

in many NBIA disorders39,40. However, we did not see differences in T2-weighted or 

T2* intensity in the globus pallidus related to p.C282Y homozygosity in our population 

(Figure 2 and eFigure 1). This lack of association could be due to a genuine lack of 

increased iron deposition in the pallidum in p.C282Y homozygotes compared to other NBIA 

disorders. Alternatively, it may reflect decreased sensitivity to detect associations in this 

region because control individuals in our sample of predominantly older adults (mean age 

69 years) may already exhibit such high levels of palladal iron deposition to introduce a 

‘ceiling effect’ in our ability to measure further iron deposition through R2* (Figure 1). 

Indeed, although the pallidum shows increasing iron deposition with age, by the lower age 

range of this sample (50 years) R2* values in the globus pallidus appear to plateau41. Other 

imaging methods/protocols (e.g. multiexponential R2* models42) may be more sensitive at 

detecting associations in this high iron region. Further research will be needed to understand 

the cause of this lack-of-effect in the pallidum and whether additional iron accumulation or 

other pathological processes are occurring in this region of p.C282Y homozygotes.

Our neuroimaging results are consistent with iron accumulation in associated regions of the 

brain; however, we observed larger associations in T2-weighted vs T2* images. Despite both 

imaging modalities being inversely related to iron deposition, T2* is thought to be more 

directly sensitive to iron, whereas T2-weighted signal is also sensitive to other processes 

such as edema and gliosis30. In some regions, such as the red nuclei and subthalamic 

nuclei, we observed decreased intensity in p.C282Y homozygotes only on T2-weighted, 
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and not T2*, images. This may reflect the same T2* ‘ceiling’ effect that we hypothesized 

above to contribute to a lack-of-effect in the pallidum. In contrast, in other regions, such 

as the white matter of the superior cerebellar peduncle, we observed increased intensity in 

p.C282Y homozygotes compared to controls, again only on T2-weighted, not T2* images. 

This increased T2 intensity may reflect gliosis in the context of the microstructural changes 

in the cerebellar peduncles that have been described in individuals with essential tremor35,36.

Our disease burden analysis revealed that males who are homozygous for p.C282Y have 

sizable increased risk for a diagnosis of movement disorders in general (OR=1.80), and 

both Essential Tremor and Parkinson’s Disease in particular (OR=2.02, 1.83, respectively). 

Furthermore, post mortem samples and in-vivo imaging of individuals diagnosed with 

Parkinson’s disease show iron deposition in many of the brain regions we identified43. 

Interestingly, however, the most recent genome-wide association study (GWAS) of 

Parkinson’s disease in males did not identify the variant at position p.C282Y as a risk 

factor (p=0.16)44. We hypothesize this is likely due to the GWAS standard additive model 

of inheritance employed in that study, in which an additional copy of a risk allele imparts 

a dose-dependent risk. Consistent with findings from previous literature of HH2, here we 

tested a recessive model of inheritance and observed a relatively sizeable increased risk 

for Parkinson’s disease with an odds ratio of 1.83, which would be within the 5×10−6 

percentile of effect sizes from the most significant previous GWAS of Parkinson’s disease in 

males45. Despite the relatively large effect size, this variant will only explain a small number 

of overall Parkinson’s disease cases and most p.C282Y homozygotes will not develop 

movement disorders. Further work needs to be done to verify the size and confidence of 

this association in other ancestry groups and populations, particularly given the non-uniform 

distribution of p.C282Y across the globe (eFigure 11).

Finally, our sex-stratified T2-weighted neuroimaging analysis revealed that female p.C282Y 

homozygotes had overlapping associations with males however with reduced effect sizes 

(28% reduced on average) – indicating a smaller amount of iron deposition in female 

homozygotes. If a critical amount of iron deposition is required to impart additional risk for 

movement disorders, this may explain why we observed an increase in movement disorder 

risk for p.C282Y homozygote males but not females – i.e. because homozygote females 

have not accumulated enough iron to reach this threshold. As menstruation appears to 

act to prevent iron overload in HH3, the neuroimaging results in women in our sample, 

where the average age of women was 64 years old, may reflect the more modest results of 

post-menopausal accumulation of iron. It has also been suggested that estrogen may play an 

antioxidant role that could moderate the damaging effects of iron and make women more 

resilient to its accumulation46.

Together, our results provide convergent evidence that p.C282Y homozygosity is associated 

with iron deposition in the brain’s motor circuits and increased risk for neurological 

movement disorders. Specifically, they suggest that p.C282Y homozygosity is a significant 

risk factor for movement disorders – including Parkinson’s disease and essential tremor – 

in males, and that most p.C282Y homozygous individuals, including those with comorbid 

movement disorders, do not have a clinical diagnosis of HH. Given the success of early 

treatment of HH in preventing the negative health manifestations of the disease outside 
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of the nervous system3, our findings suggest an additional potential benefit to consider in 

discussions around the public health implications of early genetic screening in populations 

with a high prevalence of this variant.
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Refer to Web version on PubMed Central for supplementary material.
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Key points:

Question:

To what extent does genetic risk for hemochromatosis affect the brain and contribute to 

risk for neurological disorders?

Finding:

In this observational study that included 836 participants we found that individuals who 

were at high genetic risk for developing hemochromatosis had MRI scans indicating 

substantial iron deposition localized to motor circuits of the brain. Further analysis 

in 488,288 individuals revealed that males, but not females, with high genetic risk 

for hemochromatosis were at 1.80 fold increase risk for developing a movement 

disorder, with the majority of these individuals not having a concurrent diagnosis for 

hemochromatosis.

Meaning:

Genetic risk for hemochromatosis is associated with abnormal iron deposition in motor 

circuits and increased risk of movement disorders, regardless of formal diagnosis 

of hemochromatosis. As effective treatment exists for hemochromatosis that reduces 

iron overload, this treatment may prove beneficial for males at genetic risk for 

hemochromatosis that present with movement disorders.
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Figure 1. 
Mean R2* values and Estimated Iron Concentration across the brain for control individuals.

Higher mean R2* values are observed in the pallidum, sub-thalamic nucleus (STN) nigra 

and red nucleus. As R2* is directly proportional to iron concentration, we estimated iron 

concentration from R2* values (see methods). Saturated signal in anterior regions is due to 

loss of T2* signal related to the proximity of sphenoid sinuses and nasal cavity47.
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Figure 2. 
Voxelwise associations of T2-weighted intensities with p.C282Y Homozygosity Status

Blue regions represent lower T2-weighted intensities for p.C282Y homozygotes. Lower T2-

weighted intensities are observed for p.C282Y homozygotes in the A. caudate nucleus, B. 

putamen, ventral anterior and ventral-lateral dorsal nuclei of the thalamus, C. ventral-lateral 

ventral and pulvinar nuclei of the thalamus, D. red nucleus, sub-thalamic nucleus, E. and F. 

the cerebellum particularly the dentate nucleus. Higher T2-weighted intensities are observed 

in E. in the superior cerebellar peduncle (primary output pathway connecting the cerebellum 

to the thalamus and red nucleus). Large effect voxels |Cohen’s d|>0.5 are shown with full 

opacity, smaller effect voxels are shown with linearly variable transparency such that voxels 

around Cohen’s d=0 are almost completely transparent against the template.
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Figure 3. 
Neurological Disease Burden Analysis for p.C282Y Homozygotes

A. Sex agnostic and sex-stratified effect of C282Y homozygosity for neurological disorders 

(y-axis), values in square brackets indicate ICD10 codes or ranges of ICD10 codes for 

categories of diagnoses. The dotted vertical line indicates an odds ratio of 1 i.e., null 

effect. B. Venn diagrams indicating diagnosis overlap for C282Y homozygote males of 

hemochromatosis and i) movement disorders or ii) other disorders of the nervous system.
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Table 1

Sample size for each analysis.

Neuroimaging Neurological Disease Analysis

T2-weighted T2*/R2*

Sample Size 749 (312 male) 836 (338 male) 488,288 (223,569 male)

p.C282Y Homozygotes 154 (64 male) 165 (66 male) 2,889 (1,293 male)
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