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Background: Systemic hypoperfusion plays a pivotal role in the pathogenesis

of primary open-angle glaucoma (POAG). Extreme dips in mean arterial

pressure (MAP) due to high 24-h variability are associated with POAG,

however, whether this is driven by diurnal or nocturnal dips remains

undocumented. We aimed this study to investigate the association of POAG

damage with variability and dips in the diurnal and nocturnal MAP.

Methods: We conducted a retrospective longitudinal study that included 110

POAG patients who underwent 24-h ambulatory blood pressure monitoring.

Our outcomes included (i) functional [visual field defects expressed as mean

deviation (MD)] and (ii) structural (optic disc cupping obtained from cup-

to-disc ratio) glaucoma damage. MAP variability independent of the mean

(VIMmap) was computed for diurnal and nocturnal MAP. Dips were the five

diurnal and three nocturnal lowest drops in MAP. We also calculated the night-

to-day ratio. We applied mixed models to evaluate the progression of visual

field defects and optic disc cupping in relation to diurnal and nocturnal MAP

measures.
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Results: The mean age was 64.0 y (53% women). The median follow-up

was 9 years. In adjusted mixed models, functional progression of glaucoma

damage was associated with VIMmap (−2.57 dB change in MD per every

3 mmHg increase in VIMmap; P < 0.001) and diurnal MAP dips (changes

in the MD ranged from −2.56 to −3.19 dB; P < 0.001). Every 5 mmHg

decrease in the nocturnal MAP level was associated with −1.14 dB changes

in MD [95% confidence interval (CI), −1.90 to −0.40] and 0.01 larger optic

disc cupping (95% CI, 0.01–0.02). Lower night-to-day ratio was also related

to both outcomes (P ≤ 0.012). Functional glaucoma damage worsened if

nocturnal hypotension was combined with high variability or extreme dips in

the diurnal MAP (P ≤ 0.022).

Conclusion: Progression of glaucoma damage in POAG associates with high

variability and extreme dips in the diurnal MAP. Structural glaucoma damage

seems more vulnerable to nocturnal hypotension. Ambulatory blood pressure

monitoring allows the assessment of sporadic diurnal and persistent nocturnal

hypotension episodes. These phenotypes might offer an opportunity to

improve the risk-stratification of open-angle glaucoma (OAG).

KEYWORDS

ambulatory blood pressure monitoring (ABPM), diurnal MAP profile, nocturnal
hypotension, glaucoma progression, primary open-angle glaucoma

Introduction

Open-angle glaucoma (OAG) is a progressive optic
neuropathy characterized by loss of retinal ganglion cells and
visual deterioration in eyes with or without high intraocular
pressure (1). The pathogenesis of OAG is unclear but recent
evidence focuses on risk factors that affect the ocular perfusion
pressure (2, 3), with nocturnal hypotension being the most
important systemic vascular risk factor (4–6). The most
plausible hypothesis is that low mean arterial pressure (MAP)
leads to reduced ocular perfusion pressure, promoting the loss
of retinal ganglion cell death due to ischemia of the optic
nerve head (7, 8). However, beyond the MAP level, fluctuations
in the 24-h MAP may also destabilize the ocular perfusion
pressure due to repetitive and extreme MAP drops over 24-h
(9). Approximately 60–80% of these extreme dips in the MAP
occur during the day in both normotensive and hypertensive
individuals (9), indicating that low MAP is not only limited to
nocturnal hypotension. This is critical as the perfusion pressure
to the eyes is about 2/3 lower than at the brachial level in
the standing or sitting positions—the often diurnal postures
(3). In normal physiological conditions, eyes have the ability
to maintain their blood flow despite changes in the perfusion
pressure by autoregulatory mechanisms (7). However, eyes
with glaucoma exhibit irregular autoregulation (7). Therefore, a
physiologically lower perfusion pressure coupled with extreme
diurnal dips in the MAP would result in glaucomatous eyes

experiencing a more intense hypoperfusion state in the optic
nerve, resulting in the progression of the disease. Building upon
this theory, we aimed this study to test the hypothesis that high
variability and dips in the diurnal MAP are associated with OAG
damage. We also tested that diurnal MAP dips combined with
nocturnal hypotension lead to a more severe OAG damage.

Materials and methods

Cohort study

We included patients age ≥ 18 or older with OAG from
the database available at the Glaucoma Department, University
Hospitals Leuven, Belgium to conduct a retrospective,
observational, cohort study. We identified 476 Caucasian
patients with OAG followed between 1998 and 2019 who
underwent 24-h ambulatory blood pressure monitoring at
the Glaucoma Department, University Hospitals Leuven.
The assessment of the 24-h blood pressure was performed
because patients experienced progression of glaucoma damage
despite the intraocular pressure being within the normal range
during follow-up. Of 476 patients, a total of 110 patients
with primary open-angle glaucoma (POAG) were included in
the present study. POAG was defined as glaucoma patients
with maximal recorded untreated intraocular pressure level
above 21 mm Hg. The Ethics Committee of the University
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Hospitals Leuven approved the secondary use of the data
from the glaucoma patients (registration numbers, S65245
and B32220083510).

Ophthalmological examination

The ophthalmic examination was performed by glaucoma
specialists, and included measurement of best-corrected visual
acuity, biomicroscopy and fundus examination by slit lamp
examination and a 90-diopter lens. The intraocular pressure
was measured with Goldmann applanation tonometry. Optic
disc cupping was the cup-to-disc ratio estimated by glaucoma
expert visual rating during the fundus examination. The
optic nerve head and the retinal fiber layer were examined
by Heidelberg Retinal Tomography (HRT3 R©) or Optical
Coherence Tomography Spectralis

R©

(Heidelberg Engineering
GmbH, Heidelberg, Germany). The visual field was tested
using the Humphrey Visual Field Analyzer HFA3

R©

(Carl
Zeiss Meditec AG, Jena, Germany) or the Octopus 300/900
system

R©

(Haag-Streit AG, Switzerland). Glaucoma was
diagnosed following the 5th European Glaucoma Society
Guidelines, as a significant optic nerve rim and retinal
nerve fiber layer thinning with congruent visual field
defects. Figure 1 illustrates examples of functional and
structural glaucomatous damage. Functional glaucoma
damage was derived from the visual field test expressed
as mean deviation (decibels, dB). Structural glaucomatous
damage (optic disc cupping) was defined as cup-to-disc
ratio (1, 10).

Blood pressure measurements

Office blood pressure was the average of three readings
at the initiation of the ambulatory blood pressure recordings
in the patients enrolled at the Leuven Glaucoma Department.
The ambulatory blood pressure monitoring was performed
with validated oscillometric recorders (Mobil-O-Graph devices)
(11). The programmed intervals between readings ranged from
15 min (from 06hh00 to 00h00) during daytime and from
30 min (from 00h00 to 06h00) at night (Supplementary Table
1). 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. Diurnal and nocturnal
MAP hypertension were a MAP equal or higher than 96
and 82 mm Hg; respectively (12). As no current operative
thresholds are available to define hypotension, we used the
within-individual lowest 10th percentile of the diurnal and
nocturnal MAP distribution to define diurnal and nocturnal
hypotension. We used the variability independent of the mean
(VIM) index to quantify the diurnal and nocturnal MAP
variability measurements. VIM was calculated as the within-
participant standard deviation divided by the mean to the power

x and multiplied by the population mean to the power x. The
power x was obtained by fitting a curve through a plot of the
standard deviation against the mean, using the model: standard
deviation = a × meanx, where x was derived by non-linear
regression analysis. The value of x so obtained was 1.05 and
0.77 for estimating diurnal and nocturnal VIMmap. To study
extreme dips in MAP, the five diurnal and three nocturnal
readings with the largest drops compared to the previous
reading in individual MAP readings were selected for further
analysis—the time elapsed in between was used to quantify the
duration of dips/blips. To identify decrease in the nocturnal
MAP levels in relation to diurnal MAP levels, we estimated the
night-to-day ratio (13). Night-to-day ratios ≤0.80 indicated an
extreme dipping in the nighttime MAP compared to daytime,
>0.80 to ≤0.90 indicated a normal physiological nocturnal MAP
dipping, and >0.90 indicated non-dipping.

Statistical analysis

For database management and statistical analysis, we
used SAS software, version 9.4, maintenance level 5. Baseline
characteristics were reported as arithmetic mean with standard
deviation for continuous variables with normal distribution,
or median with interquartile ranges for non-parametric
continuous variables. Categorical data was reported as
frequency and percentage (%). Our outcome was glaucoma
progression assessed as longitudinal changes in the (i)
mean deviation, expressed in decibels (dB) or (ii) optic
disc cupping assessed as cup-to-disc ratio. We conducted
unadjusted and adjusted linear mixed models to evaluate the
relationship between glaucoma progression and ambulatory
MAP measurements. Adjusted models accounted for variables
with biological relevance and additionally accounted for the
time difference between the baseline visual field test/fundus
examination and ambulatory blood pressure monitoring.
Supplementary analysis included fully-adjusted models
additionally accounted for the diurnal or nocturnal MAP level.
In linear mixed models, we introduced a random-effect that
accounted for clustering of the observations within participants,
that is, accounting for individuals’ initial mean deviation or
cup-to-disc ratio instead of the sample average – this was
done while accounting for correlation between eyes. Including
follow-up time as an intercept in the random statement allows
us to construct longitudinal linear mixed models (14, 15). We
plotted the progression of glaucoma damage across categories
of variability and dips in the diurnal and nocturnal MAP by
deriving from mixed modeling the predicted longitudinal mean
deviation and cup-to-disc ratio across the categories. We also
investigated the contribution of changes in (i) diurnal MAP
variability and dips and (ii) nocturnal MAP level in relation
to glaucoma progression. Significance was a 2-tailed α-level
of ≤ 0.05.
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FIGURE 1

Representation of functional (left columns) and structural (right columns) glaucomatous damage. Top panels illustrate moderate visual field
defects (A) and cup-to-disc ratio within the normal range (B). Bottom panels show severe visual field defects (C) and enlarged optic disc
cupping (D).

Results

Cohort characteristics

The mean age was 68.5 years, and 40.9% (n = 45) patients
with POAG were women (Table 1). The prevalence of office,
diurnal, and nocturnal MAP hypertension was 83.6, 62.3,
and 69.1%, respectively, and 6.4% were on antihypertensive
medication. Supplementary Table 2 contains the list of
medications for lowering the intraocular pressure or systemic
blood pressure levels. The rates of current smoking, drinking
habits, obesity, diabetes mellitus, and previous cardiovascular
diseases ranged from 2.7 to 20.9%. The averaged maximum
untreated intraocular pressure was 24 mm Hg—the baseline
intraocular pressure was 14 mm Hg. A total of 46 (41.8%) and 40
(36.4%) POAG patients were on eye drops medications or had
surgical interventions to lower the intraocular pressure. With a
median follow-up time of 9 years, the median number of visual

field tests was 11 (interquartile range, 6–20 tests). The median
baseline and last mean deviation were −8 and −11 dB. The
number of cup-to-disc measures in a median of 5 years was
5.3, and the baseline and last measures were 0.84 and 0.85. The
median time between the baseline ambulatory blood pressure
monitoring and baseline visual field test was 1.7 years.

Ambulatory blood pressure
measurements

Table 2 contains the measurements of the diurnal and
nocturnal MAP level and variability. Nocturnal MAP level (88.4
vs. 99.5 mm Hg) and variability (8.0 vs. 10.6 mm Hg) were
lower than diurnal MAP measurements. Based on the 10th
lowest percentile of the distribution, diurnal and nocturnal low
MAP were set at < 84 and < 74 mm Hg; respectively. Dips
measurements seemed similar between diurnal and nocturnal
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TABLE 1 Baseline characteristics of glaucoma patients.

Characteristics Primary-open angle
glaucoma (n = 110)

Demographics

Women, n (%) 45 (40.9)

Age, y 68.5 ± 10.8

Clinical characteristics

Current smoking, n (%) 3 (2.7)

Drinking alcohol, n (%) 23 (20.9)

Body mass index, kg/m2 25.7 ± 3.4

Obesity, n (%) 14 (12.7)

Dyslipidemia, n (%) 6 (5.4)

Diabetes mellitus, n (%) 14 (12.7)

Previous cardiovascular disease 6 (5.4)

Office hypertension, n (%) 92 (83.6)

Office mean arterial pressure, mm Hg 102.0 ± 10.9

Diurnal mean arterial hypertension*, n (%) 165 (62.3)

Nocturnal mean arterial hypertension, n (%) 183 (69.1)

Anti-hypertensive treatment, n (%) 7 (6.4)

Ophthalmic characteristics

Averaged max untreated IOP registered, mm Hg 24 (22, 28)

IOP closest to first visual field test, mm Hg 14 (11, 18)

Eye drops medications, n (%) 46 (41.8)

Surgical intervention to lower the IOP, n (%) 40 (36.4)

Ophthalmic outcomes

Functional glaucomatous damage (visual field defects)

Number of visual field tests, n 11 (6, 20)

Follow-up time, years 9 (4, 12)

Mean deviation at baseline, dB −8 (−14, −3)

Mean deviation at last follow-up, dB −11 (−16, −6)

Structural glaucomatous damage (optic disc cupping)

Number of cup-to-disc ratio measures, n 5.3 (2.3, 8.4)

Follow-up time, years 5 (3, 8)

Cup-to-disc ratio at baseline, dB 0.84 (0.70, 0.90)

Cup-to-disc ratio at last follow-up, dB 0.85 (0.75, 0.93)

IOP, intraocular pressure; ABPM, ambulatory blood pressure monitoring; dB, decibels.
Values are arithmetic mean ± SD or median (interquartile range).
*Diurnal and nocturnal mean arterial hypertension defined as an oscillometric calculated
24-h MAP ≥ 96 or ≥ 82 mm Hg, respectively.

MAP. The average night-to-day MAP ratio was 0.88 mm Hg;
15.5, 47.3, and 37.3% were extreme dipper, normal dippers, and
non-dippers.

Diurnal variability and dips in mean
arterial pressure

In univariate adjusted models, diurnal MAP level or low
MAP level (below 84 mm Hg) were not associated with the
progression of glaucoma damage (P ≥ 0.051; Table 3). Every
3 increase in the VIMmap was related to −2.57 dB [95%
confident interval (CI), −3.86 to −1.27 dB] changes in the mean

TABLE 2 Level, variability, and dips in the ambulatory mean arterial
pressure during diurnal and nocturnal periods.

Ambulatory mean arterial
pressure measurements

Primary-open angle
glaucoma (n = 110)

Ambulatory mean arterial pressure

Diurnal measures

Average level, mm Hg 99.5 ± 9.8

Low MAP level, < 84 mm Hg 16 (5.4%)

VIM, mm Hg 10.6 ± 2.8

Extreme dips during daytime

Dips minus daytime MAP, mm Hg 76.2 ± 13.5

Dips minus forgoing reading, mm Hg −16.8 ± 5.5

Ratio dip/forgoing reading, mm Hg 0.84 ± 0.04

Nocturnal measures

Average level, mm Hg 88.4 ± 11.2

Low MAP level, < 74 mm Hg 17 (5.8%)

VIM, mm Hg 8.0 ± 2.9

Night-to-day MAP ratio, mm Hg 0.88 ± 0.07

Extreme dips during nighttime

Dips minus nighttime MAP, mm Hg 82.3 ± 13.1

Dips minus forgoing reading, mm Hg −17.0 ± 6.1

Ratio dip/forgoing reading, mm Hg 0.83 ± 0.05

POAG, primary open-angle glaucoma; VIM, variability independent of the mean.

deviation (P < 0.001) regardless of potential confounders and
diurnal (Table 3) or nocturnal (Supplementary Table 3) MAP
level. All diurnal measures were significantly associated with
progression of glaucoma damage; the estimates ranged from
−3.05 dB (95% CI, −4.28 to −1.83; P < 0.001) to –1.59 dB
(95% CI, −2.63, −0.55; P = 0.003). Neither diurnal VIMmap
nor dip measures were significantly related to the progression of
structural glaucoma damage (Table 3). In Figure 2, the predicted
mean deviation was the same across categories of diurnal MAP
level (Figure 2A, P = 0.380), however, the predicted mean
deviation was worse in relation to higher diurnal variability
(Figure 2B; P < 0.001) and lower MAP dips (Figure 2C;
P < 0.001). The predicted cup-to-disc ratio was similar across
categories of diurnal MAP level (Figure 2D), variability (Figure
2E), and dips (Figure 2F).

Nocturnal variability and dips in mean
arterial pressure

Contrary to diurnal, lower MAP level was associated with
−0.71 dB changes in the mean deviation (Table 4, 95% CI, −1.24
to −0.17; P = 0.003) and 0.01 larger optic disc cupping (95%
CI, 0.01–0.02; P = 0.014). Patients with a nocturnal MAP level
below 74 mm Hg had a −7.54 dB change in the mean deviation
(P = 0.005). Every 0.05 mm Hg decrease in the night-to-day
ratio related to −0.98 dB change in the mean deviation (95%
CI, −1.72 to −0.24; P = 0.006) and 0.02 larger cup-to-disc ratio
(95% CI, 0.01–0.03; P = 0.012). In a categorical analysis of the
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TABLE 3 Mixed models for the association of progression of glaucoma damage in relation to level, variability, and dips in the diurnal mean arterial
pressure in primary open-angle glaucoma.

Diurnal mean arterial pressure
measurements

Progression of visual
field defects (dB)

Progression of optic disc cupping
(cup-to-disc ratio)

Unadjusted Adjusted by covariables* Unadjusted Adjusted by covariables*

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Diurnal measures

Average level, −5 mm Hg −0.43 (−0.94, 0.08) −0.21 (−0.77, 0.36) 0.01 (−0.01, 0.02) 0.01 (−0.01, 0.02)

Low MAP level, < 84 mm Hg −1.90 (−8.20, 4.40) −1.18 (−7.61, 5.25) −0.05 (−0.17, 0.05) 0.07 (−0.05, 0.19)

VIM, + 3 mm Hg −2.85 (−4.05, −1.66)§
−2.57 (−3.86, −1.27)§ 0.03 (0.01, 0.05) 0.03 (−0.01, 0.05)

Extreme dips during daytime

Duration of dips, + 30 min −1.59 (−2.63, −0.55)‡
−1.70 (−2.75, −0.58)‡ 0.01 (−0.01, 0.03) 0.01 (−0.01, 0.03)

Dips minus daytime MAP, −10 mm Hg −1.67 (−2.45, −0.88)§
−2.56 (−3.61, −1.51)§ 0.02 (0.01, 0.03)† 0.02 (−0.01, 0.04)

Dips minus forgoing reading, −6 mm Hg −2.47 (−3.66, −1.29)§
−3.19 (−4.53, −1.84)§ 0.02 (−0.01, 0.05) 0.03 (0.01, 0.06)†

Ratio dip/forgoing reading, −0.05 mm Hg −3.05 (−4.28, −1.83) §
−3.00 (−4.34, −1.67)§ 0.03 (0.01, 0.05)† 0.02 (−0.01, 0.05)

MAP, mean arterial pressure; VIM, variability independent of the mean. Estimates are association sizes, given with 95% confidence interval (CI), and relate to longitudinal changes in the
mean deviation through the follow-up period. For the visual field, negative estimates indicate worsening in the visual field defects, while higher estimates for the cup-to-disc ratio indicate
enlargement in the optic disc cupping.
*Mixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office
intraocular pressure closest to the visual field test, past untreated (max) intraocular pressure, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive
medication, follow-up time, and time-difference between the visual field test and the ambulatory blood pressure monitoring. Models additionally accounted for nocturnal MAP level are
shown in Supplementary Table 3.
†P ≤ 0.05; ‡P ≤ 0.01; §P ≤ 0.001.

FIGURE 2

Predicted progression of glaucoma damage across categories of variability and dips in the diurnal mean arterial pressure (map) in patients with
primary open-angle glaucoma. VIM refers to variability independent of the mean. We derived the predicted longitudinal mean deviation (A–C)
and optic disc cupping (D–F) from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking
habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops and surgical treatment
for lowering the intraocular pressure, use of antihypertensive medication, time-difference between the visual field test and the ambulatory
blood pressure monitoring, and the 24-h MAP level. Vertical lines represent the 95% confidence interval. P-values are for trend in changes in the
mean deviation (A–C) and optic disc cupping (D–F) across categories.

Frontiers in Cardiovascular Medicine 06 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1024044
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1024044 November 9, 2022 Time: 15:31 # 7

Melgarejo et al. 10.3389/fcvm.2022.1024044

TABLE 4 Mixed models for the association of progression of glaucoma damage in relation to level, variability, and dips in the nocturnal mean
arterial pressure in primary open-angle glaucoma.

Nocturnal mean arterial pressure
measurements

Progression of visual
field defects (dB)

Progression of optic disc
cupping (cup-to-disc ratio)

Unadjusted Adjusted by
covariables*

Unadjusted Adjusted by
covariables*

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Nocturnal measures

Average level, −5 mm Hg −0.50 (−0.97, −0.03)‡
−0.71 (−1.24, −0.17)‡ 0.01 (0.01, 0.02)† 0.01 (0.01, 0.02)†

Low MAP level, < 74 mm Hg −7.23 (−12.1, −2.40)‡
−7.54 (−12.6, −2.52)‡ 0.04 (−0.05, 0.13) −0.04 (−0.14, 0.06)

VIM, + 3 mm Hg 0.45 (−0.59, 1.50) 0.91 (−0.17, 1.99) 0.01 (−0.02, 0.02) −0.01 (−0.02, 0.02)

Night−to−day ratio, −0.05 mm Hg −0.96 (−1.70, −0.21)‡
−0.98 (−1.72, −0.24)‡ 0.01 (−0.01, 0.02) 0.02 (0.01, 0.03)†

Dipping status,

Normal dipping Reference group Reference group Reference group

Extreme dipping −2.25 (−5.27, 0.78) −3.05 (−6.19, 0.08) −0.02 (−0.07, 0.03) −0.03 (−0.09, 0.03)

Reverse dipping −1.15 (−3.30, 0.99) 1.04 (−1.26, 3.33) 0.01 (−0.04, 0.04) 0.02 (−0.03, 0.07)

Extreme dips during nighttime

Duration of dips, + 30 min −1.70 (−2.93, −0.44)‡
−1.52 (−2.83, −0.20)† 0.02 (−0.01, 0.04) 0.02 (−0.01, 0.04)

Dips minus nighttime MAP, −10 mm Hg −1.2 (−1.94, −0.47)‡
−0.69 (−1.65, 0.28) 0.01 (−0.01, 0.03) 0.01 (−0.02, 0.02)

Dips minus forgoing reading, −6 mm Hg −0.31 (−1.21, 0.58) 0.01 (−1.07, 1.07) 0.03 (−0.01, 0.02) 0.01 (−0.02, 0.03)

Ratio dip/forgoing reading, −0.05 mm Hg −0.91 (−1.83, 0.01) −0.39 (−1.46, 0.69) 0.01 (−0.01, 0.03) 0.01 (−0.02, 0.02)

MAP, mean arterial pressure; VIM, variability independent of the mean. Estimates are association sizes, given with 95% confidence interval (CI), and relate to longitudinal changes in the
mean deviation through the follow-up period. For the visual field, negative estimates indicate worsening in the visual field defects, while higher estimates for the cup-to-disc ratio indicate
enlargement in the optic disc cupping.
*Mixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office
intraocular pressure closest to the visual field test, past untreated (max) intraocular pressure, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive
medication, follow-up time, and time-difference between the visual field test and the ambulatory blood pressure monitoring. Models additionally accounted for diurnal; MAP level are
shown in Supplementary Table 4.
†P ≤ 0.05; ‡P ≤ 0.01.

night-to-day ratio, we did not observe a significant association of
extreme dipping with glaucoma damage (P ≥ 0.051). Nocturnal
VIMmap was not associated with glaucoma damage (P = 0.054).
Only the duration of the nocturnal dips and dips minus
the nocturnal MAP level were significantly associated with
changes in the mean deviation—the estimates were −1.59 and
−1.37 dB; respectively. The other nocturnal dip measures were
not statistically related to glaucoma damage (P ≥ 0.224).
Figure 3 displays the predicted longitudinal mean deviation and
optic disc cupping in relation to categories in the nocturnal
MAP level, variability, night-to-day ratio, and dips. Progression
of the glaucoma damage worsened across categories of MAP
level (Figure 3A; P = 0.008) and night-to-day ratio (Figure 3C;
P = 0.030), but did not worsen for variability or dips categories
(Figures 3B,D–F). Adjustment by diurnal MAP level did not
modify the mentioned findings (Supplementary Table 4).

Contribution of diurnal variability and
nocturnal hypotension mean arterial
pressure to glaucoma

Structural glaucoma damage was only associated with
low nocturnal MAP, therefore, we plotted in Figure 4 the

contribution of diurnal variability and nocturnal MAP to
functional glaucomatous damage. Lower nocturnal MAP across
tertiles of diurnal VIMmap was associated with worse mean
deviation (P < 0.009; Figure 4A). The lower the tertiles
of dip measures combined with low nocturnal MAP level
was associated with worse glaucoma damage (P < 0.001;
Figure 4B). When we simultaneously analyzed diurnal and
nocturnal MAP measures, we observed that both phenotypes
independently contributed to the progression of glaucoma
damage (Supplementary Table 5). For instance, in model
1, every 5 decrease in the nocturnal MAP level with + 3
increase in diurnal VIMmap were associated with −0.80 dB
(95% CI, −1.33 to −0.27; P = 0.003) and −2.54 dB (95% CI,
−3.80 to −1.28; P < 0.001) longitudinal changes in the mean
deviation.

Discussion

Our study results indicate that the diurnal profile of sporadic
drops in the MAP during the daytime due to high MAP
variability is related to the progression of glaucoma damage
rather than the absolute diurnal MAP level. On the contrary, low
nocturnal MAP level—rather than variability—was associated
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FIGURE 3

Predicted progression of glaucoma damage across categories of variability and dips in the nocturnal mean arterial pressure (MAP) in patients
with primary open-angle glaucoma. Noc refers to nocturnal; VIM, variability independent of the mean. We derived the predicted longitudinal
mean deviation (A–C) and optic disc cupping (D–F) from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus,
dyslipidemia, smoking habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops
and surgical treatment for lowering the intraocular pressure, use of antihypertensive medication, time-difference between the visual field test
and the ambulatory blood pressure monitoring, and the 24-h MAP level. Vertical lines represent the 95% confidence interval. P-values are for
trend in changes in the mean deviation (A–C) and optic disc cupping (D–F) across categories. Dip measures did not associate with glaucoma
progression (P ≥ 0.254).

with functional and structural glaucomatous damage. The
progression of functional glaucomatous damage worsened if
nocturnal hypotension was accompanied by high variability or
extreme dips in the diurnal MAP.

Our finding that nocturnal hypotension was associated
with the progression of functional and structural glaucomatous
damage among patients with POAG is in agreement with
numerous studies (4–6). Aside from nocturnal hypotension,
low office hypotension is also associated with OAG (16–
18). Notwithstanding the previous evidence, there is no
documentation of the role of diurnal MAP profile in relation to
OAG. In our study, we found that high diurnal MAP variability
was associated with the progression of glaucomatous damage
independently of the average MAP level. Moreover, we observed
that repetitive and extreme dips in the MAP were also related
to glaucoma damage. Only two studies conducted in the 1990s
have investigated diurnal MAP drops but in patients with focal
ischemic glaucoma and limited assessment of the diurnal MAP
profile (19, 20). Lastly, when we evaluated the contribution
of diurnal and nocturnal MAP profiles, we observed that the

progression of glaucomatous damage worsened if nocturnal
hypotension occurred alongside extreme dips in the diurnal
MAP. Our findings suggest that, beyond nocturnal hypotension,
the diurnal blood pressure profile provides additional predictive
information to assess the risk of glaucoma progression.

The clinical perspective of our findings considers the
identification of glaucoma patients experiencing sporadic drops
in the diurnal MAP that could lead to reduced ocular perfusion
pressure. It is important to differentiate between repetitive
drops and diurnal hypotension—the last is more complex to
recognize than nocturnal hypotension. The complexity relies on
the diurnal MAP level being at the range where autoregulation
plateaus are preserved (21). The eyes have autoregulatory
mechanisms that respond to changes in the perfusion pressure
to maintain blood flow (21). A theoretical range determines to
what extent such blood flow is preserved when the perfusion
pressure raises or drops (22). Considering our findings, we
suggest that the mean diurnal MAP did not decrease below
the lower limit where autoregulation is interrupted. Of note, in
the two studies relating focal ischemic glaucoma with diurnal
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FIGURE 4

Predicted longitudinal mean deviation in relation to nocturnal mean arterial pressure (MAP) level along with variability and dips in the daytime
map. The numbers within the contour graphics represent the predicted changes in the mean deviation (dB) during follow-up time. The
blue-white-red bar indicates the severity of the changes, where blue represents the smaller change and red the largest. We derived the
predicted longitudinal changes from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking
habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops and surgical treatment
for lowering the intraocular pressure, use of antihypertensive medication, and time-difference between the visual field test and the ambulatory
blood pressure monitoring, and by the time-difference between the visual field test and the 24-h intraocular pressure assessment. Vertical lines
represent the 95% confidence interval. For (A), the P-values of the contribution of nocturnal MAP level and daytime MAPVIM were 0.008
and < 0.001, respectively. The P-values of nocturnal MAP level combined with daytime dip measures were < 0.001 for (B), and 0.022 and 0.383
in (C).

MAP drops, the mean diurnal MAP was 93.6 (20) and 96 mm
Hg (19), which based on our previously proposed thresholds
(12), a diurnal MAP ≥ 94 or 96 mm Hg denote high and MAP
hypertension. In our current study, 62.3% of the patients had
diurnal MAP hypertension, with an average daytime MAP of
99 mm Hg. In numerous studies on OAG, the diurnal MAP level
ranged from 90 to 99 mm Hg (4, 23–28). With this in mind,

recognizing diurnal hypotension seems improbable but diurnal
sporadic hypotensive episodes might be a novel risk factor for
OAG. Moreover, future studies need to clarify whether this
autoregulatory range might be decreased in glaucoma patients
in accordance with microvascular or endothelial dysfunction.

The perfusion pressure to the eyes is physiologically lower
than at the brachial level in the standing and sitting positions
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(3). This is because of an increased hydrostatic force. Therefore,
the estimation of the ocular perfusion pressure corrects MAP by
a factor of 2/3 (3, 8). Although individuals’ postural positions
are commonly supine or seated during the daytime, it is
possible that eyes with glaucoma maintain the blood flow in
the presence of such physiologically lower ocular perfusion
pressure. However, alongside extreme diurnal MAP dips, the
perfusion pressure might sporadically drop below the lower
limit where autoregulation is impaired (22), leading to ischemia
in the optic nerve head. This hypothesis might support our
findings that diurnal, but not nocturnal, MAP variability
and repetitive dips relate to glaucoma damage progression.
Moreover, we previously reported that when the five largest
drops in the MAP over 24-h are identified, about 60–80% of
these extreme dips in the MAP occurred during the day in
both normotensive and hypertensive individuals (9). A lower
perfusion pressure due to postural changes coupled with
extreme diurnal dips in the MAP is another clinical aspect to
be considered when assessing glaucoma risk.

24-h intraocular pressure was not assessed in our study.
Nevertheless, it is important to put in perspective our findings
with regards to 24-h intraocular pressure. Patients with
glaucoma progression have more diurnal peaks and fluctuations
in the intraocular pressure compared to patients without
progression (29, 30). Such fluctuations also relate to changes
in the ocular perfusion pressure in POAG (31), however,
MAP variability can also affect the ocular perfusion pressure
(7). Taking our findings into perspective, diurnal peaks in
the intraocular pressure combined with diurnal MAP dips
would likely result in repetitive drops in the ocular perfusion
pressure (2), leading to glaucoma damage progression. On the
other hand, as similarly reported in our study, glaucoma also
relates to nocturnal hypotension (4–6). It is therefore plausible
that nocturnal hypotension occurs with elevated nocturnal
intraocular pressure. This is in agreement with previous studies
showing that the intraocular pressure is higher during the
night due to postural changes during the nighttime (32–34)
or early morning peaks because of elevated cortisol levels
(35, 36). A persistent reduced ocular perfusion pressure might
potentially lead to prolonged ischemia in the optic nerve head
during the night. This hypothesis remains untested and future
studies will have to face the challenge of measuring nocturnal
intraocular pressure, as such tools are not readily available.
Despite these limitations, the clinical management of glaucoma
should improve by investigating and preventing MAP dips, and
tailoring treatment to prevent peaks in the intraocular pressure
(37, 38).

Study limitations

Limitation of our study includes the selection of patients
with advanced POAG. The University Hospitals of Leuven
is a tertiary referral center and therefore a high proportion

of included patients have advanced and progressive glaucoma
which limits the generalizability of our findings among patients
with moderate glaucoma damage. The retrospective nature
of our study and lack of 24-h intraocular pressure are also
limitations for interpreting our findings. Finally, the criteria to
perform ambulatory blood pressure in glaucoma patients was
based on the progression of the disease despite the intraocular
pressure being kept within the normal range which might
represent a selection bias.

Conclusion

Progression of glaucoma damage in patients with POAG
associates with high variability and extreme dips in the diurnal
MAP. Structural glaucomatous damage seems more vulnerable
to occur in the presence of nocturnal MAP hypotension.
Nowadays evidence focuses on nocturnal hypotension, omitting
patients with OAG experiencing repetitive extreme drops
in the MAP during the daytime. By implementing 24-h
ambulatory blood pressure monitoring, it is possible to identify
sporadic diurnal and persistent nocturnal hypotension episodes
associated with glaucoma damage. In combination with 24-
h intraocular pressure, ambulatory blood pressure monitoring
might lead to better stratification of glaucoma risk.
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