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Abstract

Purpose: We aimed to compare the volume of the lateral geniculate nucleus (LGN) in pa-
tients with different stages of retinitis pigmentosa (RP) with regard to age, sex and sym-
metry of the LGN. Methods: The investigated cohort included 13 patients with moderate
(median Snellen visual acuity 0.75) and 18 patients with advanced (median Snellen visual
acuity 0.06) RP-related visual field loss. The volumes of the left and right LGNs were man-
ually measured using ITK-SNAP software after an examination of the brain with a 7 Tesla
MRI. A linear mixed statistical model was used to assess LGN volume regarding age and
gender of moderate and advanced RP patients and symmetry of both LGNs. Results: The
mixed-effects linear model did not reveal a significant effect of disease group on LGN
volume after adjusting for age and sex (F(1.27) = 0.01, p = 0.91). A significant effect of the
LGN side was demonstrated, with the volume of the right LGN being significantly greater
than that of the left (F(1.29) = 29.45, p <0.001) in both disease groups, left-right. The inter-
action between disease group and LGN side was not statistically significant (F(1,29)=0.45,
p =0.51). There is a tendency for LGN to decrease with age (F(1,27) = 3.84, p = 0.060), and
there is no gender predilection (F(1.27) = 0.11, p = 0.74) in RP patients. There was correla-
tion found between left LGN volume and visual acuity (¢ = 0.64) and central retinal thick-
ness (0 =0.71) in the moderate group). Conclusions: No significant differences in LGN
volume were found between patients with moderate and advanced RP., .Furthermore, the
volume of the right LGN was larger than the volume of the left LGN in RP patients, and
this asymmetry is not gender-dependent. Correlation was found between the left LGN
volume and visual acuity and central retinal thickness in moderate group .Our findings
may have clinical implications for future RP management.
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1. Introduction

Retinitis pigmentosa (RP) represents a heterogeneous group of inherited disorders
characterized by the progressive loss of visual function due to retinal degeneration. These
conditions arise from genetically driven dysfunction in retinal morphogenesis, photo-
transduction, and cellular maintenance pathways, involving photoreceptors, the retinal
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pigment epithelium, and glial systems [1-3]. RP is considered the most common inherited
retinal dystrophy globally, which is a rare disease, affecting 1 in 4000 individuals [4].

Night blindness, decreased peripheral vision, and progressive visual field con-
striction are common clinical manifestations of RP that can manifest at any stage of life,
from early childhood to adulthood. In the advanced stage of the disease, patients can be-
come completely blind. This long-lasting disease may be classified into three stages: early,
middle, and end stages. In the early stage, night blindness is the main symptom. In the
mid-stage, visual field testing shows mild peripheral scotomas that tend to enlarge to-
wards the extreme periphery and macular area. In the end stage, patients can no longer
move autonomously, as a result of peripheral vision loss (classical tunnel vision), with
few degrees of remaining visual field [4-6].

The current treatments for RP include pharmacological approaches, gene therapy,
cell transplantation, retinal prostheses, and optogenetics [7-10]. However, for RP subjects
with low visual acuity, conventional visual function examinations, such as visual acuity
and visual field assessments, are unreliable and insensitive because of their poor vision
and fixation; thus, they may be insufficient for future clinical trials [11,12]. Little is known
about the capacity of the adult visual system to process restored visual input after many
years of deprivation.

The lateral geniculate nucleus (LGN) is a small, bilateral structure of the thalamus
and is considered to be the principal recipient of retinal ganglion cell afferent neurons
within the visual pathway. It is located on the dorsolateral aspect of the thalamus, and it
can be divided into six clearly visible layers, labeled 1-6 from ventral to dorsal. It regulates
the flow of visual information, ensuring that the most important information is sent to the
visual cortex [13]. However, it is difficult to identify the LGN on routine 1.5 Tesla magnetic
resonance imaging (MRI) images due to low resolution [14]. LGN volume has previously
been measured with a 7 Tesla MRI in RP patients, and it was significantly decreased in
RPGR-related RP [15], Usher syndrome [16] and advanced RP [17]. However, the specific
contributions of the retina and thalamus to LGN properties are presently unknown [18]
and the volume of LGN in less advanced stages of RP is also unknown at this time. Be-
cause LGN is tiny and has complex layered structures, previous studies primarily evalu-
ated patients with advanced or late-stage RP (where severe volume reduction is already
established) [17]. The exact trajectory of how structural atrophy scales during the moder-
ate phase is not fully understood. There is also a lack of widespread correlation data link-
ing specific clinical parameters (such as optical coherence tomography [OCT] parameters
and visual field deficits) with structural LGN volumetric changes in moderate RP patients.

The aim of this study was to compare the volume of LGN in two groups of RP pa-
tients with moderate and advanced disease stages, using a linear mixed-effects model ad-
justed for age and sex. The scientific hypothesis is that in patients with moderate RP, the
LGN is decreased less than in those with advanced RP.

2. Materials and Methods
2.1. Patients

This research was approved by the local medical ethics committee of the Medical
University of Lublin (KE-0254/246/2020) and was carried out in compliance with national
legislation and the Declaration of Helsinki. Patients were recruited in the outpatient clinic
of the Department of General and Pediatric Ophthalmology of the Medical University of
Lublin, Poland. The 7 Tesla scans of the brain were obtained at the Ecotech Complex in
Lublin, Poland. Inclusion criteria were as follows: clinical diagnosis of advanced RP based
on characteristic phenotypes and age over 18 years. Clinical features of RP are as follows:
night blindness (nyctalopia) and peripheral visual field constriction. Characteristic fundus
findings are as follows: bone-spicule pigment deposits, retinal arteriole attenuation, and a
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waxy pale optic disc, as well as severely diminished or absent rod-driven responses (a-
wave and b-wave) in an electrophysiology examination. Overall, 31 patients with a clini-
cal diagnosis of RP were selected at the Department of General and Pediatric Ophthalmol-
ogy at the Medical University of Lublin, Poland. All RP patients underwent complete oph-
thalmological examination—best corrected visual acuity (Snellen charts), kinetic visual
field examination (Octopus, Haag-Streit, Bern, Switzerland), fundus examination with
widefield fundus photography (Optos, Dunfermline, UK) and optical coherence tomog-
raphy (OCT) examination (Topcon, Tokyo, Japan)

This group included 13 patients with moderate RP (Figure 1) and 18 with advanced
RP (Figure 2). Patients in the advanced RP group fulfilled criteria of blindness described
in the International Classification of Diseases 11th Edition (ICD11), defining blindness as
a distance visual acuity worse than 3/60 or a visual field radius less than 10 degrees [19].
Patients in a moderate stage were classified as having three stages of RP based on fundos-
copy proposed by Hamel [20]. A moderate (mid) stage was described as bone spicule-
shaped pigment deposits present in the mid-periphery along with retinal atrophy, while
the macula is preserved, although with a peripheral ring of depigmentation, retinal ves-

sels are attenuated (Figure 1). An advanced stage is described as pigment deposits present
all over the retina, very thin retinal vessels, and a pale optic disc (Figure 2).

Figure 2. Widefield fundus photography of a patient with advanced retinitis pigmentosa.

Baseline demographic and ophthalmological characteristics are presented in Table 1.
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Table 1. Descriptive statistics of age, visual acuity, visual field and OCT parameters according to

disease severity.

Variable Group Mean = SD MedianMin Max N
Age (years) Advanced RP 56.6 +12.46 575 35 74 18
Moderate RP  29.2 + 6.44 30.0 20 42 13
BCVA left eye Advanced RP 0.11 £0.12 007 0.01 040 18
Moderate RP  0.76 +0.13 0.80 0.60 1.00 13
BCVA right eye Advanced RP  0.09 +0.09 0.07 0.01 030 18
Moderate RP  0.71 £0.16 0.70 030 090 13
Mean BCVA Advanced RP 0.10 +£0.10 0.06 0.01 030 18
Moderate RP  0.73 +0.12 0.75 055 095 13
Radius of visual field OP (°) Advanced RP 10.00 + 0.00 10.0 10 10 10
Moderate RP 3692 +11.09 30.0 20 60 13
Radius of visual field OL (°) Advanced RP 10.00 + 0.00 10.0 10 10 10
Moderate RP 37.69+10.13  40.0 20 50 13
CRT in OCT OP (um) Advanced RP 22544 +34.93 2260 159 299 18
Moderate RP  244.85+43.54 2400 163 358 13
CRT in OCT OL (pm) Advanced RP 226.89+23.83 2260 188 284 18
Moderate RP  250.77 +27.88 250.0 195 303 13

Data are presented as mean + standard deviation (SD), median, minimum, maximum, and sample
size (N). Visual field analyses were based on all available observations. Due to unavailable data
caused by nystagmus or poor visual acuity, visual field measurements were available for 10 patients
with advanced RP and 13 patients with moderate RP, whereas OCT and BCVA measurements were
available for 18 and 13 patients, respectively. BCVA = best-corrected visual acuity; OP = right eye;
OL = left eye; OCT = optical coherence tomography; CRT = central retinal thickness.

Since the assumption of a normal distribution was not met for some of the analyzed
variables, the relationships between the volume of the lateral geniculate nucleus (LGN)
and ophthalmic parameters were assessed using Spearman’s nonparametric rank correla-
tion coefficient. The strength of the correlation was interpreted according to Evans’ clas-
sification (0.20-0.39 —weak; 0.40-0.59 —moderate; 0.60-0.79 —strong).

Patients with advanced disease were significantly older than those in the moderate
disease group. The average age in advanced RP was 56.6 years (SD = 12.46), while in the
group with moderate RP, it was 29.12 years (SD = 6.44). This difference was statistically
significant in Welch’s t-test (t =7.99, df = 26.72, p < 0.0001).

The observed age difference between the groups was significant both statistically and
clinically, and there was little overlap between the age ranges. Age was therefore a poten-
tial confounding factor in the assessment of the group effect. Additionally, moderate dif-
ferences in gender distribution between the groups may have influenced the analyzed
results. For this reason, both age and gender were included as covariates in all statistical
models, regardless of their significance in the final model.

Men predominated in the advanced RP group (61.11%), while women and men were
more evenly distributed in the moderate RP group (53.85% women, 46.15% men). Alt-
hough these differences were not extreme, they justify the inclusion of gender as a control
variable in multivariate analyses. Both age and gender were included as covariates in all
statistical models, regardless of their significance in the final model.

2.2. MRI Examination

MRI examinations were performed at the ECOTECH COMPLEX in Lublin, Poland,
using a Discovery MR950 7 T scanner (GE Healthcare, Chicago, IL, USA). The system was
equipped with gradients providing a maximum strength of 50 mT/m and a slew rate of
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200 T/m/s. Radiofrequency transmission was achieved using a quadrature-driven two-
channel birdcage coil, whereas signal reception was performed with a 32-channel phased-
array head coil (Nova Head, 2Tx/32Rx, Siemens, Munchen, Germany). The imaging pro-
tocol for the present study included a three-dimensional, non-contrast, magnetization
transfer-weighted SILENT sequence. Acquisition parameters are summarized in Table 2

Table 2. Acquisition parameters of the 3D MT-weighted SILENT sequence.

Parameter 3D MT-Weighted SILENT
Acquisition time 6 min 30 s

Field of view (FOV) 17.6 x 17.6 cm

Slice thickness 0.8 mm

Echo time (TE) 0.0 ms

Repetition time (TR) 257 ms

Matrix size 224 x 224

Number of excitations (NEX) 3

Flip angle (FA) 2°

The 3D MT-weighted SILENT sequence provides a magnetization transfer contrast
that enhances the visualization of small brain structures, including the lateral geniculate
nucleus (LGN), while enabling low-acoustic-noise imaging, effective fat suppression, and
a relatively short acquisition time.

2.3. Data Analysis

The LGN volume was determined by manual segmentation using ITK-SNAP soft-
ware (version 4.0.0-rc.2), which enables three-dimensional delineation of anatomical
structures in MRI datasets. Automated segmentation was not feasible because of the small
size of the LGN, its complex anatomy, and its indistinct boundaries on MRI images. As
histopathological confirmation was not available, the true anatomical volume of the LGN
could not be determined.

Prior to the formal analysis, the three observers jointly reviewed 7T MRI examina-
tions from 10 subjects to establish a standardized segmentation protocol and improve
measurement reproducibility. During this calibration stage, a consensus was reached re-
garding the identification of the anatomical boundaries of the LGN. Manual segmentation
was subsequently performed independently by the three observers using ITK-SNAP in
multiplanar reconstruction mode. The LGN was delineated slice-by-slice according to its
characteristic anatomical location and signal intensity on the 3D MT-weighted SILENT
images, with verification in the axial, coronal, and sagittal planes. Whenever the bounda-
ries were difficult to distinguish, the predefined consensus criteria established during the
calibration session were applied.

To minimize observer bias, all MRI datasets were anonymized before image analysis.
The observers were blinded to the participants’ clinical diagnoses and all identifying in-
formation throughout the segmentation process. Each observer independently segmented
the left and right LGN, and the final LGN volume for each subject was calculated as the
mean of the three independent measurements. To ensure consistency across observers, all
evaluations were performed using identical image display settings (window level: 1000;
window width: 1500; minimum intensity: 250; maximum intensity: 1750) on the same GE
Advanced Workstation equipped with a calibrated BARCO medical-grade display.

After the completion of all segmentations, the anonymized results were matched to
the corresponding participants by an independent researcher who was not involved in
the image analysis.
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2.4. Statistical Analysis

Statistical analyses were performed using linear mixed models. A two-tailed signifi-
cance level of a =0.05 was adopted in all statistical tests. Calculations were performed in
the R environment (version 4.5.1 (13 June 2025). Linear mixed models were estimated us-
ing the Ime4 package (version 2.0-6), and the significance of fixed effects was assessed
using the ImerTest package (version 3.2-0). Estimated marginal means were calculated
using the emmeans package (version 2.0.0).

The following linear mixed model was used:

volumei]- = By + B1group; + BZLGNU- + B3(groupi X LGNl-]-) + Biagef + Bsgender; + by; + &j

where

volumeij— volume measured in the j-th LGN in the i-th patient, j € {1,2},i € {1, 2..., 31};
Po—free term (average volume in the reference group, for the left eye, at the average age
and reference gender);

groupi—disease group (binary variable; reference level: M);

LGNij—LGN (left/right; reference level: left);

groupi x LGNij—group x eye interaction;

agei‘—age centered on the sample mean;

genderi— gender (reference level: K);

boi—random intercept for patient N(0, o_id"2);

eij—random component at observation level N(0, 0/2).

The analysis covered 62 observations from 31 RP patients, which corresponds to two
measurements per person (the volume of the left and right lateral geniculate nuclei (LGN)
was measured in each patient). Due to the nested data structure resulting from two meas-
urements (left and right LGN) in each patient, a linear mixed model was used for the
analysis. The model included a random intercept for each patient, which allowed for the
correlation between measurements taken from the same person to be taken into account
(i.e., the model does not treat measurements from the left and right LGN of the same pa-
tient as independent observations but takes into account the fact that they are similar to
each other because they come from the same person). The dependent variable was the
volume of the LGN measured in mm?. Fixed effects included disease stage (moderate vs.
advanced RP), LGN side (left vs. right), the interaction between disease stage and LGN
side, age, and sex. Model parameters were estimated using restricted maximum likeli-
hood (REML). Associations between the mean LGN volume and mean best-corrected vis-
ual acuity (BCVA) were evaluated separately in the moderate and advanced RP groups
using Spearman’s rank correlation coefficient.

Model assumptions were assessed by visual inspection of residual and normal Q-Q
plots. No substantial violations of model assumptions were observed. Diagnostic plots are
included in Figure 3.
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Figure 3. Diagnostic plots for the linear mixed-effects model, including posterior predictive checks,
residual-versus-fitted plots, homogeneity of variance, influence diagnostics, collinearity assessment,

normal Q-Q plots of residuals, and Q-Q plots of random effects.

3. Results

A linear mixed-effects model was used to evaluate the effects of disease stage, LGN
side, age, and sex on LGN volume. The results of the fixed-effects analysis are presented
in Table 3

Table 3. Fixed-effect estimates from the linear mixed-effects model, presented as regression coeffi-

cients () with 95% confidence intervals.

Fixed Effect Estimate (B, mm?) 95% CI p-Value
Disease group (Advanced vs. Moderate) -0.23 -10.23t09.77  0.963
LGN side (Right vs. Left) 5.56 1.99 t0 9.13 0.003
Group x Side 1.57 -312t06.25  0.506
Age (Per Year) -0.28 -0.56 to 0.01 0.055
Sex (Male vs. Female) -0.96 —-6.74 t0 4.82 0.740

Patients with moderate and advanced RP showed comparable adjusted LGN vol-
umes. In both groups, the estimated volume of the right LGN was consistently greater
than that of the left LGN (Figure 4).
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Figure 4. Estimated average marginal lateral geniculate nucleus (LGN) volumes (95% CI) by side

and disease group, obtained from a linear mixed model adjusted for age and gender.

For the left LGN, the mean volume was 86.1 (SE = 3.27) in the moderate group and
85.9 (SE =2.61) in the severe group. For the right LGN, these values were 91.6 (SE = 3.27)
and 93.0 (SE =2.61), respectively.

No significant effect of disease group on volume was found (F(1.27) = 0.01, p = 0.91).
However, a significant effect of side was demonstrated —the volume of the right LGN was
significantly greater than that of the left (F(1.29) = 29.45, p < 0.001).

Age was associated with a decline in LGN volume (F(1.27) = 3.84, p = 0.060), while
gender had no significant effect on the variable under study (F(1.27) = 0.11, p = 0.74).

Estimated age- and sex-adjusted marginal means indicate similar volume values be-
tween disease groups for both the left and right LGN. Higher volume values were ob-
served in the right LGN in both groups (Table 4.

Table 4. Estimated marginal means (EMMs) obtained from a linear mixed model for the right and
left lateral geniculate nucleus (LGN) in patients with medium and advanced retinitis pigmentosa
(RP), adjusted for age (centered variable) and gender. Means, standard errors (SEs) and 95% confi-

dence intervals are given.

Group

LGN EMM SE 95% CI—Upper 95% CI—Lower

Moderate stage RP
Advanced stage RP
Moderate stage RP
Advanced stage RP

left 86.1 3.27 92.7 79.4
left 85.9 2.61 91.2 80.5
right 91.6 3.27 98.3 85.0
right 93.0 2.61 98.3 87.7

Positive correlations were found between left LGN volume and BCVA in the left eye
(0 =0.64; p = 0.018) for moderate RP and the OCT parameter (central retinal thickness—
CRT) of the left eye (0 =0.71; p = 0.007). As the sample size for the visual field analyses (n
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= 23) was lower because visual field data were unavailable for eight participants, we did
not include it in the analysis (Table 5).

Table 5. Spearman’s rank correlation coefficients between lateral geniculate nucleus (LGN) volume
and ophthalmic parameters stratified by group (BCVA —best corrected visual acuity; RP —retinitis
pigmentosa; CRT —central retinal thickness; OCT —optical coherence tomography).

Variable Group LGN Spearman’s @ p
BCVA right eye Advanced RP Right 0.26 0.299
Moderate RP Right -0.08 0.803
CRT in OCT right eye Advanced RP Right 0.48 0.049
Moderate RP Right 0.34 0.255
BCVA left eye Advanced RP Left 0.15 0.578
Moderate RP Left 0.64 0.018
CRT in OCT left eye Advanced RP Left 0.36 0.144
Moderate RP Left 0.71 0.007

4. Discussion

In the present study, analysis using a linear mixed model, considering the nested
data structure (left and right LGN measurements in the same patient), showed no signifi-
cant differences in LGN volume between patients with moderate and advanced RP. This
result persisted after adjustment for age and gender, indicating that the observed lack of
group effect is not due to demographic confounding. At the same time, the existence of a
clear and statistically significant left-right LGN asymmetry was confirmed, with the right
LGN being larger than the left. This effect was stable and independent of disease severity,
confirming the absence of a significant interaction between disease group and the LGN
side. This means that the observed asymmetry is general in nature and does not change
with disease progression. It has already been reported that the volume of the left LGN is
smaller than the right one in patients suffering from glaucoma [21,22]. Kosior-Jarecka and
colleagues [21] as well as Lee and co-authors [22] used manual delineation of LGN, the
same as in our study. In different stages of glaucoma, LGN volume values from early
glaucoma differed significantly from the advanced group, but not from controls [22].

LGN was first detected in vivo using MRI with proton density (PD)-weighted images
by Horton et al. in 1990 [23]. LGN is a part of the visual pathway, spanning from the retina
to the primary visual cortex, which comprises anatomically and functionally distinct re-
gions that serve as potential loci for pathological disruptions leading to visual impair-
ments. Anatomically, the LGN receives retinal nerve fiber from ipsilateral temporal retinal
ganglion cells (RGCs) and contralateral nasal RGCs. Due to the partial crossing of nerve
fibers in the visual pathway (optic chiasm), there is no direct “one eye—one LGN" rela-
tionship. This approach reflects the overall performance of the visual system and avoids
the need to perform multiple parallel correlation analyses, which could increase the risk
of a type one error. Our results indicate a correlation between left LGN volume and CRT
in OCT within both RP groups analyzed. In patients with glaucoma, no significant corre-
lation was found between visual function (visual field sensitivity) and LGN volume [24].

In RP degeneration of rod photoreceptors, the cells controlling night vision precede
and exceed cone degeneration, as a majority of RP genetic mutations affect rods selec-
tively. There is evidence that the retina progressively reduces its ability to transmit visual
information to the brain via the optic nerve. Damage to retinal ganglion cells in the retina
leads to degeneration of the visual cortex (anterograde degeneration) [24]. The underlying
mechanisms of this process, known as trans-synaptic degeneration (TSD), are unknown.
It has already been proven that there is a reduction in white matter volume in the brain in
RP patients [25]. Since the neurodegenerative process is already biologically advanced by

https://doi.org/10.3390/jcm15145665



J. Clin. Med. 2026, 15, 5665

10 of 13

the time symptoms appear, having biomarkers available in the preclinical phase to signal
that the pathological process is in progress is essential to obtain effective therapies, even
more so if the biomarkers are sensitive to novel therapeutic treatments, such as gene ther-
apies or retinal implants [26]. These interventions rely on the inner retina and visual cortex
retaining enough healthy neural architecture to process the visual signals.

The patients’ age showed a weak, marginally significant correlation with LGN vol-
ume, suggesting a tendency for it to decrease with age. Although this effect did not reach
conventional statistical significance, its direction is consistent with the biologically ex-
pected impact of aging on central nervous system structures and may be significant in a
larger sample size. It has already been proven by 1.5 Tesla MRI that the human LGN
shows an approximately 15% reduction in structural volume between 20 and 70 years of
age [27].

Gender was not a significant predictor of LGN volume after accounting for other
variables in the model, suggesting that the observed differences in volume are not gender-
dependent in the study population.

We can anticipate that neuroimaging methods might be useful in the future to eval-
uate the degree of recovery in blind patients who accept novel methods of treatment, such
as gene therapy or retinal implants. However, restoring appropriate function to the retina
using these methods does not necessarily imply that the patients can see again, given that
plasticity of the primary visual cortex retained by the adult brain is limited, especially
after many years of blindness. It has already been shown that participants with RPE65
mutations showed intact visual pathways using fMRI, which became responsive and
strengthened after gene therapy treatment [28-31]. Moreover, after surgery, implanting
the Argus Il implant, six out of seven RP blind subjects were able to detect high-contrast
stimuli using the prosthetic implant. Before the implant, the Blood Oxygenation Level-
Dependent (BOLD) activity in V1 and the lateral geniculate nucleus (LGN) was very weak
or absent. Surprisingly, after prolonged use of Argus II, BOLD responses to visual input
were enhanced [32]. The exact underlying mechanism of these changes has not been iden-
tified in experimental studies. In a study using 3 Tesla MRI in 10 patients after gene ther-
apy due to RPE65 mutations, it was shown that retinal gene therapy promotes robust ex-
pansion and an increase in LGN volume [33]. The authors conclude that LGN is the key
thalamic nucleus responsible for direct communication between the retina and the visual
cortex and it undergoes structural plasticity in response to retinal gene therapy. Moreover,
the observed LGN volume increase was positively correlated with the clinical measures
of the patients’ visual fields, particularly evident from the correlations of the left LGN
with the left and right eye visual fields, similar to our study. Furthermore, in a study of
LGN in advanced RP, left LGN volume was correlated with visual acuity [17]. The pattern
of reduced gray matter volume in visual primary and association cortices was signifi-
cantly correlated with the extent of the peripheral visual field deficit in a cohort of 27 RP
patients [29]. The weakness of our study is that not all RP patients were genotyped. How-
ever, RP is an enormously heterogeneous disease, with more than 100 genes involved [34]
and this fact may also affect the LGN volume results. We already investigated RPGR-re-
lated RP patients [15] and other cohorts of RP patients are planned to be examined with
7Tesla MRI. Other potential shortcomings are: slight non-linearity for large predicted val-
ues, mild deviations from normality in the tails of the residual distribution, and individual
observations that may be influential. These risks appear to be moderate, but they should
be taken into account when interpreting the results or conducting a sensitivity analysis.
The diagnostics are visual in nature; subtle violations of assumptions may not be fully
detected. The conclusions relate to the quality of the fit, rather than causality or stability
of the estimates beyond the range of the observed data.

https://doi.org/10.3390/jcm15145665



J. Clin. Med. 2026, 15, 5665

11 of 13

References

We noted relatively large variability in mean BCVA within the advanced RP group,
suggesting the presence of heterogeneous visual functions. As inclusion criteria for the
advanced group were visual acuity less than 0.1 or visual field constricted to less than 10
degrees of radius, there was quite a large range of values of visual acuity. Another short-
coming of the study is that the sample size (n = 31) is quite small; however, RP is a rare
disease with a prevalence of less than 1 in 2000 of the population. The number is similar
to previous studies with RP or glaucoma patients examined with 7 Tesla MRI [13,15-17].

To the best of our knowledge, this is the first study using 7 Tesla MRI to compare
different groups of visual impairment within a cohort of RP patients. As already proven
in publications [15-17], LGN volume is decreased in comparison to an age-matched con-
trol group in patients with advanced RP, RPGR-related RP and Usher syndrome. We
aimed in the present study to compare LGN volume in moderate and advanced groups
of RP patients. The hypothesis that LGN volume decreases less in less advanced stages of
RP is not supported by our findings. However, the absence of significant differences be-
tween moderate and advanced RP does not necessarily prove preserved plasticity or a
stable visual pathway structure. It may reflect a limited sample size, age imbalance, dis-
ease heterogeneity, measurement variability, or insufficient staging granularity. We also
found asymmetry between left and right LGN volume, with the right LGN appearing
larger than the left one. Our findings offer a deeper insight into the LGN structure in RP,
revealing the potential neural mechanisms underlying visual impairment in retinal dys-
trophies. The findings establish that RP extends beyond the eye, actively causing measur-
able anterograde trans-synaptic atrophy within the visual pathway. By utilizing 7 Tesla
MR, researchers can overcome the historically low resolution of standard MRI to visual-
ize the LGN and observe how retinal damage shrinks it. Moreover, we identified a corre-
lation between left LGN volume and visual function and structure in RP patients. Further
studies are required to explore the relationship between LGN volume and visual function,
as well as the volume of other brain structures in RP patients.

Author Contributions: Conceptualization, K.N.; methodology, A.N. and K.T.; software, K.T.; vali-
dation, K.T. and A.N.; formal analysis, R.P.; investigation, A.C.-C.; resources, A.C.-C.; data curation,
K.T.; writing—original draft preparation, K.N. writing —review and editing, R.P.; visualization, K.T.;
supervision, R.R.; project administration, K.N.; and funding acquisition, K.N. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Center, Poland, Preludium Bis grant
number 2020/39/0/NZ5/00570 (Primary Investigator: Katarzyna Nowomiejska).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of the Medical University of Lublin, Poland
(KE-0254/26/2020 on 26 November 2020).

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

Data Availability Statement: The original data presented in the study are openly available at
https://doi.org/10.18150/NMP4BG, assessed on 24 April 2026.

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

1. Murro, V.; Banfi, S.; Testa, F.; Iarossi, G.; Falsini, B.; Sodi, A.; Signorini, S.; Iolascon, A.; Russo, R.; Mucciolo, D.P.; et al. A Mul-
tidisciplinary Approach to Inherited Retinal Dystrophies from Diagnosis to Initial Care: A Narrative Review with Inputs from
Clinical Practice. Orphanet ]. Rare Dis. 2023, 18, 223. https://doi.org/10.1186/s13023-023-02798-z.

https://doi.org/10.3390/jcm15145665



J. Clin. Med. 2026, 15, 5665 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

Morda, D.; Alibrandi, S.; Scimone, C.; Rinaldi, C.; Scalinci, S.Z.; Abate, G.; D’ Angelo, R; Sidoti, A.; Donato, L. Decoding Pediatric
Inherited Retinal Dystrophies: Bridging Genetic Complexity and Clinical Heterogeneity. Prog. Retin. Eye Res. 2025, 109, 101405.
https://doi.org/10.1016/j.preteyeres.2025.101405.

Hartong, D.T.; Berson, E.L.; Dryja, T.P. Retinitis Pigmentosa. Lancet 2006, 368, 1795-1809. https://doi.org/10.1016/50140-
6736(06)69740-7.

Grover, S.; Fishman, G.A.; Anderson, R.J.; Alexander, K.R.; Derlacki, D.]J. Rate of Visual Field Loss in Retinitis Pigmentosa.
Ophthalmology 1997, 104, 460-465. https://doi.org/10.1016/S0161-6420(97)30291-7.

Xu, M.; Zhai, Y.; MacDonald, .M. Visual Field Progression in Retinitis Pigmentosa. Investig. Opthalmology Vis. Sci. 2020, 61, 56.
https://doi.org/10.1167/i0vs.61.6.56.

Ito, N.; Miura, G.; Shiko, Y.; Kawasaki, Y.; Baba, T.; Yamamoto, S. Progression Rate of Visual Function and Affecting Factors at
Different Stages of Retinitis Pigmentosa. BioMed Res. Int. 2022, 2022, 7204954. https://doi.org/10.1155/2022/7204954.

Dias, M.F.; Joo, K.; Kemp, J.A.; Fialho, S.L.; da Silva Cunha, A.; Woo, S.J.; Kwon, Y.J. Molecular Genetics and Emerging Therapies
for Retinitis Pigmentosa: Basic Research and Clinical Perspectives. Prog. Retin. Eye Res. 2018, 63, 107-131.
https://doi.org/10.1016/j.preteyeres.2017.10.004.

Thirunavukarasu, A.J.; Raji, S.; Cehajic Kapetanovic, J. Visualising Treatment Effects in Low-Vision Settings: Proven and Poten-
tial Endpoints for Clinical Trials of Inherited Retinal Disease Therapies. Gene Ther. 2025. https://doi.org/10.1038/s41434-025-
00552-7.

Kaiser, V.M.; Gonzalez-Cordero, A. Organoids—The Future of Pre-Clinical Development of AAV Gene Therapy for CNS Dis-
orders. Gene Ther. 2025. https://doi.org/10.1038/s41434-025-00527-8.

Qi, X.-Y.; Cao, D.-R.; Chen, X.-Q.; Zhang, P. Retinitis Pigmentosa and Stem Cell Therapy. Int. |. Ophthalmol. 2024, 17, 1363-1369.
https://doi.org/10.18240/ij0.2024.07.22.

Nguyen, X.-T.-A.; Moekotte, L.; Plomp, A.S.; Bergen, A.A.; van Genderen, M.M.; Boon, C.J.F. Retinitis Pigmentosa: Current
Clinical Management and Emerging Therapies. Int. |. Mol. Sci. 2023, 24, 7481. https://doi.org/10.3390/ijms24087481.

Livingston, C.A.; Weng, C.Y.; Chancellor, ].R. Retinitis Pigmentosa and Therapeutic Candidates. Int. Ophthalmol. Clin. 2025, 65,
17-21. https://doi.org/10.1097/110.0000000000000542.

Schmidt, M.A.; Knott, M.; Heidemann, R.; Michelson, G.; Kober, T.; Dorfler, A.; Engelhorn, T. Investigation of Lateral Geniculate
Nucleus Volume and Diffusion Tensor Imaging in Patients with Normal Tension Glaucoma Using 7 Tesla Magnetic Resonance
Imaging. PLoS ONE 2018, 13, e0198830. https://doi.org/10.1371/journal.pone.0198830.

Fujita, N.; Tanaka, H.; Takanashi, M.; Hirabuki, N.; Abe, K.; Yoshimura, H.; Nakamura, H. Lateral geniculate nucleus: Anatomic
and functional identification by use of MR imaging. Am. |. Neuroradiol. 2001, 22, 1719-1726.

Nowomiejska, K.; Baltaziak, K.; Czarnek-Chudzik, A.; Toborek, M.; Niedziatek, A.; Wisniewska, K.; Midura, M.; Rejdak, R.;
Pietura, R. 7 Tesla MRI Reveals Brain Structural Abnormalities and Neural Plasticity in RPGR-Related Retinitis Pigmentosa. J.
Clin. Med. 2025, 14, 1617. https://doi.org/10.3390/jcm14051617.

Nowomiejska, K.; Czarnek-Chudzik, A.; Niedzialek, A.; Toborek, M.; Midura, M.; Rejdak, R.; Pietura, R. Structural Abnormal-
ities of the Brain Detected by 7 Tesla MRI in Patients with Usher Syndrome. J. Clin. Med. 2025, 14, 6493.
https://doi.org/10.3390/jcm14186493.

Nowomiejska, K.; Czarnek-Chudzik, A.; Niedziatek, A.; Rejdak, R.; Pietura, R.; Jonak, K. Ultra-High-Field MRI Morphometry
of the Lateral Geniculate Nucleus in Patients with Advanced Visual Loss Due to Late-Stage Retinitis Pigmentosa. Brain Sci. 2026,
16, 354. https://doi.org/10.3390/brainscil6040354.

Jeffries, A.M.; Killian, N.J.; Pezaris, ].5. Mapping the primate lateral geniculate nucleus: A review of experiments and methods.
J. Physiol.-Paris 2014, 108, 3-10. https://doi.org/10.1016/j.jphysparis.2013.10.001.

Khoury, B.; Kogan, C.; Daouk, S. International Classification of Diseases 11th Edition (ICD-11). In Encyclopedia of Personality and
Individual Differences; Springer International Publishing: Cham, Switzerland, 2017; pp. 1-6.

Hamel, C. Retinitis pigmentosa. Orphanet |. Rare Dis. 2006, 1, 40.

Kosior-Jarecka, E.; Pankowska, A.; Polit, P.; Stepniewski, A.; Symms, M.R.; Koziot, P.; Zarnowski, T.; Pietura, R. Volume of
Lateral Geniculate Nucleus in Patients with Glaucoma in 7Tesla MRI. J. Clin. Med. 2020, 9, 2382.

Lee, J.Y.; Jeong, H.J.; Lee, ].H.; Kim, Y.J.; Kim, E.Y.; Kim, Y.Y.; Ryu, T.; Cho, Z.H.; Kim, Y.B. An investigation of lateral geniculate
nucleus volume in patients with primary open-angle glaucoma using 7 tesla magnetic resonance imaging. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 3468-3476.

Horton, ].C.; Landau, K.; Maeder, P.; Hoyt, W.F. Magnetic resonance imaging of the human lateral geniculate body. Arch. Neurol.
1990, 47, 1201-1206.

https://doi.org/10.3390/jcm15145665



J. Clin. Med. 2026, 15, 5665 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hernowo, A.T.; Boucard, C.C.; Jansonius, N.M.; Hooymans, ].M.; Cornelissen, F.W. Automated morphometry of the visual
pathway in primary open-angle glaucoma. Investig. Opthalmology Vis. Sci. 2011, 52, 2758-2766.

Sharma, S.; Chitranshi, N.; Wall, R.V.; Basavarajappa, D.; Gupta, V.; Mirzaei, M.; Graham, S.L.; Klistorner, A.; You, Y. Trans-
synaptic degeneration in the visual pathway: Neural connectivity, pathophysiology, and clinical implications in neurodegen-
erative disorders. Surv. Ophthalmol. 2022, 67, 411-426. https://doi.org/10.1016/j.survophthal.2021.06.001.

Ashtari, M.; Nikonova, E.S.; Marshall, K.A.; Young, G.J.; Aravand, P.; Pan, W.; Ying, G.; Willett, A.E.; Mahmoudian, M.; Maguire,
A.M,; etal. The Role of the Human Visual Cortex in Assessment of the Long-Term Durability of Retinal Gene Therapy in Follow-
on RPE65 Clinical Trial Patients. Ophthalmology 2017, 124, 873-883. https://doi.org/10.1016/j.0phtha.2017.01.029.

Li, M.; He, H.; Shi, W.; Li, J.; Lv, B.; Wang, C.; Miao, Q.; Wang, Z.; Wang, N.; Walter, M.; et al. Quantification of the human
lateral geniculate nucleus in vivo using MR imaging based on morphometry: Volume loss with age. Am. |. Neuroradiol. 2012, 33,
915-921.

Marchesi, N.; Fahmideh, F.; Boschi, F.; Pascale, A.; Barbieri, A. Ocular Neurodegenerative Diseases: Interconnection between
Retina and Cortical Areas. Cells 2021, 10, 2394. https://doi.org/10.3390/cells10092394.

Rita Machado, A.; Carvalho Pereira, A.; Ferreira, F.; Ferreira, S.; Quendera, B.; Silva, E.; Castelo-Branco, M. Structure-Function
Correlations in Retinitis Pigmentosa Patients with Partially Preserved Vision: A Voxel-Based Morphometry Study. Sci. Rep.
2017, 7, 11411.

Miraldi Utz, V.; Coussa, R.G.; Antaki, F.; Traboulsi, E.I. Gene Therapy for RPE65-Related Retinal Disease. Ophthalmic Genet.
2018, 39, 671-677. https://doi.org/10.1080/13816810.2018.1533027.

Sodi, A.; Banfi, S.; Testa, F.; Della Corte, M.; Passerini, I.; Pelo, E.; Rossi, S.; Simonelli, F. RPE65-Associated Inherited Retinal
Diseases: Consensus Recommendations for Eligibility to Gene Therapy. Orphanet ]. Rare Dis. 2021, 16, 257.
https://doi.org/10.1186/s13023-021-01868-4.

Castaldi, E.; Cicchini, G.M.; Cinelli, L.; Biagi, L.; Rizzo, S.; Morrone, M.C. Visual BOLD Response in Late Blind Subjects with
Argus II Retinal Prosthesis. PLoS Biol. 2016, 14, €1002569.

Ashtari, M.; Lipin, M.; Duong, M.; Ying, G.S; Yu, Y.; Maguire, A.; Bennett, . Neuroplasticity of the Lateral Geniculate Nucleus
in Response to Retinal Gene Therapy in a Group of Patients with RPE65 Mutations. Eye Brain 2022, 14, 137-147.

Jiang, Y.; Liu, X,; Fu, J.; Wu, Y.; Yu, S; Yao, K. Alternative Splicing Dysregulation in Retinitis Pigmentosa: Pathogenic Mecha-
nisms and Therapeutic Opportunities. Biomolecules 2025, 15, 1624.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the
individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim re-
sponsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to

in the content.

https://doi.org/10.3390/jcm15145665



