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Purpose: To evaluate retinal sensitivity using chromatic full-field stimulus thresholds (FST) in patients with treatment naive
exudative age-related macular degeneration (e-ARMD) before and during the first intravitreal anti-vascular endothelial growth factor
(anti-VEGF) treatment.
Patients and Methods: After general ophthalmological examinations to diagnose patients with e-ARMD the FST, the central foveal
thickness (FCt) and the visual acuity were assessed in 20 eyes of 20 patients during this prospective study. Examinations were
performed before and during the first treatment series with three intravitreal anti-VEGF injections. Normal values for FST were
assessed in 19 eyes of 19 healthy subjects. Results were analyzed using Student’s two-tailed t-test and Pearson’s correlation
coefficients between all functional parameters.
Results: At baseline and before the 1st intravitreal anti-VEGF treatment, a moderately significant negative correlation between VA
and FCt was found in the e-ARMD group (p = 0.02, r = −0.45 and p = 0.03, r = −0.45), respectively. After the 2nd intravitreal anti-
VEGF injection, no significant correlation between VA and FCt was found (p = 0.12). However, a significant correlation between FCt
and blue FST was evident (p = 0.04, r = 0.4). After the 3rd intravitreal anti-VEGF treatment, there was no correlation evident between
VA and FCt (p = 0.31) but a high significant correlation between FCt and FST using red (p = 0.01, r = 0.53), green (p = 0.002, r = 0.6)
and blue light (p = 0.007, r = 0.66).
Conclusion: During anti-VEGF treatment in patients with e-ARMD, the FST test showed higher significant correlations with the
morphology measured by FCt, as it is the case for VA. These findings support that the FST test might serve as a valuable diagnostic
tool for monitoring patients with e-ARMD and enhance functional assessment of retinal function under treatment with anti-VEGF.
Keywords: chromatic full-field stimulus thresholds, foveal central thickness, intravitreal anti-vascular endothelial growth factor

Introduction
Exudative age-related macular degeneration (e-ARMD) is a chronic progressive disease, which is one of the leading causes of
vision loss in industrialized nations.1,2 Exudative age-related macular degeneration is characterized by growth of anomalous
vessels commonly originating from the choroidal vasculature causing leaking and hemorrhage into subretinal space, intraretinally
and intravitreally. The pathophysiology of choroidal neovascularization (CNV) is complex and still not completely understood;
however, vascular endothelial growth factor (VEGF) plays an important role in the angiogenesis and increases the vascular
permeability not least of all shown by the vastly successful treatment of anti-VEGF factors.1–7 In these studies, evaluation of the
treatment effect of the intravitreal anti-VEGF agents and the requirement of re-injections was based on VA and optical coherence
tomography (OCT). However, VA testing in low vision patients is most probably error-prone: the assessment is based on
a subjective testing technique with a potential learning effect due to a restricted number of test signs and without any control of
fixation. Thus, VA does not seem undoubtedly appropriate as themain test method formonitoring treatment effects of anti-VEGF
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on the retina or assessing new treatment strategies ormolecules. None of the previouslymentioned studies have evaluated the role
of retinal sensitivity in patients with e-ARMD and its correlations with VA and OCT. The full-field stimulus threshold test (FST)
is a psychophysical test of luminance threshold to assess retinal sensitivity.8,9 It is used to stimulate the entire retina using a full-
field illumination with different light emitting diodes (different wavelength). The FST test therefore allows to stimulate different
photoreceptor pathways independent from a defined fixation.10 A strong correlation between FST parameters and microperi-
metry in macular regions has been described before.11 Hence, the aim of this study was to evaluate the role of retinal sensitivity
measured by a commercially available chromatic FST in patients with e-ARMD undergoing intravitreal anti-VEGF treatment.

Materials and Methods
Design and Patient Involvement
In this prospective cohort study, twenty patients with e-ARMD were recruited from the regular clinics of the Department
of Ophthalmology, Klinikum Stuttgart (Stuttgart, Germany). Nineteen healthy subjects were examined during a previous
study and served as control group for the chromatic full field stimulus threshold test (IEC project number: 258/2010B01).
The study was performed adhering to the tenets of the Declaration of Helsinki after approval of the local ethics
committee in Baden-Württemberg (F-2014-089). Written informed consent was obtained from all patients after explana-
tion of the purpose of the study. Each patient underwent ophthalmological examinations with VA using ETDRS Charts,
foveal central thickness (FCt) using spectral-domain OCT, fundus photography (FP) and chromatic full-field stimulus
thresholds test (FST) using blue, red and green LED light. The diagnosis of e-ARMD was confirmed on the basis of
fluorescein angiography (FA) and OCT findings in the e-ARMD. Inclusion criteria were e-ARMD without any prior
treatment and age above 50 years. Exclusion criteria were previous vitreoretinal surgery, previous laser treatment, or
inability to adhere to the study protocol.

Study Protocol and Visit Schedule
Study Protocol
Visual Acuity
Best corrected far visual acuity (BCVA) was measured using the standardized Early Treatment Diabetic Retinopathy
Study Charts (ETDRS) at 4 m (Precision Vision®, USA).

Fundus Photography and Fluorescein Angiography
FP and FA were done at baseline examination to confirm the diagnosis after pupillary dilatation with mydriatics
(Mydriaticum Stulln®, Stulln, Germany).

Spectral Domain Optical Coherence Tomography
SD-OCT was performed using Spectralis HRA-OCT® (Heidelberg Engineering, Heidelberg, Germany) after pupillary
dilation with tropicamide (Mydriaticum Stulln®, Stulln, Germany) and phenylephrine hydrochloride (Neosynephrin POS
5%®, Ursapharm GmbH, Germany). For OCT, each patient underwent 20° x 15° degree2 raster scans using the built-in
volumetric software protocol. The number of frames was set to 100 to improve the image quality. Foveal central
thickness was defined as the thickness of the innermost 1-mm ring of the built-in ETDRS macular map (FCt).

Chromatic Full Field Stimulus Threshold
FST examinations were performed using the Espion Color Dome® (Diagnosys, Cambridge, UK). Pupils were fully
dilated using tropicamid (Mydriaticum Stulln®, Stulln, Germany) and phenylephrine hydrochloride (Neosynephrin Pos
5%®, Ursapharm GmbH, Germany). Patients were tested monocularly using three different light emitting diodes (blue
LED = 470 nm, red LED = 635 nm and green LED = 513 nm). A simple ʽʽseen-not seen” strategy was used to determine
all thresholds. Sensitivity was set to 0 dB as stimulus intensity of 0.01 cd.s/m2 (4 ms duration). The stimulus luminance
varied in steps of 4 dB until the first response reversal and subsequently in the opposite direction with steps of 2 dB.
When a second response reversal occurred, the algorithm stopped, and the last seen stimulus luminance was taken as the
starting point for a second sample following the same protocol.
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A built-in two parameter Weibull function was used to estimate the final threshold determined by 50% probability in
detecting the stimulus intensity.

Visit Schedule
Five visits were scheduled. During the first visit (baseline screening), all patients underwent a screening examination
(Figure 1). During the second visit all patients received their first intravitreal injection after they underwent an additional
ophthalmological examination with VA, FCt and FST. Four weeks after the first injection they received their 2nd and further 4
weeks later the 3rd intravitreal injection at their 3rd and 4th visit, respectively. The fifth visit (last examination visit) was timed
four weeks after the 3rd intravitreal injection. The baseline examination consisted of VA, FP, FA, FCt and FST to confirm the
diagnosis of e-ARMD (Figure 1). During the second visit, re-examinations of the VA, FCt and FSTwere performed to validate
results before treatment. At the third visit, the 2nd intravitreal injection was performed. At the fourth visit, VA, FCT and FST
were examined and the 3rd intravitreal injection was performed. At the fifth visit, VA, FCTand FSTwere examined (Figure 1).

Statistical Analysis
For statistical analysis, Student’s two-tailed t-test was used after ensuring that the distribution of the data showed
a normal distribution. Pearson correlation test and linear regression analysis were used to analyse possible correlation of
functional parameters (VA and FST) to morphological changes during treatment (FCt). Ranges are given as standard
deviations (SD). All tests were performed using JMP® software (version 13.0, SAS Institute Inc., Cary, NC, USA).
A p-value <0.05 was considered statistically significant.

Results
The demographic characteristics of the patients and all healthy subjects are summarized in Tables 1 and 2. The mean age of
patientswith e-ARMDwas 73.2 ± 14.0 years. In the e-ARMDgroup, ameanVAof 0.44 ± 0.27 (decimal notation)was examined.
Themean FCt was 323.9 ± 186.9 µm. The FST test was −31.9 ± 10.4 dB using the blue light, −25.8 ± 9.0 dB using the green light
and −14.4 ± 8.1 dB using the red light at baseline examination. Examinations of the healthy group revealed a mean of −54.28 ±
12.0 dB for the blue FST, amean of −45.56 ± 2.55 dB for the green FSTand amean of −28.52 ± 7.95 dB for the red FST. All FST
parameters showed higher values in the e-ARMD patient group in comparison to the healthy group (Table 1).

At baseline, VA in the e-ARMD group was statistically significantly correlated to the FCt (p = 0.02, r = −0.45). This
statistically significant correlation was still present before the 1st intravitreal treatment (p = 0.03, r = −0.45). After the 2nd
intravitreal treatment, no significant correlation between VA and FCt was evident (p = 0.12). However, FCt showed a moderate
significant correlation with the blue FST (p = 0.04, r = 0.44; Figure 2A. After the 3rd intravitreal treatment, no significant
correlation was found between VA and FCt (p = 0.31), but a high significant correlation was evident between the FCt and the
green FST, blue FST, and the red FST (p = 0.003, r = 0.61 and p = 0.0007, r = 0.67, p = 0.01, r = 0.54, respectively;
Figure 2B–D)).

First Visit 

Baseline screening 
examinations:
VA/FP/FA/FCt/FST

Second Visit

Re-examination: 
VA/FCt/FST

After examination 
participants received 
the 1st IVI

Third Visit

Participants received 
the 2nd IVI

Fourth Visit

Participants were 
examined: VA/FCt/FST

After examination 
participants received 
the 3rd IVI

Fifth Visit

End of the study. 
Participants were 
examined: 
VA/FCt/FST

 VisitSchedule

Figure 1 Visit schedule with ophthalmological examinations and intravitreal injections at all visits.
Abbreviations: VA, visual acuity; FP, fundus photography; FA, fluorescein angiography; FCt, foveal optical coherence tomography thickness; FST, full-stimulus threshold; IVI,
intravitreal injection.
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Discussion
The FST test has been valuable in determining visual perception in patients with severe retinal degeneration and in patients
with difficulty in steady fixation.9,10 Recently, Stingl et al demonstrated that FST act as a valid clinical marker in determining
late-stage early-onset retinitis pigmentosa and correlates significantly with the disease duration.12 Using LEDs of three
different wavelengths, ie, blue, green and red, allows examination of selected populations of photoreceptors and their
pathways. Of the available LEDs, the rod system is most sensitive to the blue LED (470 nm).13 The cone system is most
sensitive to the red LED (635 nm).13 The entire retina with all cone populations is most sensitive to the green LED (513 nm).13

Our study is the first reporting the use of FST in treatment-naive patients with e-ARMD undergoing anti-VEGF therapy and to
investigate its correlation with FCt in comparison to VA. We were able to demonstrate the feasibility of this fairly new testing
method in monitoring retinal function and a correlation with OCT measurements. In the previous decade after the break-
through of anti-VEGF treatment, most patients with e-ARMD have predominantly been examined by VA, FP, FA and OCT. In
Phase III clinical anti-angiogenic therapy trials, mainly VA and OCT were used for monitoring the disease and possible
treatment effects, including determination of treatment schedules and re-treatment regimens.5,6,14 In earlier studies, VAwas
taken as an indication for re-injection or recurrence of CNV.4 In the PrONTO study, a loss of 5 letters after a loading phase of
Ranibizumab in conjunction with fluid within the macula was seen as indicative parameter for CNV activity and hence an
indication for re-treatment. It was the commonest reasons for re-injection.4 However, Ross et al have later shown in a larger
cohort study that the mean change of VA in different stages of e-ARMD is potentially misleading. Their findings showed that

Table 1 General Demographics and Results of All Patients at Baseline

Demographics and Results e-ARMD Normal Subjects

N or Mean ± SD

Age (years) 73.2 ± 14.0 44.68 ± 18.3

Gender

Male 8 8

Female 12 11

Baseline VA 0.44 ± 0.27 0.87 ± 0.24

Baseline FCt 323.9 ± 186.9 µm 281.6 ± 31.7 µm

Baseline Blue FST −31.9 ± 10.4 dB −54.28 ± 12.0 dB

Baseline Green FST −25.8 ± 9.0 dB −45.56 ± 2.55 dB

Baseline Red FST −14.4 ± 8.1 dB −28.52 ± 7.95 dB

Abbreviations: e-ARMD, exudative age-related macular degeneration; N, number; SD, standard deviation; VA,
visual acuity; FCt, foveal optical coherence tomography thickness; FST, full-stimulus threshold.

Table 2 Results of All Patients in the e-ARMD Group Before the 1st, After the 2nd and the 3rd Intravitreal Injection

1st Intravitreal Injection
(Mean ± SD)

2nd Intravitreal Injection
(Mean ± SD)

3rd Intravitreal Injection
(Mean ± SD)

VA (decimal number) 0.50 ± 0.25 0.51 ± 0.28 0.51 ± 0.27

FCt (µm) 291.4 ± 131.0 273.6 ± 108.0 262.7 ± 99.7

Blue FST (dB) −33.7 ± 7.8 −33.5 ± 7.6 −31.8 ± 7.8

Green FST (dB) −29.6 ± 11.1 −26.8 ± 7.6 −25.1 ± 9.8

Red FST (dB) −15.0 ± 4.9 −6.0 ± 30.0 −13.9 ± 4.9

Abbreviations: SD, standard deviation; VA, visual acuity; FCt, foveal optical coherence tomography thickness; FST, full-stimulus threshold.
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the majority of VA gains occur at the end of the loading phase with little further gain or loss thereafter and that the gain of VA is
dependent to the VA at baseline.7 Simader et al have more recently demonstrated that VA is not correlated to FCt after the
loading phase of Ranibizumab. They have found a correlation of VAwith FCt only at baseline examinations. They argued that
the loss of correlation between VA and FCt during follow-up was due to the irreversible damage of the retinal architecture.15

Additionally, VAmay be influenced by lens disease or ocular surface diseases. In a prospective study byMalet et al in patients
with a mean age of 80 years, ocular dry eye disease was seen in 29.6%, from which 14.7%were under treatment with artificial
tears.16 This might constitute another potential reason for unjustified influences of VA during the treatment of e-ARMD.

In our study, we found that VA is not correlated with FCt after the second intravitreal injection of anti-VEGF in the loading
phase. Hence, our results are similar to those recently mentioned by Simader et al regarding the fact that VA should not be taken
as a sole marker for controlling patients with e-ARMD, neither as an indicator for CNVactivity.15 Unlike VA, OCT seems to be
a robust, crucial tool in assessing the morphological response of the retina to antiangiogenic agents. It can assess anatomical
macular changes such as intraretinal fluid (IRF), subretinal fluid (SRF), sub-RPE fluid (fluid under the retinal pigment
epithelium), retinal hyper reflective material (sub-SHRM) and retinal pigment epithelial elevation (RPEE).17 In the phase III
clinical trials, MARINA, ANCHOR and VEGF Trap, and TD-OCT were used to monitor patients along the study course.5,6

A B

C D

Figure 2 Correlation analysis of foveal central thickness (FCt) with parameters of the chromatic FST (blue, green and red FST). A moderate significant correlation between
the blue FST and the FCt after the 2nd intravitreal treatment is shown in (A) (p = 0.04, r = 0.44 of Pearson's correlation coefficient test). After the 3rd intraviral treatment,
a highly significant correlation between the blue FST and the FCt is shown in (B) (p = 0.0007, r = 0.67). For the green and red FSTa similar high correlation is show after the
3rd intravitreal treatment in (C) (green: p = 0.003, r = 0.61) and (D) (red: p = 0.01, r = 0.54).
Abbreviations: FCt, foveal optical coherence tomography thickness; FST, full-stimulus threshold; r, Pearson’s correlation coefficient.
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Sayanagi et al have shown that TD-OCT is inferior to SD-OCT in evaluating the activity of CNVafter treatment with intravitreal
injections. SD-OCT was superior to TD-OCT in detecting sub-RPE fluid, IRF and intraretinal cysts.18 Recently, Folgar et al
published almost similar results to those of Sayanagi et al.19 The presence or absence of retinal fluid and its location is of
significant importance in the management of e-ARMD. This is due to its impact as marker of the disease activity and its
prognostic factor on the visual outcome. Jaffe et al have shown in a prospective study that eyes with residual IRF, especially
foveal IRF had worse VA than those without IRF.20 Foveal IRF and extrafoveal IRF are associated with a negative impact on the
VA, which was previously observed in the 2 years results.21 Jaffe et al also determined that SHRM, abnormal thin or thick retina
and large CNVarea are further poor prognostic factors.21 While profound knowledge is necessary to correctly and meaningfully
interpret scans of different OCT imaging techniques and scan protocols, FST may serve as a new independent and robust
additional tool in assessing patients with e-ARMD. We have found a significant correlation between the mean blue FST
sensitivity and FCt after the 2nd intravitreal injection, a correlation which remained after the 3rd intravitreal injection. It is not
clear why the blue FSTwas correlated with the FCt earlier in the treatment course than the green and red FST. In our study, no
dark adaptation has been performed, therefore isolated rod-function response cannot be expected by stimulations with blue light
using the FST technique. But the rod system is highly sensitive to wavelengths near the implemented blue light stimulation at 470
nm and the highest rod density is surrounding the foveola, not directly in the foveola. Since e-ARMD is typically a disease of
central macular regions involving the foveola, this may express the important role of the foveola surrounding retinal function in
assessment of disease activity in patients with e-ARMD.22 A previously published study has discussed the loss of different types
of photoreceptors in e-ARMD. Surprisingly, a greater loss of rod photoreceptors in comparison to cones was detected in
e-ARMD.22 After the 3rd intravitreal injection, we have found a significant correlation between all FSTstimulation colors (blue,
red and green FST) and FCt. The highest concentration of cones, which are highly sensitive to green and red light is in the central
foveolar region.23 It can be speculated that the rods or the function around the foveolar region correlate earlier and stronger with
FCt (after the 2nd intravitreal injection) under treatment of e-ARMD, as it is the case for cones or the central foveolar region (after
the 3rd intravitreal injection).

But, in contrast to the FST results, no correlations were found between VA and FCt after the baseline examination. This
also underlines a possibly inferior role of VA in solely monitoring disease activity of e-ARMD under treatment. The validity of
our data might be lowered by the relatively short study duration with a small number of data points. A longer examination
period should help to establish the role of FST in determining the significance, prognostic and predictive value of FST in
e-ARMD. The healthy subjects group was significantly younger compared to the e-ARMD group in our study. But the healthy
subjects group serves not as a control group for the e-ARMD group, rather than as indicator for normal FST values unaffected
by possible influences as age or the lens status. Further studies should address to investigate the relationship between FST
parameters and other OCT markers as central foveal thickness, or an OCT-derived scoring system. Additional information
may reveal from examinations under dark-adapted conditions to explore different photoreceptor types.

In conclusion, the presented study is, to the best of our knowledge, the first examining retinal sensitivity parameters
with the FST test and correlations with FCt in patients with e-ARMD undergoing anti-VEGF treatment. We demonstrated
significant correlations between the blue, the red and the green FST with FCt after the 2nd and the 3rd injection of the
first series of intravitreal anti-VEGF injections. In contrast to the results of the FST test, VAwas correlated to FCt only at
baseline. We believe that FST therefore offers an additional functional marker and might be used in combination with
OCT in monitoring patients with e-ARMD, especially under treatment with anti-VEGF.

Ethics Approval and Informed Consent
All procedures performed in studies involving human participants were in accordance with the ethical standards of the
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