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Effect of 24-h blood pressure dysregulations and
reduced ocular perfusion pressure in open-angle
glaucoma progression

Jesus D. Melgarejoa,b,c,�, Jan V. Eijgend,e,�, Dongmei Weia, Gladys E. Maestreb,c,f,
Lama A. Al-Aswadg, Chia-Te Liaoa, Luis J. Menah, Thomas Vanasschei, Stefan Janssensj,
Peter Verhammei, Zhen-Yu Zhanga, Karel V. Keerd,e,y, and Ingeborg Stalmansd,e,y

Background: Low ocular perfusion pressure (OPP), which
depends on the mean arterial pressure (MAP) and
intraocular pressure (IOP), is associated with glaucoma. We
studied 24-h MAP dysregulations and OPP in relation to
the progression of glaucoma damage.

Methods: We retrospectively analyzed 155 normal-tension
glaucoma (NTG) and 110 primary open-angle glaucoma
(POAG) patients aged 18 years old followed at the
University Hospital Leuven with repeated visual field tests
(n¼ 7000 measures, including both eyes) who underwent
24-h ambulatory blood pressure monitoring. Twenty-four-
hour MAP dysregulations were variability independent of
the mean (VIM), and the five lowest dips in MAP readings
over 24 h. OPP was the difference between 2/3 of the
MAP and IOP. Glaucoma progression was the deterioration
of the visual field, expressed as decibel (dB) changes in
mean deviation analyzed by applying multivariable linear
mixed regression models.

Results: The mean age was 68 years (53% were women).
High 24-h VIMmap was associated with glaucoma
progression in POAG (P< 0.001) independently of the 24-h
MAP level. The estimated changes in mean deviation in
relation to dip MAP measures ranged from �2.84 dB [95%
confidence interval (CI) �4.12 to �1.57] to �2.16 dB
(95% CI �3.46 to �0.85) in POAG. Reduced OPP along
with high variability and dips in MAP resulted in worse
mean deviation deterioration.

Conclusion: The progression of glaucoma damage
associates with repetitive and extreme dips in MAP caused
by high variability in MAP throughout 24h. This
progression exacerbates if 24-h MAP dysregulations occur
along with reduced OPP.

Keywords: ambulatory blood pressure, blood pressure
variability, dips in the blood pressure, glaucoma
progression, ocular perfusion pressure, primary open-angle
glaucoma

Abbreviations: CI, confidence internal; IOP, intraocular
pressure; MAP, mean arterial pressure; NTG, normal-
tension glaucoma; OPP, ocular perfusion pressure; POAG,
primary open-angle glaucoma; VIM, variability independent
of the mean

BACKGROUND

O
pen-angle glaucoma is a chronic and progressive
disease characterized by the loss of retinal gangli-
on cells, resulting in irreversible vision loss and

ultimately blindness [1]. The progression of glaucoma is
attributed to vascular dysregulations that compromise the
oxygen supply of the optic nerve [2]. One pivotal mecha-
nism is reduced ocular perfusion pressure (OPP) [2],
which is often studied as the difference between mean
arterial pressure (MAP) and intraocular pressure (IOP) [3].
Although glaucoma damage occurs in the presence of
reduced OPP because of either low MAP or high IOP,
patients with normal IOP still experience glaucoma pro-
gression and even more, the majority of cases suffer MAP
hypertension [2,4].

The study of variability in the MAP and IOP over 24 h
offers an opportunity to understand reduced OPP above
and beyond absolute high MAP and low IOP levels. Com-
pared with IOP, the use of 24-h ambulatory blood pressure
monitoring in clinical and research settings is feasible and
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permits the study of reading-to-reading MAP variability
[5,6]. This opens the possibility to investigate two potential
unexplored mechanisms in open-angle glaucoma that can
lead to reduced OPP in the presence of normal or high
MAP. First, 24-h blood pressure dysregulations defined as
repetitive and extreme drops in MAP because of excessive
variability throughout a 24-h period regardless of the abso-
lute MAP level (Figure S1, http://links.lww.com/HJH/
C260). Second, combination of 24-h MAP dysregulations
with reduced 24-h OPP resulting in worse progression of
glaucoma damage [7]. To explore these mechanisms, we
aimed this study to investigate the association of 24-h MAP
dysregulations and OPP with the progression of normal-
tension glaucoma (NTG) and primary open-angle glauco-
ma (POAG) damage.

METHODS

Cohort study
We retrospectively included patients aged 18 years or older
with open-angle glaucoma from the database available at
the Glaucoma Department, UZ Leuven, Belgium to conduct
an observational retrospective longitudinal cohort study.
We identified 476 Caucasian NTG and POAG patients
followed at the glaucoma department between 1998 and
2019 who underwent 24-h ambulatory blood pressure
monitoring at the glaucoma service of the UZ Leuven
(Figure S2, http://links.lww.com/HJH/C260) [8]. Glaucoma
specialists determined to perform the 24-h ambulatory
blood pressure monitoring in patients who experienced
glaucoma progression despite the IOP being within the
normal range during follow-up (Figure S3, http://links.lww.
com/HJH/C260). Of 476 patients (Figure S2, http://links.
lww.com/HJH/C260), a total of 265 patients were included
in the present study: 155 NTG and 110 POAG cases. Figure
S2, http://links.lww.com/HJH/C260 displays the exclusion
criteria. Of these 265 patients, 101 underwent 24-h IOP
assessment. The Ethics Committee of the UZ Leuven ap-
proved the secondary use of the data from the glaucoma
patients (registration numbers, S65245 and B32220083510).
All methods were carried out in accordance with relevant
guidelines and regulations and adhered to the principles of
the Declaration of Helsinki.

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 IOP was
measured with Goldmann applanation tonometry. The
optic nerve head and the retinal fiber layer were examined
by Heidelberg Retinal Tomography (HRT3) or optical co-
herence tomography Spectralis (Heidelberg Engineering
GmbH, Heidelberg, Germany). The visual field was tested
using the Humphrey Visual Field Analyser HFA3 (Carl Zeiss
Meditec AG, Jena, Germany) or the Octopus 300/900 sys-
tem (Haag-Streit AG, K€oniz, Switzerland). Glaucoma was
diagnosed following the fifth European Glaucoma Society
Guidelines [9], as a significant optic nerve rim and retinal
nerve fiber layer thinning with congruent visual field
defects. Patients were categorized into NTG (� 21mmHg)

and POAG (>21mmHg) based on their maximal recorded
untreated IOP level.

Twenty-four hour blood pressure level and
dysregulations
Ambulatory blood pressure was recorded with validated
oscillometric recorders (Mobil-O-Graph devices) [10]. The
programmed intervals between readings ranged from
15min during the daytime to 30min at night (Table S1,
http://links.lww.com/HJH/C260). The within-participant
24-h MAP was a time-weighted average, giving a weight
to each participant reading proportional to the time
interval between readings. 24-h MAP hypertension was a
24MAP¼>92mmHg [11]. We defined 24-h MAP dysregu-
lations as repetitive and extreme drops in MAP over 24 h
because of excessive reading-to-reading variability regard-
less of the absolute MAP level (Figure S1, http://links.lww.
com/HJH/C260). To study 24-h MAP variability, we used
variability independent of the mean (VIM) index. We
selected VIM instead of other conventional indexes of
variability (e.g. standard deviation, coefficient of variation,
maximum�minimum) because VIM does not correlate
with the level and captures most of the variability informa-
tion (Figure S4, http://links.lww.com/HJH/C260) – con-
ventional indexes are highly correlated with the level. 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 [12]. The power x was
obtained by fitting a curve through a plot of the standard
deviation against the mean, using the model: standard
deviation¼ a�meanx, where x was derived by non-linear
regression analysis. The value of x so obtained was 0.815
for estimating 24-h VIMmap. To study extreme and drastic
drops in MAP, the five readings with the largest drops
compared with the previous reading in individual 24-h
recordings were selected – the time elapsed in between
was used to quantify the duration of dips/blips.

Ocular perfusion pressure
The OPP was calculated as the difference between 2/3 of
the 24-h MAP and 24-h IOP level [3]. The factor 2/3 accounts
for the difference in blood pressure between the brachial
and ophthalmic artery when individuals are seated and the
fact that the orbital arteries are further upstream. Given that
we are considering MAP and IOP recordings during awake
time, we assume patients were seated or in the supine
position when the ambulatory blood pressure monitoring
recorded MAP measures – all IOP recordings were taken
with the patient seated. Patients were hospitalized to eval-
uate fluctuations and peaks in the IOP measured at least in
the morning, afternoon, before sleeping, and the next day
early morning, with Goldmann or Perkins (early morning)
applanation tonometry. To investigate changes in OPP, we
identified themaximum andminimumOPP levels in 24 h by
estimating the difference between the corresponding MAP
and IOP during 24 h, that is, we matched the MAP measure-
ments closest to the time when the IOP was measured.

Statistical analysis
For database management and statistical analysis, we used
SAS software, version 9.4 (SAS Institute, Cary, North
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Carolina, USA), maintenance level 5. We compared
means by t tests or Wilcoxon–Mann–Whitney, and pro-
portions by Fisher exact test. We identified potential
covariables based on their biological relevance to glaucoma
or their possible role as confounders [1,13], and additionally
accounted models for the time-difference between
the baseline visual field test and ambulatory blood
pressure monitoring. All analyzes were stratified by NTG
and POAG.

To evaluate glaucoma progression, we used the change
in mean deviation during follow-up period, expressed as
decibels (dB), obtained from the visual field tests. We
studied the association of glaucoma progression with
24-h MAP dysregulations, 24-h IOP and 24-h OPP by
implementing unadjusted and adjusted linear mixed mod-
els. In studies of glaucoma progression, mixed modeling
has been suggested as a preferable method to investigate
the progression of glaucoma disease as the outcome of
interest (e.g. visual field tests) is usually continuously
measured multiple times during follow-up visits [14,15].
Mixed models allowed us to introduce a random-effect
accounting for clustering of the observations within partic-
ipants while accounting for correlation between eyes. The
introduction of a random-effect takes into account the
variation in the baseline mean deviation measurements
for each participant as they differ [16,17]. Including fol-
low-up time as an intercept in the random statement allows
us to construct longitudinal linear mixed models. Subse-
quently, we derived from mixed modeling the predicted
longitudinal mean deviation to investigate the contribution
of 24-h MAP dysregulations and reduced 24-h OPP. As
supplementary analysis, we performed cross-sectional

analyses by using baseline mean deviation, and applied
linear regression models instead of mixed modelling to
examine the association of mean deviation with ambulatory
MAP variability, 24-h IOP, and OPP. Significance was a two-
tailed a level of 0.0 or less5.

RESULTS

Demographics and clinical characteristics
The mean age at the baseline visual field test was 68.3 years,
and 53.2% (n¼ 141) patients were women (Table 1). The
prevalence of office, 24-h (based on the 24-h SBP and 24-h
DBP levels), and 24-h MAP hypertension ranged between
53.6 and 83.6%, and less than 15.5% were on antihyperten-
sive medication. Table S2, http://links.lww.com/HJH/C260
contains the antihypertensive medications registered. Am-
bulatory blood pressure measures were similar between
NTG and POAG (P� 0.122).

Ophthalmologic characteristics
The following IOP records were significantly (P� 0.045)
higher in POAG than NTG (Table 2); maximum untreated
IOP (24 vs. 18mmHg), IOP at baseline (14 vs. 12mmHg),
visit–to-visitmean IOP (12 vs. 10mmHg), visit-to-visit VIMiop

(1.6 vs 1.1mmHg), 24-h mean IOP (12 vs. 11mmHg), 24-h
VIMiop (1.70 vs 1.46mmHg), the maximum IOP value in 24h
(14 vs 12mmHg). Other ophthalmic characteristics distribut-
ed similar between the two groups (P� 0.065). The median
follow-up time was 8 years. The mean deviation at baseline
and last follow-up visit was�8 and�11dB. Table S2, http://
links.lww.com/HJH/C260 listed the type and number of
medications registered from NTG and POAG patients.

TABLE 1. Baseline characteristics of glaucoma patients

Characteristic NTG (n¼155) POAG (n¼110) P valuea

Demographics
Women [n (%)] 96 (61.9) 45 (40.9) <0.001

Age at first visual field test (years) 68.1�10.9 68.5�10.8 0.761

Clinical characteristics
Current smoking [n (%)] 6 (3.9) 3 (2.7) 0.612

Drinking alcohol [n (%)] 28 (18.1) 23 (20.9) 0.563

BMI (kg/m2) 24.8�3.5 25.7�3.4 0.038

Obesity [n (%)] 11 (7.1) 14 (12.7) 0.122

Dyslipidemia [n (%)] 9 (5.8) 6 (5.4) 0.903

Diabetes mellitus [n (%)] 22 (14.2) 14 (12.7) 0.731

Previous cardiovascular diseases [n (%)] 11 (7.1) 6 (5.4) 0.591

Office hypertension [n (%)]b 112 (72.3) 92 (83.6) 0.030

Office MAP (mmHg) 97.7�13.6 102.0�10.9 0.007

Antihypertensive treatment [n (%)] 24 (15.5) 7 (6.4) 0.023

Ambulatory BP level
24-h hypertension [n (%)]b 86 (55.5) 59 (53.6) 0.766

24-h MAP hypertension [n (%)]c 97 (62.6) 70 (63.6) 0.861

24-h MAP level (mmHg) 96.3�9.8 96.2�9.4 0.925

24-h MAP VIM (mmHg) 11.6�3.1 11.9�2.9 0.373

Dipsd

Duration of extreme dips (min) 105 (90–121) 95 (85–120) 0.091

Extreme dips�24-h MAP (mmHg) 72.2�13.4 71.7�1.7 0.737

Extreme dips� forgoing reading (mmHg) �20.9�5.6 �20.5�5.6 0.592

Ratio extreme dip/forgoing reading (mmHg) 0.81�0.04 0.81�0.04 0.386

Values are arithmetic mean� standard deviation or median (interquartile range). The median of the number of 24-h blood pressure (BP) recordings were the same between NTG and
POAG (70 vs. 71; P¼0.062). MAP, mean arterial pressure; NTG, normal-tension glaucoma; POAG, primary open-angle glaucoma; VIM, variability independent of the mean.
aP values denote the significance of the difference in baseline characteristics between NTG and POAG patients.
bOffice and 24-h hypertension defined based on SBP and DBP. The thresholds were at least 130/80mmHg and at least 125/75mmHg for office and 24-h hypertension; respectively.
c24-h MAP hypertension defined as an oscillometric calculated 24-h MAP equal or greater than 92mmHg.
dDips refer to the five readings with the largest drop compared with the previous reading within-in individual 24-h MAP recordings.

MAP variability, OPP, and glaucoma
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In Figure S2, http://links.lww.com/HJH/C260, we displayed
the average IOP during the follow-up period.

Twenty-four hour mean arterial pressure
dysregulations
In univariate linear mixed models, a higher variability and
extreme dips in the 24-h MAP were associated with glau-
coma progression in patients with POAG (P<¼0.008,

Table 3). After accounting for confounders, every
þ3mmHg increase in the 24-h VIMmap was associated with
a �2.07 dB longitudinal change in the mean deviation
(P< 0.001). For each þ30min, duration of dips was associ-
ated with a �0.84 dB longitudinal change in the mean
deviation. For the remaining indexes quantifying dips in
the 24-h MAP, a lower change in the mean deviation was
associated with extreme dips minus 24-h MAP (�2.84 dB

TABLE 2. Ophthalmic clinical characteristics of glaucoma patients

Ophthalmologic phenotypes NTG (n¼155) POAG (n¼110) P valuea

Cup-to-disc ratio 0.85 (0.75–0.93) 0.85 (0.75–0.93) 0.505

Maximum untreated IOP (mmHg) 18 (16–20) 24 (22–28) <0.001

IOP closest to first visual field test (mmHg) 12 (10–14) 14 (11–18) <0.001

Visit-to-visit mean IOP (mmHg) 10.5�2.1 12.3�2.5 <0.001

Visit-to-visit VIM IOP (mmHg) 1.14 (0.60–1.70) 1.60 (1.11–2.22) <0.001

24-h IOP assessment
Number of IOP recordings (n) 6 (5, 6) 5 (5, 6) 0.386

24-h mean IOP (mmHg) 10.9�1.4 12.2�1.8 <0.001

24-h VIM IOP (mmHg) 1.46�0.51 1.70�0.67 0.045

Maximum IOP in 24 h (mmHg) 12.6�1.9 14.1�2.1 <0.001

24-h ocular perfusion pressure

24-h mean OPPb (mmHg) 53.8�6.2 50.7�4.9 0.009

Maximum OPP in 24hy (mmHg) 56.9�6.7 54.1�6.0 0.041

Minimum OPP in 24hy (mmHg) 48.0�6.4 45.4�5.6 0.044

IOP-lowering treatment
Eye drops medications [n (%)] 63 (40.7) 46 (41.8) 0.848

Surgical intervention [n (%)] 40 (25.8) 40 (36.4) 0.065

Outcome variable
Number of visual field tests (n) 10 (6–17) 11 (6, 20) 0.282

Follow-up time (years) 8 (3–11) 9 (4, 12) 0.067

Mean deviation at baseline (dB) �8 (�12 to �4) �8 (�14 to �3) 0.850

Mean deviation at last follow-up (dB) �11 (�16 to �5) �11 (�16 to �6) 0.728

Absolute change of mean deviation (dB) �2 (�6 to 1) �2 (�5 to 1) 0.919

Full description of the IOP-lowering medications is given in Table S2, http://links.lww.com/HJH/C260. The value of x to estimated visit-to-visit VIMiop was 1.10. IOP, intraocular pressure;
NTG, normal-tension glaucoma; OPP, ocular perfusion pressure; POAG, primary open-angle glaucoma; VIM, variability independent of the mean.
aP values denote the significance of the difference between NTG and POAG patients.
bMaximum OPP in 24h refers to the highest OPP level estimated from the difference of the corresponding MAP and IOP recordings during 24h. We matched the MAP closest to the
IOP. Minimum was the lowest OPP level estimated using the same approach.

TABLE 3. Mixed models for the association of longitudinal changes in the mean deviation in relation to variability and dips in the 24-h
mean arterial pressure in patients with normal-tension glaucoma and primary open-angle glaucoma

Longitudinal changes in mean deviation (dB)

Unadjusted Adjustedb

Variability and dips in the MAP Estimate (95% CI)a P value Estimate (95% CI)a P Value

NTG (no patients 155/306 eyes/no observations 3868c)

24-h MAP VIM, þ3mmHg 0.25 (�0.56 to 1.06) 0.539 0.43 (�0.45 to 1.31) 0.340

Dips

Duration of extreme dips, þ30min 0.18 (�0.57 to 0.92) 0.644 0.14 (�0.64 to 0.93) 0.722

Extreme dips minus 24-h MAP, �10mmHg 0.36 (�0.25 to 0.97) 0.245 0.44 (�0.44 to 1.32) 0.325

Extreme dips minus forgoing reading, �6mmHg 0.14 (�0.73 to 1.01) 0.750 0.20 (�0.79 to 1.19) 0.691

Ratio extreme dip/forgoing reading, �0.05mmHg 0.17 (�0.76 to 1.10) 0.723 0.13 (�0.89 to 1.14) 0.804

POAG (No patients 110/210 eyes/no observations 3132c)

24-h VIM MAP level, þ3mmHg �1.67 (�2.73 to �0.60) 0.002 �2.07 (�3.21 to �0.94) <0.001

Dips

Duration of extreme dips, þ30min 0.99 (0.26–1.72) 0.008 0.84 (0.07–1.61) 0.033

Extreme dips minus 24-h MAP, �10mmHg �1.75 (�2.58 to �0.93) <0.001 �2.84 (�4.12 to �1.57) <0.001

Extreme dips minus forgoing reading, �6mmHg �1.65 (�2.70 to �0.60) 0.002 �2.16 (�3.46 to �0.85) 0.001

Ratio extreme dip/forgoing reading, �0.05mmHg �2.31 (�3.39 to �1.23) <0.001 �2.18 (�3.48 to �0.88) 0.001

MAP, mean arterial pressure; NTG, normal-tension glaucoma; POAG, primary open-angle glaucoma; VIM, variability independent of the mean.
aEstimates are longitudinal changes in the mean deviation expressed in decibels (dB), given with 95% confidence interval (CI). Negative changes indicate worsening in the visual field
test.
bMixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, BMI, diabetes mellitus, dyslipidemia, smoking habits, in-office intraocular
pressure (IOP) closest to the visual field test, past untreated (max) IOP, eye drops and surgical treatment for lowering the IOP, use of antihypertensive medication, follow-up time, and
time-difference between the visual field test and the ambulatory BP monitoring.
cNumber of repeated measurements used to estimate the association between changes in the mean deviation and ambulatory MAP variability.
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per �10mmHg dips; P< 0.001), minus (�2.16 dB per
�6mmHg dips; P¼ 0.001) and relative (�2.18 dB per
�0.05mmHg dips; P¼ 0.001) to the forgoing reading. In
patients with NTG, indexes of 24-h MAP dysregulations
were not related to changes in the mean deviation
(P� 0.245). We observed the same findings using cross-
sectional exploratory analyses (Table S3, http://links.lww.
com/HJH/C260 and Figure S5, http://links.lww.com/HJH/
C260). We did not find significant associations between
changes in the mean deviation at baseline and blips in the
24-h MAP (Table S4, http://links.lww.com/HJH/C260).

Reduced ocular perfusion pressure
Overall, patients with POAG had lower OPP than NTG
(Table 2; P� 0.044). The average 24-h OPP was 50.7 vs.
53.8mmHg; P¼ 0.009), and the maximum and minimum
OPP were 54.1 vs. 56.9mmHg (P¼ 0.041) and 45.4 vs.
48.0mmHg (P� 0.041); respectively. In adjusted linear
mixed models (Table 4), higher variability in the visit-to-
visit and 24-h IOPwas associated with worse changes in the
mean deviation in POAG (�2.09 and �2.41 dB change per
þ1 increase in VIMiop: P� 0.047). Every 5mmHg decrease
in OPP perfusion pressure was associated with a �2.51 dB
longitudinal changes in the mean deviation [confidence
interval (CI), �3.91 to �1.12 dB; P< 0.001). Although non-
significant, a higher maximum OPP was associated with a
0.86 dB improvement in the mean deviation (P¼ 0.139)
whereas a minimum OPP was associated with �1.02 dB
longitudinal changes in the mean deviation (P¼ 0.088). In
cross-sectional exploratory analysis, we also observed that
reduced OPP was related to lower mean deviation in
patients with POAG (Table S5, http://links.lww.com/
HJH/C260, P� 0.009 and Figure S4, http://links.lww.
com/HJH/C260, P� 0.024, and Figure S4, http://links.
lww.com/HJH/C260). In patients with NTG, lower OPP
was not associated with changes in the mean deviation
(Table S5, http://links.lww.com/HJH/C260).

We illustrate in Fig. 1 the contribution of 24-h OPP with
variability and dips in the MAP in relation to the predicted
longitudinal mean deviation in patients with POAG. In all

panels, we observed that lower 24-h OPP was associated
with greater predicted longitudinal mean deviation during
the follow-up P� 0.035. Moreover, high variability (panel a,
P¼ 0.006) or extreme dips (panels b and c, P� 0.003) in the
MAP also related to worse mean deviation and resulted in
worse glaucoma progression in the presence of lower OPP.

DISCUSSION

To the best of our knowledge, this is the first study address-
ing the association of glaucoma progression in relation to
24-h MAP dysregulations. During a follow-up time of 8
years, the IOP level remained within the normal range, but
all IOP measures were significantly higher and varied more
in POAG than NTG. The OPP was also more reduced in
POAG than NTG (<54 vs. <57mmHg). Twenty-four hour
MAP dysregulations were associated with �2.84 to
�2.07 dB longitudinal changes in the mean deviation in
patients with POAG (P� 0.001). Patients with POAG expe-
rienced worse progression if reduced OPP was accompa-
nied by 24-h MAP dysregulations. We did not observe
significant associations in NTG.

Hypotension and hypertension have been identified as
risk factors for glaucoma [6,18–23]. These conflicting find-
ings result in a complex link between blood pressure and
glaucoma [24]. In this study, we proposed that above and
beyond the absolute level, dysregulations in the 24-h blood
pressure defined as repetitive, and extreme drops in MAP
due to excessive reading-to-reading MAP variability might
be an alternative mechanism involved in open-angle glau-
coma. We hypothesize that reduced OPP occurs when MAP
extremely and repetitively drops over 24 h in the presence
of normal or high MAP level as reported in our study.
Moreover, contrary to cumulative evidence focusing on
nocturnal hypotension [18–23], we observed that 	80%
of the extreme dips in the MAP occurred during the day-
time. Clinicians should be aware that glaucomatous eyes
might not be able to adequately autoregulate blood flow in
case of extreme and repetitive MAP dips. This is clinically
important considering that most glaucoma cases are

TABLE 4. Mixed models for the association of longitudinal changes in the mean deviation in relation to intraocular pressure and ocular
perfusion pressure measures in patients with primary open-angle glaucoma

Longitudinal changes in mean deviation (dB)

Unadjusted Adjustedb

Parameters of IOP and ocular perfusion pressure Estimate (95% CI)a P value Estimate (95% CI)a P value

Office IOP measurements taking during follow-up
Visits-to-visit mean IOP, þ2mmHg 1.32 (0.52–2.12) 0.001 1.38 (0.57–2.19) 0.001

Visits-to-visit VIM IOP, þ1mmHg �1.89 (-2.79 to �0.99) <0.001 �2.09 (-3.03 to �1.16) <0.001

24-h ocular perfusion pressurec

24-h mean OPPd, �5mmHg �3.00 (�1.56 to �4.44) <0.001 �2.51 (�3.91 to �1.12) <0.001

Maximum OPP in 24 he, þ5mmHg 2.78 (1.35–4.22) 0.001 0.86 (�0.30 to 2.01) 0.139

Minimum OPP in 24 he, �5mmHg �1.20 (�2.50 to 0.11) 0.072 �1.02 (�2.19 to 0.15) 0.088

IOP, intraocular pressure; MAP, mean arterial pressure; OPP, ocular perfusion pressure; VIM, variability independent of the mean.
aEstimates are longitudinal changes in the mean deviation expressed in decibels (dB), given with 95% confidence interval (CI). Negative changes indicate worsening in the visual field
test.
bMixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, smoking habits, past (max) IOP registered, eye drops and surgical treatment
for lowering the IOP, use of antihypertensive medication, time-difference between the visual field test and the ambulatory BP monitoring, and by the time-difference between the visual
field test and the 24-h IOP assessment.
cNumber of repeated measurements used to generate estimates. The number of patients was 39, 77 eyes, and 1057 observations 1057.
d24h mean OPP is the difference between averaged 24-h MAP and 24-h IOP.
eMaximum OPP in 24 h refers to the highest OPP level estimated from the difference of the corresponding MAP and IOP recordings during 24h. We matched the MAP closest to the
IOP. Minimum OPP was the lowest OPP level estimated using the same approach.
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individuals with hypertension, potentially experiencing
24-h blood pressure dysregulations. Stabilizing extreme
and drastic drops in MAP might provide unique opportu-
nities to prevent open-angle glaucoma damage associated
with reduced OPP.

Our second potential mechanism that combination of
24-h MAP dysregulation with reduced OPP results in worse
glaucoma damage, should be contextualized to controver-
sies regarding the interpretation of OPP. We estimated OPP
as MAP� IOP based on studies documenting that reduced

OPP increases glaucoma risk [25]. However, the inclusion of
OPP with blood pressure or IOP in the same regression
model leads to inaccurate interpretation of estimates [26].
These estimates would not correspond to the association of
OPP level with glaucoma risk per se but to IOP and blood
pressure levels instead. This has been described as a po-
tential statistical flaw [26], limiting the use of OPP as a risk
factor for glaucoma [24]. We did not disentangle such a flaw
but we rather examined OPP and MAP using a different
perspective, that is, reading-to-reading MAP variability.

FIGURE 1 Predicted longitudinal mean deviation in patients with primary open-angle glaucoma in relation to ocular perfusion pressure (OPP) level along with variability and
dips in the mean arterial pressure. The numbers within the contour graphics represent the predicted longitudinal 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 mean deviation
from mixed modelling while accounting for sex, age, BMI, diabetes mellitus, dyslipidemia, smoking habits, in-office intraocular pressure closest to the visual field test,
maximum untreated 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 panel a, the P values of the contribution of 24-h OPP and 24-h VIMmap were 0.031 and
0.067, respectively. The P values of 24-h OPP combined with dip measures were 0.004 and 0.003 for panel b, and 0.035 and less than 0.001 in panel c.
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In the presence of low, normal, or high level, the extent of
‘variability’ in MAP over 24h provides information above the
absolute MAP level. In fact, to study the independent associ-
ation of variability with a given outcome, regression models
should account for the level [27]. In our study, we included
the 24-h OPP level and 24-h MAP dysregulations in the same
mixed regression model which permits investigating the
effect of MAP variability and drops occurring over 24h at
different OPP level. This approach is feasible when variabili-
ty is the focus of study, offering opportunities to investigate
novel vascular mechanisms in glaucoma disease.

The nonsignificant findings in NTG in our studymight be
explained by patients’ characteristics and/or less compro-
mised OPP in NTG than in POAG. On one hand, our study
was restricted to Caucasian NTG, with lower IOP compared
with other studies [19,23,28–39], and at lower risk of
glaucoma progression compared with Hispanics, Asian,
or African individuals [40–42]. On the other hand, we
observed that POAG had lower OPP than NTG – as it
has been previously reported [28–31] – driven by higher
IOP levels. Therefore, 24-h MAP dysregulations combined
with increased IOP should result in lower OPP in POAG
than NTG [3,32]. Therefore, we do not rule out the hypoth-
esis that 24-h MAP dysregulations might relate to NTG
progression in different settings and cohorts. Moreover,
this finding possibly underlies the importance of non-
IOP/OPP-related risk factor for disease progression in
NTG pointing towards an intrinsic vascular dysfunction,
which needs further investigation [8,43–45].

Limitations
Our study should be interpreted in the context of its
limitations. First, the study was not prospectively designed
to test whether 24-h blood pressure dysregulation related
to glaucoma progression. Second, the median number of
IOP readings was five recordings between 0700 and 2300 h
plus one recording in the morning after patient woke up,
and no nocturnal readings were taken. Third, the criteria to
perform ambulatory blood pressure monitoring in glauco-
ma patients was based on disease progression despite the
IOP being kept within the normal range. This might result
in a biased selection of glaucoma patients. However, we
examined severe cases, numerous studies have also asso-
ciated glaucoma prevalence, incidence, and progression in
individuals with ambulatory blood pressure monitoring.
Fourth, about 40% of the patients underwent surgical
interventions to lower IOP. Although models accounted
for these interventions, confounding cannot entirely be
ruled out.

In conclusion, we found that 24-h MAP dysregulations
defined as extreme and repetitive dips in MAP because
of excessive variability in the MAP throughout a 24-h
period are associated with worse progression of POAG
damage independently of the 24-h MAP level. Stabiliza-
tion of excessive 24-h MAP variability should result in less
pronounced drops in MAP, which could represent a
potential therapeutic target in patients with POAG to
prevent reduced OPP or abnormal ocular blood flow.
Large-scale studies and clinical trials are needed to vali-
date the role of 24-h blood pressure dysregulations.
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