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Abstract

Hypoperfusion of the optic nerve might be involved in the pathogenesis of normal-tension
glaucomatous optic neuropathy (GON). Mean arterial pressure (MAP) drives ocular perfusion, but
no previous studies have addressed the risk of GON in relation to blood pressure (BP) variability,
independent of BP level. In a cross-sectional study, 93 residents of Maracaibo, Venezuela,
underwent optical coherence tomography, visual field assessments and 24-h ambulatory BP
monitoring between 2011 and 2016. We investigated the association of normal-tension GON with
or without visual field defects with reading-to reading variability of 24-h MAP, as captured by
variability independent of the MAP level (VIMp,p). Odds ratios (ORs) were adjusted for 24-h
MAP level and for a propensity score of up to five risk factors. Among the 93 participants (87.1%
women; mean age, 61.9 years), 26 had open-angle normal-tension GON at both eyes; 14 had
visual field defects; and 19 did not have visual field defects. The OR ratios for normal-tension
GON, expressed per 1-SD increment in VIMp,5, (2 mm Hg), were 2.17 (95% confidence interval,
1.33-3.53) unadjusted; 2.20 (1.35-3.61) adjusted for 24-h MAP level only; 1.93 (1.10-3.41) with
additional adjustment for age, educational attainment, high-density lipoprotein (HDL) cholesterol
and office hypertension; and 1.95 (1.10-3.45) in models including intraocular pressure. We
confirmed our a priori hypothesis that BP variability, most likely operating via hypoperfusion

of the optic nerve, is associated with normal-tension GON. 24-H ambulatory BP monitoring might
therefore help stratify the risk of normal-tension GON.

Keywords

ambulatory blood pressure monitoring; blood pressure variability; normal-tension glaucoma
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Introduction

Vascular dysregulation might play a role in the pathogenesis of glaucomatous optic
neuropathy (GON), particularly in the presence of normal intraocular pressure [1]. The
mean ocular perfusion pressure is the difference between the pressure in the central retinal
artery and vein [2]. The central retinal arterial perfusion pressure can be determined from
the mean arterial pressure (MAP) in the brachial artery and the intraocular pressure [2].
Fluctuations in mean ocular perfusion pressure can lead to unstable ocular blood flow [1],
thereby compromising the oxygen supply to the optic nerve head [3]. This results in the
interruption of axonal transport and subsequent death of ganglion cells in the inner nuclear
layer of the retina and creates a toxic micro-environment leading to further secondary retinal
ganglion cell loss [4].
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According to current guidelines, ambulatory blood pressure (BP) monitoring is the state-of-
the-art technology to estimate a person’s BP and to quantify diurnal changes in BP [5].

In a previous publication [6], we demonstrated that a lower nighttime-to-daytime BP ratio
was associated with a higher risk of GON. Building on these preliminary findings, we
hypothesized that normal-tension GON might be associated with reading-to-reading BP
variability, as assessed by 24-h ambulatory BP monitoring. We tested this hypothesis in a
cross-sectional analysis of 93 people enrolled in the Maracaibo Aging Study [7], of whom
26 had GON [6].

Study population

The Maracaibo Aging Study is a population-based study of chronic age-related diseases that
enrolled 2968 participants from the Santa Lucia (1998) and Santa Rosa de Agua (2010)
neighborhoods of Maracaibo, Venezuela (Table S1, Supplementary file) [7]. The initial
participation rate was 70.0%. From August 2011 until June 2016, we recruited an additional
534 participants using a sampling frame prioritizing the female ancestral line according to
recorded pedigrees with the intention of engaging in genetic studies (NIH project number,
5R01AG036469-02). We randomly selected 130 participants older than 40 years and offered
them an in-depth eye examination; 114 accepted the invitation (participation rate, 87.7%).
The Institutional Review Boards of the Cardiovascular Institute at the University of Zulia,
Maracaibo and Columbia University, New York, approved the study, which complied with
the Declaration of Helsinki [8]. All participants renewed informed written consent. We
excluded 21 participants from the analysis because they declined 24-h ambulatory BP
monitoring (77 = 20) or because the intraocular pressure was higher than 22 mmHg. Thus, 93
participants were statistically analyzed, of whom 26 (28.0%) had normal-tension GON.

Ophthalmological assessment

An ophthalmologist with experience in glaucomatous eye disease (Petitto) performed

the examination of both eyes in Maracaibo. The examination included history taking,
measurement of visual acuity with correction, slit lamp examination, and a mydriatic
assessment of the lens, vitreous body, and retina. Intraocular pressure was estimated by
Goldmann applanation tonometry. The optic nerve head and the thickness of the retinal
fiber layer were evaluated by spectral domain optic coherence tomography (Spectralis®,
Heidelberg Engineering, GmbH, Heidelberg, Germany) interfaced with a computer running
Spectralis® software, version 5.4.7.0. The visual field was assessed using the Heidelberg
Edge Perimeter® (Heidelberg Engineering GmbH, Heidelberg, Germany). An abnormal
optic disk was diffuse or focal narrowing or notching of the optic disc rim, or optic disc
neural rim asymmetry of the two eyes consistent with loss of neural tissue. An abnormal
visual field was visual field loss consistent with retinal nerve fiber layer damage (e.g.,
nasal step, arcuate field defect, or paracentral depression in clusters of test sites) based

on the presence of abnormal clusters or visual field defects consistent with glaucomatous
optic nerve damage. All ocular tomographic images and visual field results were read a
second time by an independent specialist at Columbia University (De Moraes), resulting in
x-coefficients =0.90, indicating high interreader reproducibility [9].

Hypertens Res. Author manuscript; available in PMC 2021 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melgarejo et al.

Page 4

GON with visual field defects was diagnosed during the optic clinical disc evaluation and
was confirmed by measurement of retinal nerve fiber layer thickness by spectral domain
optic coherence tomography. GON without visual field defects was diagnosed if the patient
met the criteria for GON but not those for visual field defects. Gonioscopy confirmed

that all patients were open-angle cases. There were no cases with secondary glaucomatous
neuropathy.

Ambulatory BP monitoring

Validated [10] oscillometric 90207 Spacelabs monitors (Snoqualmie, WA) were
programmed to obtain readings at 15-min intervals from 6 a.m. until 11 p.m. and at

30-min intervals from 11 p.m. until 6 a.m. We limited our analyses of the ambulatory
recordings to MAP because of its known relation to mean ocular perfusion pressure [2]

and because oscillometric devices measure MAP and extrapolate systolic and diastolic BP
[11]. The same SAS macro processed all ambulatory recordings, which stayed unedited with
the exception of readings with higher diastolic than systolic BP or flagged with an error
code. The within-subject 24-h MAP was a time-weighted average, giving weights to each
individual reading proportional to the preceding time interval.

Statistical analysis

Results

For database management and statistical analysis, we used SAS, version 9.4 (SAS Institute,
Cary, NC). The 24-h variability of MAP was determined from the weighted SD, the
coefficient of variation, the difference between the maximum and minimum MAP level
during the recording, average real variability [12], and variability independent of the mean
(VIM) [13]. Average real variability is the mean of the absolute differences between
consecutive BP measurements [12]. VIM is calculated as the SD divided by the mean to the
power x and multiplied by the population mean to the power x [13]. The power X is obtained
by fitting a curve through a plot of SD against mean, using the model SD = a x meanx,
where x was derived by nonlinear regression analysis. We assessed associations between the
level and variability of MAP using Pearson correlation coefficients. We compared means by
ANOVA or ttests, as appropriate, and proportions by Fisher’s exact test. The probability of
GON associated with the level and variability of MAP was computed by logistic regression
analyses in unadjusted and adjusted models. Multivariable-adjusted models included the
level and variability of MAP and a propensity score of BP variability. The propensity score,
computed in view of the relatively low number of events [14, 15], was derived by regressing
BP variability on age, years of education, high-density lipoprotein (HDL) cholesterol and in-
office hypertension, defined according to the 2017 American [5] guidelines. In a sensitivity
analysis, we also added intraocular pressure to the propensity score. Significance was a
two-tailed a.-level of <0.05.

Clinical characteristics

Table 1 summarizes the characteristics of the study participants. Among the 93 participants,
26 had open-angle GON at or both eyes; 14 had visual field defects, and 19 did not. All
patients had intraocular pressure within the normal range (Fig. 1). Intraocular pressure,
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24-h MAP, and VIM of 24-h MAP were normally distributed (Fig. 1). The median number
of readings in the 24-h ambulatory BP recordings was 70, 50, and 21 over 24 h, day

and nighttime, respectively (Table S2, Supplementary file). There was no difference in

the prevalence of GON across thirds of the distribution of intraocular pressure (<11 vs.

=11 to <14 vs. 214 mmHg; N° [%], 5 [16.7%] vs. 9 [31.0%] vs. 5 (18.5%; P=0.36).

The correlation coefficient between intraocular pressure and 24-h MAP was -0.010 (P=
0.89). In the whole study population, 4 (4.3%) participants were taking diuretics, 9 (9.7%)
B-blockers, 11 (11.8%) calcium channel blockers, and 31 (33.3%) angiotensin-converting
enzyme inhibitors. These antihypertensive agents were given as monotherapy in 36 patients
(38.7%) or as combination therapy in 10 (10.8%). Intraocular pressure, MAP, and VIM were
similar (0.09 = P> 0.96) across groups treated with different drug classes, between those on
mono vs. combination therapy, and between participants on or not on antihypertensive drug
treatment (Table S3, Supplementary file). Only one participant was receiving treatment to
lower the intraocular pressure.

Correlation matrix of intraocular pressure, BP levels, and variability

Association

The correlation coefficients of the level of 24-h MAP with the variability indexes, including
the weighted SD, the coefficient of variation, the difference between the highest and lowest
level of 24-h MAP and average real variability, ranged from 0.212 (P = 0.04) for the
weighted SD to 0.349 (P< 0.001) for average real variability (Table S4, Supplementary file).
Only VIM was not associated with the 24-h MAP (VIMmap; r=-0.010; £=0.96) and was
therefore carried out for further analysis.

of BP variability with GON

Unadjusted analysis—In unadjusted analyses across thirds of the VIM distribution
(Table 2), the prevalence of GON increased (<8.92 vs. 28.92 to <10.35 vs. 210.35 mmHg;
N° [%], 4 [12.9%] vs. 8 [25.8%] vs. 14 (45.2%; P=0.02). The findings were similar

for the prevalence of GON with (P= 0.02) and without (P = 0.03) visual field defects.

The prevalence of office hypertension (=130/=80 mmHg or using antihypertensive drug
treatment), age and HDL serum cholesterol increased across thirds of the VIM distribution
from 80.7 to 96.8% (P=0.04), from 60.5 to 67.0 years (P = 0.02), and from 42.7 to 48.4
mg/dL (P = 0.04), respectively (Table 2). None of the other participants’ characteristics
differed across the VIM distribution (P = 0.08; Table 2).

Adjusted analysis—Considering all 26 optic neuropathy cases, the odds ratios relating
the risk of GON were 2.17 (P=0.002) for each 1-SD increment in VIMmap (2 mmHg)
unadjusted, 2.20 (P = 0.002) when adjusted for the 24-h MAP only, and 1.93 (P= 0.02) with
additional adjustment for the propensity score (Fig. 2). The findings were similar when cases
with or without visual field detects were analyzed separately (Fig. 2). In sensitivity analyses,
including all cases but additionally adjusted for intraocular pressure, the odds ratio for GON
was 1.92 (CI, 1.10 to 3.45; P=0.02). Further-more, if we replaced the propensity score

with the covariables making up the score, the odds ratio was 2.02 (95% confidence interval,
1.10-3.71; P=0.02).

Hypertens Res. Author manuscript; available in PMC 2021 September 10.
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Discussion

The key finding of our study was that the risk of normal-tension GON increased with higher
reading-to-reading VIM of the 24-h MAP and that this association was independent of the
24-h MAP level and other confounders summarized in a propensity score. A sensitivity
analysis accounting for intraocular pressure was confirmatory. We chose to analyze 24-h
MAP because of the known association of ocular perfusion pressure with brachial MAP. The
absence of any association between VIM and the level of the 24-h MAP justified the use of
VIMmap as a measure of BP variability.

The few studies [16—19] reporting on the association between normal-tension GON and
BP variability are difficult to interpret. Limitations include a case—control design with
unbalanced matching of the number of cases/controls (ranging from 51/28 [16] to 64/82
[18]), a retrospective enrollment of participants [17], evaluation of a randomly selected
single eye in each participant [17], a statistical analysis by eyes rather than by people [17],
the derivation of beat-to-beat BP variability over a short 30-min period with calibration
using a single brachial BP reading and an upper-arm to finger transfer function [17]. One
study selectively recruited patients with intraocular pressure below 12 mmHg [19], and
another enrolled only patients with GON [17]. In fact, none of the aforementioned studies
was population based [16-19]. Two studies [16, 17] computed MAP as diastolic BP plus
one-third of pulse pressure, whereas the recommendation was to add 40% pulse pressure to
diastolic BP [20].

To elucidate the role of BP variability in relation to adverse health outcomes, the level of
BP needs to be taken into account, as previously demonstrated in several studies. [21-24]
Otherwise, the association of BP variability with normal-tension GON is very likely driven
by the BP level. Three studies that applied ambulatory BP monitoring used the maximum-
minimum BP difference [17, 19] or the SD [16, 17] as measures of BP variability, which in
our hands were highly correlated with the BP level with rvalues greater than 0.212 (Table
S4, Supplementary file). No study has assessed the association between normal-tension
glaucomatous neuropathy and BP variability accounting for the BP level [16-19]. Our
findings demonstrated that BP variability was significantly associated with normal-tension
glaucoma independent of the BP level.

Ocular perfusion pressure depends on the intraocular and MAPs. MAP drives the blood flow
that maintains the integrity of tissues [25]. Abrupt and continuous variation in MAP can

lead to unstable ocular blood flow and supply that lead to the development and progression
of glaucomatous damage [1]. Moreover, excessive MAP variability might be ineffectively
coped with by eyes with normal-tension glaucoma, as their autoregulatory mechanisms to
maintain constant ocular blood flow are impaired [3]. This principle is also observed in the
brain, as in the presence of poor cerebral autoregulation to main blood flow, the excessive
variation in the BP levels increased the risk of poor outcomes [26].

In our study participants, both eyes were assessed. We did not compute but measured the
MAP, which determines the ocular perfusion pressure. We used VIMmap, a BP variability
index that is unrelated to the BP level (r=-0.012). All ocular examinations included
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spectral domain optical coherence tomography and an evaluation of the visual field. Two
independent observers assessed the images with intergrader x-statistics of 90% or higher.
Other causes of optic neuropathy, such as congenital, compressive, toxic, or traumatic
neuropathy, were excluded from the ophthalmological assessment. In view of the relatively
small number of events in our dataset [14, 15], we reduced the number of covariables in

the multivariable-adjusted logistic regression by summarizing potential confounders in a
propensity score. However, replacing the propensity score with the actual covariables did
not affect our results, probably because proportional to the total sample size, cases had a
high (28.0%) prevalence. This rate of normal-tension glaucoma is higher than that observed
among Black Hispanics living in Barbados (4.4%) 21 or among Mexican Americans living
in Los Angeles (4.7%) [27] but was similar to the prevalence of suspected glaucoma among
Hispanics of Caribbean origin residing in New York (24.9%) [28].

Notwithstanding the strong points of our current study, it must also be interpreted within

the context of its limitations. First, women were overrepresented due to the sampling

frame favoring the female ancestral line. Inhabitants of Maracaibo have a mixed European
and native Venezuelan ancestry. Our findings can therefore not be easily extrapolated

to men or other ethnic groups. Second, we did not measure the diurnal variation in
intraocular pressure. However, there was no correlation between the single intraocular
pressure measurement performed during the day and the daytime MAP (r=0.032; £=0.60).
Finally, the cross-sectional design does not allow causal inferences to be made, although our
observations do confirm a plausible pathophysiological mechanism of age-related normal-
tension GON proposed by other investigators [29].

In conclusion, the risk of normal-tension GON increased almost twofold for each 2-mmHg
increment in VIMmap, of which the 5th to 95th percentile interval ranged from 6.5

to 13.9 mmHg (Fig. 1). BP variability oscillates around the mean BP level during the
whole day. The clinical implications of our findings should be viewed within the context
of the 2017 American guidelines for the management of hypertension, which proposes
BP-lowering treatment when patients with stage—1 hypertension stay uncontrolled with
lifestyle intervention alone [5]. If the BP is lowered excessively, patients become vulnerable
to glaucomatous damage to the optic nerve, especially at night [6], when the ocular
perfusion pressure might fall to too low levels, resulting in ischemic damage to the optic
disk. Ophthalmologists should therefore embrace 24-h ambulatory BP as part of their
diagnostic armamentarium to stratify for risk for glaucomatous eye disease, particularly in
patients on antihypertensive drug treatment [29]. To facilitate this approach, manufacturers
might incorporate an algorithm in their software computing VIMmap from individual
patient readings and country-, sex-, and age-specific population means. Such information
is available in the International Database on Ambulatory BP in Relation to Cardiovascular
Outcomes [30, 31].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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(c)
407 s=080 - -Normal
K=0.35 —Kernel
M=12.6

301 P<0001| [

4 8 12 16 20
IOP, mm Hg

Distribution of the level (a) and variability (b) of 24-h mean arterial pressure and of
intraocular pressure (c). S and K are the coefficients of skewness and kurtosis. The dotted
and full lines represent the normal and kernel density distributions. M is the mean of

the distribution. The Pvalues are for departure of the actually observed distribution from
normality according to Shapiro-Wilk’s statistic. MAP mean arterial pressure, VIM variation
independent of the mean MAP level, IOP intraocular pressure
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(a) Unadjusted Nc/Nr
GON VFD (-) 19/67
GON/VFD (+)  14/67
GON/VFD (+/-) 26/67

(b) Adjusted
GON VFD (-) 19/67
GON/VFD (+)  14/67

GON/VFD (+/-) 26/67

(c)Fully-adjusted

GON VFD (-) 19/67
GON/VFD (+) 14/67
GON/VFD (+/-) 26/67

Fig. 2.

Association between glaucomatous optic neuropathy and variability of mean arterial
pressure. The risk was expressed per 1 SD on VIM (2 mmHg). Models were unadjusted (a),
adjusted for a propensity score derived from age, educational attainment, serum high-density
lipoprotein cholesterol, and in-office hypertension (b), and a propensity score additionally
accounting for blood pressure level (c). Nc number of cases, Nr number of participants with
healthy eyes, OR odds ratio, Cl confidence interval, GON glaucomatous optic neuropathy,
VFD visual field defects, VIM variation of mean arterial pressure independent of its mean

level, MAP mean arterial pressure
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Characteristics of participants

Table 1

Characteristic

Mean + SDal n=93

Age, years
Sex, women, 77 (%)

Educational attainment (IQR), yb

Current smoking, 7 (%)c

Drinking alcohol, n (%)C
Body mass index, kg/m?2
Refractive error, 71 (%)

Intraocular pressure, mmHg

Diabetes mellitus, 7 (%)d

History of cardiovascular disease, 77 (%)

Office hypertension, n(%)e

On antihypertensive treatment, 77 (%)

Systolic/diastolic office blood pressure, mmHgf

24-h systolic/diastolic/mean arterial blood pressuref

Serum total cholesterol, mg/dLg

Serum high-density lipoprotein cholesterol, mg/dLg

Serum creatinine, mg/dLg

Blood glucose, mg/dLg
HbAlc, %

61.9+12.9
81 (87.1%)
7.6 (4.0-11.0)

26 (28.0%)
9 (9.7%)

28.2+5.2
38 (40.9%)
12.7+3.0
13 (14.0%)

1(1.1%)
60 (64.5%)

44 (47.3%)
141.0 +22.8/76.2 + 8.3

122.1 +15.4/70.3 £ 8.7/87.9 £ 10.0
220.7£47.7

446+11.2
0.90£0.26
106.3 +27.5

5.80+0.74

a A
Unless otherwise noted

b - . .
IQR indicates interquartile range

c . . . .
Use of smoking materials or alcohol on a daily basis

dUse of antidiabetic drugs or fasting blood glucose of 2126 mg/dL (7.0 mmol/L)

61An office blood pressure of 2130 mmHg systolic or >80 mmHg diastolic or use of antihypertensive drugs

Page 12

Office blood pressure was the average of five consecutive oscillometric readings at a single visit. The 24-h blood pressure was measured by a

validated oscillometric device.

gTo convert cholesterol to mmol/L, multiply by 0.0259; to convert creatinine to umol/L, multiply by 88.7; to convert glucose to mmol/L, multiply

by 0.056
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