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Simple Summary: An increase in intraocular pressure during chronic hemodialysis is linked to
ocular complications, such as glaucoma. The behavior of intraocular pressure during hemodiafil-
tration is unknown. Changes in intraocular pressure with a sodium dialysate concentration fixed
at 138 mmol/L and an individualized concentration were studied in 13 patients with end-stage
renal disease treated with hemodiafiltration. Up to 31% patients presented an episode of intraocular
hypertension without differences between sodium profiles. A large variability in intraocular pressure
within patients and a high prevalence of transient intraocular hypertension were found.

Abstract: Ocular complications are common among end-stage renal disease patients and some
complications had been linked to increments of intraocular pressure (IOP) during hemodialysis. The
changes of IOP during hemodiafiltration (HDF) have been scarcely investigated and the potential
influence of the sodium dialysate concentration is unknown. The aim of this study was to compare
the IOP changes during HDF with sodium dialysate concentration, either fixed or individualized.
Thirteen end-stage renal disease patients participated in the study; they were treated with HDF using
a dialysate sodium profile fixed at 138 mmol and another session with an individualized sodium
profile. The intraocular pressure was measured before and after each session and every 30 min during
HDF. Both groups had a similar HDF prescription, blood pressure, and biochemical parameters. At
the end of hemodiafiltration, sodium concentration decreased only in the fixed sodium profile group.
The number of patients with at least an episode of intraocular hypertension during HDF ranged from
5 (19%) to 8 (31%) without significant differences between right and left eye nor between dialysate
sodium concentration. During HDF, there is a large variability of IOP; transient events of intraocular
hypertension are highly prevalent in this sample, and they are not related to the sodium dialysate
concentration.

Keywords: intraocular pressure; hemodiafiltration; sodium concentration; intra-dialytic changes

1. Introduction

End-stage renal disease is a major public health problem in industrialized and devel-
oping countries, it is highly prevalent and requires expensive therapies to maintain patients’
long-term survival [1,2]. There are several ocular complications in advanced kidney disease
and hemodialysis, such as: red eye, retinal hemorrhage, macular leakage, optic neuropathy,
band keratopathy, and high intraocular pressure (IOP) [3,4]. Elevated IOP pressure is a
crucial risk factor for the development of glaucoma, even if it is within normal pressure
range [5,6].
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In healthy individuals, an increase in salt consumption is associated to a discrete
decrease on IOP [7]. Moreover, a significant reduction of IOP has been seen after 18 h of
dehydration in healthy volunteers [8]. The administration of intravenous hypertonic saline
decreases IOP in a short-term period in patients with glaucoma [9].

There are several case reports of important IOP increments, glaucoma and retro-ocular
pain during hemodialysis [10–17]. The IOP narrow balance relies on the production of
aqueous humor by the ciliary body and its outflow through the trabecular meshwork and
the inner wall of Schlemm’s canal [18]. The composition and osmolarity of the aqueous
humor are similar to the plasma; nevertheless, it has a lower protein concentration and a
lower concentration of glucose and urea [19]. It is thought that an electrolyte and osmolarity
disequilibrium might lead to a rise in IOP, since with the reductions in body fluid volume
and osmotic pressure caused by hemodialysis (HD), the amount of aqueous humor declines
mainly by changes in intraocular osmotic pressure rather than plasma osmolality [20].

In a previous study, it was shown that the IOP during HD and hemodiafiltration
(HDF) has a similar behavior [21]. However, there are no studies describing the changes of
IOP during HDF and the potential influence of the sodium dialysate concentration. The
aim of this study was to compare the IOP changes during HDF with sodium dialysate
concentration, either fixed or individualized.

2. Materials and Methods
2.1. Study Participants

This exploratory study included 13 adult patients with end-stage renal disease, under
treatment with HDF three times per week for at least 3 months. Patients were recruited
consecutively (non-random sampling). Inclusion criteria were male or female adult patients.
Exclusion criteria were previous symptoms of retro-ocular pain, previously diagnosed glau-
coma, newly diagnosed glaucoma (ophthalmological assessment is described below) or use
of ocular hypotensive drugs. Elimination criteria were patients that showed hemodynamic
instability during hemodialysis (either by clinical symptoms or hypotensive blood pressure
values).

All patients underwent ophthalmological bio-microscopy and fundoscopy by an oph-
thalmologist. IOP was measured in both eyes under topical anesthesia with tetracaine 0.5%
eyedrops in both eyes. All procedures performed in studies involving human participants
were in accordance with the ethical standards of the Research and Ethics Committee of the
Instituto Nacional de Cardiología Ignacio Chávez (protocol number 14-891) and with the
1964 Helsinki declaration and its later amendments. Informed consent was obtained from
all the participants.

2.2. Hemodialysis Prescription

HDF sessions were delivered by volumetric hemodialysis machines (FMC-4008H,
Fresenius Medical Care, Bad Homburg, Germany). Ultrapure dialysate (mmol/L):
HCO3

− = 35, Na+ = 138, K+ = 2; (mEq/L) Ca2+ = 3.5, Mg2+ = 1, and polysulfone membranes
were used (F-80, Fresenius Medical Care, Walnut Creek, CA, USA). Two dialysate solutions
were used, each with a different sodium’s concentration. Each patient received one HDF
session with a profile of dialysate sodium concentration fixed at 138 mmol/L (standard
sodium concentration in our center) and another HDF session with individualized sodium.
The personalized profile started the HDF session with a dialysate sodium concentration was
set to the same value of the venous sodium concentration and gradually moved towards
the standard concentration during HDF (one mEq/L every 36 min). Every session lasted
3 h with fixed ultrafiltration profile and HDF were similar in both sessions (Table 1). All pa-
tients had indications for a non-restricted diet, did not use erythropoietin, and participated
in a program or aerobic exercise (cycling in recumbent position with modified bicycles)
during all sessions.
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Table 1. Characteristics of two hemodiafiltration sessions with different profile of dialysate sodium
concentration applied in 13 patients. The results are reported as mean ± standard deviation or
median (percentile 25–percentile 75).

Profile of Dialysate Sodium Concentration

Fixed Individualized p-Value

HDF session time (minutes) 180 (180–210) 210 (180–210) 0.15
Total ultrafiltration volume (mL) 2000 (1200–2500) 2200 (2000–2462) 0.07

Blood flow (mL/min) 450 ± 46 454 ± 42 0.31
Ultrafiltration rate (mL/h) 666 (399–668) 657 (565–684) 0.63
Dialysate sodium (mEq/L) 138 (138–138) 140 (137–141) 0.26

2.3. Study Protocol and Intra-Ocular Pressure Assessment

Before the dialysis started, a venous blood sample was obtained in order to measure
biochemical parameters (glucose, blood urea nitrogen, creatinine, chlorine, sodium, potas-
sium, calcium). The following dialysis parameters were recorded at 30, 60, 90, 120, 150,
and 180 min during HDF and 30 min after the end of the session: systolic and diastolic
blood pressure, heart rate, temperature, and oxygen saturation level. At the end of the
session, a blood sample was obtained from the venous access to obtain the same parameters
as in the first blood sample and the following dialysis parameters were recorded: total
filtration volume (mL), ultrafiltration rate (mL/h), blood flow rate (mL/min), arterial
pressure (mmHg), venous pressure (mmHg) and final body weight (Kg). The osmolality
was estimated with the following formulae: osmolality = 2 × (Na+ + K+) + ([glucose]/18) +
([blood urea nitrogen]/2.8).

IOP was evaluated with a tonometer (TonoPen, model AVIA, Reichert Technologies,
Depew, NY, USA). Baseline IOP was measured before the beginning of dialysis. During
dialysis, intraocular pressure was evaluated in millimeters of mercury (mmHg) at the
following times: 30, 60, 90, 120, 150, 180 min, and after the end of the session. Intraocular
hypertension episode was defined as an intraocular pressure ≥22 mmHg measured during
hemodialysis.

2.4. Statistical Analysis

Kolmogorov–Smirnov tests were applied to quantitative variables in order to test for
normal distribution. The results of the variables with a normal distribution are reported as
mean and standard deviation and were compared using t test (two group comparisons)
or analysis of variance for repeated samples with post-hoc analysis using the Bonferroni
method (3 or more groups). The variables without a normal distribution are reported
as median (percentile 25–percentile 75) and were compared with the U Mann–Whitney
test. The absolute value and percentage were used to report qualitative variables and
were compared with Chi-squared test or Exact Fisher’s test. The statistical analysis was
performed with SPSS version 15.0 (IBM). Considering that there are no previous reports on
the effect of the sodium dialysate profile tested in this study, we could not perform an a
priori sample size estimation. However, we estimated an achieved statistical power of 0.56
with the results of the present exploratory study (See detailed description in Supplementary
Material, Figure S1).

3. Results

The study included 13 patients (eight men and five women), with mean age 42 ± 7 years
old, median HD vintage was 191 (80–436) weeks. End-stage renal disease etiology was
systemic lupus erythematosus (n = 2), urate nephropathy (n = 3), IgA nephropathy (n = 2),
kidney-transplant rejection (n = 4), focal segmental glomerulosclerosis (n = 1), or collapsing
glomerulopathy (n = 1). The hemoglobin measured by routinely laboratory measure-
ments in both groups before HDF sessions was 9.7± 3.1 g/dL and after HDF sessions was
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12 ± 3.2 g/dL (p < 0.01). The vascular access was arteriovenous fistula (n = 7) or central
venous catheter (n = 6).

The characteristics of two hemodiafiltration sessions with different profiles of dialysate
sodium concentration were similar in both groups (Table 1). In the individualized dialysate
sodium HDF profile, the sodium concentration remained similar before and after the HDF
session (Figure 1). The sodium concentration after the HDF session with individualized
profile is greater than the sodium concentration after the HDF session with a fixed profile,
although the sodium concentration goal was achieved in both groups. The blood lactate
remained similar before and after the fixed HDF session, but it increased after the individu-
alized sodium profile. There was no difference in blood glucose at the beginning and at
the end of the HDF session in any of the groups. It is remarkable that the osmolality at the
end of the HDF in fixed sodium profile is significantly lower compared with the beginning
of the session. Similar changes in potassium, pH and bicarbonate were observed in both
sessions.

Among patients, there is a great variability in the IOP values along HDF (Figure 2).
At 120, 150 and 180 min, in both groups there were more positive IOP changes (IOP
change ≥ 1 mmHg) than negative changes (Table 2). At 150 and 180 min, in both groups
there were more positive IOP changes (IOP change ≥ 6 mmHg) than negative changes.

Table 2. Number of episodes with changes in IOP compared to pre-HDF.

Time
(min)

Change ≥ 1mmHg Change ≥ 6 mmHg

Total Increase Decrease Total Increase Decrease

30 40 (80%) 21 (53%) 19 (48%) 3 (6%) 3 (6%) 0 (0%)
60 47 (94%) 23 (49%) 24 (51%) 3 (6%) 3 (6%) 0 (0%)
90 44 (88%) 26 (59%) 18 (41%) 12 (24%) 12 (24%) 0 (0%) **
120 44 (88%) 29 (66%) 15 (34%) * 8 (16%) 7 (14%) 1 (2%) *
150 44 (88%) 31 (70%) 13 (30%) ** 12 (24%) 12 (24%) 0 (0%) **
180 47 (94%) 32 (68%) 15 (32%) * 7 (14%) 5 (10%) 2 (4%)

* p < 0.05 (increase vs. decrease) ** p < 0.01 (increase vs. decrease).

There is a high number of intraocular hypertension events along HDF with no dif-
ference between groups (Table 3). The number of patients with at least an episode of
intraocular hypertension during HDF ranged from five (19%) to eight (31%) without signif-
icant differences between right and left eye nor between dialysate sodium concentration.

Table 3. Events of IOP ≥ 22 mmHg in 26 pairs of eyes (13 patients).

Dialysate Sodium
Concentration

Time of Evaluation during Dialysis (min)

Before 30 60 90 120 150 180 After

Fixed
2 3 4 4 3 4 1 2

(7.6%) (11.5%) (15.3%) (15.3%) (11.5%) (15.3%) (3.8%) (7.6%)

Individualized
2 1 2 3 3 6 4 1

(7.6%) (3.8%) (7.6%) (11.5%) (11.5%) (23%) (15.3%) (3.8%)

Figure 3 shows the mean values of IOP change during hemodiafiltration. There were
no significant differences on IOP between sessions. In the group with a fixed profile at
60 min, there was an increase in IOP of the right eye compared with the IOP of the same
eye at 30 min. At 30 min in the fixed sodium concentration group there was an increase in
IOP of the right eye compared with the individualized sodium HDF profile of the same
eye.



Biology 2022, 11, 12 5 of 11Biology 2021, 10, x FOR PEER REVIEW 5 of 12 
 

 

 

Figure 1. Biochemical parameters before and after hemodiafiltration (HDF) in 13 patients with different dialysate sodium 
profile: individualized indicated (green color markers) or fixed at 138 mmol/L (white markers). The asterisk (*) indicates 
p < 0.05 versus before HDF and the symbol & indicates p < 0.05 versus fixed sodium. The circle markers indicate mean 
values (± standard deviation) while the box plots indicate medians (horizontal line), interquartile range (box) and 1.5 time 
the interquartile range (error bars). 

Figure 1. Biochemical parameters before and after hemodiafiltration (HDF) in 13 patients with
different dialysate sodium profile: individualized indicated (green color markers) or fixed at
138 mmol/L (white markers). The asterisk (*) indicates p < 0.05 versus before HDF and the symbol &
indicates p < 0.05 versus fixed sodium. The circle markers indicate mean values (± standard devia-
tion) while the box plots indicate medians (horizontal line), interquartile range (box) and 1.5 time the
interquartile range (error bars).
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Figure 3. Average values of IOP (A) and IOP change (B) during hemodiafiltration (HDF) with different
dialysate sodium profile (individualized or fixed at 138 mmol/L). The error bars indicate one standard
deviation. The asterisk (*) indicates a significant difference (p < 0.05) versus measurements in the left eye.
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Although, there was no difference in blood pressure, there was a decrease in heart rate
at 30, 60, 90, 120, and 150 min in the fixed sodium profile HDF group compared with its
own baseline at the beginning of HDF (Figure 4).
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Figure 4. Blood pressure and heart rate during hemodiafiltration (HDF) with different dialysate
sodium profiles (individualized or fixed at 138 mmol/L). The error bars indicate one standard
deviation.

4. Discussion

HDF has different characteristics compared to hemodialysis. HDF clears larger toxins
and provides some clinical advantages, such as better control of hyperphosphatemia,
hemodynamic stability and control of fluid overload [22]. In spite of the advantages,
elevated IOP might occur. HDF introduces several modifications into cardiovascular
functioning and concentration of dissolved substances in the blood.

Increased IOP during renal replacement therapy is a latent problem. Some strategies
have been proposed to prevent these changes, for instance, the use of acetazolamide [23],
intravenous hyperosmotic solutions [24], mannitol [25], and glucose [16]. We evaluated
the effect of maintaining a relatively high concentration of sodium in order to reduce the
tendency of the IOP to increase.

In the present study, we found variations in heart rate during HDF with sodium
dialysate fixed at 138 mmol/L. It is known that an increase in osmolarity leads to an
increase in heart rate, probably due to autonomic nervous regulation [26]. Despite the
variation in heart rate, we did not find a significant change in blood pressure; as mentioned
above, HDF provides a better hemodynamic management [27].

In this study, a large variability in IOP through the HDF session was observed among
patients. This phenomenon reflects the complexity of IOP regulation. Although there
is a significant increase in IOP of the right eye compared with the left eye at 30 and
60 min of the HDF session, we observed a tendency of IOP positive change events (IOP
change ≥ 1 mmHg) and the severity of these changes (IOP change ≥6 mmHg) to increase
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towards the end of the HDF in both groups. Despite a significantly lower osmolality in the
fixed sodium profile at the end of the HDF compared with the beginning of it, there was
no difference compared with the individualized sodium profile and the IOP values. Al-
though the results did show a significant difference of sodium after dialysis (137.7 ± 1.3 vs.
138.9 ± 2.5 mEq/L), this difference might be too small to cause any difference of IOP. Prob-
ably the variation in IOP relies with much more importance in the production of aqueous
humor rather than the outflow from the eye.

A previous study found that increased blood glucose levels decrease IOP in hemodial-
ysis [28]. However, other mechanisms are involved in the increase of IOP, for example the
anterior chamber angle wideness [29], aqueous flow, and outflow resistance [30].

IOP is given by the flow rate of the aqueous humor that drains in the trabecular
meshwork into the Schlemm canal, the input rate of aqueous flow and the episcleral venous
pressure. The modification in any of these variables will modify IOP. Whether the output
of aqueous flow rate decreases or the input flow rate or the episcleral venous pressure
increases, the IOP will also increase [31]. Although the pathophysiology of glaucoma is not
fully understood, there is an association between elevated IOP and glaucoma [32,33].

During HDF, the body fluid volume, plasma osmolarity, and electrolyte concentration
is corrected [34]. It has been reported that plasma osmolarity is related with IOP [35], thus it
was hypothesized that a sharper correction of sodium (the main electrolyte contributing to
osmolarity) may decrease the gradient between plasma and interstitial fluid and promote a
greater input on aqueous flow.

The transient increase of IOP during HDF may be subject to a therapeutic intervention
as part of the management of patients during the HDF session. However, the changes
are rather heterogenous in hemodialysis [36,37], for example, a decrease of IOP has been
reported during hemodialysis [38], while we found changes consisting of both increases
and decreases in IOP. Whether these fluctuations are related to glaucomatous progression in
these patients, remains unknown. The potential relation of increased IOP in hemodialysis
and HDF with adverse clinical outcomes should be evaluated with other study designs,
such as cohorts that include patients with and without glaucoma.

The measuring of IOP is a technical challenge, although applanation tonometry is
the most accurate method, it requires the patient to sit and mount a slit lamp inside the
hemodialysis center. Furthermore, changes in the position of the patient are routinely
made as part of hypotension management, which is a difficulty for the application of
applanation tonometry [39]. Tonopen provides an acceptable measurement of IOP, though
the measurement of applanation and Tonopen tonometry values are not necessarily inter-
changeable [40]. For a continuous measurement of IOP, other techniques, such as rebound
tonometer [41] and pressure-measurement contact lens [42], may be considered in future
studies. Tonopen AVIA, used in this work, provides reliable measurements in cases without
access to a slit-lamp [43]. Nevertheless, other novel tonometers should be considered for
future projects [44].

An important advantage in this study is that the same individuals received both
sodium profiles with similar HDF prescriptions; therefore, there was a better control of
variability among individuals. Another advantage is the frequency of intra-dialysis IOP
measurements, which is likely to allow the identification of transient IOP changes. The
limitations in this study include the small number of participants (which resulted in a low
achieved statistical power) and the measurement of the data from only one HDF session per
group. The limited number of volunteers in this study compromises the external validity of
our findings, which should be corroborated with further clinical research. On the grounds
that there is a great variability in IOP during hemodiafiltration, IOP measurement should
be taken into consideration in patients with risk factors of developing glaucoma. It is
known that there is a diurnal variation of IOP intraocular pressure, the mean range of
fluctuation is 5 mmHg [45]. Therefore, the increase in IOP greater than this value cannot be
explained by the diurnal variation.
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5. Conclusions

There is a large variability of IOP during HDF. Transient events of intraocular hyper-
tension are highly prevalent during this HDF pilot study and they are not related to sodium
concentration nor osmolarity. The results of this exploratory study highlight the need for
more pertinent diagnostic and treatment strategies to prevent further visual field damage
in dialysis patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology11010012/s1, Figure S1: Achieved statistical power calculation.

Author Contributions: Conceptualization, N.S.-F. and C.L.; methodology, N.S.-F., H.P.-G. and C.L.;
formal analysis, N.S.-F., M.C.-J. and C.L.; investigation, N.S.-F., J.L.-G., M.C.-J. and C.L.; resources,
N.S.-F., J.L.-G., H.P.-G., S.L.-G. and C.L.; data curation, N.S.-F., M.C.-J. and C.L.; writing—original
draft preparation, M.C.-J., S.L.-G. and C.L.; writing—review and editing, N.S.-F., J.L.-G., M.C.-J.,
H.P.-G. and C.L.; visualization, N.S.-F., J.L.-G., M.C.-J., H.P.-G. and C.L.; supervision, H.P.-G. and
C.L.; project administration, C.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding. The APC was funded by the Instituto Nacional
de Cardiología Ignacio Chavez.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Ethics Committee of Instituto
Nacional de Cardiología Ignacio Chávez (protocol code 14-891, approved in 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data is available upon reasonable request.

Acknowledgments: We thank the nurses and patients of the Department of Nephrology of the
National Institute of Cardiology. N. Saavedra-Fuentes received a scholarship for the graduate studies
(Master in Science) from CONACyT during the development of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Q.L.; Rothenbacher, D. Prevalence of chronic kidney disease in population-based studies: Systematic review. BMC Public

Health 2008, 8, 117. [CrossRef]
2. Amato, D.; Alvarez-Aguilar, C.; Castaneda-Limones, R.; Rodriguez, E.; Avila-Diaz, M.; Arreola, F.; Gomez, A.; Ballesteros, H.;

Becerril, R.; Paniagua, R. Prevalence of chronic kidney disease in an urban Mexican population. Kidney Int. Suppl. 2005, S11–S17.
[CrossRef]

3. Mullaem, G.; Rosner, M.H. Ocular problems in the patient with end-stage renal disease. Semin. Dial. 2012, 25, 403–407. [CrossRef]
4. Evans, R.D.; Rosner, M. Ocular abnormalities associated with advanced kidney disease and hemodialysis. Semin. Dial. 2005, 18,

252–257. [CrossRef] [PubMed]
5. Nemesure, B.; Honkanen, R.; Hennis, A.; Wu, S.Y.; Leske, M.C.; Barbados Eye Studies, G. Incident open-angle glaucoma and

intraocular pressure. Ophthalmology 2007, 114, 1810–1815. [CrossRef]
6. Bengtsson, B.; Leske, M.C.; Hyman, L.; Heijl, A.; Early Manifest Glaucoma Trial, G. Fluctuation of intraocular pressure and

glaucoma progression in the early manifest glaucoma trial. Ophthalmology 2007, 114, 205–209. [CrossRef] [PubMed]
7. Shapiro, A.; Shapiro, Y.; Udassin, R.; Shoenfeld, Y.; Konikoff, F. The effect of salt loading diet on the intraocular pressure. Acta

Ophthalmol. 1982, 60, 35–40. [CrossRef]
8. Idu, F.K.; George, G.O.; Obika, L.F.O. Intraocular pressure following 18 hours of systemic dehydration in ocular normotensive

healthy subjects. Afr. Vis. Eye Health 2015, 74, 1–5. [CrossRef]
9. Harju, M.; Kivelä, T.; Lindbohm, N.; Koivusalo, R.; Paloheimo, M. Intravenous hypertonic saline to reduce intraocular pressure.

Acta Ophthalmol. 2013, 91, 625–629. [CrossRef]
10. William, J.H.; Gilbert, A.L.; Rosas, S.E. Keeping an eye on dialysis: The association of hemodialysis with intraocular hypertension.

Clin. Nephrol. 2015, 84, 307–310. [CrossRef]
11. Frezzotti, P.; Menicacci, C.; Bagaglia, S.A.; Mittica, P.; Toto, F.; Motolese, I. Management of intraocular pressure elevation during

hemodialysis of neovascular glaucoma: A case report. BMC Ophthalmol. 2016, 16, 23. [CrossRef]
12. Fischer, M.D.; Fleischhauer, J.; Keusch, G.; Abegg, M.H. Rise in intraocular pressure during haemodialysis in a patient with

reduced outflow facility. Br. J. Ophthalmol. 2007, 91, 1091–1093. [CrossRef]

https://www.mdpi.com/article/10.3390/biology11010012/s1
https://www.mdpi.com/article/10.3390/biology11010012/s1
http://doi.org/10.1186/1471-2458-8-117
http://doi.org/10.1111/j.1523-1755.2005.09702.x
http://doi.org/10.1111/j.1525-139X.2012.01098.x
http://doi.org/10.1111/j.1525-139X.2005.18322.x
http://www.ncbi.nlm.nih.gov/pubmed/15934974
http://doi.org/10.1016/j.ophtha.2007.04.003
http://doi.org/10.1016/j.ophtha.2006.07.060
http://www.ncbi.nlm.nih.gov/pubmed/17097736
http://doi.org/10.1111/j.1755-3768.1982.tb05779.x
http://doi.org/10.4102/aveh.v74i1.10
http://doi.org/10.1111/j.1755-3768.2012.02474.x
http://doi.org/10.5414/CN108477
http://doi.org/10.1186/s12886-016-0199-z
http://doi.org/10.1136/bjo.2006.110072


Biology 2022, 11, 12 10 of 11

13. Ikeda, N.; Saito, T.; Hayasaka, S.; Hayasaka, Y. Unilateral symptomatic elevation of intraocular pressure and prevention using a
hyperosmotic agent during hemodialysis. Jpn. J. Ophthalmol. 2001, 45, 659–661. [CrossRef]

14. Olawoye, O.O.; Ogunleye, T.; Sarimiye, T.F.; Bello, T.O. Acute angle closure following hemodialysis in a 34-year-old Nigerian
female. Niger J. Clin. Pract. 2018, 21, 942–944. [CrossRef]

15. Van Brussel, M.S.; Koppius, P.W.; Schut, N.H. Headache during hemodialysis—An uncommon cause for a common problem.
Clin. Nephrol. 2008, 69, 219–220. [CrossRef] [PubMed]

16. Saritas, T.; Koutsonas, A.; Walter, P.; Floege, J.; Kruger, T. Management of intraocular hypertension during hemodialysis by
intravenous glucose administration. Am. J. Kidney Dis. 2014, 63, 500–502. [CrossRef]

17. Choong, Y.F.; Menage, M.J. Symptomatic acute raised IOP following hemodialysis in a patient with end stage renal failure. Br. J.
Ophthalmol. 1998, 82, 1342. [CrossRef] [PubMed]

18. Acott, T.S.; Kelley, M.J.; Keller, K.E.; Vranka, J.A.; Abu-Hassan, D.W.; Li, X.; Aga, M.; Bradley, J.M. Intraocular pressure
homeostasis: Maintaining balance in a high-pressure environment. J. Ocul. Pharmacol. Ther. 2014, 30, 94–101. [CrossRef]

19. Goel, M.; Picciani, R.G.; Lee, R.K.; Bhattacharya, S.K. Aqueous humor dynamics: A review. Open Ophthalmol. J. 2010, 4, 52–59.
[CrossRef] [PubMed]

20. Chen, H.; Zhang, X.; Shen, X. Ocular changes during hemodialysis in patients with end-stage renal disease. BMC Ophthalmol.
2018, 18, 208. [CrossRef]

21. Saavedra-Fuentes, N.; Perez-Grovas, H.; Navarrete, R.; Lerma, C. Intraocular Pressure Changes During Hemodialysis or
Hemodiafiltration in End-Stage Renal Disease Patients. Ther. Apher. Dial. 2018, 22, 624–629. [CrossRef] [PubMed]

22. Maduell, F. Hemodiafiltration versus conventional hemodialysis: Should “conventional” be redefined? Semin. Dial. 2018, 31,
625–632. [CrossRef] [PubMed]

23. De Marchi, S.; Cecchin, E.; Tesio, F. Intraocular pressure changes during hemodialysis: Prevention of excessive dialytic rise and
development of severe metabolic acidosis following acetazolamide therapy. Ren. Fail. 1989, 11, 117–124. [CrossRef]

24. Tawara, A.; Kobata, H.; Fujisawa, K.; Abe, T.; Ohnishi, Y. Mechanism of intraocular pressure elevation during hemodialysis. Curr.
Eye Res. 1998, 17, 339–347. [CrossRef]

25. Jaeger, P.; Morisod, L.; Wauters, J.P.; Faggioni, R. Prevention of glaucoma during hemodialysis by mannitol and acetazolamide. N.
Engl. J. Med. 1980, 303, 702. [CrossRef]

26. Charkoudian, N.; Eisenach, J.H.; Joyner, M.J.; Roberts, S.K.; Wick, D.E. Interactions of plasma osmolality with arterial and central
venous pressures in control of sympathetic activity and heart rate in humans. Am. J. Physiol. Heart Circ. Physiol. 2005, 289,
H2456–H2460. [CrossRef]

27. Blankestijn, P.J.; Grooteman, M.P.; Nube, M.J.; Bots, M.L. Clinical evidence on haemodiafiltration. Nephrol. Dial. Transplant. 2018,
33, iii53–iii58. [CrossRef] [PubMed]

28. Afshar, R.; Ghasemi, H.; Shabpiray, H.; Abdi, S.; Davati, A.; Zerafatjou, N.; Khorsand Askari, M. Monitoring of intraocular
pressure and its correlation with systemic parameters before and after hemodialysis. Iran. J. Kidney Dis. 2013, 7, 53–59.

29. Rever, B.; Fox, L.; Christensen, R.; Bar-Khayim, Y.; Nissenson, A.R. Adverse ocular effects of acetate hemodialysis. Am. J. Nephrol.
1983, 3, 199–204. [CrossRef]

30. Costagliola, C.; Mastropasqua, L. The influence of hemodialysis on intraocular pressure: III. Aqueous humor dynamics and tissue
hydration. Ann. Ophthalmol. 1991, 23, 31–34.

31. Aptel, F.; Weinreb, R.N.; Chiquet, C.; Mansouri, K. 24-h monitoring devices and nyctohemeral rhythms of intraocular pressure.
Prog. Retin. Eye Res. 2016, 55, 108–148. [CrossRef] [PubMed]

32. Agarwal, R.; Gupta, S.K.; Agarwal, P.; Saxena, R.; Agrawal, S.S. Current concepts in the pathophysiology of glaucoma. Indian J.
Ophthalmol. 2009, 57, 257–266. [CrossRef] [PubMed]

33. Weinreb, R.N.; Aung, T.; Medeiros, F.A. The Pathophysiology and Treatment of Glaucoma: A Review. JAMA 2014, 311, 1901–1911.
[CrossRef] [PubMed]

34. Tattersall, J.E.; Ward, R.A.; EUDIAL group; Canaud, B.; Blankestijn, P.J.; Bots, M.; Covic, A.; Davenport, A.; Grooteman, M.;
Gura, V.; et al. Online haemodiafiltration: Definition, dose quantification and safety revisited. Nephrol. Dial. Transplant. 2013, 28,
542–550. [CrossRef] [PubMed]

35. Tokuyama, T.; Ikeda, T.; Sato, K. Effect of plasma colloid osmotic pressure on intraocular pressure during haemodialysis. Br. J.
Ophthalmol. 1998, 82, 751. [CrossRef] [PubMed]

36. Gafter, U.; Pinkas, M.; Hirsch, J.; Levi, J.; Savir, H. Intraocular Pressure in Uremic Patients on Chronic Hemodialysis. Nephron
1985, 40, 74–75. [CrossRef] [PubMed]

37. Leiba, H.; Oliver, M.; Shimshoni, M.; Bar-Khayim, Y. Intraocular pressure fluctuations during regular hemodialysis and ultrafiltra-
tion. Acta Ophthalmol. 1990, 68, 320–322. [CrossRef]

38. Gutmann, S.M.; Vaziri, N.D. Effect of Hemodialysis on Intraocular Pressure. Artif. Organs 1984, 8, 62–65. [CrossRef]
39. Levy, J.; Tovbin, D.; Lifshitz, T.; Zlotnik, M.; Tessler, Z. Intraocular pressure during haemodialysis: A review. Eye 2005, 19,

1249–1256. [CrossRef]
40. Frenkel, R.E.P.; Hong, Y.J.; Shin, D.H. Comparison of the Tono-Pen to the Goldmann Applanation Tonometer. Arch. Ophthalmol.

1988, 106, 750–753. [CrossRef]

http://doi.org/10.1016/S0021-5155(01)00408-7
http://doi.org/10.4103/njcp.njcp_358_17
http://doi.org/10.5414/CNP69219
http://www.ncbi.nlm.nih.gov/pubmed/18397722
http://doi.org/10.1053/j.ajkd.2013.08.034
http://doi.org/10.1136/bjo.82.11.1339d
http://www.ncbi.nlm.nih.gov/pubmed/9924350
http://doi.org/10.1089/jop.2013.0185
http://doi.org/10.2174/1874364101004010052
http://www.ncbi.nlm.nih.gov/pubmed/21293732
http://doi.org/10.1186/s12886-018-0885-0
http://doi.org/10.1111/1744-9987.12707
http://www.ncbi.nlm.nih.gov/pubmed/30009462
http://doi.org/10.1111/sdi.12715
http://www.ncbi.nlm.nih.gov/pubmed/29813181
http://doi.org/10.3109/08860228909066953
http://doi.org/10.1080/02713689808951214
http://doi.org/10.1056/NEJM198009183031216
http://doi.org/10.1152/ajpheart.00601.2005
http://doi.org/10.1093/ndt/gfy218
http://www.ncbi.nlm.nih.gov/pubmed/30281128
http://doi.org/10.1159/000166710
http://doi.org/10.1016/j.preteyeres.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27477112
http://doi.org/10.4103/0301-4738.53049
http://www.ncbi.nlm.nih.gov/pubmed/19574692
http://doi.org/10.1001/jama.2014.3192
http://www.ncbi.nlm.nih.gov/pubmed/24825645
http://doi.org/10.1093/ndt/gfs530
http://www.ncbi.nlm.nih.gov/pubmed/23345621
http://doi.org/10.1136/bjo.82.7.751
http://www.ncbi.nlm.nih.gov/pubmed/9924365
http://doi.org/10.1159/000183431
http://www.ncbi.nlm.nih.gov/pubmed/4000337
http://doi.org/10.1111/j.1755-3768.1990.tb01930.x
http://doi.org/10.1111/j.1525-1594.1984.tb04245.x
http://doi.org/10.1038/sj.eye.6701755
http://doi.org/10.1001/archopht.1988.01060130820030


Biology 2022, 11, 12 11 of 11

41. Lv, Z.; Xia, F.; Wu, G.; Yao, L.; Chen, Z. iCare: A Mobile Health Monitoring System for the Elderly. In Proceedings of the 2010
IEEE/ACM International Conference on Green Computing and Communications & International Conference on Cyber, Physical
and Social Computing, Hangzhou, China, 18–20 December 2010; pp. 699–705.

42. Gillmann, K.; Wasilewicz, R.; Hoskens, K.; Simon-Zoula, S.; Mansouri, K. Continuous 24-hour measurement of intraocular
pressure in millimeters of mercury (mmHg) using a novel contact lens sensor: Comparison with pneumatonometry. PLoS ONE
2021, 16, e0248211. [CrossRef]

43. Kutzscher, A.E.; Kumar, R.S.; Ramgopal, B.; Rackenchath, M.V.; Sathi, D.; Nagaraj, S.; Moe, C.A.; Fry, D.M.; Stamper, R.L.; Keenan,
J.D. Reproducibility of 5 Methods of Ocular Tonometry. Ophthalmol. Glaucoma 2019, 2, 429–434. [CrossRef] [PubMed]

44. Nakakura, S.; Mori, E.; Yamamoto, M.; Tsushima, Y.; Tabuchi, H.; Kiuchi, Y. Intradevice and Interdevice Agreement Between a
Rebound Tonometer, Icare PRO, and the Tonopen XL and Kowa Hand-held Applanation Tonometer When Used in the Sitting
and Supine Position. J. Glaucoma 2015, 24, 515–521. [CrossRef] [PubMed]

45. David, R.; Zangwill, L.; Briscoe, D.; Dagan, M.; Yagev, R.; Yassur, Y. Diurnal intraocular pressure variations: An analysis of 690
diurnal curves. Br. J. Ophthalmol. 1992, 76, 280–283. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0248211
http://doi.org/10.1016/j.ogla.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/32672576
http://doi.org/10.1097/IJG.0000000000000016
http://www.ncbi.nlm.nih.gov/pubmed/24145289
http://doi.org/10.1136/bjo.76.5.280
http://www.ncbi.nlm.nih.gov/pubmed/1356429

	Introduction 
	Materials and Methods 
	Study Participants 
	Hemodialysis Prescription 
	Study Protocol and Intra-Ocular Pressure Assessment 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

