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Abstract We evaluated the association between hair lead concentrations and primary open-

angle glaucoma. Ninety-eight Japanese patients (40 males, 58 females; average age 57.6±

10.8 years) with primary open-angle glaucoma and control subjects (131 males, 114

females; average age 56.0±12.8 years) were recruited in this study. Hair lead levels were

measured by inductively coupled plasma mass spectrometry. Hair lead concentrations

between primary open-angle glaucoma and control groups were compared using Mann–

Whitney U test. As a subgroup analysis, we compared hair lead concentrations between

low-tension glaucoma, high-tension glaucoma, and control groups using one-factor analysis

of variance. Lead accumulation levels were significantly higher in the female subjects with

primary open-angle glaucoma compared to the control group (P=0.03). Lead accumulation

levels were significantly higher in female patients with low intraocular pressure compared

to control group 2 (P=0.02). A higher hair lead level, which reflects the total body burden

of lead, was observed to be associated with primary open-angle glaucoma in females

especially with low-tension glaucoma. Accumulation of lead may be an unrecognized risk

factor of non-pressure-dependent glaucomatous optic neuropathy.
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Introduction

Glaucoma is considered as a multifactorial disease where the intraocular pressure (IOP) is

the most important risk factor in the context of progression of glaucomatous optic nerve

damage. Lowering IOP may not be effective in every case since other possible mechanisms

may be operating such as ischemia, obstruction of axoplasmic flow, deprivation of one or

more trophic factors, and excitotoxicity.

Recently, lead has been suggested to be potentially toxic to several tissues in the

urogenital, peripheral, and central nervous systems [1, 2]. Schaumberg et al. reported that

there was a greater than 2.5-fold increased risk of cataract in males with higher tibial levels

of lead compared to men with lower lead levels [3]. Of concern is the toxicity from lead to

retinal nerves and ganglion cells leading to visual loss.

In this study, we investigated the hair tissue concentrations of lead in patients with

primary open-angle glaucoma (POAG) and control subjects.

Patients and Methods

Ninety-eight consecutive Japanese patients (40 males, 58 females; average age 57.6±

10.8 years) with newly or previously diagnosed unilateral or bilateral POAG at the

glaucoma subspecialty clinic of Keio University Hospital were recruited between January

2005 and March 2007 in this prospective study. The study followed the Tenets of the

Declaration of Helsinki. Written informed consents about hair sampling and experimental

procedures were obtained from all subjects before entry into the study. This study was

approved by the Ethical Committee of the Keio University School of Medicine.

All subjects with POAG underwent a complete ophthalmic examination, including best

corrected visual acuity measurements, slit lamp biomicroscopy, pentacam corneal thickness

evaluation (Oculus, Wetzlar, Germany), Goldmann applanation tonometry, gonioscopy,

funduscopy, and optic disk evaluation with a 90-diopter lens by a single investigator (K.Y.)

with subspecialty training in glaucoma. In addition, Humphrey visual field testing was

conducted with a Humphrey field analysis using the 30-2 Swedish Interactive Threshold

Algorithm Standard Strategy (Zeiss, Dublin, USA). Definite primary open-angle glaucoma

cases were required to meet the following criteria: (1) angles were open and not occludable

in both eyes on the basis of gonioscopy and (2) visual field defects were present and

consistent with glaucomatous optic neuropathy in the visual field tests. Subjects with other

ophthalmic conditions, such as angle-closure glaucoma, pigment dispersion glaucoma,

exfoliative glaucoma, trauma, any other type of secondary glaucoma, subjects with high

myopia exceeding −10D or hyperopia above +3D, subjects below 25 or over 85 years of

age, were excluded. None of the patients in the current study had a history of previous

glaucoma or ocular surgery.

We divided our subjects with POAG according to the gender and the IOP levels. IOP

measurements were performed seven times (at 6, 9, 12, 15, 18, 21, 24 o’clock as 24-h IOP

measurements) in POAG patients. Patients whose highest IOP was below 14 mm Hg were

enrolled in the low-IOP group and patients whose highest IOP was above 15 mm Hg were

enrolled in the high-IOP group. The high-IOP group consisted of 23 males and 44 females

and the low-IOP group consisted of 17 males and 14 females. This division was based on

the mean IOP levels in Japanese POAG patients as described previously in a large

epidemiological study made in Japan [4].

With the intension to conduct this research on a large number of subjects, the protocol

was designed as a multicenter study. We compared the POAG group with two control
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groups. Subjects of control group 1 (120 males, 95 females; average age 55.9±13.3 years)

were recruited only from individuals who came to six primary ophthalmic health screening

centers in the Tokyo district between January 2005 and March 2007 and diagnosed not to

have glaucoma or other ocular disorders based on questionnaires which assessed diagnosis

from presence of normal IOP values by pneumotonometer assessment and normal optic

nerve head findings by funduscopy at the examination centers. Subjects of control group 2

(11 males, 19 females; average age 56.0±16.0 years) were recruited from patients who

came to the Keio University Hospital for annual ophthalmic refractive examinations

between January 2005 and March 2007. Control group 2 did not have any history of ocular

diseases and underwent the same examinations as the POAG patients. Humphrey visual

field testing and central corneal thickness measurement could not be performed in control

group 2 because the Ethical Board Committee did not allow conduct of these test on

subjects shown to be normal by IOP testing and funduscopy due to economical burden.

The systemic medications allowed in this study were those for arterial hypertension and

diabetes mellitus.

Since recent literature evidence suggested that health effects of toxic metals differ in

male and female, we chose to analyze the gender-specific differences according to the

initial protocol of our study [5–7].

Hair Sampling and Analysis

Hair was cut adjacent to the scalp from several areas of the parieto-occipital region using

clean stainless steel scissors. Hair specimens measured 3.0 cm in length, about 0.2 g in

weight. Hair samples were washed using a modified method developed by the International

Atomic Energy Agency [8]. First, the samples were washed with acetone, then with 0.01%

Triton-X 100 (ICN Biomedicals, Costa Mesa, CA, USA), and finally with ultrapure water.

Then, 2.5 ml of tetramethyl ammonium hydroxide (Tama Chemicals, Kawasaki, Japan) was

added to the specimens with 15 μl of a standard multimineral solution (SPEX CertiPrep,

Metuchen, USA). Finally, ultrapure water was added for a final volume of 10 ml, and the

sample was shaken for 2 h at 75°C to completely digest the hair. The samples were then

cooled to room temperature and topped up to 1,500×g (gravimetric) with ultrapure water.

All of the metals in the samples were analyzed using inductively coupled plasma mass

spectrometry (HP-7500I; Yokogawa, Tokyo, Japan) by the international standard method

[9].

The results are expressed in part per billion (ng/g). Data were expressed as mean±

standard deviation. Lead level in hair samples was quantified. Hair is a reliable biomarker

of the total body tissue burden of metals and provides a picture of long-term heavy metal

exposure [10, 11]. Laboratory personnel were masked to clinical and demographic

information on the patients.

Statistical Analysis

Age and body mass index were compared between cases and control groups 1 by

unpaired t test. Prevalence of diabetes mellitus and hypertension was compared by the

Fisher exact test between POAG and control group 1. Aforementioned parameters were

compared between the high-IOP, low-IOP, and control group 2 by one-factor analysis of

variance (ANOVA) and the Fisher exact test. Hair lead concentrations between POAG

and control group 1 were performed using Mann–Whitney U test. Hair lead

concentrations among high-IOP group, low-IOP group, and control group 2 were
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performed using one-factor ANOVA after logarithmic transformation of heavy metal

variables to achieve normal distribution. Post hoc test was done by Sheffe multiple

comparisons. Central corneal thickness was compared between the high-IOP group and

the low-IOP group by unpaired t test. Mean deviation was compared between the high-

IOP group and the low-IOP group by Mann–Whitney U test. All the comparisons were

made in male and female subjects.

A P value less than 0.05 was considered statistically significant. Statistical analysis was

performed with the SPSS statistical program package (ver. 15.00 Chicago, IL, USA). Our

preliminary study showed that the mean±standard deviation of hair lead levels in normal

controls in Japanese is approximately 496.1±558.0 ppb. Thus, when the significance level

Table 1 Demographic characteristics and hair lead concentrations of male and female subjects in POAG and

control group 1

Male Female

POAG Controls P value POAG Controls P value

Number 40 120 58 95

Age (years) 53.2±12.0 55.9±10.3 0.20 58.7±11.0 58.9±13.1 0.92

BMI 23.2±2.7 23.1±2.5 0.96 21.5±3.1 21.5±3.1 0.97

DM 6 (15.0%) 11 (9.2%) 0.37 5 (8.6%) 7 (7.4%) 1.00

Hypertension 8 (20.0%) 15 (12.5%) 0.30 8 (13.8%) 11 (11.6%) 0.80

Metal levels

Lead 286.5±241.5 404.7±436.8 0.18 642.0±638.3 419.6±405.3 0.03

Values are represented at mean±standard deviation; Lead, part per billion (ppb)

POAG primary open-angle glaucoma, BMI body mass index, DM diabetes mellitus

Table 2 Demographic characteristics and hair lead concentrations of male and female subjects in high-IOP,

low-IOP, and control group 2

Male Female

High IOP Low IOP Controls P valueHigh IOP Low IOP Controls P value

Number 23 17 11 44 14 19

Age (years) 57.8±8.4 54.4±11.9 54.0±17.0 0.39 59.8±9.9 56.8±12.7 60.0±16.8 0.47

BMI 24.0±2.3 22.1±2.9 23.2±3.1 0.29 21.4±3.5 21.5±2.3 21.0±2.5 0.62

DM 3 (13.0%) 2 (11.7%) 0 (0%) 0.70 3 (6.8%) 0 (0%) 0 (0%) 0.75

Hypertension 5 (21.7%) 3 (17.6%) 1 (9.0%) 0.89 4 (9.1%) 3 (21.4%) 0 (0%) 0.08

CCT 535.9±32.4 535.9±38.6 0.35 529.9±27.2 525.2±32.1 0.55

MD value −8.2±7.2 −10.8±7.3 0.94 −4.9±4.7 −7.8±7.3 0.11

Metal levels

Lead 311.9±

259.5

251.9±

217.5

282.9±

251.9

0.47 522.3±

508.5

903.3±

810.7

382.6±

347.2

0.02

Values are represented at mean±standard deviation (P value: one-factor ANOVA, t test, Fisher exact test).

Both values were in the right eye. Lead, part per billion (ppb)

POAG primary open-angle glaucoma, BMI body mass index, DM diabetes mellitus, CCT central corneal

thickness (μm), MD mean deviation
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is 0.05, this study with 40 males with glaucoma and 120 male controls and 58 females with

glaucoma and 98 female controls has more than 80% power to detect 60% difference of

averages.

Results

No statistical differences were found between the POAG and control group 1 in each

gender in relation to age, body mass index, prevalence of diabetes mellitus and

hypertension (Table 1). Likewise, no significant differences were observed between

aforementioned parameters between the low-IOP, high-IOP group, and control group 2 in

both males and females (Table 2)

Lead accumulation levels were significantly higher in subjects with POAG compared to

control group 1 in the female subjects (P=0.03, Table 1, Fig. 1). No statistically significant

difference in relation to accumulation of lead was shown between subjects with POAG and

control group 1 in the male subjects (Table 1).

Lead accumulation levels were significantly higher in female patients with low IOP

compared to control group 2 (P=0.02, Table 2, Fig. 2). No statistically significant

differences in relation to accumulation of lead were shown in male subjects with high IOP

and low IOP and control group 2 (Table 2).

Fig. 1 The relation between lead

accumulation in POAG and con-

trol group 1. Note the signifi-

cantly higher level of lead

accumulation in POAG group in

female subjects compared to

control group 1 in female subjects

(P=0.03). Abbreviations: ppb,

part per billion; POAG, primary

open-angle glaucoma

Fig. 2 The relation between lead

accumulation in high-IOP, low-

IOP, and control group 2. Note

the significantly higher level of

lead accumulation in the low-IOP

group in female subjects com-

pared to the control group in

female subjects (P=0.02).

Abbreviations: ppb, part per bil-

lion; IOP, intraocular pressure
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Discussion

Metals such as zinc, copper, calcium, manganese, and iron have been found in ocular

melanosomes, particularly within the retinal pigment epithelium [12, 13]. Heavy metals

have the capacity to replace previously bound metals and change the ocular metal

concentrations [14, 15]. Erie et al. reported that lead accumulated in the retinal pigment

epithelium, choroid, ciliary body, and the retina of humans at concentrations greater than

found in the blood [16].

Lead is known to disrupt cellular biochemistry and has profound detrimental effects on

rods, bipolar cells, and photoreceptors even at very low concentrations [17, 18]. Recent

evidence suggests that lead causes tissue damage by oxidative stress, resulting in lipid

peroxidation, DNA damage, and the abolishment of cellular antioxidant defense

mechanisms [19, 20]. Although the role of heavy-metal-induced oxidative stress in the

pathogenesis of exfoliative glaucoma has been reported previously [21], there are no reports

on the relation between lead accumulation and POAG.

We interestingly found a significantly higher lead level in female patients with the POAG

group in our study especially in the low-IOP group. Non-pressure-related neurodegeneration

may be a factor in low-tension glaucoma. Our results suggest new evidence that lead

accumulation may be a possible risk factor for glaucomatous optic neuropathy without IOP

elevation in female subjects. N-methyl-D-aspartate receptor is an ionotropic receptor for

glutamate. Activation of N-methyl-D-aspartate receptor on the ganglion cell membrane results

in the opening of a Ca channel which allows flow of small amounts of Ca2+ ions into the

ganglion cell. The Ca influx through N-methyl-D-aspartate receptor is associated with

glaucomatous optic neuropathy by its exocytotoxicity [22]. Several reports of exposure to

lead in neuronal cell indicate disruption of the N-methyl-D-aspartate receptor ionophore [23,

24] and it may induce the ganglion-cell-specific apoptosis induced by lead.

Sex-related differences in relation to lead accumulation have not been clarified in the

literature. Efflux of lead from bone in females has been reported to occur with age [25],

pregnancy [26], lactation, and menopause [25, 27] and has been proposed as a possible

mechanism for the gender-related accumulation differences. The rate of progression of optic

nerve damage has been reported to be shorter in females with low-tension glaucoma compared

to males with low-tension glaucoma [28].These differences may very well be explained with a

high level of lead accumulation in ocular tissues in females compared to males.

The National Health and Nutrition Examination Survey report suggested that blood lead

levels could increase as much as 25% in the 5 years following menopause [29]. Since all

female subjects were perimenopausal or postmenopausal in our study, the high hair levels

of lead may be explained by the aforementioned sex-related physiological differences.

This study may have certain limitations. The study did not establish causal relationship based

on histopathology. Future histological or ultrastructural studies of the optic nerve samples

obtained from consenting patients within a few hours of death will also enrich our understanding

on tissue-related effects of heavy metals. Another limitation is that perimetry could not be

performed in control subjects according to Ethical Board Committee decision. Further studies

deliminating the sensory deficit differences between patients with POAG and control subjects

and hair lead concentrations should be conducted. The subjects of the current prospective study

were recruited consecutively without randomization which might be a source of further bias.

Future randomized studies will clarify unresolved issues emphasized in our study.

In summary, accumulation of lead may be an unrecognized risk factor for glaucomatous

optic neuropathy. The potential toxicity of heavy metal in glaucomatous nerve damage

requires further studies.
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