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ABSTRACT
BACKGROUND: Irrigation during phacoemulsification is associated by a rapid increase in intraocular pressure. The diffe
rence of the active fluidics system from the passive one is its ability to maintain the set intraocular pressure throughout 
the entire procedure. The effect of a rapid intraocular pressure increase on retinal hemodynamics during surgery remains 
poorly understood.
AIM: The work aimed to study intraoperative changes in blood flow parameters in the central retinal artery during phaco-
emulsification with different intraocular pressure preset in the phacoemulsification system. 
METHODS: A total of 11 patients with early stage cataract (Pentacam Nucleus Staging: 1–2) without cardiovascular comor-
bidities were examined. The mean age of the patients was 68 ± 8.4 years. All patients underwent ultrasound phacoemulsi-
fication using Centurion Vision System (Alcon, USA) with active fluidics. The intraocular pressure was measured using iCare 
Pro tonometer. Blood flow in the central retinal artery was assessed using a GE Logiq S8 multi-purpose ultrasound system. 
Blood pressure at the brachial artery was measured using Draeger Vista 120. The following parameters were assessed: 
statistical significance (the paired t-test) of the intraocular pressure differences at three time points (before surgery, 
at 40 and 60 mmHg as set in the phacoemulsification system); changes in peak systolic velocity and end-diastolic velocity 
at the initial and control time points of 40 and 60 mmHg; their dependence on the intraocular pressure increase; the effect 
of mean blood pressure on peak systolic velocity and end-diastolic velocity at control time points using linear regression 
analysis; and the correlation of their changes at each control time point (the Spearman correlation test).
RESULTS: Mean intraocular pressure values at three time points were 20.82±3.8, 36.9±4.0, and 62.8±3.3 mmHg, re-
spectively. At 40 mmHg control point, mean peak systolic and end-diastolic velocities were 12.0±3.9 and 3.3±1.2 cm/s, 
respectively. At 60 mmHg control point, mean peak systolic velocity decreased to 10.2±3.6 cm/s. End-diastolic velocity 
significantly decreased to an average of 1.1±1.1 cm/s, and diastolic blood flow was not recorded in 3 cases. At 60 mmHg 
control point, a statistically significant decrease in end-diastolic velocity was noted vs. the pre-operative value (p <0.008), 
and peak systolic velocity also decreased (p=0.05). Significant effect of mean blood pressure on changes in blood flow ve-
locity was not reported. A negative correlation was found between the change in resistive index and mean blood pressure 
at 40 and 60 mmHg control points (p <0.05). 
CONCLUSION: An intraoperative intraocular pressure increase may significantly decrease peak systolic velocity and end-
diastolic velocity in the central retinal artery and result in retinal blood flow deficiency. To maintain stable hemodynam-
ics in retinal vessels during phacoemulsification, intraocular pressure should not exceed a specific threshold, which was 
40 mmHg in our study.
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АННОТАЦИЯ
Обоснование. Подача ирригационного раствора во время факоэмульсификации сопровождается стремительным 
подъёмом внутриглазного давления (ВГД). Отличие системы принудительной ирригации от гравитационного аналога 
состоит в её способности поддерживать заданный уровень ВГД на протяжении всего времени операции. Вопрос о вли-
янии острого повышения ВГД на состояние гемодинамики сетчатки во время оперативных вмешательств остаётся 
недостаточно изученным.
Цель — исследование интраоперационных изменений показателей кровотока в центральной артерии сетчатки при фа-
коэмульсификации под воздействием разных значений предустановленного ВГД в системе факоэмульсификатора. 
Материалы и методы. Обследовано 11 пациентов с начальной катарактой (значение Pentacam Nucleus Staging 1–2) 
без сопутствующих заболеваний сердечно-сосудистой системы. Средний возраст пациентов составил 68±8,4 года. 
Всем пациентам выполнялась ультразвуковая факоэмульсификация на аппарате Centurion Vision System (Alcon, США) 
с системой принудительного поддержания ВГД. Уровень ВГД измеряли тонометром iCare Pro. Исследование кро-
вотока в центральной артерии сетчатки проводили на многофункциональном ультразвуковом сканере GE Logiq S8. 
Артериальное давление (АД) на плечевой артерии измеряли на мониторе Draeger vista 120. Оценивали статис
тическую значимость и достоверность отличий (парный t-тест) ВГД в трёх контрольных точках: до операции, при 
40 и при 60  мм  рт.  ст. в системе факоэмульсификатора, изменение показателей максимальной систолической (PSV) 
и конечной диастолической (EDV) скорости кровотока в начальной и контрольных точках 40 и 60 мм рт. ст., их зави-
симость от повышения ВГД, влияние значения среднего АД на показатели PSV и EDV в контрольных точках с помо-
щью анализа линейной регрессии, корреляцию их изменений в каждой контрольной точке (коэффициент корреляции 
Спирмена).
Результаты. Средние значения ВГДтонометрич в трёх временных точках составили соответственно 20,82±3,8, 36,9±4,0, 
62,8±3,3 мм рт. ст.. В контрольной точке 40 мм рт. ст. средняя PSV равнялась 12,0±3,9 см/c, средняя EDV составила 
3,3±1,2 см/с. В контрольной точке 60 мм рт. ст. средняя PSV уменьшилась до 10,2±3,6 см/с. EDV при этом значительно 
снизилась до средних значений 1,1±1,1 cм/с, а в 3 случаях кровоток в диастолу не регистрировался. В контрольной 
точке 60 мм рт. ст. наблюдалось статистически значимое снижение значения EDV по сравнению с измерением до опе-
рации (p <0,008), значение PSV также снижалось (p=0,05). Не было зафиксировано значимого влияния уровня средне-
го АД на динамику изменения скорости кровотока. Установлена  отрицательная корреляция  между изменением ин-
декса периферического сопротивления и показателем среднего АД в контрольных точках 40 и 60 мм рт. ст. (p <0,05). 
Заключение. Интраоперационное повышение ВГД может приводить к выраженному снижению показателей PSV 
и EDV в центральной артерии сетчатки и развитию дефицита ретинального кровотока. Для поддержания стабильной 
гемодинамики в сосудах сетчатки во время факоэмульсификации значения ВГД не должны превышать определённый 
пороговый уровень, который в нашем исследовании составил 40 мм рт. ст.

Ключевые слова: факоэмульсификация; внутриглазное давление; ВГД; офтальмогипертензия; перфузия сетчатки; 
EDV; PSV; центральная артерия сетчатки; ЦАС.
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BACKGROUND
Acute ocular hypertension during phacoemulsifica-

tion is a pressing issue in clinical practice, as cataract 
in most cases is an age-related condition, and patients 
undergoing phacoemulsification often have an increased 
risk of cardiovascular complications and a long history 
of medical conditions, mainly hypertension, diabetes 
mellitus, and atherosclerotic lesions of major vessels. 
The negative effect of high intraocular pressure (IOP) 
on the anatomical eye structures is associated with 
two factors—compression damage and tissue ischemia 
caused by compression of blood vessels supplying the 
retina and optic nerve. In clinical practice, compromised 
hemodynamics of the retina and optic nerve in patients 
with glaucoma and ocular hypertension was determined 
using several instrumental methods to examine ocular 
blood flow, including color flow Doppler (CFD), optical 
coherence tomography angiography, and laser speckle 
flowgraphy [1, 2].

Irrigation during phacoemulsification causes an IOP 
spike. The difference of the active fluidics system from 
the passive one is its ability to maintain the set IOP 
throughout the entire procedure. There are no univer-
sal compensation methods for an acute abnormal IOP 
increase, and the visual function in these cases is most 
vulnerable [3]. Although a significant number of publica-
tions on microcirculation in glaucoma is available, the 
effect of a rapid IOP increase during surgery on retinal 
hemodynamics in a non-leaking eye remains poorly un-
derstood.

During phacoemulsification, an irrigation solution 
is supplied when the surgeon presses the foot pedal. 
The  active fluidics system mechanically compresses an 
irrigation bag, transferring the solution via elastic tubing 
through an ultrasonic handpiece into the anterior cham-
ber. Pressure sensors in the US handpiece provide feed-
back, so that when the pressure in the bag decreases, the 
compression system increases it, and IOP returns to the 
set value. The key difference from the passive systems 
is no IOP drops, which was demonstrated by Vasavada 
et al. [4].

The study aimed to assess trends of intraoperative 
changes in blood flow parameters in the central reti-
nal artery (CRA) with different IOP values preset in the 
phacoemulsification system.

METHODS
We examined 11 patients with early-stage cataract 

(Pentacam Nucleus Staging: 1–2) without ocular comor-
bidities who underwent phacoemulsification followed by 
intraocular lens (IOL) implantation. In accordance with 
the Declaration of Helsinki and after receiving approval 
from the Ethics Committee of Pavlov First St. Petersburg 

State Medical University, all patients gave voluntary in-
formed consent to participate in the study.

Non-inclusion criteria were smoking, glaucoma, oblit-
erating carotid atherosclerosis, decompensated hyper-
tension, history of myocardial infarction, cerebrovascular 
accident, and coronary bypass surgery.

The mean age of the patients was 68.0 ± 8.4 years. 
All procedures were performed by the same surgeon. 
The  surgical procedures were performed under local 
anesthesia (three instillations of 0.4% oxybuprocaine 
eye drops within 30 minutes before surgery). IOP in 
the phacoemulsification system was set considering 
the  height of the operating table in each case. For each 
procedure, different IOP values (40 and 60 mmHg) were 
set for procedure steps in the phacoemulsification sys-
tem. Blood pressure (BP) at the brachial artery and pe-
ripheral blood oxygen saturation were monitored in all 
patients using Draeger Vista 120 (Draeger, Germany). 
Color Flow and Pulsed Wave Doppler modes on a Logiq S8 
multi-purpose diagnostic ultrasound system (GE, USA) 
were used to assess CRA blood flow with measurement 
of peak systolic (PSV) and end-diastolic velocity (EDV) 
and peripheral resistivity index (RI). An US probe was 
positioned without compressing the eyeball using a ster-
ile US contact gel to obtain transpalpebral images of the 
optic nerve in the center of the scanner monitor. Then, 
in the center of the echogenic shadow of the retrobulbar 
nerve part, 1.0–3.0 mm from the posterior pole, the CRA 
was identified in the CFD mode by its red color (blood 
flow toward the transducer) and the central retinal vein 
by blue color (blood flow away from the transducer) [5]. 
As the CRA is located near the central retinal vein, Dop-
pler images of these vessels are recorded simultane-
ously (arterial are above the baseline, venous are below 
the baseline) (see Fig. 1).

Cataract phacoemulsification was performed using 
one of the standard techniques of nuclear fragmentation 
(“stop-and-chop”) and consecutive program steps to chop 
the nucleus and aspirate is fragments, involving a linear 
vacuum increase at the tip of the US needle to hold the 
lens nucleus. To compensate for aspiration, the Alcon 
Centurion Vision System phacoemulsifier (Alcon, USA) 
used active fluidics.

IOP (IOPtonometry) was measured using an iCare Pro 
tonometer (iCare Finland Oy., Finland). Preopera-
tive measurements before incisions (baseline values) 
were performed on the operating table immediately 
before surgery when the patient was in the supine 
position.

IOP was measured three times intraoperatively at 
each of the two time points at two different IOP values 
(40 and 60 mmHg) preset in the phacoemulsification ir-
rigation system. The values in the phacoemulsification 
system and obtained using iCare were the same in some 
cases.
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Fig. 1. Eye and orbit color flow and pulsed wave Doppler images: blood flow in the center of the optic nerve shadow near the posterior pole represents 
the central retinal artery (CRA) and central retinal vein (CRV). Doppler images of blood flow in the CRA (above the baseline) and CRV (below the baseline). 
CRA blood flow parameters: PSV 12.28 cm/s; EDV 2.62 cm/s; RI 0.79.

Statistical analysis of the obtained values was 
performed in IBM Statistics SPSS v27.0. The follow-
ing parameters were assessed: statistical significance 
(the paired t-test) of the IOPtonometry differences at three 
time points (before surgery, at 40 and 60 mmHg as set in 
the phacoemulsification system); changes in PSV and EDV 
at the initial and control time points of 40 and 60 mmHg; 
their dependence on the IOPtonometry increase; the effect of 
BPmean on PSV and EDV at control time points using linear 
regression analysis; and the correlation of their changes at 
each control time point (the Spearman correlation test, r). 
The significance level was set at p = 0.05.

RESULTS
The analysis of tonometry data showed statistically 

significant differences between IOP measured before 
phacoemulsification and at the control points of 40 and 
60 mmHg (p < 0.001) (see Fig. 2). Mean IOP values at 
three time points were 20.82 ± 3.8, 36.9 ± 4.0, and 
62.8 ± 3.3 (SD) mmHg, respectively (see Fig. 3). Thus, the 
measured intraoperative IOP values and their changes 
corresponded to the settings in the phacoemulsification 
system, with low variability in IOP measured at control 
points of 40 and 60 mmHg (see Fig. 4). These data are 
expected and confirm that the risk of hemodynamic com-
promise can be assessed using preset IOP values during 
phacoemulsification.

Preoperative mean PSV and EDV were 12.4 ± 3.4 and 
4.2 ± 1.4 cm/s, respectively. At 40 and 60 mmHg control 
points, blood flow velocity was decreased in all patients 
in the study group (see Fig. 5). At 40 mmHg control point, 
mean PSV and EDV were 12.0 ± 3.9 and 3.3 ± 1.2  cm/s, 
respectively. At 60 mmHg control point, mean PSV 

decreased to 10.2 ± 3.6 cm/s, whereas EDV significantly 
decreased to an average of 1.1 ± 1.1 cm/s and was not 
recorded in 3 cases (see Fig. 6).

The obtained clinical data showed an absolute de-
crease in blood flow velocity in both phases at each 
control point. A decrease in EDV was more statistically 
significant compared with the preoperative values and 
at 60 mmHg point (p = 0.008), whereas PSV decrease 
was less significant (p = 0.05). Significant effect of 
BPmean on changes in blood flow velocity was not report-
ed. An analysis of the correlation of changes in the PSV 
and EDV log values showed that a high correlation re-
mained (the Spearman correlation test r = 0.83, p < 0.01) 
at 40 mmHg control point and was not observed at 
60 mmHg control point, when the IOP effect on EDV was 
expected to be higher.

RI, calculated as RI = PSV — EDV/PSV, depended on 
IOP and varied most between the preoperative measure-
ment and at 60 mmHg control point (ANOVA p < 0.001; 
F: 34.182; see Fig. 7). A strong correlation was deter-
mined between the RI and BPmean change at the control 
points of 40 and 60 mmHg, but not preoperatively (re-
lationship between the RI and BPmean change; p > 0.05). 
Thus, preoperative BPmean was not related to RI.

At 40 mmHg control point, a statistically significant 
strong negative correlation was found between RI and 
BPmean calculated as BPmean = DBP + 1/3 (SBP – DBP), 
where DBP is diastolic blood pressure, and SBP is sys-
tolic blood pressure. Thus, vascular resistance decreased 
with BPmean at the brachial artery. At 60 mmHg control 
point, a moderate negative correlation between RI and 
BPmean was observed (p  = 0.05). Elevated IOP of 40 and 
60 mmHg increased the inverse relationship between 
BPmean and RI, which may indicate a change in peripheral 
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Fig. 2. Normal distribution (p < 0.05) of intraocular pressure values at each control point: a, preoperatively; b, at 40 mmHg; c, at 60 mmHg.

Fig. 3. Differences and standard deviation of the intraocular pressure values measured using iCarePro at 40 and 60 mmHg control points.

Fig. 4. Variability and distribution of intraocular pressure (IOP) values at baseline (preoperatively) and at 40 and 60 mmHg; most values are within one 
standard deviation, and the values tend to increase at 60 mmHg control point.
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vascular pressure. However, there was no correlation 
between the RI change and ocular perfusion pressure. 
As perfusion pressure depends on IOP, an increase in IOP 
from 40 to 60 mmHg appears to decrease the effect of 
BP on blood flow velocity in the CRA, which may suggest 
that the limits of vascular autoregulation were achieved 
during phacoemulsification with increased IOP.

DISCUSSION
As a damaging factor and threat of vision loss, ocular 

hypertension is associated with many different clinical 
conditions. Adaptive mechanisms of vascular regulation 
can compensate chronic ocular non-perfusion to some 
extent, which explains the differences in the progression 
of glaucomatous optic neuropathy with high variability in 
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Fig. 5. Plot of changes and standard deviations of peak systolic velocity (PSV) and end-diastolic velocity (EDV) (repeated-measures ANOVA with 
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Fig. 6. Doppler image of blood flow in the central retinal artery and central retinal vein at intraocular pressure of 60 mmHg. Peak systolic velocity 
is decreased (PSV 5.26 cm/s); the diastolic component is not observed (EDV 0).
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daily mean IOP [6, 7]. Glaucoma is characterized by sig-
nificant hemodynamic changes in patients with uncom-
pensated IOP and its normalization with an IOP decrease 
[8, 9]. Some authors describe a persistent increase in 
EDV of blood flow after deep sclerectomy in patients with 
primary open-angle glaucoma [10, 11].

Compensatory mechanisms for acute IOP spikes have 
not been studied. The pathogenesis of ischemic optic 
neuropathy has two main mechanisms — hemodynamic, 
which is based on functional hypoxia caused by vaso-
spasm or vascular occlusion, and mechanical, which is 
based on compression of nerve fibers passing through 
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holes in the lamina cribrosa of the optic disc with the 
subsequent irreversible atrophic damage and impaired 
visual function [12].

Ocular perfusion pressure (OPP) has several as-
sumptions. As for calculation of cerebral perfusion pres-
sure, the formula used (OPPmean = BPmean – IOP, where 
BPmean = DBP + 1/3 (SBP – DBP)), does not fully consider 
the ratio of the lumen area of the supplying vessels to 
the eyeball surface area and the dual blood supply to the 
retina with a predominant total blood volume in choroidal 
vessels [13, 14].

Blood flow in any vessel segment is determined by 
the ratio of the pressure difference at the ends of the 
test segment to the resistance R. The latter depends on 
blood viscosity, wall elasticity, and lumen vessel diam-
eter. However, direct measurements of these parameters 
in small arteries are nearly impossible. RI is used for an 
indirect assessment of resistance distal to the observa-
tion point. The parameter is calculated based on color 
flow Doppler data as the ratio of PSV and EDV (in  the 
formula PSV – EDV/PSV), which mean values (0.6–0.75) 
for an adult are among the highest in the body.

Polska et al. [15] noted that RI also does not accu-
rately describe ocular blood flow and highlighted that the 
observed decrease in blood flow velocity in the supplying 
vessels based on color flow Doppler data does not cor-
relate with a change in the ocular blood volume. Unlike 
intracranial pressure, which is the resistance to pressure 
in the cerebral vessels, IOP cannot be equalized or redis-
tributed, especially in case of an acute increase [14, 16].

As the walls of the retinal arterioles have no nor-
mal layer of smooth muscle fibers or an internal elastic 
lamina, they are most vulnerable to IOP compression, 
followed by a resistance increase in the central retinal 
artery and its branches [17]. The choroid, which contains 
up to 85% of the blood volume supplied to the eye, is also 
overloaded by increased IOP manifested by venous stasis 
depending on the level of damaging IOP [18].

In 2019, Takhtaev et al. [19] showed for the first time 
that an increase in IOP during phacoemulsification may 
significantly decrease blood flow velocity in the CRA 
compared with the control group, irrespective of base-
line BP. Harris et al. [8] reported that a three-fold gradual 
increase in IOP resulted in CRA blood flow disorder, with 
a RI increase to almost 1.0, which suggested a complete 
stop of blood flow and demonstrated a high dependence 
of CRA hemodynamics on IOP fluctuations.

CONCLUSION
An IOP change during phacoemulsification directly af-

fects CRA blood flow.
The assessment of changes in blood flow velocity 

parameters in the two control points found that they 
are significant and differ from baseline. The control IOP 

measurements show low variability, and the observed 
difference in IOP in the phacoemulsification system from 
IOPtonometry the at both control points is not statistically 
significant. Thus, IOP in the phacoemulsification system 
generally corresponds to the control tonometry value 
measured under the described conditions.

EDV in the CRA is more dependent on the severity of 
an IOP increase and significantly decreases from baseline 
at 60 mmHg preset in the phacoemulsification system. 
A further IOP increase may result in complete stop of 
blood flow at the diastolic phase and a direct risk of 
retinal and optic nerve ischemia. Elevated IOP of 40 and 
60  mmHg increases the inverse relationship between 
BPmean and RI, which may indicate a change in peripheral 
vascular pressure.

The observed changes in blood flow in the CRA 
suggest that an IOP value affecting CRA perfusion is 
more an independent risk factor of ischemia compared 
with ocular perfusion pressure, which depends on the 
IOP/BPmean ratio. In other words, it cannot be stated that 
patients with elevated systemic BP are at a lower risk of 
ischemic events in case of elevated IOP than patients with 
normal or low BP.
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