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Purpose

To assess the differences in the measurement of central foveal thickness (CFT) in patients with macular edema (ME) between two display modes (1:1 pixel and 1:1 micron) on optical coherence tomography (OCT).





Design

This is a retrospective, cross-sectional study.





Methods

Group A consisted of participants with well-horizontal OCT B-scan images and group B consisted of participants with tilted OCT B-scan. We manually measured the CFT under the two display modes, and the values were compared statistically using the paired t-test. Spearman’s test was used to assess the correlations between the OCT image tilting angle (OCT ITA) and the differences in CFT measurement. The area under the curve (AUC) was calculated to define the OCT ITA cutoff for a defined CFT difference.





Results

In group A, the mean CFT in the 1:1 pixel display mode was 420.21 ± 130.61 µm, similar to the mean CFT of 415.27 ± 129.85 µm in the 1:1 micron display mode. In group B, the median CFT in the 1:1 pixel display mode is 409.00 μm (IQR: 171.75 μm) and 368.00 μm (IQR: 149.00 μm) in the 1:1 micron display mode. There were significant differences between the two display modes with the median (IQR) absolute difference and median (IQR) relative difference of 38.00 μm (75.00 μm) and 10.19% (21.91%) (all p = 0.01). The differences in CFT measurement between the two display modes were correlated with the OCT ITA (absolute differences, r = 0.88, p < 0.01; relative differences, r = 0.87, p < 0.01). The AUC for a predefined CFT difference was 0.878 (10 μm), 0.933 (20 μm), 0.938 (30 μm), 0.961 (40 μm), 0.962 (50 μm), and 0.970 (60 μm).





Conclusion

In patients with DM, when the OCT B-scan images were well-horizontal, manual CFT measurements under the two display modes were similar, but when the B-scan images were tilted, the CFT measurements were different under the two display modes, and the differences were correlated to the OCT ITA.
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Introduction

Macular edema (ME) is one of the major causes of vision impairment in patients suffering from metabolic, vascular, and inflammatory retinal disorders (1–5). The etiology of ME includes diabetes, retinal vein occlusion (RVO), epiretinal membrane (ERM), and age-related macular degeneration (AMD) (3, 6–11). ME affects approximately 7 million people worldwide due to diabetes and approximately 3 million people due to venous occlusions. In developed countries, neovascular age-related macular degeneration represents 5% of ME among subjects over the age of 60 (12).

Spectral-domain optical coherence tomography (SD-OCT) is a non-invasive and standard diagnostic tool for detecting ME, as well as for monitoring and follow-up after treatment. As a result, SD-OCT has a considerable influence on decisions about the management of ME, particularly in common disorders such as DME and AMD (13–16). It allows the measurement of individual retinal layers, the determination of retinal thickness and macular volume, and the qualitative assessment of fluid distribution. Even though this was done manually before, several recent studies employing machine learning aim to automate the quantification of fluid and other distinctive factors (10, 14, 17). Although central macular thickness (CMT) measurements automatically evaluate the average retinal thickness within a 1-mm concentric circle (14, 18–20), clinicians are still using SD-OCT’s central foveal thickness (CFT) manual measurements to assess ME, which represents a fundamental marker for diagnosing ME in different retinal diseases (21–23).

It is known that there are two display modes on OCT: the 1:1 pixel display mode and the 1:1 micron display mode. The 1:1 pixel display mode represents the most commonly used display mode for OCT images in daily clinical practice. The ratio between vertical and horizontal scales is 3.775 in the 1:1 pixel display mode and 1.0 in the 1:1 micron display mode. Previously, we found significant differences in CFT measurements between the two OCT display modes in myopic patients, and the differences were correlated to the OCT image tilting angle (OCT ITA) (24). However, whether our findings can be applied to patients with ME is yet to be confirmed.

The aim of the current study was to evaluate the differences in manual measurements of the CFT under the two display modes (1:1 pixel display mode and 1:1 micron display mode) in patients with ME. In addition, we investigated the OCT ITA cutoff for some predefined CFT differences between the two OCT display modes.





Materials and methods




Participants

In this retrospective, cross-sectional study, we recruited subjects with ME treatment-naive and post-treatment of different origins who visited the Ophthalmology Department of Guangdong Provincial People’s Hospital (GDPH) and who received the SD-OCT scanning. The subjects’ characteristics included age, gender, lens status eyes with ME, BCVA between 0.01 and 1.0 logMAR, and CFT more than 300 μm on SD-OCT.

We excluded eyes with severe cataracts, IOP >21 mmHg, and eyes that could not be scanned using SD-OCT due to poor patient cooperation. All subjects underwent comprehensive ophthalmic examinations, including best-corrected visual acuity with a decimal chart, slit-lamp biomicroscope examination of the anterior segment and the fundus, intraocular pressure, and SD-OCT scanning.

This study was approved by the Institutional Review Board (IRB) of GDPH and followed the Helsinki Declaration. Furthermore, the necessity for informed consent was waived by the same IRB because no specific subject can be identified from the data.





Imaging

Before SD-OCT scanning, 0.5% tropicamide (Santen Pharmaceutical Co., Ltd. Shiga Plant) was used to achieve adequate pupillary dilation. Participants were directed to look at the machine’s fixation light, and the foveolar fixation was confirmed by visualizing the retinal image through the infrared monitoring camera.

We performed a high-resolution horizontal B-scan for each eye through the central fovea using SD-OCT (Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany), and an OCT image of the right eye was selected for manual measurement. If the right eye image was not accessible, the left eye image was used. We divided the participants into two groups. Group A included patients with well-horizontal OCT B-scan images, and group B included patients with tilted OCT B-scan images. Manual measurement was accomplished by the same experienced ophthalmologist (D.M.). All measurements were conducted in both display modes, i.e., 1:1 pixel display mode and 1:1 micron display mode (Figures 1, 2). SD-OCT’s caliper measuring tool was used to manually measure the CFT in the two display modes.




Figure 1 | Representative images of the central foveal thickness manual measurement in the two optical coherence tomography display modes (1:1 pixel display mode and 1:1 micron display mode) in group (B). (A) Central foveal thickness manual measurement in the 1:1 pixel display mode. (B) Central foveal thickness manual measurement in the 1:1 micron display mode. In the 1:1 pixel display mode, the central foveal thickness is 939 μm, and in the 1:1 micron display mode, it is 709 μm.






Figure 2 | Representative images of the central foveal thickness manual measurement in the two OCT display modes (1:1 pixel display mode and 1:1 micron display mode) in group (A). (A) Central foveal thickness manual measurement in the 1:1 pixel display mode. (B) Central foveal thickness manual measurement in the 1:1 micron mode. In the 1:1 pixel display mode, the central foveal thickness is 461 μm, and in the 1:1 micron display mode, it is 459 μm.



We defined CFT as the vertical distance between the surface of the internal limiting membrane and the outer border of the retinal pigment epithelium (RPE) (Figure 3). We used the ImageJ software (US National Institutes of Health, Bethesda, USA; https://imagej.net/software/fiji/) to assess the OCT ITA. To measure the OCT ITA, we first drew a line tangent to the RPE line below the foveola. The angle between this line and the bottom edge of the OCT image was designated as the OCT ITA (Figure 3).




Figure 3 | Representative spectral-domain optical coherence tomography image of the central foveal thickness and the optical coherence tomography image tilting angle. Central foveal thickness is defined as the distance between the surface of the internal limiting membrane and the outer border of the retinal pigment epithelium at the foveal zone. Optical coherence tomography image tilting angle is the angle alpha between the line parallel to the edge of the optical coherence tomography image and the line tangent to the retinal pigment epithelium.







Statistical analysis

The data are presented as mean and standard deviation (mean ± SD) for the data not normally distributed; otherwise, they are presented as median and interquartile range (IQR). The statistical analyses were performed using SPSS 26.0 (SPSS. Inc., Chicago, IL, USA). The Shapiro–Wilk test was used to assess the normality of the data. The OCT measurement in the two display modes was compared using the paired t-test. The absolute difference in CFT measurement was calculated by CFT in 1:1 pixel mode minus CFT in 1:1 micron mode, and the relative difference in CFT measurement was defined as the absolute difference divided by the retinal thickness in 1:1 micron mode. Spearman correlation tests and linear regressions were used to assess the correlations between the OCT ITA and the differences in OCT measurement under the two display modes. For all the tests, p <0.05 was considered statistically significant.






Results




Baseline demographic characteristics and underlying pathologies of ME in the two groups

Table 1 shows the baseline demographic characteristics and the underlying pathologies of ME in group A and group B. We recruited 52 participants in group A, consisting of 29 (55.8%) patients with DME, 3 (5.8%) patients with RVO, 19 (36.5%) patients with ERM, and 1 (1.9%) patient with AMD, with a mean age of 63.15 ± 12.13 years, lens status ratio (phakic/pseudophakic) of 42/10, and mean BCVA of 0.43 ± 0.32. We recruited 112 participants in group B, consisting of 40 (35.5%) patients with DME, 14 (12.5%) patients with RVO, 54 (48.2%) patients with ERM, and 4 (3.6%) patients with AMD, with a median age of 66.00 years (IQR: 15.00 years), lens status ratio of 74/38, and median BCVA of 0.30 (IQR: 0.40).


Table 1 | Baseline demographic characteristics and the underlying pathologies of macular edema in group A and group B.







Evaluation of the differences in CFT manual measurement between the two display modes

The evaluation of the differences (absolute and relative) between the two display modes in CFT manual measurement in group A and group B is shown in Table 2. In group A, the differences between the two display modes in CFT measurement are not statistically significant, with a mean CFT of 420.21 ± 130.61 µm in the 1:1 pixel display mode and a mean CFT of 415.27 ± 129.85 µm in the 1:1 micron display mode. The mean differences (absolute and relative) were 4.94 ± 4.14 µm and 1.23% ± 0.83% with p >0.05. In group B, we found statistically significant differences between the two display modes in the CFT manual measurement, with a median (IQR) in the 1:1 pixel display mode of 409.00 µm (171.75 µm) and 368.00 µm (149.00 µm) in the 1:1 micron display mode and a median (IQR) absolute and relative difference of 38.00 µm (75.00 µm) and 10.19% (21.91%) (all p < 0.05).


Table 2 | Evaluation of the differences (absolute and relative) between the two display modes in group A as well as in group B.







Correlations between the CFT differences in the two display modes and the OCT ITA

Table 3 shows the correlations between the CFT differences in the two display modes and the OCT ITA. The differences in the CFT manual measurement between the two display modes were significantly correlated with the OCT ITA (absolute differences, r = 0.88, p < 0.01; relative differences, r = 0.87, p < 0.01).


Table 3 | Correlation coefficients between the absolute and relative differences in the two OCT display modes and the OCT image tilting angle.







The OCT ITA cutoff for a predefined CFT difference and regression equations to correct the CFT differences

Since the CFT differences between the two display modes were correlated to the OCT ITA, we further analyzed the OCT ITA cutoff for a predefined CFT difference using a receiver operating characteristic (ROC) curve. As shown in Figure 4, the area under the curve (AUC) of OCT ITA for a predefined CFT difference was 0.878 (10 μm), 0.933 (20 μm), 0.938 (30 μm), 0.961 (40 μm), 0.962 (50 μm), and 0.970 (60 μm).




Figure 4 | Area under the receiver operating characteristic (ROC) curve (AUC) and optical coherence tomography image tilting angle (OCT ITA) cutoff for a predefined central foveal thickness difference. As a result, the AUC of OCT ITA for a predefined central foveal thickness difference was 0.878 (10 μm), 0.933 (20 μm), 0.938 (30 μm), 0.961 (40 μm), 0.962 (50 μm), and 0.970 (60 μm).



Linear regressions of the OCT ITA and the differences in CFT measurement between the two display modes are shown in Figures 5, 6 along with the regression equations. The regression equations of the OCT ITA are Y1 = −17.7 + 6.95x (R2 = 0.69, p < 0.001) to correct the absolute CFT differences and Y2 = −0.0634 + 0.02x (R2 = 0.75, p < 0.001) to correct the relative CFT differences.




Figure 5 | Linear regressions of the optical coherence tomography image tilting angle and the absolute differences in central foveal thickness manual measurement between the two display modes along with the regression equations. As a result, the regression equation of the optical coherence tomography image tilting angle and the absolute difference in central foveal thickness manual measurement are Y1 = −17.7 + 6.95x (R2 = 0.69, p < 0.001).






Figure 6 | Linear regressions of the optical coherence tomography image tilting and the relative differences in central foveal thickness manual measurement between the two display modes along with the regression equations. As a result, the regression equation of the optical coherence tomography image tilting angle and the relative difference in central foveal thickness manual measurement are Y2 = −0.0634 + 0.02x (R2 = 0.75, p < 0.001).








Discussion

In the present study, we found significant differences in the manual measurement of CFT in patients with ME under the two OCT display modes when the OCT B-scan image is tilted. In addition, we found that the differences were correlated to the OCT ITA. To avoid measurement errors and misinterpretations of OCT B-scan images, it is beneficial to consider the differences between the two OCT display modes.

Kim et al. found differences between the two display modes for choroidal thickness measurement, and the subfoveal choroidal thickness (SFCT) was overestimated when it was measured in 1:1 pixel display mode. Consequently, they suggested that choroidal thickness should be estimated according to the 1:1 micron display mode, mainly when the estimation line is not vertical. Furthermore, they concluded that a similar measurement error can arise when measuring the thickness of other structures when the OCT B-scan image is tilted, as demonstrated in some eyes for foveal retinal thickness, which is exactly the case in our current study. However, Kim et al. did not determine the specific cause of the tilted images, but they suspected eye curvature, particularly in the case of myopia, poor fixation, head tilt, or tilt OCT camera (18). Consistently, in our previous study, we demonstrated in myopic patients that the CFT was different between the two display modes, and the differences were correlated to the OCT ITA (24).

Cho et al. found that 1:1 micron images had slightly higher interobserver measurement errors for SFCT and that choroidal thickness measurements should be evaluated with caution, particularly for a thick choroid. The SFCT measurement did not differ substantially among the observers in their study for both image display modes (p = 0.5663 for the 1:1 pixel mode and p = 0.2839 for the 1:1 micron mode, respectively). However, their investigation revealed substantially poorer repeatability from the thick CT group for the 1:1 pixel images (0.747) than the 1:1 micron images (0.75) (25). Although Kim et al. observed an overestimation in 1:1 pixel images, these errors did not appear to have a significant impact on the reproducibility (18).

While the 1:1 pixel mode displays OCT images in a ratio of 3.775 between the vertical and horizontal scales, the 1:1 micron mode displays the OCT images in a ratio of 1.0. As a result, the 1:1 micron display mode must be vertically compressed approximately three-fold in the resolution of the retinal layers. Even though the 1:1 pixel display mode can more clearly depict a precise structural change, caution should be taken when the OCT B-scan image is titled. In our study, the absolute and the relative differences between the two display modes in group B represented, respectively, 38.00 μm (75.00 μm) and 10.19% (21.91%). According to previous studies, the interobserver repeatability of manual CFT measurement is 10% (26, 27). The differences in CFT manual measurement in tilted OCT B-scan images are more significant than the interobserver repeatability stated in the previous studies. Therefore, it is necessary to correct such differences in clinical practice. Moreover, we also provided the solution for when to correct the CFT differences. The AUC was 0.878 to 0.970, depending on the cutoff value of the CFT difference used. The sensitivity of the AUC calculated was 100% for all cutoff values, indicating that it is a highly accurate tool to predict when to correct the differences. The specificity of the AUC ranged from 20.0% to 59.3%, depending on the cutoff value used, and the cutoff OCT ITA ranged from 3.27 to 6.75. These results are consistent to predict when exactly to correct the differences between the two OCT display modes.

In patients with ME, the size of macular cysts is correlated to disease severity and treatment outcomes (28–30). Thus, many clinicians use OCT manual measurement to measure the size of macular cysts in clinical practice (31–33). It is important to accurately measure the size of macular cysts for assessing ME severity and the effectiveness of treatment (30, 34). Furthermore, accurate measurement of the cyst size can also help to identify the need for further investigation, such as fluorescein angiography, which can offer more detailed information about the cyst and the underlying pathology (30, 35). According to the results of our study, it is also important to pay attention to the tilted OCT B-scan images when manually measuring the size of macular cysts because the size of the cysts may be overestimated in the 1:1 pixel mode if the OCT B-scan images are tilted.

In the case of well-horizontal OCT B-scan images, there was no significant difference in CFT measurements between the two display modes. Therefore, it is unnecessary to correct the CFT difference in these cases, and it is important for the technicians to bear in mind that well-horizontal OCT B-scan images are obtained during OCT examinations.

In our current study, after demonstrating the differences between the two OCT display modes in patients with ME and their correlation with the OCT ITA, we proposed regression equations with the OCT ITA cutoff to correct the differences because neither the product’s manufacturer nor previous literature recommended a scale of measurement.





Conclusion

Our study found that when the OCT B-scan images were well-horizontal, manual CFT measurements in ME patients were similar under the two display modes. However, when the B-scan images were tilted, the CFT measurements in patients with ME differed under the two display modes, and these differences were correlated to the OCT ITA. We were able to correct the discrepancies between the two display modes by using the regression equations.
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