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Abstract

Purpose—To determine whether measures of intraocular pressure (IOP) variation are 

independently associated with the risk of developing open-angle glaucoma (OAG).

Design—A population-based, longitudinal study.

Methods—3,666 Latinos free of OAG at the baseline of the Los Angeles Latino Eye Study were 

followed up four years later. Maximum IOP, standard deviation (SD) of IOP, range of IOP and 

mean IOP were derived from six readings obtained at the two visits. OAG diagnosis at each visit 

was based on the consensus of experts who had access to all clinical examination data from that 

visit. Multivariate logistic regression was performed.

Results—Maximum, SD, and range of IOP were all associated with risk of developing OAG, 

even after adjustment for mean IOP. Maximum IOP provided the best fit to the data and other IOP 

measures were not associated with OAG risk in the model that had included maximum IOP. The 

effect of IOP variation varied by the level of IOP. Among participants with higher IOPs (≥15 

mmHg), only higher levels of maximum IOP were associated with a higher OAG risk (P<0.05), 

while SD and range of IOP were not associated with OAG risk. Among participants with lower 

IOPs (<15 mmHg), higher levels of maximum, SD, and range of IOP were all associated with a 
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higher risk of developing OAG (Ps<0.05). Mean IOP was associated with OAG risk only in 

participants with higher IOPs and not in those with lower IOPs. Results were similar when 

participants were stratified as <18 and ≥18 mmHg.

Conclusions—IOP variation was an independent risk factor for OAG. Maximum IOP was the 

most consistent IOP measure for predicting OAG risk across the entire spectrum of IOPs, possibly 

by capturing the effect of IOP variation among persons with relative lower IOPs as well mean IOP 

effects in those with higher IOPs.

INTRODUCTION

Elevated intraocular pressure (IOP) is an established important risk factor for open-angle 

glaucoma (OAG) and lowering diurnal IOP is the main therapeutic target. However, OAG 

occurs across the entire spectrum of IOP including IOPs in the statistically normal range1. In 

addition, it is well known that not all individuals with elevated IOP develop OAG and some 

individuals with “controlled” IOPs still experience progressive damage.2

Because IOP fluctuates over short-term (transient change in IOP occurring over the course 

of the day, e.g., diurnal change) and long-term (change in IOP occurring over months or 

years, e.g., inter-visit change) periods, there have been studies characterizing various 

features of IOP that may predict the development and progression of glaucoma beyond that 

of mean IOP.3, 4 In a hospital-based study,5 patients diagnosed with OAG were found to have 

a higher “amplitude” (range) of diurnal IOP fluctuation than patients admitted for conditions 

other than glaucoma or suspected of glaucoma. Contrary to other studies, Liu et al.6 found 

that diurnal-to-nocturnal increase in habitual IOP was significantly less in the untreated 

glaucoma patients than in the age-matched healthy individuals. As for long-term variation in 

IOP, a number of studies have examined its effect on the risk of developing OAG among 

individuals with ocular hypertension (Table 1).7–10 In two studies,9, 10 IOP variation was not 

associated with OAG risk. In the other two studies,7, 8 IOP variation was marginally 

associated with risk of OAG in univariate analysis (Ps=0.092 and 0.063 respectively) but did 

not remain significant in multivariate analyses that included mean IOP, possibly due to the 

correlation between IOP variation and mean IOP.8 However, in the Collaborative Initial 

Glaucoma Treatment Study (CIGTS), greater IOP variation (standard deviation - SD and 

range of IOP) and maximum IOP were found to be more predictive of visual field loss than 

mean IOP, particularly among glaucoma patients treated medically.11 In addition, the 

Advanced Glaucoma Intervention Study (AGIS) found that greater IOP variation predicted 

higher risk of glaucomatous progression among patients with low mean IOP but not among 

patients with high mean IOP.12, 13 It is possible that the association between IOP variation 

and the risk of developing OAG may be present among individuals with low IOP but not 

among those with high IOP. Furthermore, longitudinal data from non-human primates have 

been studied to determine the impact of maximum IOP and other measures of variation of 

IOP,14 and maximum IOP was found to be the best predictor of structural changes in the 

position of the disc and retinal nerve fiber layer thickness. It was postulated that either 

maximum IOP may be the most damaging to the optic disc, or that it captures both the 

contribution from mean IOP and the contribution of more variable IOP. In addition, recent 

studies suggest that the impact of IOP fluctuation/variation on optic nerve head may be 
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modified by biomechanical properties of lamina cribrosa and peripapillary sclera.15 In light 

of the inconsistent findings from previous studies, potential correlations between different 

IOP measures, and the suspected variations in individual susceptibility to IOP and/or IOP 

variation, more studies are needed to elucidate how the dynamic component of IOP 

contributes to the development of OAG among different populations.

The purpose of the present investigation was to evaluate in a population-based sample of 

Latinos whether measures of IOP variation (SD and range of IOP) were associated with risk 

of developing OAG independent of mean IOP, and whether maximum IOP, a more clinically 

usable (easy to calculate and interpret) measure that may capture the effects of both elevated 

mean IOP and greater IOP variation, was a better predictor of the risk of developing OAG 

than mean IOP. In addition, we explored these associations separately among individuals 

with relatively lower mean IOPs and those with higher mean IOPs.

METHODS

Study Design and Population

The Los Angeles Latino Eye Study (LALES) is a population-based cohort study of eye 

disease in self-identified Latinos aged 40 years and older living in 6 census tracts in the city 

of La Puente, Los Angeles County, California. Details of the study design, methods, and 

baseline data have been reported elsewhere.16 Briefly, the baseline examination was 

performed from 2000 to 2003 with four-year follow-up examination performed from 2004 to 

2008. All eligible participants of the baseline LALES examination were invited to return for 

a home interview and a clinical examination. Similar questionnaire and examination 

procedures were used for both the baseline and the follow-up studies. Trained 

ophthalmologists and technicians performed a comprehensive ocular examination using 

standardized protocols, which included visual field (VF) testing, IOP measurement, and 

simultaneous stereoscopic fundus photography of the optic disc. Specifically, participants 

came to the LALES clinic between 8:00 am and 4:00 pm for scheduled eye exam. There was 

no significant difference in the hours of eye exam between individuals who did develop 

OAG and those who did not (P>0.10). At each visit, three consecutive readings of IOP were 

obtained through the Goldmann applanation tonometer (Haag-Streit, Bern, Switzerland) by a 

certified ophthalmic technician who was unaware of the participant’s glaucoma status. 

Goldmann tonometry was performed first in the right eye then in the left eye, and then was 

repeated two more times in the same order within minutes. In addition, an interviewer-

administered questionnaire was used to assess ocular and medical histories, and laboratory 

testing was performed to obtain objective diagnostic criteria.

The study protocol was approved by the Institutional Review Board/Ethics Committee at the 

University of Southern California and adhered to the recommendations of the Declaration of 

Helsinki. Written, informed consent was obtained from all participants.

Diagnosis of OAG and definitions of incidence of OAG

Detailed descriptions of all OAG diagnosis-related testing, and the definition and 

determination of the diagnosis have been previously reported.17 In short, participants’ 

Jiang et al. Page 3

Am J Ophthalmol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peripheral vision was tested using the Humphrey Automated Field Analyzer II (Carl Zeiss 

Meditech, Dublin, CA). VF was evaluated using a Swedish Interactive Threshold Algorithm 

(SITA) Standard C24. Optic nerve findings were assessed from the simultaneous 

stereoscopic optic disc photographs using a stereoscopic viewer (Asahi viewer, Pentax, 

Englewood, CO). An expert consensus method was used for OAG diagnosis based on 

history and clinical examination data. Definite or probable OAG was defined as the presence 

of an open angle and (1) evidence of characteristic or compatible glaucomatous optic disc 

damage on stereo fundus photography in at least one eye; and/or (2) congruent, 

characteristic, or compatible glaucomatous VF abnormality. IOP level was not considered in 

establishing the diagnosis of OAG.

The incidence of OAG was defined as the presence of definite or probable OAG in either eye 

or both eyes at the four-year follow-up examination among participants who did not have 

any evidence of glaucomatous VF abnormality, evidence of glaucomatous optic disc damage 

at the baseline, or a combination thereof. The mean, maximum, SD, and range of all IOP 

readings from both the baseline and the follow-up were not calculated and not presented to 

the glaucoma specialists during glaucoma diagnosis.

Statistical Analyses

Only participants who completed an in-home questionnaire at the baseline and had a clinical 

ophthalmology examination and reliable glaucoma data at both the baseline and the four-

year follow-up were included. Details of risk factor measurements have been reported 

previously.18–23 We have previously investigated how baseline socio-demographic and 

lifestyle factors, medical history, physiological measurements, and ocular factors predicted 

the development of OAG.18 In the present analysis, four IOP related variables - the mean 

IOP, maximum IOP, SD and range of IOPs were assessed for their association with the 

development of OAG during a four-year follow-up period.

Incidence of OAG was dichotomized into yes/no categories. One eye of each participant was 

selected based on the following criteria: if the participant had only one eye diagnosed with 

OAG, then that eye was selected; if both eyes were glaucomatous or non-glaucomatous, the 

eye with the worse mean deviation on Humphrey VF testing was selected.

Four different IOP variables were assessed as independent variables in regression analyses:

• Mean IOP was the average of six IOP readings measured at the baseline visit and 

the four-year follow-up visit;

• Maximum IOP was the highest IOP recorded at either the baseline or follow-up 

visit;

• SD of IOP was the standard deviation of all IOP readings obtained at either visit; 

and

• Range of IOP was the absolute difference between the highest and the lowest 

IOP recorded at either visit.

Correlations of SD and range of IOP with mean IOP were assessed using Pearson’s 

correlation coefficient and explored in detail using scatter plots locally weighted scatter-plot 
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smoothing (LOWESS) plots24 without assuming that these relationships are linear. 

LOWESS plots were generated with a bandwidth of 0.60 and Cleveland’s tricube weighting 

function.

Because the follow-up visit of all participants was conducted in 4 years, time to event 

(survival) analysis could not be performed. Instead, univariate and multivariate Logistic 

regression models were used to assess the association between measures of IOP and the risk 

of developing OAG. In the multivariable logistic regression analyses, the following 

previously-identified baseline risk factors were included as covariates: age, axial length, 

central cornea thickness, waist to hip ratio and lack of vision insurance. Akaike Information 

Criterion (AIC) and max-rescaled R2 were estimated from PROC LOGISTIC procedure in 

SAS 9.4 (SAS Institute Inc., Cary, NC) to compare the overall goodness of the fit and 

predictive power of each model. Smaller value of AIC and greater value of max-rescaled R2 

indicate better models. Further, to identify significant independent predictors among the four 

IOP measurements, multivariate logistic regression analyses with forward stepwise selection 

was performed with a P ≤0.20 criterion for entry into the model and P≤0.05 for retention in 

the model. During the model selection, the order of introducing IOP measures in the 

multivariate model was determined automatically based on improvement in the overall fit of 

the model. All reported P values are two-sided with a significance level set at P≤0.05.

RESULTS

Among the 5,907 living eligible participants who had completed an in-home questionnaire 

and a clinical ophthalmology examination at the baseline, 4,538 (77%) completed the four-

year follow-up clinical exam. Among them, 599 (13%) participants did not have complete 

data for glaucoma diagnosis. Detailed comparison of sociodemiogaphic and clinical 

characteristics at baseline between the 3,939 participants with reliable glaucoma data at both 

visits and the other living eligible participants (N=1,968) without reliable glaucoma at both 

visits have been reported previously.18, 25 Among the remaining 3,939 participants with 

reliable glaucoma data at both visits, 167 had been diagnosed with OAG at the baseline, 86 

reported having IOP-lowering treatment either at the baseline or the follow-up, and 20 did 

not have Goldmann IOP measurements at the baseline, therefore only the remaining 3,666 

participants who were free of OAG at the baseline and did not receive any IOP-lowering 

treatments were included in the current analyses. Compared with the 273 individuals 

excluded, these remaining participants were more likely to be younger, employed, married 

or living with a partner, have more years of education, less likely to have health insurance, a 

family history of glaucoma, diabetes, and hypertension, and had lower mean, maximum, SD, 

and range of IOPs from both visits (Supplemental Table 1, available at AJO.com).

Overall, in the LALES, the mean, maximum, SD, and range of IOP were 14.4±2.7, 

16.2±3.0, 1.46±0.89, and 3.41±1.88 mmHg, respectively. For a better assessment of the 

independent contributions of each IOP measure to OAG risk, we also evaluated the 

correlation of maximum, SD, and range of IOP with mean IOP, the most commonly used 

IOP measure. Maximum IOP was highly correlated with mean IOP (Pearson correlation 

coefficient – r =0.945, P<0.001) and moderately correlated with both SD and range of IOP 

(r=0.446 and 0.451 respectively, P<0.001). SD and range of IOP were highly correlated with 
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each other (r=0.974, P<0.001), and both measures were in much weaker correlation with 

mean IOP (r=0.156 and 0.150 respectively, Ps<0.001). As shown in Figures 1a and 1b, SD 

and range of IOP remained relatively consistent (r between SD of IOP and mean IOP 

=0.109; r between range of IOP and mean IOP=0.104, Ps<0.001) among participants with 

low mean IOP (<19 mmHg), and only increased slightly when mean IOP was 19 mmHg or 

greater(corresponding r = 0.234 and 0.219, P <0.001 and P=0.001 respectively).

Incidence of OAG occurred among 73 of the study participants. Table 2 presents the 

multivariate assessment of the association between the three measures of IOP variation and 

risk of developing OAG. The mean, maximum, SD, and range of IOP among participants 

who developed OAG were 16.1±4.6, 18.2±5.2, 2.00±1.52, and 4.37±3.03 mmHg, 

respectively, higher than those among participants who did not develop OAG (14.4±2.6, 

16.1±2.9, 1.45±0.87, and 3.39±1.84 mmHg, respectively). These differences remain 

statistically significant after adjustment for baseline risk factors including age, axial length, 

lack of vision insurance, waist to hip ratio, and central corneal thickness. Because of the 

reported IOP reduction after cataract surgery,26 we also performed analyses with further 

adjustment for history of cataract surgeries and analyses excluding individuals with a history 

of cataract surgery; our results did not change substantially. Furthermore, SD and range of 

IOP remained associated with risk of developing OAG even after adjustment for mean IOP 

(Table 2), the most commonly used measure of IOP. Maximum IOP was not assessed with 

further adjustment for mean IOP due to its high correlation with mean IOP. When comparing 

models with different IOP measures, maximum IOP provided better fit to the observed data 

than SD and range of IOP, as well as mean IOP based on values of AIC and Cox-Snell R2. In 

addition, maximum IOP provided similar fit as SD/range of IOP combined with mean IOP. 

Further analysis by stepwise selection identified maximum IOP as the only significant, 

independent predictor of OAG development. In other words, mean, SD, and range of IOP 

were no longer a significant predictor of OAG incidence in a multivariate model that had 

already included maximum IOP.

Given previous reports of the effect of IOP variation being limited to individuals with low 

mean IOP,13 we further examined the relationship between measurements of IOP variation 

and the development of OAG for participants with different levels of IOP (Figure 2). Among 

participants with mean IOP of less than 15 mmHg (median level for OAG cases), greater 

maximum, SD, and range of IOP were all associated with a higher risk of developing OAG 

(P<0.05), but mean IOP was not significantly associated with the risk of developing OAG. 

Adjustment for mean IOP did not change the association of SD and range of IOP with OAG 

risk substantially. A nonlinear dose response relationship was observed between SD/range of 

IOP and the 4-year risk of developing OAG (Table 3). Risk of developing OAG was 

substantially higher among individuals with greater variation in IOP (SD > 3 mmHg or 

range > 6 mmHg) compared with individuals with moderate or small variation in IOP. 

Among participants with a mean IOP of 15 mmHg or greater (Figure 2), higher levels of 

mean and maximum IOP were associated with a higher risk of developing OAG, while SD 

and range of IOP were associated with risk of developing OAG without adjustment for mean 

IOP (data not shown) but were not associated with OAG risk after adjustment for mean IOP 

(Figure 2 and Table 3). Conversely, with SD or range of IOP in the regression model, mean 

IOP remained associated with risk of developing OAG with a slightly reduced magnitude of 
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association (data not shown). Similar results were observed when participants were stratified 

into two groups defined as mean IOP <18 mmHg and mean IOP ≥18 mmHg (data not 

shown), or as maximum IOP <17 mmHg and maximum IOP ≥17 mmHg (Supplemental 

Figure 1 and Supplemental Table 2, available at AJO.com).

To explore the sources of IOP variation captured by the six IOP readings obtained at two 

visits, we found that long-term (between two visits) variation of mean IOP was the stronger 

contributor to our measures of IOP variation than short-term (within-day) fluctuation of IOP 

(Supplemental Table 3, available at AJO.com). On average, the long-term variation of mean 

IOP, calculated as the difference between the mean IOP at the baseline and mean IOP at the 

follow-up, was 0.08±4.48 mmHg for incident OAG cases, similar to that for those who did 

not develop OAG (0.15±2.83 mmHg; P for difference=0.89). When its magnitude and 

direction were considered, long-term variation of mean IOP in either direction (IOP 

increased or decreased between visits) was associated with an increased risk of OAG 

(Supplemental Table 4, available at AJO.com). Short-term (within-day) fluctuation of IOP 

also seemed to be associated with higher risk of OAG; however, this association was not 

statistically significant.

DISCUSSION

In this study, we investigated the role of measures of IOP variation in predicting the 

development of OAG among a population-based cohort of Latinos. To our knowledge, this is 

the first such investigation in a population-based sample.

Results from our investigation suggest that greater IOP variation, measured by SD and range 

of IOPs, was associated with a higher risk of developing OAG among individuals with lower 

IOP (<15 mmHg), but was not an important independent risk factor among individuals with 

higher IOP (≥15 mmHg). Among individuals with higher IOP, mean and maximum IOP 

were better predictors of OAG incidence than SD and range of IOPs. This is consistent with 

results from the AGIS 12, 13 that greater long-term IOP fluctuation (defined based on SD of 

IOP at all visits) was associated with a higher risk of VF progression among OAG patients 

with low mean IOP (mean IOP, 10.8 mmHg) but not among those with high mean IOP 

(mean IOP, 20.6 mmHg). This observed difference in the effect of IOP variation suggests 

that disparate findings from previous studies7, 27, 28 may be explained by between-study 

differences in their participants’ IOP level. For example, Hong et al. reported27 that among 

glaucoma patients who maintained their IOPs below 18 mmHg after a triple procedure 

(mean IOP was between 10 and 12 mmHg), progressive VF loss was more common among 

patients with greater long-term IOP variation (defined as SD in postoperative IOPs > 2 

mmHg) than among patients with less variation (SD ≤2 mmHg). In the EMGT in which the 

mean IOP was 18.5 mmHg28, IOP fluctuation was not associated with glaucoma 

progression. Among the untreated ocular hypertensive participants in the DIGS (mean IOP 

during follow-up was 24.3 mmHg)7 and the Malmo Ocular Hypertension Study (mean IOP 

was 22.7 mmHg)8, long-term IOP fluctuations was not associated with the conversion from 

ocular hypertension to glaucoma. However, contrary to the hypothesis that the effect of IOP 

variation on glaucoma development/progression may be more pronounced among 

individuals with low IOP, the CIGTS11 found that greater inter-visit variation in IOP was 
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associated with worse VF deterioration among individuals randomized to topical 

medications who had a mean IOP of 17.1–18.3 mmHg, but not among individuals 

randomized to trabeculectomy who had a low mean IOP of 13.8–14.4 mmHg. It is possible 

that factors other than mean IOP level may also influence the effect of IOP variation.

It remains unclear how variation in IOP increases the risk of OAG development and/or 

progression. A recent study of vascular smooth muscle cells29 found that variable 

mechanical stretch imposed on cells can lead to the reorganization of cytoskeletal and 

mitochondrial networks as well as changes in mitochondrial membrane potential, ATP levels 

and general metabolism. Observations from in vitro studies of human neuroblastoma cells 

also suggest that cyclic shear stress, which might mimic cell exposure conditions associated 

with variation in IOP, may lead to more elastic cytoskelectal structure30 and cause more cells 

with fragmented DNA than steady shear stress31. So it is possible that abnormal fluctuations 

in IOP may cause mechanical stresses that overwhelm the compensatory mechanisms in the 

eye and then damage optic nerve cells through altered cytoskeletal and mitochondrial 

functions.13 A few other hypotheses have also been proposed to explain why the effect of 

IOP variation on OAG development or progression may be more pronounced among 

individuals with low IOP4, such as the exponentially-diminishing-return hypothesis. It has 

also been proposed that percentage of IOP variation may be a better measure of glaucoma 

risk than absolute IOP variation4 and the finding of the effect of IOP variation being more 

pronounced among individuals with low IOP may be explained by the higher percentage of 

IOP variation. In LALES, the association between percent of change in IOP (defined as the 

ratio of IOP range to mean IOP multiplied by 100) and the risk of developing OAG 

remained more pronounced among individuals with lower IOP (data not shown).

Three variables have been used most often to assess or take into account fluctuation/

variation in IOP measurements - the peak/maximum, range and SD of multiple IOP 

measurements,7, 8, 11–13, 27, 28, 32 and it remains unclear which measures best capture the 

effect of IOP variation. Range and maximum are more sensitive to outliers and the number 

of measurements than SD and mean. On the other hand, range and maximum of IOP may 

reflect extreme IOP values that may be more important in assessing fluctuation/variation33 

and can be easily calculated and interpreted, while SD is only appropriate if data are 

normally distributed. In addition, all three variables are in varying degrees of correlation 

with the mean level of IOP, making it difficult to distinguish the effects of IOP variation 

from the effect of IOP elevation.34 In the LALES, the correlation of SD and range of IOP 

with mean IOP was higher among individuals with a mean IOP of 19 mmHg or greater 

(r=0.23 and 0.22 respectively) and lower among individuals with lower mean IOP (r= 0.11 

and 0.10 respectively). This finding is consistent with observations from some previous 

studies:7, 13, 28, 32 stronger correlations between mean IOP and IOP variation (r≥0.35) were 

reported by studies with higher mean IOP7, 28, 32; and weaker correlation (r=0.16) was 

reported by the AGIS13 whose participants had a lower mean IOP. The weaker correlation of 

IOP variation with mean IOP at lower IOP levels, as observed in the LALES and AGIS, 

allows for a better chance of capturing the contribution of IOP variation to OAG risk/

progression independent from that of mean IOP.
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In terms of predictability of glaucomatous damages of various IOP variables, Gardiner et al.
14 found that peak IOP provided the best predictability of structural change measured by the 

mean position of the disc from confocal scanning laser tomography and retinal nerve fiber 

layer thickness from spectral domain ocular coherence tomography. Consistently, in the 

LALES, we found that maximum IOP was the most consistent predictor of OAG incidence 

over the entire range of IOP. Given that (a) SD and range of IOP were the better predictors 

of OAG development at lower IOP levels and (b) mean IOP was the better predictor at 

higher IOP levels (than SD and range of IOP), it is reasonable to postulate14 that both 

greater IOP variations and higher mean IOP can lead to glaucomatous damages among 

different individuals and maximum IOP captures the contributions from both sources for a 

population as a whole.

One of the major factors limiting research on the impact of IOP fluctuation/variation on 

OAG development and/or progression is the lack of feasible method for monitoring IOP 

continuously and assessing IOP fluctuation/variation directly.3, 4 In clinical practice, IOP is 

most often measured during regular office hours when a patient comes for visit. Such 

discrete IOP measures are inadequate for capturing the variation in IOP35, because for a 

significant number of individuals IOP peaks during nocturnal/sleep periods.35–37 

Alternatively, variation in IOP can be estimated using measures of IOP changes over longer 

periods of time, often from multiple visits that are months or years apart.7, 11–13, 27, 28, 32, 35 

However, compared to short-term fluctuation, long-term variation in IOP may reflect the 

combined effects from a different set of physiological and environmental factors. In addition 

to the lack of consensus on how to measure IOP fluctuation/variation clinically, there is no 

therapeutic target for IOP fluctuation/variation in order to prevent glaucomatous damage. In 

a study by Hong et al27, greater VF deterioration was found for patients with SD> 2 mmHg 

compared to patients with SD ≤2 mmHg. In the AGIS,12 eyes with a SD of IOP ≥ 3 mmHg 

experienced significant VF progression over the course of follow-up, while eyes with a SD 

of IOP <3 mmHg did not. Like these two clinic-based studies, our population-based study 

also found that among individuals with lower IOP, risk of developing OAG was higher when 

SD of IOP was great than 3 mmHg or when range of IOP was greater than 6 mm Hg, 

suggesting that controlling SD of IOP at 3 mmHg or under or range of IOP at 6 mmHg or 

under may be a reasonable target for preventing the development and/or progression of 

OAG.

Our study has a number of limitations. Firstly, this study only included Latino participants 

from Los Angeles County; therefore, our results may be not applicable to other populations. 

Secondly, we did not continuously measure IOP over an extended period, so we were unable 

to assess precisely the short-term fluctuation of IOP and the relationship between short-term 

fluctuation and long-term variation of IOP. The IOP variation that we assessed based on six 

IOP measurements from two study visits may not represent the exact variation in IOP that 

the study participants experienced. Because of the short interval (within minutes) between 

the measurements taken within the same day and the long-duration (4 years) between the 

two visits, the IOP variation we evaluated was attributed mostly to long-term variation of 

IOP occurred between visits and to a lesser extent to short-term fluctuation in IOP. 

Nonetheless, our exploratory analysis showed both short-term fluctuation and long-term 

variation of IOP seemed to increase the risk of developing OAG. Further studies with better 
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measurements of both short-term and long-term variation in IOP are needed to confirm these 

findings. Thirdly, IOP measurements were not obtained under identical conditions or 

identical time for each participant and the between-individual differences in IOP variation 

that we observed may be influenced by diurnal fluctuation and seasonal variations in IOP 

and by random differences in the participants’ physical condition. However, these limitations 

would have led to non-differential measurement errors and therefore biased our results 

towards null, indicating that the positive associations we observed between measures of IOP 

variations and the risk of developing OAG could have been stronger. Also, the three IOP 

readings from the baseline were not masked during glaucoma diagnosis at the baseline and 

the three IOP readings from the follow-up examination were not masked during glaucoma 

diagnosis at the follow-up. Even though our glaucoma specialists were specifically 

instructed to exclude IOP in establishing the diagnosis of OAG, it is still possible that 

individuals with higher IOP may be more likely to be falsely classified as having OAG than 

individuals with lower IOP. However, this potential bias is unlikely to play a substantial role 

in our findings based on the following observations: 1) the positive associations that we 

observed between measures of IOP variation and OAG risk remained among individuals 

with low IOP (<15 mmHg); 2) an increased risk of OAG was observed among individuals 

whose IOP decreased between visits, i.e. whose maximum IOP occurred at the baseline and 

therefore remained unknown to the glaucoma specialists during the follow-up diagnosis, 

because they had access to only the data from the follow-up examination; and 3) when 

vertical cup-to-disk ratio, a more subjective measure than an overall glaucoma diagnosis, 

was used as the outcome, similar results were found with SD and range of IOP identified as 

independent risk factors and maximum IOP remained as the best-fitting IOP measure (data 

not shown).

In summary, our data demonstrate that greater IOP variation may be damaging to the optic 

nerve among individuals with relatively lower IOP, and maximum IOP may be the most 

consistent predictor of the development of OAG as it reflects both mean IOP level and IOP 

variation. Further studies are needed to explore practical approaches for capturing the true 

characteristics of IOP variation in a large number of individuals and assess dose-response 

relationships between IOP variation and the risk of development and/or progression of OAG.
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AGIS Advanced Glaucoma Intervention Study

AIC Akaike Information Criterion

DIGS Diagnostic Innovations in Glaucoma Study

EMGT Early Manifest Glaucoma Trial

IOP Elevated intraocular pressure

LALES Los Angeles Latino Eye Study

OAG Open angle glaucoma

SITA Swedish Interactive Threshold Algorithm

VF Visual field
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FIGURE 1. 
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LOWESS Plots Demonstrating the Correlation of (1a, left) Standard Deviation and (1b, 

right) Range of Intraocular Pressures with Mean Intraocular Pressure in the Los Angeles 

Latino Eye Study. Abbreviations: IOP = intraocular pressure; LOWESS = locally weighted 

scatterplot smoothing. Filled circles indicate participants who developed open-angle 

glaucoma; plus sign indicate participants who did not develop open-angle glaucoma.
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FIGURE 2. 
Odds Ratios (95% Confidence Intervals)1 of Developing Open Angle Glaucoma Associated 

with Different Measures of Intraocular Pressure Stratified by Intraocular Pressure Level. 

Abbreviations: IOP = intraocular pressure; LOWESS = locally weighted scatterplot 

smoothing. Abbreviations: IOP = intraocular pressure; SD = standard deviation
1Odds ratio were estimated from logistic regression models adjusting for age, axial length, 

lack of vision insurance, waist to hip ratio, and central corneal thickness at the baseline. 

Estimates for SD and range of IOP were additionally adjusted for mean IOP.
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