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ABSTRACT
Background Retinal imaging, including fundus 
autofluorescence (FAF), strongly depends on the 
clearness of the optical media. Lens status is crucial 
since the ageing lens has both light- blocking and 
autofluorescence (AF) properties that distort image 
analysis. Here, we report both lens opacification and 
AF metrics and the effect on automated image quality 
assessment.
Methods 227 subjects (range: 19–89 years 
old) received quantitative AF of the lens (LQAF), 
Scheimpflug, anterior chamber optical coherence 
tomography as well as blue/green FAF (BAF/GAF), 
and infrared (IR) imaging. LQAF values, the Pentacam 
Nucleus Staging score and the relative lens reflectivity 
were extracted to estimate lens opacification. Mean 
opinion scores of FAF and IR image quality were 
compiled by medical readers. A regression model 
for predicting image quality was developed using 
a convolutional neural network (CNN). Correlation 
analysis was conducted to assess the association of 
lens scores, with retinal image quality derived from 
human or CNN annotations.
Results Retinal image quality was generally high 
across all imaging modalities (IR (8.25±1.99) >GAF 
>BAF (6.6±3.13)). CNN image quality prediction was 
excellent (average mean absolute error (MAE) 0.9). 
Predictions were comparable to human grading. 
Overall, LQAF showed the highest correlation with 
image quality grading criteria for all imaging modalities 
(eg, Pearson correlation±CI −0.35 (−0.50 to 0.18) for 
BAF/LQAF). BAF image quality was most vulnerable 
to an increase in lenticular metrics, while IR (−0.19 
(−0.38 to 0.01)) demonstrated the highest resilience.
Conclusion The use of CNN- based retinal image 
quality assessment achieved excellent results. The 
study highlights the vulnerability of BAF to lenticular 
remodelling. These results can aid in the development 
of cut- off values for clinical studies, ensuring reliable 
data collection for the monitoring of retinal diseases.

INTRODUCTION
Fundus autofluorescence (FAF) imaging has 
become an invaluable imaging technique 
to monitor and diagnose retinal health and 
disease.1 2 On a cellular and subcellular level, 
FAF mainly originates from fluorophores 
in the outer retina and the retinal pigment 
epithelium (RPE). In RPE cells, these 

fluorophores are linked to intracellular 
granules, which show different autofluores-
cence (AF) properties: melanolipofuscin 
and lipofuscin granules with peak excitation 
in the short wavelength and melanin in 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The ageing lens impacts imaging through its light- 
blocking properties and inherent autofluorescence 
(AF), which can distort image analysis. There was 
a recognised need for more precise methods to as-
sess the impact of lens opacification and AF on the 
quality of retinal images to improve diagnostics and 
monitoring of retinal diseases.

WHAT THIS STUDY ADDS
 ⇒ The study developed a convolutional neural net-
work (CNN) model that predicts the quality of 
retinal images with high accuracy, comparable 
to human grading. It specifically highlighted that 
blue AF image quality is notably susceptible to 
changes in lens metrics, whereas infrared im-
aging showed the highest resilience. This study 
introduces quantitative measures, such as the 
quantitative AF of the lens and the Pentacam 
Nucleus Staging score, which are highly cor-
related with the quality of retinal imaging.

 ⇒ This study provides substantial insights into how 
lens opacification and AF metrics affect automated 
image quality assessment of retinal images.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The findings of this study have important implica-
tions for the future of retinal disease monitoring and 
research. By establishing a robust CNN- based mod-
el for retinal image quality assessment that aligns 
closely with human grading, this research sets the 
groundwork for more accurate and reliable data 
collection in clinical studies. The identification of 
specific imaging modalities that are more affected 
by lens changes can guide clinicians in selecting 
the most appropriate imaging techniques for pa-
tients with varying degrees of lens opacification. 
Furthermore, the development of cut- off values for 
lens metrics could streamline patient selection for 
imaging studies, ensuring that the data collected are 
of sufficient quality for analysis.
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melanosomes and melanolipofuscin granules with peak 
excitation in the near- infrared (IR) spectrum.3–5

In clinical settings, blue (BAF) and green FAF (GAF) 
imaging heavily relies on the clarity of optical media, 
such as the cornea, the lens and the vitreous.6 With age, 
glycation products amass in the lenticular fibres, leading 
to increased opacity7 causing reduced transmission of 
external light to the retina. Short wavelengths are most 
notably affected.8 This phenomenon, known as Rayleigh 
scattering, explains that the intensity of scattered light is 
inversely proportional to the wavelength’s fourth power 
(with blue having the shortest wavelength in the visual 
spectrum). As a consequence, many FAF studies exclude 
elderly patients or those with cataract.9–11 However, the 
criteria for exclusion are not defined and vary based on 
the investigator, making the cut- off potentially irrepro-
ducible. This poses a significant limitation, especially 
since many eye diseases like age- related macular degen-
eration predominantly affect the elderly.12 Moreover, 
this practice raises concerns about patient selection in 
clinical research, as it systematically excludes a signifi-
cant portion of the population who are most likely to be 
affected by these conditions.13

To evaluate to what extent lenticular opacification 
affects retinal image quality, a reliable assessment is a 
prerequisite. There are different approaches to quan-
tifying lens opacity, as previously published.14 One is to 
determine the cataract grade clinically by slit- lamp exam-
ination using the Lens Opacities Classification System 
grading score.15 The cataract is classified subjectively in 
terms of both its severity and anatomical position, which, 

however, requires clinical experience of the grader and 
may introduce grader bias. In contrast, there are also 
several lens imaging modalities that allow more objective 
measurements. Scheimpflug photography, in conjunc-
tion with densitometric image analysis, is able to measure 
the amount of light that is back- scattered from the lens.16 
Further, using swept- source anterior chamber optical 
coherence tomography (AC- OCT) imaging, the reflec-
tivity of the lens can be quantified.17 It is also possible 
to analyse the intensity of the fourth Purkinje image 
across different wavelengths to accurately determine 
lens density and spectral transmittance.18 In addition, an 
alternative is to use fluorophotometry deploying BAF and 
GAF images to measure lens transmission19 by comparing 
AF measures of the anterior and posterior parts of the 
lens. The difference in AF between both parts can be 
attributed to a loss of exciting and fluorescent light in the 
lens. Likewise, Charng and colleagues recently described 
a novel method to measure lens AF (LQAF) intensities 
by shifting the focus of the AF acquisition to the lens.20 
LQAF uses tools previously developed to quantify the 
AF of the fundus (QAF). An internal reference simulta-
neously captured during image acquisition enables the 
comparison of AF intensities across study participants 
and in the follow- up.

In this study, we investigated the impact of an array of 
lens opacification and AF measurements on qualitative 
and quantitative estimates of retinal image quality. Our 
results serve as a first step towards successful screening 
of patients for clinical trials where retinal image quality 
is pivotal. These findings underscore the critical impor-
tance of stringent criteria in study participant selection to 
ensure data accuracy and reliability in such trials.

METHODS
Participants
Phakic subjects were recruited at the Department of 
Ophthalmology, University Hospital Bonn, Germany, 
between January 2018 and January 2023. Inclusion 
criteria were age ≥18 years, no known systemic condi-
tions or medications affecting the eye, normal retinal 
evaluation with no signs of retinopathy or maculopathy 
(as evaluated using OCT, BAF, GAF and IR) as well as 
willingness and ability to provide informed consent for 
participation in the study. Exclusion criteria for the study 
eye included refractive errors ≥5.00 dioptres of spher-
ical equivalent as assessed by autorefraction (ARK- 560A; 
Nidek, Gamagori, Japan), a history of glaucoma or rele-
vant anterior segment diseases with media opacities, and 
any history of intraocular surgery. If both eyes met the 
inclusion criteria, the right eye was included. Further-
more, all subjects underwent routine ophthalmological 
examinations, including best- corrected visual acuity, slit- 
lamp biomicroscopy and indirect funduscopy.

Imaging protocol
Scheimpflug images were performed using the 
Pentacam (Oculus, Wetzlar, Germany) with a 

Table 1 Cohort characteristics and lens scores

Characteristic Value

Participants, N 227

Age, years, mean, SD, (range) 60±17 (19–89)

Gender, %

  Female 46% (n=104)

Laterality, %

  Right 54% (n=123)

PNS median, (range) 3 (0–5) (au)

  0, % 23%

  1, % 40%

  2, % 23%

  3, % 7%

  4, % 2%

  5, % 5%

Reflectivity AC- OCT, mean, 
SD (range)

4.3±1.1 (2.1–6.9) (au)

LQAF mean, SD (range) 15.2±7.0 (2.6–33.5) (au)

AC- OCT, anterior chamber optical coherence tomography; LQAF, 
quantitative autofluorescence of the lens; PNS, Pentacam Nucleus 
Score.
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standard protocol (25 images per scan, step width 
10 µm).21 One image per subject was acquired. 
Following, LQAF images were performed using the 
Spectralis HRA (Heidelberg Engineering, Heidel-
berg, Germany) based on the study protocol by 
Charng and colleagues.20 Briefly, the focus was set 
to +45 dioptres, and 64 images were obtained over 
8 mm through the lens using the QAF mode (488 nm 
excitation; laser power 100%, sensitivity 67%; 30° 
HRA lens). Finally, subjects’ lenses were imaged 
using a swept- source AC- OCT using default settings 
(Anterion Cataract App, Anterion, Heidelberg Engi-
neeringy). In addition, standardised retinal imaging 
was performed which included combined confocal 
scanning laser ophthalmoscopy and spectral- domain 
OCT (SD- OCT) imaging (30°×25°, ART 25, 121 
B- scans, Spectralis HRA- OCT 2, Heidelberg Engi-
neering) as well as BAF (488 nm excitation, emission 
500–700 nm), GAF (518 nm excitation, emission 
550–700 nm) 30° FAF and IR imaging, using the 
same device.

Image analysis and grading
The same lenticular image analysis procedure as in 
our previous publication was employed. Briefly, the 
Pentacam Nucleus Staging (PNS) Grading score was 
extracted from the Scheimpflug device’s software for 
analysis (PNS and three- dimensional cataract analysis 
package, Pentacam).22 23 PNS provides information 
on the mean lens density value, SD and maximum 
nucleus lens density and subdivides it on a scale from 
0 to 5 (au) (exact formula not published by the manu-
facturer).

The grey values of the AC- OCT images were 
normalised to values between 0 and 1 using ImageJ as 
previously published (white=1; black=0).24 In the next 
step, the relative reflectivity of the lens compared 
with the cornea was calculated. The LQAF images 
were imported into ImageJ as a stack of 64 bitmap 
images, and the LQAF was calculated according to 
the study protocol of Charng et al using the provided 
formula.20 Briefly, the highest LQAF value from all 
slabs (out of 64 slabs of the z- stack) was measured in 

Figure 1 Lenticular imaging. Columns from left to right show three eyes with a varying degree of lenticular opacification and 
autofluorescence. Row one shows Scheimpflug images of three eyes with a PNS of 0, 2 and 4, respectively. On the right, 
a graph is shown representing the reflectivity intensity of the cornea and lens, which is provided from the manufacturer’s 
software. Please note: the exact formula of the PNS is not published. The middle row shows AC- OCT images with averaged 
reflectivity values of the lens of 3, 5 and 7, respectively. The graph on the right serves to illustrate the computation of the 
developed AC- OCT opacification score: after normalisation, the lenticular reflectivity (in green) is compared with corneal 
reflectivity (in red). The lower row plots LQAF intensities, colour coded on the right. Black and blue represent low values, 
and red and white represent high values. PNS, Pentacam Nucleus Score; AC- OCT, anterior chamber optical coherence 
tomography; LQAF, quantitative autofluorescence of the lens.
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a 60×60- pixel region in the centre of the image and 
divided by the AF measurement from a 200×18- pixel 
region of the internal reference. All retinal images 
(Heyex 2, Heidelberg Engineering) were exported 
and then subsequently graded by two readers inde-
pendently (GCR and LvdE) on a scale from 1 to 10 
(1 perceived as low image quality and 10 perceived 
as high image quality). The criteria for grading were 
focus (extent of small retinal vessels detectable), 
symmetry (upper and lower/left and right part of the 
image evenly captured?), illumination (image illumi-
nated sufficiently without overexposure?), absence of 

vignetting (borders of the image evenly illuminated?) 
and centration (is the fovea at the centre?). Following, 
grading was averaged to yield mean opinion scores 
(MOS).

Statistical analysis
For cohort characteristics, continuous variables such 
as age and lenticular metrics were presented using 
mean±SD. The distribution range for each metric was also 
noted. The image quality for different imaging modal-
ities was assessed using ordinal grading. Mean values, 
SD and ranges were calculated for each of the grading 

Figure 2 Multimodal retinal imaging. Retinal images with varying image quality (right column lower and left column higher). 
Rows one–three show IR, BAF and GAF images, respectively. In the bottom left corner of each image, the MOS (average of 
all five criteria and two graders) and, in the bottom right corner, CNN- based predictions are plotted. IR, infrared; BAF, blue 
autofluorescence; GAF, green autofluorescence; MOS, mean opinion scores; CNN, convolutional neural network.
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criteria. A convolutional neural network (CNN) architec-
ture using three blocks of convolutions and max pooling 
and a fully connected regression head was implemented 
in the TensorFlow framework for Python (TensorFlow 
2.2, Google Brain). It was trained to regress image quality 
with respect to the mean- squared- error (MSE) loss and 
evaluated using fivefold cross- validation. The details of 
the network architecture and training hyperparameters 
can be found in online supplemental figure 1. Lastly, to 
assess the association between retinal image quality and 
lens AF and opacification metrics, a correlation analysis 
was performed in the R programming language (R V.4.3), 
separately for both the human annotations and the vali-
dation results of the neural network model. Correlation 
values were presented with their respective CIs. In the 
case of non- normal distribution, no CIs were computed. 
The significance threshold was set at 0.05.

RESULTS
Cohort characteristics lenticular metrics
The study included 227 participants of all age groups 
(age range: 19–89 years; mean age±SD 60±17 years). 
Gender and eye laterality were evenly distributed 
(table 1). The most common PNS score was 1 (au) 

with 40% followed by 0 and 2 (au) with 23% each. 
(table 1). The AC- OCT reflectivity was 4.3±1.1 (au) 
(range 2.1–6.9 (au)). The mean value for LQAF was 
15.2±7.0 (au) (range 2.6–33.5 (au)) (figure 1). Our 
LQAF measurements were comparable with those of 
Charng and colleagues (see table 2C; approximately 
15 (au) for age 60 years).20 Similarly, our average PNS 
score between 1 and 2 is in line with the literature for 
the age group.21

Retinal image quality assessment
The overall image quality for all imaging modali-
ties was high, with most metrics scoring eight and 
higher on average (figure 2). The mean values for all 
five grading criteria were highest in the IR imaging, 
followed by GAF and then BAF. The highest grading 
criteria were reached for absence of vignetting (eg, 
for IR images 9.4±0.8) and centration (eg, for IR 
images 8.2±1.4). Lower values were documented for 
focus with 8.4±1.44–10 for IR, 7±2.31–10 for BAF and 
7.3±2.31–10 for GAF imaging. The mean value for illu-
mination was 8.2±1.4 (3.5–10) for IR, 7±2.31–10 for 
BAF and 7.2±2.7 for GAF with similar image quality 
values for symmetry.

Figure 3 Image quality predictions using five different grading criteria. The y- axis shows image quality grading, and the x- axis 
shows the respective number of the image. Green dots represent convolutional neural network (CNN)- based grading, and blue/
yellow dots represent human- based grading by the respective reader.
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Automated image quality prediction
Image quality criteria predictions yielded an average 
MAE of 0.9 (root mean squared error [RMSE] of 1.3), 
with overall prediction quality being superior to the 
null model (MAE 1.1, RMSE 1.6). In the absence of 
an established null model, the (cross- validated) mean 
value of the target variable was used for reference. For 
the individual criteria, the model’s performance scores 
were as follows (MAE/RMSE): focus (0.9, 1.2), illumi-
nation (0.8, 1.1), centration (1.0, 1.4), symmetry (1.0, 
1.4) and absence of vignetting (0.7, 1.3) (figure 3). By 
contrast, the null model results for the individual image 
quality criteria were (again MAE/RMSE) as follows: focus 
(1.4, 1.8), illumination (1.3, 1.7), centration (0.9, 1.4), 
symmetry (1.1, 1.5) and absence of vignetting (0.7, 1.3). 
Note that the dataset was skewed towards higher image 
quality, especially for the criteria absence of vignetting 
and centration. As reflected by the near- identical 
performance to the null model for these criteria, the 
algorithm may not be as accurate for images with high 
centration or presence of vignetting. MOS and NN- MOS 
were also significantly correlated to the ‘q- score’ (peak 
signal- to- noise ratio (pSNR) provided by the manufac-
turer) of OCT imaging for BAF (MOS 0.395 (0.2174, 
0.4867), p<0.00001/0.1992 (0.0464, 0.3429), p=0.01), 
GAF (0.3238 (0.1703, 0.4619), p<0.0001/0.3067 (0.1472, 
0.4507), p<0.001) and IR (0.3067 (0.1472, 0.4507), 
p<0.001/0.1514 (−0.0161, 0.3107), p<0.01) imaging. 
Analysing the individual criteria, only illumination and 
focus demonstrated a strong correlation for all imaging 
modalities with the q- score.

Correlation of retinal image quality and lens metrics
Overall, LQAF showed the highest correlation with image 
quality grading criteria for all three imaging modalities 
(Pearson correlation coefficient −0.13 to −0.3, table 2), 
followed by PNS

and AC- OCT measurements. LQAF was particularly 
associated with the focus of all three imaging modalities, 
with highest Pearson correlation coefficient reached for 
BAF imaging of −0.4. The image grading criterion most 
correlated with lenticular metrics was focus which proved 
statistically significant for all retinal modalities for both 
LQAF and PNS (eg, −0.35 (–0.50, –0.18) for BAF/LQAF). 
Overall, BAF image quality showed the highest vulnera-
bility to an increase in lenticular metrics, especially for 
focus, symmetry and illumination metrics. The highest 
resilience towards lenticular ageing proved IR imaging 
with only focus (eg, correlation of PNS with focus −0.28) 
proving statistically significant in human- based grading. 
CNN and human grading both yielded similar results in 
correlation analyses with lenticular metrics.

DISCUSSION
In this study, we examined the relationship between 
lenticular remodelling and retinal image quality across 
three retinal imaging modalities (IR, BAF and GAF). 
LQAF exhibited the highest correlation with image 

quality grading criteria for all three imaging modali-
ties. Notably, both neural network and human grading 
of image quality had comparable results in correlation 
analyses with lens metrics. Among the three modalities, 
blue AF image quality was most vulnerable to increasing 
lenticular opacification and AF.

We thoroughly evaluated various methods for assessing 
lenticular opacification and AF and its effect on retinal 
image quality. In our study, Charng and colleagues’ 
measurement of LQAF was found to be both highly signif-
icant for image quality and remarkably easy to perform.20 
Limitations mentioned by the authors of the original 
study were, however, the rather small number of partic-
ipants, no measurements of lenticular densitometry and 
no inclusion of patients with a dense cataract. With this 
study, we can now show that LQAF performs well in a 
wide age range, even in patients with dense cataracts 
(of note, approximately 30 patients (13 %) underwent 
cataract surgery within a year of study inclusion in our 
facility) and in patients with high lenticular opacification 
scores.

AC- OCT measurements of lens reflectivity were not as 
indicative of retinal image quality compared with other 
lens metrics. The swept- source OCT deployed uses a 
relatively long wavelength (1300 nm) with a high tissue 
penetration.25–27 This may result in its weaker perfor-
mance in assessing lenticular opacification through 
higher lenticular reflectivity. Nonetheless, future studies 
should assess different evaluation methods (eg, other 
normalisation techniques and varying the size of the area 
measurements). This holds true for the LQAF and PNS 
measurements as well. Mauschitz and colleagues, when 
assessing the impact of lens opacity on retinal nerve fibre 
layer measurements, used the raw densitometry values of 
Scheimpflug imaging rather than the PNS.28 Raw values 
might perform better than an ordinal- scaled score for 
image quality correlation as well. Additionally, the PNS 
is primarily a measure of nuclear cataract, and exporting 
raw values may have increased Scheimpflug performance 
on predominantly cortical cataract cases. Similarly, for 
LQAF measurements, we adopted the procedure by 
Charng and colleagues but did not assess the effect of 
varying the size of the area measurements of the three- 
dimensional lenticular AF data.20 Deep learning- based 
methods to assess the association of lenticular ageing 
with retinal image quality may help to identify more suit-
able metrics in the future.29

Our model for automated image quality assessment 
based on human grading showed the capabilities of 
machine- learning- based methods to provide accurate 
annotations. CNN- based image quality grading may 
supplement existing approaches such as material tissue 
contrast index, pSNR, number of details ratio and 
others.30 31 In contrast to ours, these automated assess-
ments may not capture subtle imaging characteristics 
that differentiate gradable from ungradable scans.32 As 
our CNN assessment is trained on MOS, it may prove 
more sensitive in image quality variations that affect 
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human grading. However, for all of the above metrics 
to be most suitable in routine care, these metrics have 
to be further trained and verified on participants with 
retinal pathologies. An image quality assessment that 
would differentiate between image alterations relating 
to pathology (preretinal) or poor operator performance 
would be desirable. Here, our lens metrics may fill the 
void in filtering out participants with retinal image alter-
ations due to preretinal light absorption.

Our algorithms for image quality analysis might also 
have a use case for tele- ophthalmic approaches. In tele- 
ophthalmology, image acquisition is often performed by 
non- physicians, which could then automatically assess 
image quality. In case of insufficient image quality, dupli-
cate imaging could be performed. Including lens metrics 
could in the future also help identify the root cause of 
poor image quality (due to poor patient cooperation/
due to cataract).

Precise cut- off values for lenticular AF and opacifica-
tion are critical for selecting candidate patients in clinical 
trials. Image quality requirements depend on the analysis 
performed (eg, qualitative analysis vs quantitative assess-
ment of (quantitative) AF images).33–35 Our advice for 
AF analysis would be a MOS/CNN MOS of 7 and above 
(figure 2). Depending on the performed analysis, a MOS 
/CNN MOS of 5–6 might still be acceptable. Longitu-
dinal studies are needed to predict the image quality 
decay over time for interventional studies with long study 
periods.

Limitations of this study include that our retinal image 
quality assessment did not include SD- OCT and near- IR 
AF imaging; examining the relationship with lens metrics 
could have provided additional insights.36 37 Given that 
two modalities based on AF and one modality based 
on reflectivity were included, it makes the comparison 
between modalities more difficult. Additionally, the use 
of both healthy and diseased retinas may have provided 
a more robust image quality assessment. The inclusion 
of objective image quality criteria such as pSNR and 
no reference structural similarity index may have had 
a higher correlation with lens metrics than the applied 
subjective grading. Finally, as mentioned above, alter-
nate lens metrics and evaluation methods might have 
improved results.

However, the major strengths of this study are that we 
examined the relationship between lenticular metrics 
and retinal image quality across various imaging modal-
ities in a large cohort of 227 participants across a wide 
age range (19–89 years). Additionally, the study incorpo-
rated both qualitative (MOS) and quantitative measures 
of retinal image quality, allowing for a more robust eval-
uation.

In conclusion, our study highlights the impact of lentic-
ular metrics on retinal image quality and demonstrates 
the potential of LQAF to assess image quality before 
image acquisition. The strong performance of automated 
image quality predictions using neural networks suggests 
that such methods could be valuable for improving 

image quality assessment in clinical practice. Especially 
for longitudinal studies deploying short- wavelength AF, 
knowledge of lenticular ageing and opacification and the 
effect on image quality can be valuable for patient selec-
tion. Future research should also focus on automated 
image quality assessment in the presence of ocular condi-
tions.
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