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BACKGROUND
Mean arterial pressure (MAP) drives ocular perfusion. Excessive 24-h 
MAP variability relates to glaucoma, however, whether this is due to 
dips or increases in the blood pressure (BP) is undocumented. We 
investigated the association of open-angle glaucoma (OAG) in rela-
tion to the 5 largest MAP dips/increases over 24-h, henceforth called 
dips/blips.

METHODS
In the Maracaibo Aging Study (MAS), 93 participants aged ≥40 y 
(women, 87.1%; mean age, 61.9 y) underwent baseline ophthalmo-
logical and 24-h ambulatory BP monitoring assessments. OAG was 
the presence of optic nerve damage and visual field defects. Statistical 
methods included logistic regression and the generalized R2 statistic. 
For replication, 48 OAG cases at the Leuven Glaucoma Clinic were 
matched with 48 controls recruited from Flemish population.

RESULTS
In the MAS, 26 participants had OAG. OAG compared to non-OAG 
participants experienced longer and deeper dips (116.5 vs. 102.7 minutes; 
to 60.3 vs. 66.6 mm Hg; −21.0 vs. −18.0 mm Hg absolute or 0.79 vs. 0.81 
relative dip compared to the preceding reading). The adjusted odds ratios 
associated with dip measures ranged from 2.25 (95% confidence interval 
[CI], 1.31–4.85; P = 0.009) to 3.39 (95% CI, 1.36–8.46; P = 0.008). On top 
of covariables and 24-MAP level/variability, the dip measures increased 
the model performance (P ≤ 0.025). Blips did not associate with OAG. The 
case–control study replicated the MAS observations.

CONCLUSIONS
Dips rather than increases in the 24-h MAP level were associated with 
increased risk for OAG. An ophthalmological examination combined 
with 24-h BP monitoring might be precautious steps required in nor-
motensive and hypertensive patients at risk of OAG.
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Glaucoma is the leading cause of visual disability and irre-
versible blindness worldwide, affecting approximately 64.4 
million people.1 The disease is characterized by chronic, pro-
gressive, and irremediable loss of the retinal ganglion cells, 
which leads to structural lesions of the optic nerve and visual 
field loss.2 To date, the only proven treatment for glaucoma 
remains lowering the intraocular pressure (IOP),2 but glau-
comatous optic nerve injury can still progress or even arise 
when the IOP is within normal limits.2

Mean arterial pressure (MAP) drives the ocular perfusion.3 
Systemic hypotension potentially aggravates the perfusion de-
ficiency of the optic nerve head, thereby compromising ox-
ygen supply and accelerating the loss of retinal ganglion cells.4 
Moreover, excessive blood pressure variations might destabi-
lize the ocular perfusion pressure even in patients with normal 
blood pressure levels.5 The 24-h ambulatory blood pressure 
monitoring is the state-of-the-art method to estimate BP level 
and variability.6,7 Although high 24-h blood pressure varia-
bility relates to open-angle glaucomatous optic damage,8,9 it 

is undocumented whether excessive dips or increases in the 
blood pressure around an averaged 24-h blood pressure level 
better relates to glaucomatous optic neuropathy. To test this 
hypothesis, we analyzed in the Maracaibo Aging Study (MAS) 
the association of open-angle glaucomatous optic neuropathy 
in relation to the 5 lowest and highest ambulatory MAP levels. 
We sought replication of the MAS findings in a case–control 
study with cases from the Leuven Eye Study10 and controls 
from the Flemish Study on Environment, Genes and Health 
Outcomes (FLEMENGHO).11 Cases and controls in the repli-
cation study resided in Flanders, Belgium.

METHODS

Study participants

The MAS is a prospective population-based study of 
chronic age-related diseases which enrolled participants 
age ≥ 40 years of age from the Santa Lucia (since 1998) and 
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the Santa Rosa de Agua (since 2010)  neighborhoods of 
Maracaibo, Venezuela.12 The MAS focuses on ophthalmic, 
neurological, and cardiovascular diseases. Detailed method-
ology of the MAS is described elsewhere.12 The initial partic-
ipation rate was 70.0%. From August 2011 until June 2016, 
534 participants were additionally enrolled, using a sam-
pling frame prioritizing the female ancestral lines with the 
intention to engage in genetic studies. In this study phase, 
we invited 130 adults, aged 40 years and older, to undergo 
ambulatory blood pressure monitoring and an in-depth eye 
examination, in which 114 (87.7%) accepted the invitation 
and underwent the assessments. The Institutional Review 
Boards of the Cardiovascular Institute at the University 
of Zulia, Maracaibo and Columbia University, New York, 
approved the MAS study, which complied with the declara-
tion of Helsinki.13 All participants in this study phase of the 
MAS renewed written informed consent. We excluded 21 
participants from analysis because they declined 24-h am-
bulatory blood pressure monitoring. Thus, the number of 
the MAS participants statistically analyzed totaled 93.

We sought to replicate our hypothesis using retrospective 
data of different cohorts of subjects. We included 48 patients 
with glaucoma selected from the database available at the 
Glaucoma Unit, University Hospitals Leuven, Belgium.10 
Cases included normal- (n = 31) and high-tension primary 
open-angle glaucoma (n = 17) as they qualified in view of 
the disease continuum between the 2 entities.14,15 The only 
other selection criterion was the availability of a 24-h am-
bulatory blood pressure recording during an interval of 
1.5  years between the ambulatory blood pressure assess-
ment and glaucoma diagnosis. Exclusion criteria included 
patients with suspected, angle-closure, or pseudoexfoliative 
glaucoma, as well as ocular hypertension. These 48 glau-
coma cases were matched for sex, age (±8 years), and 24-h 
MAP (±8  mm Hg) with healthy participants enrolled in 
FLEMENGHO,11 who were recruited from a defined geo-
graphical area in Northern Belgium. The Ethics Committee 
of the University Hospitals Leuven approved the secondary 
use of the data from the glaucoma patients (registration 
numbers, S65245 and B32220083510) as well as the sec-
ondary use of FLEMENGHO data (S58273 [ML4804] and 
B32220083510).

Ophthalmological examination

In both the MAS and Leuven Glaucoma Clinic, the eye ex-
amination was performed by an ophthalmologists specialized 
in glaucomatous eye disease (M.P. in the MAS). After history 
taking the ocular examination included measurement of 
visual acuity (with correction), an assessment of the lens, the 
vitreous body, and after pupil dilatation the visualization of 
the retina by slit lamp examination, fundoscopy, and indirect 
ophthalmoscopy with a 78/90 diopter lens (Figure 1). The 
optic nerve head and the retinal fiber layer was examined 
by spectral domain optic coherence tomography (Spectralis, 
Heidelberg Engineering GmbH, Heidelberg, Germany) 
and the Spectralis software, version 5.4.7.0 in the MAS and 
by Heidelberg Retinal Tomography (HRT3, Heidelberg 
Engineering GmbH) in Leuven (Figure 1). In the MAS, the 

visual field was tested using the Heidelberg Edge Perimeter 
and in Leuven by the Humphrey Visual Field Analyser (Carl 
Zeiss Meditec AG, Jena, Germany) or the Octopus 300/900 
system (Haag-Streit AG, Köniz, Switzerland). In Leuven, a 
glaucoma expert, determined the nerve rim width or retinal 
ganglion cell thinning over at least 5 visits within 2  years, 
while in the MAS the eye examination took place at a single 
visit. However, all ocular tomographic images and visual field 
results obtained in the MAS participants were read a second 
time by an independent specialist (C.G.D.M.) at Columbia 
University, New York, resulting in κ-coefficients ≥ 0.90, 
indicating high inter-reader reproducibility.16

All patients in the  MAS and in the Leuven Glaucoma 
Unit database had open-angle glaucoma as determined by 
gonioscopy (Figure 1). Glaucomatous optic neuropathy was 
significant retinal nerve fiber layer thinning, measured with 
spectral domain optical tomography, with or without visual 
field defects reflecting these lesions (e.g., nasal step, arcuate 
field defect, or paracentral depression in clusters of test 
scotomas). For analysis, in the MAS, cases of glaucomatous 
optic neuropathy with or without visual field defects were 
combined.

For FLEMENGHO controls, the absence of glaucoma 
was ascertained via the electronic medical records at the 
University Hospitals Leuven and the 4 regional hospitals in 
the study’s catchment area, and via the medical files of the 
general practitioners caring for FLEMENGHO participants.

Blood pressure

Office blood pressure, measured after study participants 
had rested for 5 minutes or longer in the sitting position, 
was the average of 5 consecutive oscillometric (MAS) or 
auscultatory (FLEMENGHO) readings, or the average of 3 
readings at the initiation of the ambulatory recordings in 
the patients enrolled at the Leuven Glaucoma Clinic. Office 
hypertension was a blood pressure of ≥ 130  mm Hg sys-
tolic or ≥ 80  mm Hg diastolic, or use of antihypertensive 
drugs.6 The ambulatory blood pressure was recorded with 
validated oscillometric recorders: 90202 or 90207 Spacelabs 
monitors17 in MAS and FLEMENGHO and Mobil-O-Graph 
devices18 at the Leuven Glaucoma Clinic. Readings were 
programmed at 15-minute intervals during the day and 
at 30-minute intervals at night in the MAS and in cases 
recruited at the Leuven Glaucoma Clinic, and at 20-minute 
intervals during daytime and 40-minute intervals during 
nighttime in the controls enrolled in the FLEMENGHO 
study (Supplementary Table S1 online). The same SAS 
macro processed all ambulatory recordings, which stayed 
largely unedited. Readings with higher diastolic than sys-
tolic blood pressure were flagged with an error code were 
removed. We used the oscillometric estimated MAP from 
the automated ambulatory blood pressure monitoring. The 
within-participant 24-h MAP was a time-weighted average, 
giving a weight to each individual reading proportional to 
the interval to the previous reading.

Variability independent of the mean (VIM) was computed 
to capture the 24-h MAP variability. VIM was calculated 
as the within-participant SD divided by the 24-h mean to 
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the power × and multiplied by the population mean to the 
power x.19 The power × was obtained by fitting a curve 
through a plot of the SD against the mean, using the model: 
SD = a × meanx, where × was derived by non-linear re-
gression analysis. The value of × so obtained was 0.49 in 
the  MAS, 1.79 in controls from FLEMENGHO study, and 
1.54 in glaucoma the glaucoma cases from the Leuven 

Glaucoma Database. In addition, blood pressure variability as 
captured by single readings in an ambulatory recording was 
expressed relative to the within-participant 24-MAP mean 
and relative to consecutive readings in an individual ambu-
latory recording. To study extreme decreases and increases 
in MAP, the 5 readings with the largest drop or the greatest 
surge compared to the previous reading in individual 24-h 

Figure 1. Work flow applied in the diagnosis of glaucomatous optic nerve neuropathy. Abbreviations: FU, follow-up; GON, glaucomatous optic neurop-
athy; IOP, intraocular pressure; ONH, optic nerve head; RNFL denotes retinal nerve fiber layer; VF, visual field.
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recordings, henceforth called dips and blips, were selected 
for further analysis—the time elapsed in between was used 
to quantify the duration of dips/blips.

Statistical analysis

For database management and statistical analysis, we 
used SAS software, version 9.4, maintenance Level 5.  We 
compared means by t-tests or Wilcoxon–Mann–Whitney, 
and proportions by Fisher’s exact test. Pearson correlations 
were computed between MAP level and variability and 
IOP. We identified potential covariables based on their 
biological relevance to glaucoma or their possible role as 
confounders.2,20 The association of glaucomatous optic 
neuropathy with MAP level and variability and the MAP 
dips/blips were estimated by logistic regression analysis. 
We constructed heat maps to visualize the contribution 
of 24-h MAP level and VIM to the probability of having 
glaucomatous optic neuropathy. Improvement in the fit of 
nested logistic models was assessed by the log likelihood-
ratio and the generalized R2 statistic. The normal approxi-
mation was applied for between-group comparisons in the 
odds ratios. In sensitivity analyses, we constructed models 
additionally adjusted for the night-to-day MAP ratio or the 
nighttime MAP level. Significance was a 2-tailed α-level 
of ≤ 0.05.

RESULTS

Characteristics of MAS participants

Among 93 participants (Table 1), 26 (27.9%) had open-
angle glaucomatous optic neuropathy in one (n = 3) or 
both (n = 23) eyes. Of participants with one eye affected, 
one had visual field defects; among participants with both 
eyes affected, visual field defects were present in at least 
one eye in 56.5%. The study population had a mean age of 
62 years (range, 5th–95th percentile interval, 43–82 years) 
and included 81 women (87.1%). All participants had an 
office IOP within the normal range, and only one par-
ticipant with glaucomatous optic neuropathy was under 
treatment with an IOP lowering collyrium (dorzolamide 
2% plus Timolol 0.5%). Compared to participants with 
normal eyes (Table 1), glaucoma participants were older 
(73 vs. 58. years), less educated (6 vs. 9 years), tended to 
be leaner (26.6 vs. 28.8 kg/m2), had a higher high-density 
lipoprotein (HDL) serum cholesterol (47 vs. 43 mg/dl) and 
a higher prevalence of refractive error (57.7 vs. 34.3%). In 
the whole study population, 48.4% of participants were 
taking antihypertensive drugs as monotherapy (42.2%) 
or in combination (17.2%). The antihypertensive agents 
used (Supplementary Table S2 online) were diuretics in 
four (4.3%) participants, β-blockers in 9 (9.7%), calcium-
channel blockers in 11 (11.8%), and angiotensin-conversion 
enzyme inhibitors in 31 (33.3%). Antihypertensive treat-
ment did not differ between MAS participants with and 
without glaucoma (Supplementary Table S2 online). The 
24-h heart rate levels were similar between participants 
with and without glaucoma (P = 0.258).

24-H MAP level and variability in MAS

The median number of readings in the 24-h recordings 
was 70 (5th–95th percentile interval, 56–81; Supplementary 
Table S1 online). The correlation coefficients of IOP with 
24-h MAP and VIMMAP were 0.042 (P = 0.690) and 0.061 
(P = 0.561), respectively (Supplementary Table S3 online). 
The 24-h MAP level was similar in participants with and 
without glaucoma (87.5 vs. 89.5 mm Hg; Table 1), whereas 
VIMSBP (13.4 vs. 11.4 mm Hg; P = 0.002), VIMDBP (10.6 vs. 
9.5 mm Hg; P = 0.012), and VIMMAP was higher in glaucoma 
patients (11.4 vs. 9.9 mm Hg; P < 0.001).

Without any adjustment, the risk of glaucomatous optic 
neuropathy was not associated with 24-h MAP, but increased 
with VIMMAP; the odds ratios, expressed per 1-SD increment 
in the explanatory variable and given with 95% confidence 
interval were 0.91 (0.72–1.14; P = 0.410) for 24-h MAP and 
2.16 (1.31–3.55; P = 0.002) for VIMMAP. With adjustments 
applied for sex, age, body mass index, HDL serum choles-
terol, years of education, office IOP refractive error, and 
use of antihypertensive drugs, these odds ratios were 0.92 
(0.70–1.21; P = 0.528) and 1.84 (1.04–3.28; P = 0.037), re-
spectively. In fully adjusted models, these risk estimates 
were 0.91 (0.69–1.20; P = 0.508) for 24-h MAP addition-
ally adjusted for VIMMAP, and 1.85 (1.04–3.31; P = 0.036) 
for VIMMAP additionally adjusted for 24-h MAP. A heatmap 
(Figure 2) combining the MAP level and VIMMAP showed 
that along the vertical axis, the probability of glaucomatous 
optic neuropathy increased with higher VIMMAP (P = 0.036), 
whereas along the horizontal axis the probability was not 
associated with higher 24-h MAP (P = 0.508). In a sensi-
tivity analysis, the participants were stratified according to 
age (<60 vs. ≥60 years). The fully-adjusted odds ratios were 
similar in the younger and older participants: 0.67 vs. 0.89 
(P = 0.688) and 1.80 vs. 1.77 (P = 0.991) for 24-h MAP and 
VIMMAP, respectively.

Dips and blips in MAS

Of the total number of dips, 20% occurred during night-
time (11 pm to 6 am). The dip measures were normally dis-
tributed (Figure 3). Patients with glaucoma, compared with 
participants with normal eyes (Table 2), dipped for a longer 
period (116.5 vs. 102.7 minutes) and more profoundly rel-
ative to the 24-h MAP level (60.3 vs. 66.6 mm Hg) and the 
forgoing reading (difference, −21.0 vs. −18.0 mm Hg; ratio, 
0.79 vs. 0.81). In multivariable-adjusted logistic regression 
(Table 3), in models including covariables and the 24-h MAP 
level, the risk of glaucomatous optic neuropathy increased 
with the periods covered by the dips and the magnitude 
of the dips relative to the 24-h MAP level and the forgoing 
reading. The odds ratios, expressed per 1-SD increment in 
the explanatory variable ranged from 2.25 (P = 0.009) for 
the period covered by the dips to 3.39 for the dips minus 
24-MAP level (P = 0.008).

Of the total number of blips, 80% occurred during daytime 
(6 am to 11 pm). Blips in patients with glaucoma compared 
to their counterparts with normal eyes (Table 2) were 
smaller relative to the 24-h MAP level (61.0 vs. 66.3 mm Hg), 
but expressed as a ratio relative to the forgoing reading were 
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steeper (1.27 vs. 1.24). However, in multivariable-adjusted 
logistic regression (Table 3), the risk of glaucomatous optic 
neuropathy was not associated with any of the measures 
capturing the blips (P ≥ 0.091).

The odds ratios associated with dips and blips were similar 
(P ≥ 0.234) in patients with and without visual field defects 
(Supplementary Table S4 online), except for the depth of 
the dips relative to the 24-h MAP level (P = 0.001). These 
MAS observations were also consistent if in all participants 
the odds ratios were additionally adjusted for the night-to-
day MAP ratio, combined or not with the 24-h MAP level 
(Supplementary Table S5 online).

Performance of variability indexes in MAS

Compared with a basic model (R2 = 22.2%; 
Supplementary Table S6 online), that included sex, age, 
body mass index, high-density lipoprotein serum cho-
lesterol, office IOP, refractive error, and antihypertensive 
treatment, 24-h MAP level did not improve the explained 
variance (R2 = +0.43%; P = 0.524), whereas VIMMAP did 
(R2 = +4.82%; P = 0.032). On top of 24-h MAP level and 
VIMMAP, the dip measures increased the model perfor-
mance with R2 estimates ranging from 4.46% to 7.48 
(P ≤ 0.039).

Table 1. Characteristics of participants by glaucomatous neuropathy status

Characteristic All GON Normal eyes P value

Number in group 93 26 67  

Characteristics of participants

 Women, n (%) 81 (87.1) 23 (88.5) 58 (86.6) 0.807

 Current smoking, n (%) 6 (6.5) 1 (3.9) 5 (7.6) 0.514

 Drinking alcohol, n (%) 9 (9.7) 3 (11.5) 6 (9.0) 0.705

 Refractive error, n (%) 38 (40.9) 15 (57.7) 23 (34.3) 0.040

 Office hypertension, n (%) 78 (83.9) 23 (88.5) 55 (82.1) 0.453

 Treated hypertension, n (%) 44 (73.3) 14 (70.0) 30 (75.0) 0.432

 Diabetes mellitus, n (%) 13 (14.0) 5 (19.2) 8 (11.9) 0.363

 Previous CV disease 1 (1.08) 0 (0.0) 1 (1.50) 0.531

Mean/median of characteristics

 Age, y 61.9 ± 13.3 70.9 ± 12.1 58.4 ± 12.1 <0.001

 Years of education, y 6 (4, 11) 6 (3, 8) 9 (4, 11) 0.012

 Body mass index, kg/m2 28.2 ± 5.2 26.6 ± 5.9 28.8 ± 4.7 0.007

 Fasting serum glucose, mg/dl 106.3 ± 27.5 105.8 ± 22.9 106.4 ± 29.3 0.871

 HbA1c, % 5.92 ± 0.75 6.10 ± 1.01 5.86 ± 0.62 0.231

 Total serum cholesterol, mg/dl 200.7 ± 47.7 198.8 ± 50.4 201.4 ± 46.9 0.813

 HDL serum cholesterol, mg/dl 44.6 ± 11.2 47.2 ± 9.3 43.6 ± 11.8 0.042

 Serum creatinine, mg/dl 0.92 ± 0.27 1.01 ± 0.31 0.88 ± 0.24 0.168

 Office systolic BP pressure, mm Hg 141.0 ± 22.8 148.7 ± 26.1 138.0 ± 20.38 0.056

 Office diastolic BP pressure, mm Hg 76.0 ± 8.3 74.4 ± 50.4 76.6 ± 7.5 0.250

 24-h systolic BP, mm Hg 122.2 ± 15.6 122.3 ± 14.8 122.1 ± 17.8 0.955

 24-h diastolic BP, mm Hg 70.6 ± 8.7 67.4 ± 8.8 71.9 ± 8.4 0.024

 24-h heart rate, beats per minute 71.9 ± 9.4 73.7 ± 10.5 71.2 ± 8.9 0.258

 24-h MAP level, mm Hg 89.0 ± 10.4 87.5 ± 12.1 89.5 ± 9.6 0.413

 24-h MAP VIM, mm Hg 10.3 ± 2.0 11.4 ± 2.1 9.9 ± 1.8 <0.001

 Office IOP, mm Hg 12.6 ± 2.8 13.1 ± 3.2 12.4 ± 2.6 0.385

Smoking and drinking habits and years of education were assessed by questionnaire. The biochemical measurements were performed by a 
single certified laboratory. Office hypertension was a blood pressure of ≥ 130 mm Hg systolic or ≥ 80 mm Hg diastolic, or use of antihypertensive 
drugs. Diabetes mellitus was a fasting glucose of 126 mg/dl or use of antidiabetic drugs. The central tendency and the spread of continuously 
distributed variables are represented by the arithmetic mean (±SD) or the median (interquartile range) and compared between GON patients 
and participants with normal eyes using a t-test or the Wilcoxon–Mann–Whitney test, as appropriate. To convert total and HDL serum cho-
lesterol to mmol/l, multiply by 0.0259; to convert glucose to mmol/l, multiply by 0.056. Abbreviations: BP, blood pressure; CV, cardiovascular; 
GON, glaucomatous optic neuropathy; HDL, high-density lipoprotein; IOP, intraocular pressure; MAP, mean arterial pressure; VIM, variability 
independent of the mean.
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Figure 2. Heatmap depicting the probability of glaucomatous optic neuropathy in MAS participants in relation to 24-h mean arterial pressure level 
(MAP) and variability (VIMMAP). (A) The percentage of participants contributing to each cell of the cross-classification between MAP and VIMMAP. The 
heat map (B) was derived by multivariable logistic regression. Panel B shows that along the vertical axis, the probability of glaucomatous optic neurop-
athy increased with higher VIMMAP (P = 0.034), whereas along the horizontal axis the probability was not significantly associated with higher 24-h MAP 
(P = 0.321). The probability was standardized to the average of the distributions in the whole study population of sex, age, body mass index, high-density 
lipoprotein serum cholesterol, years of education, office intraocular pressure, refractive error, and use of antihypertensive drugs.

Figure 3. Distributions of the duration of dips (A) and their intensity expressed relative to the 24 h mean arterial pressure (B), or the foregoing reading 
expressed as ratio (C) or differences (D). The red and blue dotted lines represent the normal and kernel density distributions. The P values are for depar-
ture of the actually observed distribution from normality according to the Shapiro–Wilk statistic. Skewness and kurtosis were computed as the third and 
fourth moments about the mean divided by the cube of the standard deviation. Abbreviations: M, mean; S, skewness; K, kurtosis.
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Replication study

Of the 48 glaucoma cases in the replication study, 31 
(64.6%) were normal-tension glaucoma and 17 (35.4%) 
were primary open-angle. A  total of 33 glaucoma patients 
were on topical (68.7%) treatment to lower IOP (no systemic 
IOP lowering treatment was registered). Office IOP averaged 
14.3 ± 3.2 mm Hg (range 8.0–21 mm Hg). The replication 
study included 56 women (58.3%). Age and 24-h MAP 
averaged 63.2 years and 91.3 mm Hg, respectively, and were 
similar in cases and controls (P ≥ 0.630), whereas VIMMAP 

was 1.6  mm Hg (95% confidence interval, 0.51–2.53  mm 
Hg; P = 0.004) higher in cases than controls (Supplementary 
Table S7 online).

In models adjusted for sex, age, body mass index, current 
smoking and alcohol intake, diabetes mellitus, previous car-
diovascular disease, and use of antihypertensive drugs, the 
risk of glaucomatous optic neuropathy was not associated 
with 24-h MAP, but increased with VIMMAP; the odds ratios, 
expressed per 1-SD increment in the explanatory variable 
were 0.99 (0.62–1.61; P = 0.991) for 24-h MAP and 2.04 
(1.17–3.57; P = 0.012) for VIMMAP. In fully-adjusted models, 

Table 3. Glaucomatous optic neuropathy in MAS in relation to dips and blips in mean arterial pressure

Variable

Univariable Multivariable-adjusted Fully-adjusted

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Dips

 Duration of dips, +20 minutes 1.94 (1.17–3.21) 0.010 1.91 (1.15–3.17) 0.013 2.25 (1.23–4.14) 0.009

 24-MAP minus dips, +2 mm Hg 1.88 (1.14–3.13) 0.014 2.97 (1.40–6.34) 0.004 3.39 (1.36–8.46) 0.008

 Dips minus forgoing reading, +3.6 mm Hg 1.69 (1.03–2.77) 0.036 2.28 (1.25–4.15) 0.007 2.54 (1.26–5.13) 0.009

 Ratio dip/forgoing reading, 0.03 mm Hg 2.10 (1.23–3.58) 0.006 2.07 (1.21–3.53) 0.008 2.52 (1.31–4.85) 0.006

Blips

 Duration of blips, +33 minutes 1.25 (0.81–1.93) 0.315 1.29 (0.82–2.01) 0.272 1.08 (0.65–1.81) 0.762

 Blips minus 24-MAP, +2 mm Hg 0.91 (0.82–0.99) 0.039 0.86 (0.75–0.98) 0.026 0.87 (0.75–1.02) 0.094

 Blips minus forgoing reading, +4.7 mm Hg 1.37 (0.87–2.16) 0.173 1.65 (0.98–2.77) 0.061 1.45 (0.79–2.66) 0.227

 Ratio blip/forgoing reading, +0.06 mm Hg 1.60 (1.01–2.54) 0.045 1.58 (0.99–2.52) 0.053 1.63 (0.93–2.89) 0.091

MAP indicates mean arterial pressure. Dips and blips refer to the 5 readings with the largest drop or the greatest surge compared to the 
previous reading within-in individual 24-h MAP recordings. Values are unadjusted and multivariable-adjusted odds ratios (OR), given with 95% 
confidence interval, and express the risk per 1-SD increment in the independent variable. Multivariable-adjusted models accounted for sex, 
age, body mass index, high-density lipoprotein serum cholesterol, years of education, office intraocular pressure, refractive error, and use of 
antihypertensive drugs. Fully adjusted models additionally included the 24-h MAP level.

Table 2. Dips and blips in mean arterial pressure in MAS participants

Variable All GON Healthy eyes P value

Number in group 93 26 67  

Dips

 Nighttime dips, % of total 20 (0–20) 20 (20–40) 20 (0–20) 0.227

 Duration of dips, minutes 106.6 ± 20.9 116.5 ± 31.4 102.7 ± 13.5 0.003

 24-MAP minus dips, mm Hg 64.8 ± 10.7 60.3 ± 10.6 66.6 ± 10.3 0.011

 Dips minus forgoing reading −19.6 ± 3.7 −21.0 ± 3.9 −18.0 ± 3.4 0.031

 Ratio dip/forgoing reading 0.80 ± 0.03 0.79 ± 0.03 0.81 ± 0.03 0.004

Blips

 Daytime blips, % of total 80 (80–100) 80 (80–100) 80 (80–100) 0.636

 Duration of blips, minutes 115.5 ± 33.9 121.4 ± 47.9 113.2 ± 26.7 0.303

 Blips minus 24-MAP, mm Hg 64.8 ± 10.9 61.0 ± 12.8 66.3 ± 9.7 0.035

 Blips minus forgoing reading 19.8 ± 4.7 20.9 ± 4.4 19.4 ± 4.7 0.171

 Ratio blip/forgoing reading 1.25 ± 0.06 1.27 ± 0.06 1.24 ± 0.06 0.039

Dips and blips refer to the 5 readings with the largest drop or the greatest surge compared to the previous reading within-in individual 24-h 
MAP recordings. Daytime and nighttime refer to the intervals from 6 am to 11 pm and from 11 pm to 6 am, respectively. Values are arithmetic 
mean ± SD or median (interquartile range). P values denote the significance of the difference between GON patients and participants with 
normal eyes. Abbreviations: GON, participants with glaucomatous optic neuropathy; MAP, mean arterial pressure.
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these risk estimates were 0.74 (0.43–1.27; P = 0.274) for 24-h 
MAP additionally adjusted for VIMMAP, and 2.32 (1.25–4.32: 
P = 0.007) for VIMMAP additionally adjusted for 24-h MAP. 
A heatmap (Supplementary Figure S1 online) combining the 
MAP level and VIMMAP showed that along the vertical axis, 
the probability of glaucomatous optic neuropathy increased 
with higher VIMMAP (P = 0.009), whereas along the hor-
izontal axis the probability was not associated with higher 
24-h MAP (P = 0.254).

Cases compared with controls (Supplementary Table S8 
online) dipped deeper relative to the forgoing reading (differ-
ence, −17.3 vs. −15.6 mm Hg; ratio, 0.81 vs. 0.84; P ≤ 0.006). 
In multivariable-adjusted logistic regression (Supplementary 
Table S9 online), the risk of glaucomatous optic neuropathy, 
increased with the magnitude of the dips relative to the 24-h 
MAP level and the forgoing reading (P ≤ 0.025). Blips in 
cases compared to controls (Supplementary Table S8 online) 
covered a shorter period (108.1 vs. 120.6 minutes; P = 0.019) 
were smaller relative to the 24-h MAP level (61.0 vs. 66.3 mm 
Hg), but expressed as a ratio relative to the forgoing reading 
were steeper (1.22 vs. 1.21; P = 0.021). In multivariable-
adjusted logistic regression (Supplementary Table S9 on-
line), the risk of glaucoma was inversely associated with the 
period covered by blips (odds ratio, 0.40; P = 0.003).

DISCUSSION

Our study showed that 24-h excessive MAP dips, but not 
the 24-h MAP level or MAP blips, were associated with an 
increased risk of open-angle glaucomatous optic neuropathy. 
Our study moves the field forward in several ways. First, 
MAP was directly recorded over 24-h, not computed from 
diastolic and systolic blood pressure. The software embedded 
in oscillometric devices draws an envelope around the pres-
sure oscillations in the brachial cuff and estimates MAP as 
the cuff pressure at the point of maximal oscillations.21 MAP 
captures the risk associated with both systolic and diastolic 
blood pressure, which respectively represent the pulsatile 
and steady components of blood flow.22 MAP is the driving 
force of organ perfusion and is similar across the circulation 
from the central arteries up to the small arterioles,23 a pro-
perty which is used to compute ocular perfusion pressure 
from MAP and IOP.3,24,25 As index of blood pressure varia-
bility, VIMMAP was applied. In contrast to other indexes of 
blood pressure variability, such as the SD, the coefficient of 
variation, average real variability, and the minimum–max-
imum blood pressure difference, VIMMAP is not correlated 
with the blood pressure level (Supplementary Table S3 on-
line), and thereby avoids issues of collinearity in regression 
analyses.19 In addition to VIMMAP as index of blood pres-
sure variability, the current study also included a reading-
to-reading analysis of the 24-h MAP recordings, which 
was implemented by the same macro for all ambulatory 
recordings. This reading-to-reading analysis excluded blood 
pressure increases (blips), as being associated with glauco-
matous optic nerve lesions. Finally, extreme dips in MAP 
were additive to VIMMAP in their association with glaucoma-
tous optic neuropathy, an observation hitherto not reported 
before. Finally, the MAS observations were replicated in a 

case–control study conducted in Flanders, Belgium, which 
included well-documented normal-tension (n = 31, 64.6%) 
and primary open-angle (n = 17, 35.4%) glaucoma cases 
from the Leuven Glaucoma Clinic10 and controls enrolled 
and followed-up in FLEMENGHO.11

There is an abundant literature26–30 associating glauco-
matous optic neuropathy with the systemic blood pressure 
level and variability. Most studies focused on the nocturnal 
blood pressure decline. A systematic review of the literature 
published in 2015,27 identified 5 studies31–35 published from 
199631,32 to 2001,35 which reported on the ambulatory blood 
pressure with separate data for daytime and nighttime blood 
pressure, the nocturnal blood pressure fall, and an assess-
ment of visual fields over a period of at least 2 years. There 
was no difference in mean systolic or diastolic diurnal or 
nocturnal blood pressure between patients with or without 
progressive visual field loss. The odds ratios for deteriorating 
visual fields over 2  years with nocturnal dips of 10% or 
greater in systolic or diastolic blood pressure were 3.32 (CI, 
1.84–6.00) and 2.09 (CI, 1.20–3.64), respectively.27 However, 
the pooled estimates derived by fixed-effect meta-analysis 
were not adjusted for any confounder. An additional issue 
of particular concern was the application of blood pressure 
variability indexes, which are closely correlated with the 
blood pressure level, such as the SD28,30 or coefficient of var-
iation28 across visit-to-visit28 or ambulatory28,30 blood pres-
sure readings.

Several studies addressed the variability in IOP or ocular 
perfusion pressure (OPP), as determined from MAP and 
IOP.26,29,36–38 The number of patients (eyes) ranged from 22 
(22)38 to 301 (301).37 In 2 prospective studies, the median 
follow-up was 7.237 and 8.726 years. In keeping with the cur-
rent findings, most studies suggested that greater diurnal 
variation in the IOP36,37 or ocular perfusion pressure26 was 
a factor in the prevalence or progression of open-angle glau-
coma. However, 2 studies failed to show association of the 
severity or progression of glaucomatous lesions with the di-
urnal amplitude of IOP38 or the habitual IOP or 24-h OPP.29 
The methodological challenges in the aforementioned 
studies principally rely on the unavailability of continuous 
IOP measurements. Although implantable IOP monitors 
combined with continuous blood pressure monitoring using 
finger cuff devices39 or cuffless blood pressure monitors40 
might be the innovative approach that might revolutionize 
glaucoma research, wearable IOP sensors provide inter-
mittent IOP readings and cause corneal deformation and 
some degree of discomfort.41 Moreover, implantable IOP 
monitors are still being developed42 and cuffless blood pres-
sure devices are not supported by hypertension specialists 
(https://medaval.ie/services-for-manufacturers).

Our current study adds to the literature by clarifying that 
MAP dips—not blips—are the blood pressure variability 
component associated with the risk of glaucomatous optic 
neuropathy. From a clinical viewpoint, 2 groups of patients 
should be considered to be at risk of glaucomatous optic neu-
ropathy. First, normotensive patients with high blood pres-
sure variability—reflecting impaired baroreflexes,43 as they 
are more likely to experience excessive dips compromising 
the ocular perfusion pressure. Second, as several studies have 
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demonstrated that high blood pressure positively associates 
with glaucoma,44 hypertensive patients might be at risk as a 
consequence of an impaired autoregulation of the ocular mi-
crocirculation to maintain the perfusion pressure45 when the 
blood pressure excessively drops, as for instance induced by 
medication. This issue is critical, because (i) approximately 
50% of glaucoma patients suffer from hypertension,46 and (ii) 
because current hypertensive guidelines do not propose how 
to guide antihypertensive therapy in glaucoma patients.6,7 
The ACC/AHA 2017 guideline recommended an office sys-
tolic/diastolic blood pressure of less than 130/80  mm Hg, 
based on the findings from the SPRINT study, which did 
not include glaucomatous optic damage as an adverse out-
come47,48 and in which patients in the intensive-treatment 
group experienced more serious hypotension and syncope 
events.49 The Thessaloniki Eye Study reported that the as-
sociation between antihypertensive medication and optic 
nerve structures was driven by controlling diastolic blood 
pressure to less than 90 mm Hg.50 As a measure of precau-
tion, patients in whom intensive blood pressure lowering 
treatment is indicated, such as those with diabetes or a his-
tory of cardiovascular or renal disease, should be referred 
for an ophthalmological examination prior to intensifica-
tion of antihypertensive treatment. Likewise, both normo-
tensive and hypertensive glaucoma patients experiencing 
progressive glaucomatous damage despite controlled or low 
intraocular pressures, should be followed with standardized 
protocols regarding blood pressure measurements and 
antihypertensive therapy by hypertensive specialists.47 
Consensus guidelines to balance the ocular and cardiovas-
cular risk in patients with OAG are still an unmet clinical 
need.47,48

Strengths and limitations

In the MAS study, 2 experienced ophthalmologists graded 
glaucomatous optic neuropathy independent from one an-
other and achieved an intergrader κ-statistics of 0.90. The 
number of readings in ambulatory recordings met the 
guideline-endorsed number of at least 48 measurements 
over 24-h (Supplementary Table S1 online). The MAS ob-
servation were independently replicated using normal-
tension and primary open-angle glaucoma cases examined 
at the Leuven Eye Clinic10 and matched controls in the 
FLEMENGHO study.11 However, the current study must also 
be interpreted within the context of its limitations. First, as 
per design, women were overrepresented in the MAS study 
sample. This was also the case in the replication case–con-
trol study. However, the prevalence of glaucomatous optic 
neuropathy was similar in Maracaibo and in a sex-balanced 
sample of Hispanics of Caribbean origin residing in New 
York.51 Second, cross-sectional association studies, such as 
the current study, do not allow drawing causal inferences. 
However, application of the Bradford–Hill criteria52 suggest 
that hypoperfusion might be a causal factor in primary-
open angle glaucoma, given the plausibility of the hypo-
thesis,4 consistency of the findings,26,29,36–38 and hypotension 
preceding the disease.27 Finally, a single office intraocular 
pressure measurement might limit the generalizability of the 

MAS findings. However, the case–control study replicated 
the MAS observations along the continuum from normal-
tension to primary open-angle glaucoma.14,15

We found that the association between 24-h MAP 
variability and open-angle glaucomatous optic neurop-
athy was driven by dips rather than increases in the MAP. 
Autoregulation of blood flow in the retina and optic nerve 
head occurs over a large range of intraocular pressures and 
blood pressures. Antihypertensive drugs not only interfere 
with the systemic blood pressure, but potentially also with 
the autoregulation of the retinal blood flow. To our know-
ledge, none of the trials of intensive vs. usual blood pressure 
lowering49,53,54 reported on the incidence of glaucomatous 
optic damage in the intervention vs. the control group. 
Glaucoma being the first cause of irreversible blindness 
worldwide55 and given the ever decreasing blood pressure 
targets in primary49 and secondary56 cardiovascular pre-
vention, an ophthalmological examination combined with 
24-h ambulatory blood pressure monitoring are precautious 
steps advisable in patients at risk of glaucoma. However, 
to date, no specific recommendation can be proposed to 
limit dips, which might occur instantly and unexpectedly 
during daytime as well as during nighttime (Supplementary 
Figure S2 online). In the absence of any solid evidence and 
consolidated guidelines, a tailored management of each in-
dividual patient is warranted, always balancing the risks of 
cardiovascular and ocular complications.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of 
Hypertension online.
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