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Abstract
BACKGROUND 
Anti-vascular endothelial growth factor (anti-VEGF) therapy is critical for 
managing neovascular age-related macular degeneration (nAMD), but under-
standing factors influencing treatment efficacy is essential for optimizing patient 
outcomes.

AIM 
To identify the risk factors affecting anti-VEGF treatment efficacy in nAMD and 
develop a predictive model for short-term response.

METHODS 
In this study, 65 eyes of exudative AMD patients after anti-VEGF treatment for ≥ 1 
mo were observed using optical coherence tomography angiography. Patients 
were classified into non-responders (n = 22) and responders (n = 43). Logistic 
regression was used to determine independent risk factors for treatment response. 
A predictive model was created using the Akaike Information Criterion, and its 
performance was assessed with the area under the receiver operating charac-
teristic curve, calibration curves, and decision curve analysis (DCA) with 500 
bootstrap re-samples.

https://www.f6publishing.com
https://dx.doi.org/10.4329/wjr.v16.i9.418
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RESULTS 
Multivariable logistic regression analysis identified the number of junction voxels [odds ratio = 0.997, 95% 
confidence interval (CI): 0.993-0.999, P = 0.010] as an independent predictor of positive anti-VEGF treatment 
outcomes. The predictive model incorporating the fractal dimension, number of junction voxels, and longest 
shortest path, achieved an area under the curve of 0.753 (95%CI: 0.622-0.873). Calibration curves confirmed a high 
agreement between predicted and actual outcomes, and DCA validated the model's clinical utility.

CONCLUSION 
The predictive model effectively forecasts 1-mo therapeutic outcomes for nAMD patients undergoing anti-VEGF 
therapy, enhancing personalized treatment planning.

Key Words: Vascular endothelial growth factor; Macular degeneration; Neovascularization; Age-related macular degeneration; 
Choroidal neovascularization; Optical coherence tomography angiography; Nomogram

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study developed a predictive model using optical coherence tomography angiography to identify factors 
affecting the effectiveness of anti-vascular endothelial growth factor treatment in neovascular age-related macular 
degeneration (nAMD). The number of junction voxels emerged as an independent predictor of positive treatment outcomes. 
Integrating several parameters, the predictive model demonstrated strong performance in forecasting 1-mo therapeutic 
outcomes, providing a valuable tool for personalized treatment planning in nAMD patients.

Citation: Huang ZH, Tu XZ, Lin Q, Tu M, Lin GC, Zhang KP. Nomogram for predicting short-term response to anti-vascular 
endothelial growth factor treatment in neovascular age-related macular degeneration: An observational study. World J Radiol 2024; 
16(9): 418-428
URL: https://www.wjgnet.com/1949-8470/full/v16/i9/418.htm
DOI: https://dx.doi.org/10.4329/wjr.v16.i9.418

INTRODUCTION
The global rise in the incidence of age-related macular degeneration (AMD)[1,2] is emerging as the primary cause of 
irreversible vision loss in individuals aged 50 and above. Neovascular AMD (nAMD) is a particularly severe form that 
can result in blindness if not adequately treated[3,4]. The intravitreal administration of anti-vascular endothelial growth 
factor (anti-VEGF) agents is emerging as the primary therapeutic approach[5], substantially improving the condition of 
eyes with nAMD. The response to this therapy is suboptimal in many patients, as they often experience persistent 
intraretinal, subretinal, or subretinal pigment epithelial fluid and ongoing or new hemorrhages, along with progressive 
lesion fibrosis[6].

To customize treatment plans, clinicians often prioritize reducing exudative symptoms such as intraretinal cystoid 
fluid, subretinal fluid, and fluid or hemorrhage beneath the retinal pigment epithelium (RPE) layer[7]. These approaches 
often vary significantly among patients due to differences in baseline clinical characteristics and choroidal neovascular-
ization (CNV) lesions[8]. Optical coherence tomography angiography (OCTA) provides a non-invasive, high-resolution 
imaging technique that offers both qualitative and quantitative assessment of CNV[9]. While OCTA-measured CNV 
parameters, such as the growth of macular neovascularization (MNV)[10], vessel junction density[11], the change in most 
excellent vascular caliber[12], and vessel density[1], have demonstrated effectiveness in monitoring changes in CNV due 
to anti-VEGF therapy, the ability of these parameters to predict treatment outcomes remains a topic of ongoing debate.

Considering the complexities and diverse responses to anti-VEGF therapy among individuals, the primary objective of 
this study was to identify potential biomarkers that can predict treatment response in nAMD patients following anti-
VEGF therapy based on baseline clinical characteristics and OCTA-measured parameters. Subsequently, we constructed a 
predictive model through logistic regression analysis and filtered variables based on the Akaike Information Criterion 
(AIC) to develop individualized, precision-based treatment plans, thereby maximizing the efficacy of nAMD inter-
ventions and potentially improving the quality of life for affected individuals.

MATERIALS AND METHODS
Participants
The study received approval from the Medical Ethics Committee of our hospital and followed the principles outlined in 
the Declaration of Helsinki. Written consent was not required due to the retrospective nature of the study. Eighty-three 
patients with unilateral nAMD who had not undergone any prior treatment were included in this study. They were 

https://www.wjgnet.com/1949-8470/full/v16/i9/418.htm
https://dx.doi.org/10.4329/wjr.v16.i9.418
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followed up for at least 1 mo using OCTA from January 2020 to September 2023. However, 18 patients were excluded 
based on the following exclusion criteria: (1) nAMD with prior anti-VEGF injection treatment or intraocular surgery other 
than cataract surgery (n = 9); (2) Lack of clinical history (n = 1); (3) Absence of follow-up using OCTA for at least 1 mo (n 
= 1); (4) Poor-quality images obtained by OCTA (n = 2); and (5) Macular neovascularization caused by high myopia (≥ 
–6.00 diopters), glaucoma, diabetic retinopathy, uveitis, or endophthalmitis (n = 5). Consequently, the study comprised 65 
eyes from 65 eligible patients (20 females and 45 males; median age: 68 years; age range: 51-87 years) experiencing 
unilateral nAMD. A flow chart of the enrollment process is shown in Figure 1.

Grouping of response to antiVEGF therapies
Three initial loading doses of intravitreal anti-VEGF injections were administered for treatment-naive eyes with exudative 
AMD, followed by achieving the first remission, defined as a dry macula on optical coherence tomography. Once 
remission was achieved, a pro re nata or treat-and-extend regimen was implemented for recurrent exudation.

Patients were classified into response and non-response groups according to their OCTA follow-up outcomes after a 
month-long loading phase of anti-VEGF therapy. Specifically, the response group comprised 43 individuals, while the 
non-response group included 22. According to the criteria established by Amoaku et al[8], patients in the response group 
demonstrated an improvement in visual acuity of ≥ 5 ETDRS letters, a reduction in central retinal thickness of > 25%, or a 
decrease in subretinal or intraretinal fluid and cysts. In the non-response group, patients failed to meet these criteria. In 
case of classification disagreements between two evaluators, a third evaluator was consulted to reach a consensus.

Collection of clinical data and analysis of OCTA imaging features
The hospital's electronic medical record management system was utilized to systematically collect comprehensive clinical 
data of patients, including information on age, gender, hypertension, diabetes mellitus, alcohol consumption, and 
smoking habits. CNV lesions were captured using a high-quality 3 mm × 3 mm OCTA scanning device (Heidelberg 
Engineering, Heidelberg Germany) at baseline and during each subsequent visit. The OCTA device's built-in software 
automatically segmented the en-face images of the CNV complex based on two horizontal lines extending from the inner 
plexiform layer/inner nuclear layer to enhance visualization.

The morphology of the CNV complex was classified as (Figure 2): (1) "Medusa" or "sea fan," which is characterized by 
central feeder vessels with main vascular trunks and numerous tiny capillaries radiating from the center; (2) "Long linear 
vessels," which lack prominent capillary ramifications; and (3) "Indistinct network," which is defined by the visualization 
of only main vascular trunks and thin branches without detectable feeder vessels. Quantitative features of the CNV, 
including area, fractal dimension, branch number, junction number, the number of end-point voxels, the number of 
junction voxels, the number of slab voxels, average branch length, maximum branch length, and longest shortest path, 
were assessed using ImageJ software on the segmented OCTA images. Two masked retina specialists independently 
evaluated both qualitative and quantitative parameters. In cases of interpretive disagreement, a consensus was reached 
through open adjudication involving others.

Predictive model construction
Using univariate and multivariate logistic regression analyses, clinical data and OCTA imaging characteristics were 
collected to identify independent risk factors associated with the response of patients diagnosed with nAMD following 
anti-VEGF therapy. Odds ratios (OR) and 95% confidence intervals (CI) were employed as effect measures. Variables 
demonstrating a P value < 0.2 in the univariate logistic regression analysis were included in subsequent multivariate 
logistic regression analysis, which was further refined based on AIC for selection. AIC measures goodness-of-fit for 
statistical models, selecting the model that best interprets data while containing minimal free parameters among n 
models. For predictive model construction, the multivariate logistic regression analysis included variables selected 
through AIC refinement, with all identified variables entered into the regression equation.

The discrimination efficacy of the predictive model was assessed by calculating the area under the receiver operating 
characteristic (ROC) curve (AUC) using 500 bootstrap re-samples. The DeLong test was used to compare AUC values 
among different models. In addition, integrated discrimination improvement (IDI) was used to measure how much better 
average sensitivity was compared to other models while maintaining average specificity. The agreement between 
predicted outcomes from predictive models and actual responses was evaluated using calibration plots with 500 
bootstrap re-samples and the Hosmer-Lemeshow test's application. Decision curve analysis (DCA) with 500 bootstrap re-
samples was conducted to examine this predictive model's clinical utility and effectiveness.

Statistical analysis
The statistical analyses were conducted utilizing IBM SPSS Statistics 22 software and R software (version 4.2.0). A two-
tailed P value < 0.05 was considered statistically significant. Continuous variables are described as the mean ± SD or 
median with interquartile range, and group comparisons were made using the Student's t-test or Wilcoxon test. 
Categorical variables are presented as counts and percentages, with group comparisons performed using the χ2 test or 
Fisher's exact test. The sample size estimation was based on the multivariate regression analysis requirements, where the 
recommended sample size is 15 to 20 times the number of variables. The sample size was increased by 10% to account for 
potential data loss.



Huang ZH et al. Nomogram for predicting nAMD treatment response

WJR https://www.wjgnet.com 421 September 28, 2024 Volume 16 Issue 9

Figure 1 Flowchart of study cohort selection. NAMD: Neovascular age-related macular degeneration; anti-VEGF: Anti-vascular endothelial growth factor; 
OCTA: Optical coherence tomography angiography.

RESULTS
Clinical and OCTA characteristics of the study cohort
The age and gender distributions did not differ significantly between the non-response and response groups (P = 0.792 
and 0.878, respectively). Personal and medical histories, including smoking habits, alcohol consumption, hypertension, 
and diabetes mellitus, also showed no statistically significant disparities (P = 0.378-1.000). No significant variations were 
observed in the morphology of the CNV complex between the non-response and response groups (P = 1.000). The 
baseline quantitative features of the CNV demonstrated no substantial discrepancies between the non-response and 
response groups (P = 0.050-0.368).

Risk factors related to response to antiVEGF therapies
Univariate and multivariate logistic analyses were conducted to identify independent risk factors associated with the 
response to anti-VEGF agents, as presented in Table 1. Variables with a P value < 0.2 in the univariate logistic regression 
analysis, including fractal dimension, branch number, junction number, and the number of junction voxels, were further 
screened using multivariate logistic regression analysis, which demonstrated a significant correlation between the 
response to anti-VEGF therapies and the number of junction voxels (OR = 0.997, 95%CI: 0.993-0.999, P = 0.010).

Performance of the predictive model
The predictive model, depicted by a nomogram in Figure 3, used AIC to screen variables and ultimately included fractal 
dimension, the number of junction voxels, and the longest shortest path (Figure 4). Mathematically represented as Y = 
31.901 - 16.294 × fractal dimension - 0.002 × the number of junction voxels + 0.003 × the longest shortest path, this model 
enables precise evaluation of treatment on the risks and probabilities of adverse response. The discriminatory capacity of 
the predictive model was evaluated using a ROC curve. The pooled AUC (95%CI) of 0.753 (0.622-0.873) demonstrates a 
moderately good performance for the predictive model (Figure 5A and B). The predictive model showed an accuracy of 
0.723 (95%CI: 0.717-0.729), a sensitivity of 0.744 (95%CI = 0.614-0.875), and a specificity of 0.682 (95%CI = 0.487-0.876) at a 
threshold value of 0.709. Figure 5C shows that the AUC values of the variables screened using AIC were not statistically 
different from the AUC of the nomogram (P = 0.078 for fractal dimension vs nomogram, P = 0.181 for the number of 
junction voxels vs nomogram, and P = 0.083 for the longest shortest path vs nomogram).

The inclusion of fractal dimension [IDI (95%CI) = 0.613 (0.059-0.267), P = 0.002], the number of junction voxels [IDI 
(95%CI) = 0.136 (0.049-0.223), P = 0.002], and the longest shortest path [IDI (95%CI) = 0.204 (0.089-0.319), P= 0.001] 
significantly enhanced the predictive value of the model compared to variables selected using AIC. The calibration curves 
of the nomogram (Figure 5D), based on 500 bootstrap re-samples, demonstrated a significant correlation between the 
predicted probability by the model and the reference line (Hosmer-Lemeshow test: χ2 = 7.320 P = 0.604), indicating robust 
alignment. Figure 5E shows the calibration curves of different models for predicting anti-VEGF therapy response. The 
application of DCA has demonstrated the potential to enhance net benefits and exhibit a diverse range of threshold 
probabilities (Figure 5F and G).
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Table 1 Univariate and multivariate analyses of clinical and optical coherence tomography angiography characteristics associated with 
response to anti-vascular endothelial growth factor therapy

Univariate Multivariate
Characteristic

OR (95%CI) P value OR (95%CI) P value

Age (years) 0.997 (0.947-1.049) 0.901

Gender (male) 0.777 (0.237-2.356) 0.663

Hypertension 1.920 (0.649-6.229) 0.252

Diabetes mellitus 0.650 (0.13-3.571) 0.596

Smoking habits (active and former smoker) 0.602 (0.198-1.852) 0.368

Alcohol consumption (active and former drinker) 0.917 (0.292-3.072) 0.883

Morphological feature (long linear vessels) 1.029 (0.190-5.409) 0.973

Morphological feature (indistinct network) 1.187 (0.271-4.694) 0.810

Area (mm2) 0.448 (0.053-3.733) 0.444

Fractal dimension 0.000 (0.000-6.103) 0.093 0.000 (0.000-486.4) 0.195

Branch number 0.999 (0.998-1.000) 0.171 1.004 (0.995-1.014) 0.362

Junction number 0.997 (0.991-1.001) 0.179 1.013 (0.977-1.056) 0.489

Number of end-point voxels 1.000 (0.999-1.001) 0.517

Number of junction voxels 0.999 (0.999-1.000) 0.047 0.997 (0.993-0.999) 0.010

Number of slab voxels 1.000 (0.999-1.000) 0.214

Average branch length (mm) 1.000 (0.998-1.001) 0.601

Maximum branch length (mm) 1.000 (0.999-1.001) 0.575

Longest shortest path (mm) 1.000 (0.999-1.000) 0.555

OR: Odds ratio; CI: Confidence interval.

DISCUSSION
This study identified the number of junction voxels as a critical predictor of positive treatment outcomes in patients with 
nAMD undergoing anti-VEGF therapy. The developed predictive model, incorporating the fractal dimension, number of 
junction voxels, and longest shortest path, demonstrated high accuracy in forecasting 1-mo therapeutic responses. This 
model offers a valuable tool for personalized treatment planning in nAMD patients.

There is significant inter-individual variability in terms of disease progression and response to anti-VEGF therapy 
among patients with nAMD. Consequently, the challenge lies in tailoring precise, individualized treatment for each 
patient. Even though qualitative analysis of morphological CNV findings using OCTA can offer direct insights into the 
disease stage and activity status of CNV and hold clinical significance for treatment and prognosis[13-16], its application 
in clinical practice is subject to significant limitations. Indeed, our study revealed no significant correlation between the 
morphology of CNV on OCTA and the response to anti-VEGF treatment. Therefore, this study aimed to assess the 
vascular architecture of CNV using quantitative OCTA parameters at baseline to identify potential predictors of 
treatment response. Subsequently, this study aimed to construct a predictive model that provides insights into the risks 
and probabilities of adverse responses 1 mo after treatment.

The present study aimed to develop and evaluate a nomogram that integrates fractal dimension, the number of 
junction voxels, and the longest shortest path for predicting response to anti-VEGF therapy. Our comprehensive 
evaluation, encompassing ROC analysis, calibration curve assessment, and DCA, demonstrated satisfactory predictive 
accuracy and discriminative ability.

The fractal dimension represents a geometric index that delineates the complexity of vascular anatomy (normal range: 
0-2; a higher fractal dimension value indicates a more complex vascular network structure). Al-Sheikh et al[13] postulated 
that active CNV had a higher fractal dimension. Similar results were reported by Faatz et al[17], suggesting that the fractal 
dimension serves as a valuable parameter for assessing the activity of CNV, with a higher fractal dimension being 
positively associated with increased CNV activity. Furthermore, they concluded that the baseline fractal dimension of 
CNV can serve as a predictive factor for the response to anti-VEGF therapy. However, Coscas et al[16] showed conflicting 
results, suggesting that active CNV had a lower fractal dimension. A study conducted by Serra et al[18] also showcased 
that the fractal dimension could be helpful in objectively assessing the activity status of CNV and highlighted that a 
significantly lower fractal dimension characterized active CNV. As previously hypothesized by Carnevali et al[19], the 
fractal dimension was associated with the absence of core vessels, which likely indicates a more complex vascular 
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Figure 2 Morphological findings of choroidal neovascularization evaluated through qualitative analysis of optical coherence tomography 
angiography. A: A 51-year-old female patient with a "medusa" or "sea fan" pattern of choroidal neovascularization (CNV) in the oculus sinister; B: An 85-year-old 
male patient with a "long linear vessels" pattern of CNV in the oculus dexter; C: A 65-year-old female patient with an "indistinct network" pattern of CNV in the oculus 
sinister; D-F: Corresponding B-scan images showing the segmentation lines; G-I: Corresponding B-scan images with flow signals.

structure and may be considered a protective factor against exudative activity, thereby enhancing the effectiveness of 
anti-VEGF therapy. The fractal dimension was identified as a significant predictor in our study's univariate logistic 
regression analysis; however, it did not demonstrate independent significance as a risk factor for predicting response to 
anti-VEGF therapy in the multivariate logistic regression analysis, contrary to findings from previous studies. Different 
studies have yielded partially inconsistent results, which may be attributed to variations in sample size or discrepancies 
between observers across various studies. Although fractal dimension was not a significant predictor in multivariate 
logistic regression analysis, the final predictive model had the best diagnostic performance when it was included in the 
model.

The OCTA images of type 1 CNV have been previously described as exhibiting "sea fan," "medusa," or "tangled" 
patterns[20,21], while type 2 CNV has been characterized by a branching network of densely packed smaller caliber 
vessels radiating from the main trunk with a distinct demarcation[22,23]. The study by Suzuki et al[24] revealed that 
patients with type 1 CNV tend to develop resistance to anti-VEGF therapy, which can be attributed, at least partially, to 
the preserved barrier function of the RPE, impeding the rapid penetration of anti-VEGF drugs. The study conducted by 
Nakano et al[11], demonstrated that the mean vessel junction density of type 2 CNVs (8.69 ± 2.05/mm) was significantly 
higher than that of type 1 CNVs (7.30 ± 2.40/mm, P = 0.008). This finding suggested that type 1 CNVs exhibited a more 
significant presence of mature vessels and indicated their potential resistance against anti-VEGF therapy. Therefore, it 
could be inferred that vessel maturation contributed to the anti-VEGF resistance observed in type 1 CNVs. In line with 
this assumption, the study conducted by Kuehlewein et al[25] observed a higher incidence of large mature neovascular 
complexes in eyes with type 1 CNV compared to those with type 2 CNV, indicating an increased likelihood of poor 
responses to anti-VEGF treatment. Similarly, Jia et al[12] and Mettu et al[6] have identified that the specific subtype of 
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Figure 3 The constructed nomogram for predicting response to anti-vascular endothelial growth factor therapy. VEGF: Vascular endothelial 
growth factor.

Figure 4 A 74-year-old female patient with an "indistinct network" pattern of choroidal neovascularization in the oculus dexter. A: 3 mm × 3 
mm en-face optical coherence tomography angiography image showing the dense small vessels after removal of projection artifacts; B: Corresponding en-face 
choriocapillaris images were imported into ImageJ software for quantitative measurement of choroidal neovascularization parameters, including fractal dimension; C: 
End-point voxels in blue, slab voxels in orange, and junction voxels in purple; D: Longest shortest path in red.

CNV was significantly associated with the response to anti-VEGF therapy, suggesting that type 2 CNV exhibited a more 
favorable response to anti-VEGF treatment. Nevertheless, the response to long-term treatment may vary, particularly in 
cases of type 2 CNV. Daniel et al[26] and Daniel et al[27] revealed that patients with type 2 CNV exhibited an elevated risk 
of experiencing a suboptimal response to anti-VEGF therapy after five years of treatment compared to patients with other 
CNV subtypes, regardless of the specific drug or treatment regimen employed.

Three-dimensional skeletonization has been developed as an ImageJ plugin[28]; the plugin performs voxel 
segmentation in a skeleton image, accurately identifying junctions, triple and quadruple points, and branches while 
measuring their average and maximum length. Each voxel is classified into one of three types based on its neighboring 
voxels: (1) End-point voxels with less than two neighbors; (2) Junction voxels with more than two neighbors; and (3) Slab 
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Figure 5 Area under the receiver operating characteristic curve, calibration curve, and decision curve analysis for the model predicting 
anti-vascular endothelial growth factor therapy response. A: Receiver operating characteristic (ROC) curve for the predictive model; B: ROC curves 
based on 500 bootstrap re-samples; C: ROC curves comparing different models; D: Calibration curves based on 500 bootstrap re-samples; E: Calibration curves 
comparing different models; F: Decision curve analysis based on 500 bootstrap re-samples; G: Decision curve analysis comparing different models.

voxels with precisely two neighbors. The resulting classifications are displayed in a new window, where a unique color 
represents each classification. Note that, according to this notation, the number of junction voxels may differ from the 
number of junctions due to potential voxel adjacency. Despite previous studies explaining the seemingly superior anti-
VEGF responses in type 2 CNV cases, controversy remains. Our research not only observed an independent association 
between the number of junction voxels and predicting anti-VEGF response but also discovered that eyes with fewer 
junction voxels were more likely to exhibit a favorable response to anti-VEGF therapy, aligning with Daniel et al's and 
Daniel et al's findings suggesting poor anti-VEGF response in type 2 CNV cases characterized by dense vessel branching 
networks[26,27]. The variation in follow-up duration may account for the difference from most previous studies.

Although this study's univariate and multivariate analyses showed that the longest shortest path was not a significant 
and independent risk factor for anti-VEGF response, this study included the longest shortest path in the final prediction 
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model according to AIC screening variables. To our knowledge, the longest shortest path refers to the maximum distance 
that the shortest paths within the skeleton can cover in skeletal structure analysis. By comparing the longest and shortest 
paths of skeletal structures in different images, researchers can identify which structures are larger, more complex, or 
more interconnected. The longest shortest path offers information about the size and extent of the skeletal structure, with 
longer shortest paths typically indicating larger structures or longer branches. Complex structures often exhibit longer 
shortest paths due to multiple branches and junctions. If the shortest path is exceptionally long, it may indicate that 
certain parts of the structure are not interconnected through short paths, potentially indicating isolated or separate 
regions within the structure.

Our study has some limitations. On the one hand, the single-center study with a limited sample size had inherent 
selection biases. In order to mitigate this concern, we conducted 500 bootstrap re-samples to generate additional virtual 
samples from the original dataset, thereby increasing the sample size and mitigating the impact of sampling bias on the 
statistical power of the analysis. On the other hand, external data have not validated the risk prediction model, and its 
generalization performance remains unclear. Therefore, future studies should include external validation using larger 
datasets from other centers that can reliably predict outcomes.

CONCLUSION
In summary, the findings of our study suggest that the number of junction voxels is an independent predictor of the 
response to anti-VEGF therapy. The predictive model was established in combination with OCTA-measured parameters 
of CNV vascular architecture (including fractal dimension, the number of junction voxels, and the longest shortest path), 
demonstrating moderately good predictive efficacy and can assist clinicians in selecting individualized treatment for 
nAMD by predicting outcomes.
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