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Abstract

Objective: The purpose of this study is to evaluate the role mitochondrial inheritance plays in primary open-angle
glaucoma (POAG) characteristics in African Americans.

Methods: POAG cases from the L1c2 and L1b mitochondrial haplogroups were compared in a retrospective
case-case study. Twenty-six pairs of self-identified African American POAG cases from L1c2 and L1b mitochondrial
haplogroups matched on age (mean [SD]=71.2 [9.6] and 71.3 [9.6] years, respectively; p=0.97), sex (21 female and
5 male pairs), and family history of glaucoma (positive in 15/26 [58%] pairs) were included.

Results and Discussion: L1c2 subjects displayed higher vertical cup-to-disc ratio (0.75 [0.12] and 0.67 [0.16],
respectively; p=0.01, Bonferroni-corrected p=0.08), worse pattern standard deviation on visual field (VF) testing (5.5
[3.5] and 3.5 [2.7]; p=0.005, Bonferroni-corrected p=0.02), and more severe glaucoma based on American
Glaucoma Society staging criteria (p=0.04, Bonferroni-corrected p=0.32) compared to L1b subjects. L1c2 also
trended towards worse mean deviation on VF compared to L1b (-8.2 [7.6] and -5.8 [6.8], respectively, p=0.17). Best
corrected visual acuity, central corneal thickness, maximum intraocular pressure (IOP), and cataract severity were
comparable between L1c2 and L1b haplogroups (p ≥ 0.49), as was retinal nerve fiber layer thickness on optical
coherence tomography (75.1 [14.1] and 75.1 [13.0]; p=0.99).

Conclusion: Results demonstrated worse glaucomatous cupping and more severe VF loss in the L1c2
compared to the L1b haplogroup despite comparable IOP. Findings implicate mitochondrial inheritance as a factor
affecting POAG severity and may ultimately contribute to stratifying POAG patients into phenotypically and
genotypically distinct subgroups.
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Americans; Mitochondrial genetics; Mitochondrial haplogroups

Introduction
Primary open angle glaucoma (POAG) is a phenotypically complex

condition of progressive optic neuropathy characterized by optic nerve
excavation and a corresponding pattern of visual field loss. African
Americans are four times more likely than Caucasians to develop
POAG, with the disease presenting earlier, progressing more rapidly,
and exhibiting more resistance to treatment compared to its
presentation in Caucasians [1-3]. Glaucomatous optic neuropathy
shares many similarities with those present in primary mitochondrial
diseases, and a growing body of literature suggests that mitochondrial
function plays a role in POAG pathogenesis [4]. Due to high-energy
demands, both the optic nerve and retinal ganglion cells are highly
susceptible to impairments of mitochondrial distribution and
respiratory capacity [5-8]. Consistent with mitochondrial inheritance,
a maternal family history of glaucoma is also more prevalent in
patients with POAG [9].

The mitochondrial genome is classified into haplogroups based
upon single nucleotide polymorphisms (SNPs) that have accumulated

over time [10]. The Primary Open Angle African American Glaucoma
Genetics (POAAGG) study, a genome wide association study aimed at
elucidating novel genetic variants impacting POAG risk, previously
identified mitochondrial haplogroups and variants associated with
differential POAG risks [11]. Pooled sequencing of mitochondrial
variants in the POAAGG population implicated the L1c2 haplogroup
as conferring increased risk of developing POAG, with odds ratio (OR)
>1.4 between cases and controls [12]. This finding echoed published
literature implicating select subclades of the L haplogroup in elevating
POAG susceptibility in Saudi Arabian and North African populations
[13].

However, apart from an exploratory study published by our group,
no study has examined whether clinical presentations of POAG
differed between mitochondrial haplogroups. To bridge this knowledge
gap, this study compared POAG severity between 26 age, sex, and
family history-matched pairs from the risk-conferring L1c2
haplogroup and the phylogenetically similar but equivalent-risk L1b
haplogroup (OR=1.0). The L1c2 haplogroup is defined in part by
missense mutations m.6150G>A (V83I; OR=1.8) and m.6253C>T
(M117T; OR 1.6) in the cytochrome c oxidase subunit 1 (MT-CO1)
gene [12]. An exploratory study by our group supported an association
between haplogroup L1c2 and increased POAG severity [14]. Utilizing
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a rigorously matched POAAGG cohort, this study replicated previous
findings and confirmed worse glaucomatous cupping and visual field
(VF) deficits in the L1c2 haplogroup despite equivalent intraocular
pressures (IOP), implicating an association between POAG severity
and mitochondrial inheritance.

Methods
This study is a retrospective case-case comparison between POAG

subjects from the L1c2 and L1b mitochondrial haplogroups. These
subjects are a subset of those enrolled in the POAAGG study, whose
recruitment criteria were detailed previously [15]. Briefly, POAAGG
subjects who self-identified as African American were recruited from
the clinical practices of the Department of Ophthalmology at the
University of Pennsylvania and affiliates. At the time of enrollment, all
POAG cases were evaluated and diagnosed by fellowship-trained
glaucoma specialists based on an open anterior chamber angle,
characteristic optic nerve findings, and corresponding VF changes. In
addition, electronic medical records of all POAG cases included in this
study were reviewed by two fellowship-trained glaucoma specialists
(QNC and VMA) and confirmed to have POAG. This study was
approved by the University of Pennsylvania Institutional Review Board
(IRB) and adhered to the tenets of the Declaration of Helsinki.
Informed consent was obtained.

Haplogroup classification
Microarray genotyping (Illumina Multi-Ethnic Genotyping Array)

of the POAAGG cohort was performed. Genotypes from the 1,293
mitochondrial positions were extracted using Genome studio software.
After standard quality control measures, polymorphisms at six
positions on the mitochondrial DNA (mtDNA) (2352, 2768, 6150,
6253, 6480, 6548) were used to infer haplogroup classifications based
on the Phylotree (build 17), MITOMAP, and MITOMASTER
databases [10,16]. Subjects were classified as L1c2 based on the
presence of variants m.6150G>A and m.6253T>C. L1b is classified by
the presence of variants m.2352T>C, m.2678A>G, m.6548C>T, and
the absence of variants at the other positions of interest. The L1b
haplogroup was chosen for comparison based upon its close
phylogenetic association to the L1c2 haplogroup and the lack of risk-
associated variants. Haplogroup classifications were confirmed by
Haplogrep2 software using genotype data from 913 variable mtDNA
positions [17].

Patient selection and matching
At the time of this study, 87 POAG subjects out of the ~2500 POAG

subjects in the POAAGG cohort belonged to the L1c2 haplogroup.
Forty-eight subjects were excluded due to <2 ophthalmology visits
and/or missing data within 1 year of enrollment date. In order to
minimize bias from confounders when comparing POAG
characteristics, the remaining L1c2 subjects were individually matched
with L1b based on sex, age +/- 2 years, and family history of glaucoma.
To maintain age-matching, the phenotypic dataset was also reviewed to
ensure all parameters included in the analysis were recorded within 1
year of the age at comparison. During extended clinical data review, 13
L1c2 subjects did not have an exact L1b match, resulting in a final
cohort consisted of 26 matched pairs (52 total subjects).

Phenotypic data review
The following ocular parameters from the electronic medical

records of clinic visits were collected after matching and consisted of:
best corrected visual acuity (BCVA), central corneal thickness (CCT),
maximum recorded IOP, and vertical cup-to-disc ratio (CDR) based
on clinical assessment from glaucoma specialists. Optic nerve optical
coherence tomography (OCT) and VF testing results were reviewed to
extract mean retinal nerve fiber layer (RNFL) thickness, mean
deviation (MD) and pattern standard deviation (PSD). OCTs with
<6/10 signal strength, VFs with >20% fixation loss and >30% false
positive/negative rates were excluded. Visual fields were tested using
both Humphrey and Octopus visual field systems. A single eye from
L1b was missing BCVA data, both eyes from a single L1c2 subject did
not have maximum IOP recorded, and both eyes from 3 L1b subjects
were missing CCT information. Seven L1b and 7 L1c2 subjects did not
receive optic nerve OCT imaging within 1 year of age at comparison.

A glaucoma specialist (QNC) assigned glaucoma severity (mild,
moderate, or severe) to each subject based on the American Glaucoma
Society (AGS) staging guidelines. All individuals involved in data
extraction and analysis were masked to haplogroup status.

Statistical analysis
Generalized linear regression models were used to compare POAG

ocular measurements between haplogroups. General estimating
equation was utilized to account for the correlation between eyes in
these ocular measurements. Lens status and cataract severity were
incorporated in the regression model to control for any effect of media
opacity in VF testing. In these analyses, if either one of a haplogroup
pair had missing data from both eyes, both subjects were excluded
from analysis. All statistical analyses were performed using the SAS
software version 9.4. The two-sided p-values were reported without
correcting for multiple comparisons, and if p-value<0.05, the
conservative Bonferroni-corrected p-value was also calculated to
account for all 8 multiple comparisons of glaucoma associated ocular
characteristics reported in Table 1.

Results
The 26 L1c2 and L1b subject pairs (52 POAG cases total) consisted

of 21 females and 5 males in each group, of which 15 pairs (58%)
reported a positive family history of glaucoma (Table 1). The mean
(standard deviation [SD]) age was 71.2 (9.6) years for the L1c2 group
and 71.3 (9.6) years for the L1b group (p=0.97). The mean (SD) age
difference between haplogroup pairs was 7.3 (8.6) months. Although
the majority of the 30 subjects with a family history of glaucoma
reported maternal inheritance, the difference was not statistically
significant (p=0.17).

L1c2 subjects displayed higher CDR (0.75 [0.12]) compared to L1b
subjects (0.67 [0.16]; p=0.01; Bonferroni-corrected p=0.08, Figure 1A).
The L1c2 group also exhibited worse PSD on VF testing compared to
the L1b group (5.5 [3.5] dB and 3.5 [2.7] dB, respectively; p=0.005,
Bonferroni-corrected p=0.04). The majority of matched pairs received
VF testing using the same system (i.e., both Humphrey vs. both
Octopuses): 17 pairs were tested using the Humphrey VF system, 2
pairs using the Octopus VF system, and 7 pairs using a mix of both.
After excluding the 7 pairs who were not tested on the same type of VF
system, the L1c2 group still exhibited worse PSD compared to the L1b
group (5.4 [3.5] dB and 3.1[2.7] dB, respectively; p=0.002, Bonferroni-
corrected p=0.02). While L1c2 trended towards worse MD compared
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to L1b (-8.2 [7.6] dB versus -5.8 [6.8] dB, respectively), differences
were not statistically significant (p=0.17). RNFL thicknesses were
comparable between groups (p=0.99; Table 2). BCVA, CCT, IOP, and
lens status/cataract severity were comparable between haplogroups (p

≥ 0.49; Table 2). Accounting for cataract severity and pseudophakic
status in the regression model did not reveal a significant effect of
media opacity on VF testing between group comparisons.

Demographic Characteristics

 
L1b with POAG
(n=26)

L1c2 with POAG
(n=26) p value

Age, mean (SD), years 71.3 (9.6) 71.2 (9.6) 0.97

Sex, No. (%)

Female 21 (81%) 21 (81%)

1Male 5 (19%) 5 (19%)

Family History of Glaucoma, No. (%)

No 11 (42%) 11 (42%)

1Yes 15 (58%) 15 (58%)

Maternal Family History of Glaucoma among those with positive family
history of glaucoma, No. (%)

No 2 (14%) 2 (14%)

0.17

Yes 8 (53%) 12 (80%)

Unknown 5 (33%) 1 (7%)

Lens/Cataract Status+, No. (%)

Pseudophakia 11 (22%) 14 (28%)
0.84

 

 

Cataract grades 0 – 1+ 16 (32%) 16 (32%)

Cataract grades 2 – 3+ 23 (46%) 20 (40%)

Note: Abbreviation: SD, standard deviation. +No subject had 4+ cataract severity.

Table 1: Demographic characteristics of the age-, sex-, and family history- matched POAG cases from mitochondrial haplogroups L1b and L1c2.

A single grader (QNC) blinded to haplogroup status assigned
glaucoma severity based on AGS criteria. The L1c2 haplogroup was
associated with more severe disease compared to the L1b group
(p=0.04; Bonferroni-corrected p=0.32, Figure 1B). Nine (35%) L1c2

subjects had mild glaucoma, 7 (27%) had moderate glaucoma, and 10
(38%) had severe glaucoma. In comparison, the majority (18 subjects,
69%) of L1b subjects were classified as mild, 2 (8%) were classified as
moderate, and 6 (23%) were classified as severe.

POAG Characteristics

 
L1b with POAG*

(n=52 eyes)

L1c2 with POAG**

(n=52 eyes)

P value

(Bonferroni-corrected P value)

CCT, mean (SD), mm 529.7 (48.9) 538.0 (40.8) 0.49

CDR, mean (SD) 0.67 (0.16) 0.75 (0.12) 0.01 (0.08)

Maximum IOP, mean (SD), mmHg 23.4 (7.0) 22.9 (6.5) 0.78

OCT RNFL, mean (SD), mm 75.1 (13.0) 75.1 (14.1) 0.99

BCVA, mean (SD), logMAR 0.14 (0.26) 0.11 (0.20) 0.52

MD, mean (SD), dB -5.8 (6.8) -8.2 (7.6) 0.17

PSD, mean (SD), dB 3.5 (2.7) 5.5 (3.5) 0.005 (0.02)+

Note: Abbreviations: CCT, central corneal thickness; SD, standard deviation; CDR, vertical cup-to-disc ratio; IOP, intraocular pressure; OCT RNFL, mean retinal layer
fiber layer thickness on optical coherence tomography; MD, mean deviation on visual field testing; PSD, pattern standard deviation on visual field testing.

*A single eye was missing BCVA, and 3 L1b subjects (6 eyes) were missing CCT.

**Maximum IOP was missing from both eyes of a single L1c2 subject.

+Results are statistically significant after Bonferroni correction

Table 2: Glaucoma associated ocular characteristics of L1b and L1c2 subjects.
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Figure 1: (A) Distribution of vertical cup-to-disc ratio (CDR): the
L1c2 haplogroup trended towards more severe glaucomatous
cupping compared to L1b (p=0.01, Bonferroni-corrected p=0.08).
(B) Distribution of glaucoma severity based on American
Glaucoma Society staging criteria: the L1c2 haplogroup trended
towards more severe glaucoma compared to L1b (p=0.04,
Bonferroni-corrected p=0.32).

Discussion
In this study, ocular parameters were compared between age, sex,

and family history matched African American POAG subjects from
the risk-conferring mitochondrial haplogroup L1c2 and the risk-
equivalent haplogroup L1b. The L1c2 haplogroup was found to have
worse optic neuropathy and more severe glaucomatous VF loss despite
comparable enrollment and maximum recorded IOPs. Consistent with
mitochondrial inheritance and previously reported data from our
group, a trend towards higher self-reported maternal family history of
glaucoma in L1c2 subjects was observed [9,14].

These findings echo those of a prior exploratory cohort (n=29
pairs), which concluded that the L1c2 haplogroup was associated with
higher CDR and worse VF parameters despite comparable IOP [14].
Compared to the exploratory cohort, the strength of our study lies in
the application of stringent age-matching criteria with respect to all
phenotypic data, including VFs and OCTs. The L1b haplogroup was
chosen for comparison based upon its close phylogenetic association to
the L1c2 haplogroup and the lack of risk-associated MT-CO1 variants.
Each subject was strictly matched on age, sex, and family history of
glaucoma. Disease severity was additionally standardized by a
fellowship-trained glaucoma specialist based upon a widely-utilized
staging criteria put forth by the AGS. The fact that our study
demonstrated similar results to the exploratory cohort is confirmatory.

The previous study also demonstrated a strong association with males
in the L1c2 haplogroup and glaucoma severity. Our current cohort
only had 5 males, and is underpowered for any subset analyses based
on sex. To the best of our knowledge, studies from our group are the
first to associate the mitochondrial L1c2 haplogroup with greater
POAG severity, whether in an African American or some other
population.

As a consequence of our matching study design, which is tailored to
minimize impact from possible confounders, the study is limited by a
small sample size. The power calculation indicates that the study has
80% power to detect an effect size of 0.46 and 90% power to detect an
effect size of 0.54 for these ocular parameters of POAG. The small
sample size may have attributed to the fact that the CDR and glaucoma
severity comparisons did not survive Bonferroni corrections. The small
sample size is partly due to the low prevalence of the L1c2 haplogroup
in the POAAGG cohort (~4%) and is partially a result of excluding
several pairs from analysis due to the lack of matching data. 48 L1c2
subjects were initially excluded as they had no data due to missed
ophthalmology visits, which may introduce ascertainment bias, as it is
possible that disease severity may affect adherence to care and patient
visits. For our analysis, both members of the pair were excluded if one
member was missing data to allow rigorous phenotypic evaluation and
AGS severity grading. Unpaired regression including pairs with
partially missing data showed no difference in RNFL thickness
between groups. Other limitations include using both Humphrey and
Octopus visual fields, and that cataract grading was not standardized
across all providers. However, these differences were not found to have
significantly affected the results.

In light of our findings, it is worth discussing which inherited
variants associated with the L1c2 haplogroup may be implicated in
POAG pathogenesis. The L1c2 haplogroup is defined in part by the
missense mtDNA variants Val83Ile and Met117Thr in the N-terminal
region of MT-CO1. We have previously identified these MT-CO1
mutations as conferring increased risk of POAG in the POAAGG study
cohort, with OR of 1.8 and 1.6 between cases and controls, respectively
[12]. MT-CO1 encodes cytochrome oxidase c subunit, a key
component of the catalytic core of the respiratory chain enzyme
cytochrome c oxidase (Complex IV). The optic nerve and retinal
ganglion cells have been shown to be highly vulnerable to impaired
cellular respiration as a result of high energy demands [5-8]. Decreased
Complex IV activity has also been directly associated with increased
reactive oxygen species generation and decreased cellular energy
synthesis, both of which have been linked with glaucomatous optic
neuropathy [18].

Conclusion
In summary, our study confirmed an association between

mitochondrial inheritance and POAG severity, and suggests that
mitochondrial haplogroup designation may assist in POAG
stratification. Future directions will include a larger sample size and a
longer follow-up duration to allow for glaucoma progression analysis,
evaluation for specific patterns of VF defects, and assessment for signs
and symptoms of systemic mitochondrial disturbances, if present.
Finally, targeted functional studies of MT-CO1 variants will elucidate
pathogenic mechanisms and may direct future diagnostic and
therapeutic strategies for POAG.
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