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Abstract
Purpose Primary objective—to investigate the effect of retinal vessel oxygen saturation (SO2) on macular oedema (ME) in
retinitis pigmentosa (RP) patients. Secondary objective—to link the presence of ME to metabolic (oxygen saturation of
retinal vessels, SO2), functional (multifocal electroretinography, mfERG) and structural (Spectral Domain Optical Coherent
Tomography, SD-OCT) alterations in RP.
Design Prospective, cross-sectional, non-interventional study.
Subjects Patients with typical RP (N= 37) and controls (N= 19), who underwent retinal vessel Oximetry (RO), SD-OCT
and mfERG, were included.
Methods A computer-based program of the retinal vessel analyser unit (IMEDOS Systems UG, Jena, Germany) was used to
measure SO2. We evaluated the mean SO2, in all major retinal arterioles (oxygen saturation in retinal arterioles, A-SO2, %)
and venules (oxygen saturation in retinal venules, V-SO2, %). MfERG responses were averaged in zones (zone 1 (0–3°),
zone 2 (3–8°) and zone 3 (8–15°)) and compared to corresponding areas of the OCT. The effect of ME on SO2 was evaluated
dividing the RP in two subgroups: with clinical appearance of ME (ME-RP) and without it (no-ME-RP).
Main outcome measures Parallel recording and juxtaposition of metabolic (SO2) to structural (OCT) and functional-
(mfERG) measures. Mean ( ± SD) A-SO2 and V-SO2 were higher in no-ME-RP (96.77% (±6.31) and 59.93% (±7.76)) and
even higher in the ME-RP (99.82% (±6.21) and 65.63% (±7.63)), compared to controls (93.15% (±3.76) and 53.77%
(±3.70), p ≤ 0.006).
Results The subgroup ME-RP differed significantly from the subgroup no-ME-RP by increased A-SO2 and V-SO2, p ≤
0.026. The presence of ME confirmed a different relationship between the altered SO2 and the vessel diameters, against the
functional and structural parameters.
Conclusion Based on our results, the presence of macular oedema indicates a tendency toward greater alteration of the
metabolic function in RP patients.

Introduction

Retinitis pigmentosa (RP) constitutes a heterogeneous
group of inherited retinal diseases, marked by progressive
photoreceptor cell degeneration. With disease progression,
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only a central island of functioning photoreceptors remains,
at which stage the patient is left with tunnel vision. The
degenerative process involves initially the rods, with later
involvement of the cones. As the cones become affected,
the remaining central visual function deteriorates further,
leading to blindness in many patients [1–5].

Oxygen is known to be the most extensively supplied
metabolite in the retina [6,7]. Recent studies of RP in ani-
mal models have demonstrated a marked reduction of
oxygen utilisation with acceleration of the rod photo-
receptor degeneration. However, the choroidal blood flow is
not auto-regulated. As the oxygen delivery of the outer
retina remains unchanged, the intraretinal oxygen level
increases steadily. With disease progression, a measured
increase of superoxide radicals in both the mitochondria and
the cytoplasm of the cones follows [8]. Furthermore, the
excess of superoxide radicals seems to generate other
reactive oxygen species, resulting in even greater oxidative
damage in the cones [9].

Since using antioxidants in RP models supposedly
decreases the oxidative damage and prevents the cone
photoreceptors’ death, it is inferred that the oxidative
damage is a major contributor to cone photoreceptor
apoptosis [10].

Retinal vessel oximetry (RO) is a novel research method,
measuring retinal vessels’ oxygen saturation in vivo. In
patients affected by inherited retinal diseases, retinal vessel
oximetry (RO) showed an alteration of the oxygen meta-
bolism with severe increase in retinal vessel oxygen
saturation [11–16]. Furthermore, the oxygen saturation
values correlated well not only with the structural altera-
tions [12, 16] (detected by optical coherence tomography
(OCT)) but also with the functional alterations [17]
(detected by full-field electroretinography (ERG), electro-
oculography (EOG) and multifocal electroretinography
(mfERG)). Since the highest amount of oxygen is used by
the retinal photoreceptors, a reduction of retinal oxygen
demand with secondary increase of the retinal vessel
saturation values following cellular apoptosis has been
proposed to explain the observed vascular oxygen altera-
tions in RP patients. Correspondingly, peripapillary retinal
vessel diameters were reduced proportionally to the func-
tional [18] and structural alterations [16]. Thus,

degeneration of the photoreceptors with secondary neuro-
vascular remodelling seems to be a causative factor of the
increased retinal vessel saturation in RP [12, 17, 18].

The relationship between the residual cone-mediated
responses (as per mfERG recordings) and the structural
alterations (as per OCT data) on one hand and the visual
function in patients with RP, on the other hand, has
been examined before by a number of studies [19–23]. For
instance, the integrity of the photoreceptor inner/outer
segment junction, labelled as IS/OS line on OCT imaging,
has been strongly associated with better visual function and
higher retinal sensitivity [24–26]. The correlations
between the best corrected visual acuity and the
structure–function parameters were noticeably more pro-
nounced within the RP subgroup without clinical appear-
ance of macular oedema (no-ME-RP, retinitis pigmentosa
subgroup without macular oedema) [27]. Surprisingly, the
RP subgroup with clinical appearance of macular oedema
(ME-RP, retinitis pigmentosa subgroup with macular
oedema), even with better preservation of the central vision,
showed more advanced stage of photoreceptor degeneration
with greater disruption of the IS/OS line, and greater
attenuation of the central mfERG responses. [27] However,
to what extent the presence of macular oedema corresponds
to the retinal vessel oxygen saturation (SO2) and retinal
vessel attenuation in RP patients, has not been studied
yet. Applying the metabolic-structure-function approach,
we aim to investigate the relationship between the presence
of macular oedema (ME) and the metabolic (SO2), func-
tional (mfERG) and structural (OCT) alterations in patients
with RP.

Subjects and methods

Subjects

Demographic data of the RP patients and controls are given
in Table 1. We included 37 consecutive patients with RP
(74 eyes) and recruited 19 age-matched controls (38 eyes).
The age range was 20–60 years (mean: 40.89 ± 10.85 years)
and 29–51 years (mean: 38.00 ± 7.82 years), (p= 0.148), of
RP patients and controls, respectively. All subjects were

Table 1 Demographic data of RP patients and controls

Demographic characteristics Retinitis pigmentosa patients Controls

no-ME-RP subgroup ME-RP subgroup

Number of subjects (eyes) 25 (44) 18 (30) 19 (38)

Mean age (standard error) (years) 40.89 (1.51) 40.90 (1.82) 38.00 (1.62)

Sex: ♀/♂ 11/14 9/9 13/6

Six patients were part of both RP subgroups (three right and three left eyes per RP subgroup)
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examined at the diagnostic unit of the Department of
Ophthalmology at the University of Basel. The study was
approved by the Ethics Commission of Central and
Northern Switzerland, EKNZ Basel Switzerland (trial
number EKNZ BASEC 2016–01054). The tenets of the
Declaration of Helsinki were followed throughout the study.

All controls and RP patients underwent standard oph-
thalmologic examination, including best corrected visual
acuity (Snellen charts), Goldmann applanation tonometry
measurements, biomicroscopy and fundoscopy. The clinical
phenotype of RP patients was characterised following
clinical and electrophysiological assessment.

The inclusion criteria for RP patients were: Caucasian
origin, characteristic funduscopic findings of RP, reduced or
scotopic negative full-field ERG. The inclusion criteria for
controls were: Caucasian origin and best corrected visual
acuity at distance ≥0.8.

Exclusion criteria for RP patients and controls, were:
history of surgical treatment (cataract surgery inclusively)
on the examined eye, clinical signs of macular pathology

other than RP, systemic diseases (such as diabetes mellitus,
hypertension, and/or other metabolic and neurodegenerative
diseases, potentially affecting the OCT imaging, mfERG
recording or RO measurements), history of antidepressant
use, alcohol and/or drug consumption.

Retinal vessel oximetry imaging

Both pupils of each subject were dilated to 7.0–8.0 mm
using Tropicamide 0.5% and Phenylephrine 1% eye drops.
After a minimum of 20 min, having reached a pupil dilation
of at least 7.0 mm, measured on slit lamp biomicroscopy (BI
900®, Haag-Streit, Koeniz, Switzerland), four test-retest
fundus images were obtained, as described previously [11,
13, 18, 28]. Briefly, optic disc fundus images, with 50° field
span, were taken for each eye using the Retinal Vessel
Analyser (RVA: Imedos UG, Jena, Germany) which was
connected to the fundus camera FF450 (Carl Zeiss Meditec,
Jena, Germany). Images of both eyes were obtained, start-
ing with the right eye.

Fig. 1 Retinal vessel oximetry images (RO) from the right eye of a
control subject (right), a representative no-ME-RP patient (middle) and
a ME-RP patient (ME-RP; left) (a). Optical coherence tomography

images (SD-OCTs) from the right eye of the same subjects (b).
MfERG tracings from the right eye of a control subject and RP patients
(c)
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Image analyses

Optic disc-centred image protocol was applied for analysis,
where two concentric rings are created in the peripapillary
area: one with a radius of 1.0 optic disc diameters, and
second with a radius of 1.5 optic disc diameters. The region
between both circles defined the area of interest. All main
arterioles and venules within the measurement area were
manually selected for analysis of the mean arteriolar and
venular oxygen saturation (A-SO2 and V-SO2), and their
corresponding diameters (D-A and D-V, µm). The arterio-
venular difference in oxygen saturation (A-V SO2), known
to be proportional to the oxygen saturation of the retina, was
calculated as well. Representative images of a control and
two RP patients are given in Fig. 1a.

Optical coherence tomography (OCT)

For the evaluation of the retinal structure, we performed a
spectral domain optical coherence tomography (SD-OCT)
using Cirrus OCT (Carl Zeiss Meditec. Dublin, CA, USA).
The OCT images were taken by implementing macular
thickness protocol (Macular Cube 512 × 128) and high
definition image-protocol (HD 5 Line Raster). Both,
vertical and horizontal scan OCT images from each RP
patient were screened for clinical appearance of macular
oedema, by looking for the presence of visible intraretinal
spaces situated at the central macula (1.5 mm in diameter;
Fig. 1b). In addition, we measured manually the length of
the intact IS/OS line for every eye on HD 5 Line Raster
OCT images, using a measurement tool from the Cirrus
OCT.

Multifocal electroretinogram (mfERG)

We used VERISTM 6.0 (Electro-Diagnostic Imaging, San
Mateo, CA, USA) for the mfERG recording. During the
recording session 103 hexagons (Fig. 1) flickered between
black and white according to m-sequence of 2^15 (frame
rate: 75 Hz). The central retina (50° around the centre) was
stimulated. During the light phase the maximal luminance
of the hexagons (Lmax) was 200 cd/m

2 and during the dark
phase (Lmin) was <1 cd/m2. The retinal signals were
bandpass-filtered at 10–200 Hz. The responses were recor-
ded monocularly with a single-use microfiber DTL elec-
trode (DTL Plus Electrode, Diagnosis LLC). The negative
electrode was placed on the temporal orbital rim and the
ground electrode—on the forehead. If a refractive error was
present, corrections were done using the FMS III fundus
stimulator (EDI, San Mateo, CA).

We measured the N1 response amplitude of the mfERG
from the baseline to the trough of the first negative wave
(N1), while we estimated the N1P1 response amplitude

from the trough of the first negative wave (N1) to the peak
of the first positive wave (P1). Corresponding to the
macular thickness map protocol, provided by the software
of the Cirrus OCT, mfERG responses were averaged in
three concentric rings, i.e., zones: around the foveola, or
zone 1 (within the central 3°; orange), fovea, or zone 2
(between 3° and 8°; turquoise) and paracentral area, or zone
3 (between 8° and 15°; violet) (Fig. 1c, left-hand side).

Genetic analyses

Genetic testing was performed in 18 out of 35 RP patients.
Blood samples were taken from the 18 participants and
genomic DNA was extracted from blood leukocytes,
according to a standard procedure. Molecular analysis was
performed using an in-house developed in-solution capture
assay of the most frequent RP genes, followed by high-
throughput sequencing. All mutations were validated by
Sanger sequencing using primers [29], obtained with the
Primer3 software (http://primer3.ut.ee) [30, 31]. In two
additional RP patients genetic analyses were previously
completed in another institution.

Statistical analysis

IBM SPSS Statistics version 21 (International Business
Machines Corp., Armonk, NY, USA) was applied for sta-
tistical analysis.

In order to explore the association of functional and
structural parameters (mfERG and OCT) with the metabolic
parameters (RO), linear mixed-effects models were
performed.

Mixed effects models were suitable regression tools to
analyse repeated measure data (here applied for the left and
right eye).

RO parameters were dependent variables, while age,
gender, average amplitude of the mfERG (nV/deg2),
macular thickness (µm), IS/OS length (µm) and/or study
groups were independent variables. Subject was treated as a
random factor. As a result of the inclusion of age and
gender in the models, all outcomes were adjusted for these
parameters.

Results are presented as mean differences between study
groups or regression slopes with corresponding 95% con-
fidence intervals (CI) and p-values.

In addition, potential interactions between study groups
and functional or structural parameters were included in the
regression model. A statistically significant interaction of
functional or structural parameters with a study group
would mean, that the association of these parameters with
RO variables will be different between study groups
(regression slopes are different). p-Values>0.05 were con-
sidered as statistically significant.
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Table 2 Descriptive statistics for the parameters evaluated in RP groups and in the control group

Parameters Controls Retinitis pigmentosa patients p-values

Adjusted means, based on
mixed-effects models
(standard error)

Mean difference in subgroups (p-values) (ANOVA, based on
mixed-effects models)
p-values

Controls vs. no-
ME-RP subgroup

Controls vs.
ME-RP
subgroup

no-ME-RP vs. ME-RP subgroup

BCVA

Snellen charts 1.00 (0.04) 0.436 (0.06) <0.001*

0.482 (0.06) <0.001*

0.046 (0.06) 0.449

Retinal vessel oxygen saturation (%)

A-SO2 93.15 (0.96) −3.62 (1.29) 0.006*

−6.67 (1.41) <0.001*

−3.05 (1.35) 0.026*

V-SO2 53.77 (1.15) −6.15 (1.54) <0.001*

−11.86 (1.69) <0.001*

−5.71 (1.61) 0.001*

A-V SO2 39.38 (1.26) 2.53 (1.69) 0.137

5.19 (1.85) 0.006*

2.66 (1.77) 0.136

Retinal vessel diameter (µm)

D-A 91.85 (2.22) 5.13 (2.86) 0.088

9.10 (3.27) 0.006*

3.97 (3.12) 0.207

D-V 118.69 (2.68) 14.57 (3.94) <0.001*

15.23 (3.60) 0.001*

−0.66 (3.77) 0.862

OCT thickness (µm)

Zone 1 261.87 (10.14) 33.55 (13.98) 0.018*

−50.72 (15.61) 0.002*

−84.28 (15.28) <0.001*

Zone 2 317.97 (7.34) 39.43 (10.13) <0.001*

−7.74 (11.31) 0.495

−47.17 (11.07) <0.001*

Zone 3 269.96 (5.64) 25.82 (7.78) <0.001*

5.75 (8.69) 0.510

−20.07 (8.51) 0.020*

IS/OS line 5981.32 (236.29) 3777.29 (329.96) <0.001*

3004.82
(379.79)

<0.001*

−772.48 (376.09) 0.043*

mfERG

N1 amplitudes (nV/deg2)

Zone 1 −61.16 (2.52) −42.15 (3.57) <0.001*

−36.72 (3.95) <0.001*

6.43 (3.93) 0.105

Zone 2 −34.66 (1.31) −24.72 (1.85) <0.001*
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Power calculation

To the best of our knowledge, there has been no previous
investigation of the retinal oximetry values in RP patients

with or without presence of macular oedema. Therefore, the
present study was designed as an exploratory study, no
statistical hypothesis was formulated and no formal sample
size calculation was done.

Table 2 (continued)

Parameters Controls Retinitis pigmentosa patients p-values

Adjusted means, based on
mixed-effects models
(standard error)

Mean difference in subgroups (p-values) (ANOVA, based on
mixed-effects models)
p-values

Controls vs. no-
ME-RP subgroup

Controls vs.
ME-RP
subgroup

no-ME-RP vs. ME-RP subgroup

−20.20 (2.05) <0.001*

4.52 (2.03) 0.029*

Zone 3 −17.20 (0.66) −13.19 (0.92) <0.001*

−10.08 (1.02) <0.001*

3.11 (1.02) 0.003*

N1P1 amliptudes (nV/deg2)

Zone 1 139.34 (5.16) 99.58 (7.2) <0.001*

83.98 (8.03) <0.001*

−15.60 (7.99) 0.054

Zone 2 75.45 (2.72) 56.99 (3.82) <0.001*

46.96 (4.23) <0.001*

−10.04 (4.21) 0.019*

Zone 3 35.88 (1.37) 28.66 (1.92) <0.001*

24.87 (2.13) <0.001*

−3.79 (2.11) 0.076

Statistically significant p-values (<0.05) are given in bold

Fig. 2 Box plots of the retinal vessels oxygen saturation for arterioles
(A-SO2), venules (V-SO2) and their difference (A-V SO2) (a), as well
as of the retinal vessel diameters for the respective arterioles (D-A) and
venules (D-V) (b). The box length is the interquartile range, the line in

bold depicts the median. In each graph, the control group is plotted to
the left, the no-ME-RP subgroup is plotted in the middle, and the ME-
RP subgroup is plotted to the right. The respective p-values are given
in Table 2 (ANOVA, based on linear mixed-effects model)

1214 R. I. Bojinova et al.



Fig. 3 Linear mixed-effects
model is applied to correlate the
oxygen saturation measurements
(a A-SO2; b V-SO2 and c A-V
SO2) to the N1 amplitudes of the
mfERG (left-hand side) to the
N1P1 amplitudes of the mfERG
(middle), and to the OCT
thickness measurements (right-
hand side), as well as the retinal
vessel diameter measurements
(d D-A; e D-V) to the N1
amplitudes of the mfERG (left-
hand side), to the N1P1
amplitudes of the mfERG
(middle), and to the OCT
thickness measurements (right-
hand side). Scatter-plots with
their corresponding regression
lines are presented as individual
graphs: on the top for controls,
in the middle for no-ME-RP
patients, and on the bottom for
ME-RP patients. The oxygen
saturation data (%) and the
peripapillary retinal vessel
diameter data (µm) are plotted
on the Y-axis and the N1 mfERG
data (nV/deg2), the N1P1 data
(nV/deg2), and respectively the
OCT thickness data (µm) are
plotted on the X-axis (orange:
zone 1, turquoise: zone 2, and
purple: zone 3)
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Results

A total of 37 patients (20 female and 17 male; 74 eyes) with
clinical and electrophysiological evidence of retinitis pig-
mentosa were enroled in the study. In total 19 age-matched
controls (13 female and 6 male; 38 eyes) without RP were
recruited from among our clinic patients. The RP group had
two subgroups: with (ME-RP) and without appearance of
macular oedema (no-ME-RP), defined by the presence of
intraretinal spaces situated within the foveal centre. In the
no-ME-RP subgroup 25 patients participated with 44 eyes
(22 right and 22 left) without macular oedema, and in the
ME-RP subgroup 18 patients participated with 30 eyes (15
right and 15 left) with macular oedema. Six patients were
part of both subgroups, each having one eye with ME (3
right and 3 left eyes). Both RP subgroups showed different
mutations, affecting different genes, including simplex
and syndromic cases with an autosomal-dominant,
autosomal-recessive and X-linked mode of inheritance
(supplement Table).

Retinal vessel oximetry results: increased A-SO2, V-SO2

and decreased A-V SO2 values in ME-RP patients
In general, RP patients had higher mean A-SO2 and

V-SO2 values when compared to controls (p ≤ 0.006,
ANOVA based on mixed-effect models, Table 2, Fig. 2).
Evaluated in subgroups, ME-RP patients differed from
controls, but also from no-ME-RP patients, when the mean
A-SO2 and V-SO2 values were compared (p ≤ 0.026,
Table 2, adjusted means, based on mixed-effect models).
The corresponding mean A-V SO2 decreased slightly by
2.53 % in the ME-RP (p= 0.137) but significantly by
5.19% in the no-ME-RP subgroup (p= 0.006, Table 2),
when compared to controls.

Retinal vessel diameter results: narrower D-A and D-
V in RP patients

The mean peripapillary retinal vessel diameters were nar-
rower in the RP group than in controls (p ≤ 0.006; Table 2).
Noticeably, the ME-RP subgroup showed narrower mean
peripapillary arterial diameters, when compared to the no-
ME-RP subgroup (Table 2, Fig. 2).

Functional and structural findings in RP patients

Within the RP group, eyes clinically classified as no-ME-
RP showed a greater impairment of the central retinal
function than the ME-RP patients, compared to controls.
The latter was measured by means of N1 and N1P1
amplitudes of the mfERG (Table 2). Depending on the
presence of macular oedema, the retinal thickness evaluated
in all zones was reduced in the no-ME-RP (p ≤ 0.018), while
it was increased in zone 1 of the ME-RP (p= 0.002), when

compared to controls (Table 2). The OCT imaging con-
firmed loss of photoreceptors and distortions of the retinal
microstructure (impaired IS/OS line integrity) within the
entire RP group. Even if the length of the IS/OS line was
more reduced in the no-ME-RP subgroup (p= 0.023,
Table 2), within the ME-RP subgroup the IS/OS line was
more disrupted toward the foveola, than in the no-ME RP
subgroup.

Relationship between structural/functional
parameters and the RO-parameters within study
groups

Aiming to predict the effect (relationship) of structural/
functional parameters on RO parameters, linear mixed-
effects models were created, including interactions between
study groups.

In linear mixed effect models, a significant interaction
indicates a different relationship of functional/structural
parameters with the RO-variables between study groups. As
a whole, in our study, interactions between functional/
structural and RO parameters, and study groups were pre-
sent (Fig. 3a–e).

For instance, as A-SO2 increased, N1 and N1P1 mfERG
amplitudes (evaluated in zones) within the no-ME-RP
subgroup decreased, whereas in the ME-RP subgroup the
corresponding regression slops were not significant
(Fig. 3a). Further, as the A-SO2 increased, the retinal
thickness within the no-ME-RP subgroup increased,
whereas in the ME-RP subgroup and in controls decreased
(Fig. 3a). Also, as the V-SO2 values increased, the
N1mfERG and N1P1 mfERG amplitudes, within the ME-
RP subgroup, decreased and the retinal thickness decreased,
whereas in the no-ME subgroup the corresponding regres-
sion slops were not significant (Fig. 3b).

Interactions between venular retinal vessel diameter and
functional alterations (mfERG data) were also significant
between study groups. For instance, as the diameter of
arterioles and venules got narrower, the retinal thickness in
the no-ME-RP subgroup decreased, whereas in the ME-RP
subgroup the corresponding regression slops showed no
significant trend (Fig. 3d). In both RP subgroups, as the
diameter of venules got narrower, the N1 and N1P1 mfERG
amplitudes became significantly lower (p ≤ 0.042; Fig. 3e).

Discussion

In agreement with previous reports [11–17], the present
study confirms, that retinal vessel oxygen saturation is
altered in patients with retinitis pigmentosa and shows that
the metabolic function in patients with clinical appearance
of macular oedema is even more affected.
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Altered retinal oxygen metabolism has been confirmed
through in vivo research on animal models of outer retinal
degeneration, where changes in the oxygen environment are
discussed as significant players in the progression of the
degenerative process [32–35]. Reflecting a decreased
metabolic demand in the degenerating retina, we also
observed an increased A-SO2, and even more, an increased
V-SO2 with a corresponding decrease of the A-V SO2

values within the RP group. The respective values were
significantly higher in the ME-RP subgroup.

Some authors have hypothesised that the process of
retinal remodelling, occurring as the retina degenerates [36–
39], is responsible for the thickening of retinal layers in eyes
with RP [40, 41]. Vigorous retinal remodelling is observed
once photoreceptor loss occurs: novel synapse formation,
microneuroma formation, Müller cell hypertrophy, and
amacrine cells, as well as bipolar cell inversion [38]. As
these phenomena are thought to contribute to the clinical
appearance of macular oedema, we divided our RP patients
into two subgroups, differentiated one from the other by the
clinical appearance of macular oedema. A novel finding in
the present study is that those RP patients with clinical
appearance of macular oedema had even more affected
metabolic function. ME-RP patients were clearly differ-
entiated from controls, but also from no-ME-RP patients,
when venular and arterial oxygen saturation were taken into
account. Both the mean A-SO2- and the mean V-SO2 values
were significantly higher in the ME-RP subgroup.

There are several possible explanations for our findings.
An RP remodelling process has been linked to the stage of
cone survival [38, 41], where metabolic dysfunction and
oxidative stress are found to correlate with cone dysfunction
and death [42] However, direct comparison with the
animal models is restricted, as the human topographic dis-
tribution of photoreceptors differs from that of animals.
Outside the fovea, animal models show the same topo-
graphy as the human retina, with almost 90% of photo-
receptors being rods. Inside the fovea, the cone distribution
differs between humans and animal models. Compared to
human photoreceptors’ topography, showing higher cone
density in the fovea [43], rodents do not have a macula
per se. Even if cones are thought to be the main players in
the pathogenesis of the outer retinal degeneration, the
presence of macular oedema has not been studied in relation
to oxygen utilisation in rodent models of outer retinal
degeneration, so far. Nevertheless, taking the results of our
study, it is plausible, that the simultaneous presentation of
macular oedema and increased retinal vessel oxygen
saturation reflects the compromised resistance of cones to
oxidative damage following rods’ apoptosis in humans. An
argument in favour of that is the fact, that both RP-
subgroups showed different metabolic, structural and
functional alterations.

Interestingly, in our study ME-RP patients had less pre-
served N1 and N1P1 responses of the mfERG, thus being
presumed to have greater alteration of the cone-mediated
function. Noticeably, ME-RP patients, even with more pre-
served central vision (by means of best-corrected visual
acuity), have shown more advanced stage of photoreceptor
degeneration [24]. All of the above leaves an open question of
whether the two RP subgroups present a different stage of the
progressive degenerative process. The ME-RP subgroup seems
to represent more decimating RP stage, marked by more
aggressive remodelling of the neural retina and thus, more
significantly altered metabolic function. Nonetheless, in our
patients, genetic analyses revealed a variety of mutations
affecting different genes, where in some cases, a unilateral,
instead of bilateral macular oedema was present (suppl. Table).

Neural, glial, as well as vascular remodelling of the
remaining retina accompanies retinal degeneration [44]. In
agreement with this finding we confirmed narrower peri-
papillary vessels within the RP group, when compared to
controls. Again, the ME-RP subgroup showed even nar-
rower peripapillary vessels and significantly higher retinal
vessels oxygen saturation values, than the no-ME-RP sub-
group. Furthermore, depending on the presence of macular
oedema within the RP group, our results indicated a dif-
ferent relationship between the altered oxygen saturation
and vessel diameter parameters against the functional and
structural parameters.

The study by Kim et al. confirmed the severity of macular
oedema in RP patients to correlate with the IS/OS line dis-
ruptions. Clearly, eyes with disrupted IS/OS
junctions exhibited greater total retinal thickness and
thinner photoreceptor layer, compared to eyes with intact IS/
OS junctions [25]. In addition the photoreceptor IS/OS length
and the outer retinal thickness in the fovea are found to
correlate to retinal functions such as: visual field dimension,
visual acuity, and ERG amplitudes [24, 27, 45, 46]. Our
study also found reduced IS/OS length within the RP group.
The shorter and more disrupted the IS/OS junctions were, the
higher the oxygen saturation values were measured.

When evaluated in subgroups, depending on the pre-
sence of macular oedema, our results indicated a different
relationship between the altered oxygen saturation and
vessel diameter parameters against the functional and
structural parameters. Here, within the ME-RP subgroup,
the interactions were more pronounced when evaluated
against venular saturation, with the V-SO2 values being
higher as the retinal thickness increased and the mfERG
amplitudes decreased (Fig. 3a).

Furthermore, we found for both RP subgroups a sig-
nificant association between the venular diameter (D-V) and
the functional alterations (mfERG data). The interactions
between the retinal vessel diameter data and the retinal
function were statistically significant for all examined
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zones: the mfERG amplitudes got lower, as the D-V dia-
meters became narrower.

The role of the oxidative stress is discussed as a trigger
for cones and inner retina cell loss, once the rod photo-
receptors die [8, 9]. However, not only a local retinal oxi-
dative stress, but also a systemic oxidative stress [47, 44]
should be evaluated in the pathogenetic chain of events in
RP through further studies.

Summary

In conclusion, our study showed that RP patients with
macular oedema have a greater alteration of the
metabolic function. Increased retinal vessel oxygen satura-
tion, narrower retinal vessels, and more disrupted IS/OS
lines are linked to the clinical appearance of macular
oedema. Altogether, we suggest that, as the photoreceptors
die during the progressive degenerative process, the normal
metabolic homoeostasis in the RP retina suffers significant
alteration. This leads to higher levels of oxygen free radicals
in the intercellular space, causing persistent macular thick-
ening, clinically identified as macular oedema. Whether a
more advanced cone decimating RP stage is marked by
more aggressive remodelling of the neural retina and, thus,
by even more altered metabolic function, remains to be
investigated. Further studies are also needed, to evaluate to
what extend the altered retinal and choroidal perfusion in
RP patients may contribute to the metabolic dysfunction
and to the presence of macular oedema.

Summary

What was known before

● Retinal vessel oxygen saturation is altered in retinitis
pigmentosa patients.

What this study adds

● Metabolic function in RP patients, with clinical
appearance of macular oedema, is even more affected.

● Depending on the presence of macular oedema within the
RP group, our results indicated a different relationship
between altered oxygen saturation- and vessel diameter
parameters against functional and structural parameters.
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