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General introduction and scope of thesis

INTRODUCTION

Sickle cell disease (SCD) is one of the most common hereditary red blood cell diseases 

worldwide and is predominantly seen in patients originating from Africa, southern Eu-

rope, the Middle East and India. The first documentation of SCD was by James B. Herrick 

in 1910, who reported “Peculiar elongated and sickle-shaped red blood corpuscles in a 

case of severe anemia”.1 Data on the global prevalence of SCD is scarce, but it is estimated 

that approximately 7.74 million individuals are affected worldwide.2 In the Netherlands, 

the current patient population is estimated to comprise approximately 2000 patients.3 

An incidence of 2.1 per 10.000 live births was reported for the period from 2003 to 2009.4 

A single point mutation in the β-globin gene, which is inherited in an autosomal reces-

sive pattern, causes formation of sickle hemoglobin (HbS) instead of normal adult 

hemoglobin (HbA). The most common and generally most severe type of SCD is the 

hemoglobin SS genotype (HbSS; “sickle cell anemia”), which occurs when the muta-

tion is inherited from both parents. However, other types of SCD can occur when the 

sickle cell mutation is inherited along with another abnormal hemoglobin gene, such as 

hemoglobin C (resulting in HbSC genotype) or beta-thalassemia (resulting in HbSβ+ or 

HbSβ0 genotype). Sickle hemoglobin polymerizes upon deoxygenation, leading to red 

blood cell rigidity and the characteristic sickle shape. This results in chronic hemolysis, 

recurrent vaso-occlusion and eventually in tissue ischemia and organ damage.5 The per-

sistent nature of SCD leads to a high incidence of complications, including pain crises, 

stroke, and organ failure. Life expectancy now often reaches into the sixth decade of life 

due to substantial advancements in treatment over recent decades, but SCD still leads 

to significant morbidity and mortality.6 

The retina is very susceptible to the ischemic damage from SCD, which can lead to sickle 

cell retinopathy (SCR). SCR is classically considered a peripheral retinopathy (see Figure 

1) and can be divided into non-proliferative SCR (NPSCR) and proliferative SCR (PSCR). 

Complications such as vitreous hemorrhage and retinal detachment can occur in PSCR, 

resulting in severe visual impairment. Furthermore, the macula (which is the central 

part of the retina) has been observed to undergo changes distinct from those seen in 

SCR, and these changes are referred to as sickle cell maculopathy (SCM). The functional 

consequences of SCM are still unclear, as it is typically asymptomatic.
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Sickle cell retinopathy

Sickle cell retinopathy (SCR) is the most common ocular complication of SCD, affecting 

the peripheral retina. The first report of SCD-related retinopathy was written in 1937 by 

Albert S. Harden, describing remarkable dilation and tortuosity of retinal vessels.7 In the 

1970s, the pivotal work of Robert B. Welch and Morton F. Goldberg on describing and 

classifying retinal abnormalities in SCD led to the development of the Goldberg classifi-

cation, which is still widely applied in current practice.8, 9 The Goldberg classification is 

based on vascular findings observed through fluorescein angiography (FA) and consists 

of five stages (see Table 1). However, many clinics do not routinely use FA, or may lack 

access to it. As a result, a more clinical classification based on fundoscopic examination 

is frequently used, categorizing SCR into non-proliferative SCR (NPSCR) and proliferative 

SCR (PSCR). 

NPSCR encompasses both vascular and fundoscopic abnormalities, including periph-

eral arteriolar occlusions and arteriolar-venular anastomoses (i.e. Goldberg stage I and 

II), salmon patches and black sunburst lesions. Salmon patches are well-defined retinal 

hemorrhages that are the result of acute vascular occlusion. The initially red hemor-

rhage gradually shifts to a salmon color as hemolysis occurs. An example of a salmon 

patch is displayed in Figure 2A. In the end, the salmon patch fades, leaving behind a 

retinal (atrophic) scar or iridescent spots, formed by deposits of macrophages and 

hemosiderin. Black sunburst lesions (see Figure 2B) are thought to develop as a reac-

Figure 1. Schematic representation of the peripheral retina and the macula

Table 1. Goldberg classification of sickle cell retinopathy

Stage I Peripheral arteriolar occlusions

Stage II Peripheral arteriolar-venular anastomoses

Stage III Neovascular and fibrous proliferations

Stage IV Vitreous hemorrhage

Stage V Retinal detachment
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tion to retinal hemorrhage, resulting from translocation and growth of retinal pigment 

epithelium cells.10, 11 NPSCR is considered a mild form of SCR and typically does not 

result in visual impairment. 

PSCR is characterized by the presence of neovascularization in the peripheral retina (i.e. 

Goldberg stage III), at the junction of the perfused and non-perfused area. Due to its typi-

cal fan-shaped configuration, this neovascularization is commonly referred to as “sea 

fan” neovascularization. An example of new-onset sea fans is demonstrated in Figure 

3A. Over time, a sea fan may develop a white appearance due to auto-infarction (Figure 

3B). This can result in spontaneous regression, which has been reported in 20-60% of 

cases.11 In case of persistent sea fans, PSCR can also cause temporary or permanent 

visual impairment, as sea fans can lead to vitreous hemorrhage (Goldberg stage IV) and 

tractional retinal detachment (Goldberg stage V).

Figure 2. Fundoscopic findings in non-proliferative sickle cell retinopathy. (A) illustrates a salmon patch and (B) displays two 

larger and one smaller black sunbursts on the inferonasal retina.
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For both NPSCR and PSCR, data on prevalence and incidence show significant heteroge-

neity, with studies presenting a wide range of values influenced by differences in study 

populations.11, 12 Numerous studies have explored risk factors of SCR, identifying various 

factors including HbSC genotype, older age and lower fetal hemoglobin percentage 

(HbF%).13-15 The diversity in these reported risk factors highlights the disparities in the 

risk of SCR among SCD patients, but the precise risk profile for the development and 

progression of SCR remains poorly defined.

The exact pathogenesis of SCR has also not been elucidated yet. Over the years, several 

studies aimed to clarify the underlying mechanisms of the development and progres-

sion of SCR. A combination of increased blood viscosity and endothelial activation is 

suggested to induce recurrent microvascular occlusion leading to ischemia.11 It is specu-

lated that this might increase angiogenic activity, resulting in the characteristic sea fan 

neovascularization.16 However, it is still unknown which factors play a significant role 

in the pathogenesis of SCR (particularly the factors that contribute to initial vascular 

occlusion in SCR), as the studies on this subject are scarce and still in an early phase.

Figure 3. Characteristic sea fan neovascularization. (A) shows new-onset sea fans at the border of the perfused retina and (B) 

demonstrates infarction of sea fans that leads to the white appearance.
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Management of SCR primarily consists of ophthalmologic screening through dilated 

fundoscopy. The overall recommendation is to start from the age of 10 years and to 

repeat the screening once every 1 or 2 years hereafter. This recommendation relies on 

expert consensus based on low quality evidence and the optimal frequency for indi-

vidual patients is not well defined, lacking sufficient data.11, 17 Screening aims to prevent 

vision-threatening complications by detecting SCR in early stages. Laser photocoagula-

tion of the peripheral ischemic retina, in analogy with the evidence-based successful 

laser treatment of proliferative diabetic retinopathy, was frequently used in PSCR to pre-

vent complications of neovascular lesions such as vitreous hemorrhage, retinal traction 

and retinal detachment, but the evidence supporting its efficacy in SCR is limited and 

ambivalent.18 Neovascular lesions usually regress spontaneously or remain stable for 

years and current literature shows no clear difference in outcomes between treated and 

untreated patients.18 As a result, the practice of monitoring neovascular lesions rather 

than intervening is becoming more common. More recently, the use of anti-VEGF intra-

vitreal injections has been reported, but evidence is limited with only two case reports 

showing regression of neovascular lesions and vitreous hemorrhage dissolution.19, 20

Sickle cell maculopathy

SCD-related abnormalities in the central part (the macula) of the retina, which are re-

ferred to as sickle cell maculopathy (SCM), have been reported since the early 1970s.21 

Typical abnormalities observed in SCM include macular thinning and disruption of the 

normal vascular structure, characterized by reduced vessel densities and (often irregu-

lar) enlargement of the foveal avascular zone (FAZ). In contrast to SCR, SCM is generally 

not visible on fundoscopy. Modern retinal imaging techniques such as optical coherence 

tomography (OCT) and optical coherence tomography angiography (OCTA) are more 

effective for detecting SCM. Figure 4 illustrates a normal OCT-scan (A and B) and an ab-

normal OCT-scan (C and D), where macular thinning is present. Vascular abnormalities 

can be visualized with OCTA scans, as demonstrated in Figure 5.
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Figure 4. Spectral Domain OCT (SD-OCT) scans. (A) and (B) illustrate a normal SD-OCT scan. (C) demonstrates an area of 

macular thinning as indicated with the yellow arrows on the B-scans. (D) shows the corresponding retina map with blue seg-

ments indicating local macular thinning.

Figure 5. OCTA scans. (A) demonstrates a normal OCTA scan. (B) shows loss of the normal vascular structure around the FAZ, 

leading to an irregular perimeter of the FAZ.
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The functional consequences of SCM are still unclear, as it is typically asymptomatic. 

However, scotomas on visual fields, reduced contrast sensitivity and loss of color vision 

have been previously reported in SCD patients with severely diminished vessel density 

on OCTA, even when the visual acuity was unaffected.22 Neither how quickly macular 

abnormalities develop and progress in SCD, nor its impact on subsequent visual func-

tion loss are known since longitudinal studies (especially among adult SCD patients) are 

lacking.

Similar to SCR, the underlying pathogenesis of SCM has not been elucidated yet. Macular 

thinning has been reported to correlate with more advanced peripheral changes, sug-

gesting a common pathophysiologic mechanism, and it was therefore hypothesized that 

macular thinning could serve as a surrogate marker for SCR.23 However, several studies 

found a correlation with features more related to the HbSS genotype, which is normally 

characterized by vaso-occlusion outside the eye rather than causing peripheral retinal 

ischemia and subsequent vascular proliferation.24-27 Despite these observations, it re-

mains largely unclear which individuals are at risk for developing SCM.

Currently, there are no established screening protocols or therapeutic options available 

for SCM. This is largely due to the significant gaps in the understanding of its natural his-

tory, including its long-term progression and the extent to which it correlates with visual 

function. These uncertainties make it challenging to determine whether screening for 

SCM is necessary (including determining the best timing and methods for detection) as 

well as the need for developing interventions to mitigate visual outcomes.
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THESIS AIMS AND OUTLINE

The primary aim of this thesis is to gain insights into the underlying pathogenesis and 

into the natural history of SCR and SCM. By unraveling the mechanisms contributing to 

these ocular complications, this thesis aims to increase our understanding of their de-

velopment and progression. These insights are crucial for clinical decision-making and 

can pave the way for improved management strategies, ultimately benefiting patient 

outcomes.

Chapter 1 provides a general introduction to the topic, offering essential background 

information on SCR and SCM. This chapter outlines the current gaps in knowledge and 

defines the objectives of this thesis. Chapter 2 delves into an in-depth review of the 

existing literature on risk factors for SCR and SCM. It summarizes the current evidence, 

while highlighting the critical areas where knowledge remains limited, setting the stage 

for subsequent chapters. Chapter 3 reports on the results of a long-term retrospective 

evaluation of SCR, analyzing its natural history and rate of progression in a cohort of 

well-monitored, adult SCD patients. This study provides valuable insights into the rate 

and patterns of SCR progression. Following the introduction of SD-OCT and OCTA scans 

into the ophthalmic screening regimen for SCD patients, a more detailed investigation 

of SCM has become possible. Chapter 4 focuses on the findings of the cross-sectional 

evaluation of SCM on SD-OCT and OCTA, analyzing the largest cohort of patients to date. 

Expanding upon these findings, Chapter 5 reports on a pioneering longitudinal study 

involving SCD patients with multiple visits. This is the first study incorporating longitudi-

nal OCTA-data among adult SCD patients, providing insights into the progression of SCM 

over time. Next, the focus of this thesis shifts to exploring the underlying pathogenesis 

of SCR and SCM. Chapter 6 examines the role of red blood cell characteristics, such as 

deformability and point of sickling, and blood viscosity in SCR and SCM, offering new 

perspectives on potential contributing factors. Expanding this exploration, Chapter 7 fo-

cuses on associations between angiogenesis biomarkers and SCR and SCM, presenting 

novel findings that could deepen the understanding of their complex pathophysiology. 

In Chapter 8, the focus of this thesis shifts to the prospective evaluation of SCR and SCM 

after allogeneic hematopoietic stem-cell transplantation. This chapter explores the im-

pact of stem cell transplantation on the progression of SCR and SCM, providing crucial 

insights into the effect of curative treatment of SCD. Finally, a summary and general 

discussion is presented in Chapter 9, integrating the results from all chapters and reflect-

ing on their clinical and scientific implications.
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ABSTRACT

Sickle cell retinopathy (SCR) is a complication of sickle cell disease (SCD) and can drasti-

cally impair visual acuity. Screening for SCR is therefore recommended, but evidence 

for optimal screening frequency on an individual level is lacking. This scoping review 

mapped the current evidence on risk factors for SCR and sickle cell maculopathy (SCM). 

A literature search (in Medline(Ovid), Embase(Ovid) and Scopus) resulted in 67 included 

articles, which covered demographic risk factors, genetic risk factors, systemic therapy, 

correlations with other forms of SCD-related organ damage and hematological risk fac-

tors. SCR risk factors include older age, male sex, HbSC genotype, hemolysis and HbF% 

<15% (in HbSS) and increased blood viscosity (in HbSC). For SCM, risk factors are older 

age, HbSS genotype and higher degree of hemolysis. The pathophysiology of SCR and 

SCM appears multifactorial, but distinct patterns emerge suggesting that vaso-occlusion 

and hemolysis cause SCM and NPSCR in HbSS, while hyperviscosity in HbSC leads to pe-

ripheral retinopathy. We recommend yearly screening for high-risk (older HbSC males) 

and triennial screening for low-risk (young females HbSS with HbF>15%) patients to 

ensure comprehensive yet proportionate ophthalmic care. However, to elucidate the 

sense and nonsense of screening, future studies are needed on the role of interventions 

for SCR and the long-term consequences of SCM.
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a scoping review of the current evidence

INTRODUCTION

Sickle cell disease (SCD) is an inherited hemoglobinopathy leading to chronic hemo-

lysis, inflammation and vaso-occlusion, resulting in ischemic organ damage. The 

retina is sensitive to ischemia, which can cause sickle cell retinopathy (SCR) or sickle 

cell maculopathy (SCM). SCR is observed in many SCD patients and can be subclassified 

into non-proliferative SCR (NPSCR) and proliferative SCR (PSCR). NPSCR is characterized 

by retinal abnormalities like black sunbursts, salmon patches, and peripheral vascular 

tortuosity or occlusions. In contrast, PSCR is marked by peripheral neovascularization 

that can result in vitreous hemorrhage and retinal detachment, potentially leading to 

visual impairment. Many pathophysiological aspects have been suggested to contribute 

to the development of SCR including endothelial activation, increased viscosity leading 

to local vascular obstruction, ischemia and angiogenesis.1,2

Sickle cell maculopathy results from SCD-related damage to the central part of the 

retina (the macula) and includes abnormalities such as local macular thinning, foveal 

avascular zone enlargement and lower vessel densities. These conditions are all classi-

fied under SCM, a broader term for these specific changes. Many studies on SCM often 

focus on a limited set of its features. SCM abnormalities are detectable through spectral-

domain optical coherence tomography (SD-OCT) and optical coherence tomography 

angiography (OCTA).3,4 The functional consequences of SCM are unclear, but scotomas 

on visual fields, reduced contrast sensitivity and loss of color vision have been reported 

in SCD patients with severely diminished vessel density on OCTA, even when visual acu-

ity was unaffected.5

With rising life-expectancy of SCD patients due to improved treatments and preventive 

measures like neonatal screening, vaccinations and stroke screening, the risk of SCR 

has probably increased.6,7 While NPSCR and SCM generally do not impair vision, PSCR 

can drastically impair visual acuity if complications occur. Currently, ophthalmologic 

screening is recommended for all SCD patients by dilated fundoscopy every one/two 

years, starting at the age of ten, although the optimal frequency for individual patients 

is not well defined, lacking sufficient evidence.1,8 A personalized risk-based approach 

could enhance monitoring of patients at risk of sight-threatening complications while 

avoiding redundant hospital visits in low-risk patients. To distinguish between high-risk 

and low-risk patients, knowledge about risk factors for SCR and SCM is important.

Several studies on SCR, SCM and their risk factors have been published.9-12 However, 

there has been no recent comprehensive review of the current literature. This scoping 

review aims to systematically map the literature in this area. The focus will be on the 



24

Chapter 2

following research questions. 1) What is known about risk factors for SCR and SCM in 

SCD patients? 2) What is the current evidence supporting screening and the optimal 

frequency for SCR and SCM? 3) What are the current knowledge gaps?

METHODS

This scoping review was conducted in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR).13 

The review protocol is available upon request.

A literature search (in Medline [Ovid], Embase [Ovid], and Scopus) was performed from 

inception up to May 23, 2023, in collaboration with a medical information specialist 

(AM). The search included controlled terms and free text terms for synonyms of ‘sickle 

cell disease’ combined with synonyms of ‘retina disease’ and/or ‘incidence’. The search 

was performed without restrictions for methodology, date or language. Reference lists 

of relevant articles were manually reviewed for additional publications. The full search 

strategies can be found in Online Supplementary Appendix A. Duplicate articles were 

excluded by an in-house deduplication tool.

To be included, studies had to focus on risk factors for SCR or SCM in children and/or 

adults with SCD. Only randomized controlled trials, cross-sectional studies, and cohort 

studies were considered. Case reports, letters, commentaries, and editorials were ex-

cluded. Studies published in English, Dutch, and French were included.

After collection and deduplication in Endnote (version 20, Clarivate Analytics), two 

authors (RPB and GK) independently screened titles, abstracts, and then full texts of 

the articles obtained from the literature search. Disagreements regarding eligibility 

were resolved through discussion; a third author (RMHD) was consulted if needed. Data 

extraction was performed by RPB and GK. The following data were collected: first author 

and publication year, country, study design, participant characteristics (including age, 

sex, genotype, stage of retinopathy), and reported risk factors for SCR.

RESULTS

Literature search and study characteristics

The database search identified 821 records and an additional 28 records were identified 

through reference searching. After deduplication, 587 records were screened on their 
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title and abstract. Full-text articles were sought for 117 records after title and abstract 

screening. For 18 records, the full text articles could not be retrieved. Full-text screening 

was performed for 99 articles. 32 articles were excluded for not reporting risk factors for 

SCR or not providing information on screening; 67 articles were included in this review. 

A flow diagram of the selection process is shown in Figure 1.

Demographic risk factors and comorbidity

Table 1 provides an overview of identified risk factors. Older age was a risk factor for 

SCR in adult and pediatric populations.2,9,10,14-32 This was consistent across all genotypes, 

with HbSC patients diagnosed at a lower age than HbSS patients.16,32 Older patients had 

more peripheral retinal abnormalities and patients with PSCR were older than patients 

with NPSCR in both HbSS and HbSC genotypes.15,16,21,27,28,31 One study reported that the 

risk of developing PSCR was 1.8 times greater in those aged 25 compared to those aged 

Figure 1. Flow diagram for literature search
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20 years (95% CI: 1.5-2.3), 2.1 times greater in those aged 20 versus 15 years (95% CI: 

1.7-2.9) and 2.9 times greater in those aged 15 versus 10 years (95% CI: 2.1-2.9).16 Regard-

ing SCM, older age was associated with (para)macular atrophy/thinning and decreased 

vessel densities in the superficial capillary plexus (SCP) and deep capillary plexus 

(DCP).12,33-35 One study reported an association between younger age and frequency 

of perimacular capillary abnormalities (e.g., microaneurysms and hairpin loops) on 

fluorescein angiography.36

Ten studies examined associations between sex and SCR. In nine studies, male sex cor-

related with NPSCR and PSCR.10,17-19,21,23,28,37,38 This association was demonstrated in both 

adult (adjusted Odds Ratio [aOR] 2.58, 95% CI: 1.39-4.81, P=0.003) and pediatric (OR 

4.20, 95% CI: 1.58-11.14, P=0.004) populations.19,37 After adjustment for age, genotype 

and HbF%, female sex was associated with absence of SCR at follow-up in a retrospec-

tive 11-year follow-up analysis among 129 SCD patients (aOR 2.56, 95% CI: 1.101-5.931, 

P=0.029).10 One study demonstrated more retinal vascular tortuosity in female pediatric 

patients (43% vs. 18%, P=0.030).39

Two publications from a Jamaican cohort study reported an association between SCR 

and weight/height. In the first publication, lower weight and height were associated 

with peripheral retinal vaso-occlusion in patients with HbSC disease,40 but in a later 

publication this association was only described at a lower weight in HbSS patients.21

One study in mainly HbSS patients reported a (borderline) independent association 

between high systolic blood pressure and SCR (OR 6.85, 95% CI: 1.05-44.45, P=0.059).41 

Hypertension was also independently associated with macular thinning in a USA-based 

SD-OCT study.42

Smoking was studied as a risk factor for SCR in the Cooperative Study of Sickle Cell 

Disease (CSSCD), showing associations with SCR in general (OR 1.67, 95% CI: 1.22-2.28, 

P=0.001) and with PSCR specifically (OR 1.66, 95% CI: 1.16-2.37, P=0.005).9

In a Nigerian study among pediatric SCD patients, data on parental profession and edu-

cation were collected, as a measure of social class.43 A higher social class was shown to 

be a protective factor against ocular abnormalities (OR 0.45, 95% CI: 0.21-0.95, P=0.037).
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Genetic risk factors

Table 2 outlines the identified genetic risk factors. 

Genotype/a-thalassemia

HbSC genotype was a risk factor for SCR in most studies.10,11,14-18,20,26,29,30,32,38,41,44-49 Specifi-

cally, the presence of black sunbursts, iridescent spots, non-perfusion areas, arteriove-

nous shunts, and neovascularization correlated with this genotype.14,25,42,50 One study 

reported increased ischemia in HbSC versus HbSS genotype.51 SCR severity and bilateral 

involvement were also associated with HbSC.17,52 Furthermore, sight-threatening compli-

cations (vitreous hemorrhage and retinal detachment) were correlated with HbSC.38,42,53 

Fewer studies reported on other genotypes. One study that only included HbSS/ HbSβ+ 

patients reported that HbSS was associated with increased odds of SCR compared to 

HbSβ+ (OR 20.0, 95% CI: 3.464-115.446, P<0.001).2 Another small study, which was ham-

pered by inclusion of only 3 HbSC patients, reported an association between HbSS and 

SCR.54 Furthermore, two studies reported increased retinal vascular tortuosity in HbSS 

genotype compared to HbSC/HbSβ-thalassemia.14,42

In a study reporting on the effect of Hb-genotype on untreated PSCR, spontaneous 

regression of neovascularization was associated with HbSS.27 HbSS patients without 

Table 1. Demographic risk factors and comorbidity

Risk factor Association with SCR Association with SCM References

Age ·	 	Older age (in both adult and pediatric  

populations)

·	 	Lower age at diagnosis in HbSC compared 

with HbSS

·	 	SCR severity (and therefore the risk of  

developing PSCR) increases with age

·	 	Older age associated with 

(para)macular atrophy/

thinning + decreased vessel 

densities in superficial and 

deep capillary plexuses

2, 9, 10, 12, 

14-35 

Sex ·	 	Male sex associated with NPSCR and PSCR

·	 	Female sex associated with absence of SCR

- 10, 17-19, 

21, 23, 28, 

37-39

Weight/height ·	 	Lower weight + height associated with 

peripheral retinal vaso-occlusion in HbSC

·	 	In later publication, lower weight associated 

with peripheral retinal vaso-occlusion in 

HbSS

- 21, 40

Systolic blood 

pressure

·	 	High systolic blood pressure borderline  

association with SCR

·	 	Hypertension associated 

with macular thinning

41, 42

Smoking ·	 	Associated with SCR (in general and PSCR 

specifically)

- 9

Social class 

(parental edu-

cation)

·	 	Higher social class is protective against 

ocular abnormalities

- 43

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, PSCR = proliferative sickle cell retinopathy
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a-thalassemia (N=180) had more ocular abnormalities than HbSS patients with a-thal-

assemia (N=9).21 Associations between SCM and Hb-genotype have also been described. 

Several studies reported more macular thinning in HbSS/ HbSβ-thalassemia than in 

HbSC.35,42,54-57 Lower vessel densities in the SCP and DCP were associated with HbSS in 

one study,48 but another study reported this association for HbSC.58

Polymorphisms/haplotypes

One study on polymorphisms of endothelial nitric oxide synthase (eNOS) demonstrated 

a higher prevalence of SCR in HbSS/HbSβ0 patients with the 786CC polymorphism 

(which is associated with more vasoconstriction), although no difference was found in 

eNOS expression between these variants.59 Another study demonstrated that the IL-6-

597G>A polymorphism is correlated with SCR (P=0.010).60

The impact of the haplotypes of β-globin on SCD-related organ damage among HbSC 

patients was examined in one study.61 Patients with the [+--++] haplotype of the βC-allele 

(as previously defined by Boehm et al.62) were grouped as βCI patients and patients 

with other (less common) haplotypes were grouped as non-βCI patients. SCR was more 

common in non-βCI patients than in βCI patients (67% vs. 33%, P=0.049). SCR onset 

was earlier in non-βCI patients (P=0.026). In patients that concurrently inherited the βS 

Ben haplotype, the development of SCR was more common in non-βCI patients than in 

βCI-patients (P=0.028).

Table 2. Genetic risk factors

Risk factor Association with SCR Association with SCM References

HbSC ·	 Associated with SCR (both NPSCR and PSCR)

·	 Associated with bilateral involvement and 

sight-threatening complication

·	 Higher ischemic index than HbSS

·	 Lower vessel densities 

in superficial and deep 

capillary plexus

10, 11, 14-

18, 20, 25, 

26, 29, 30, 

32, 38, 41, 

42, 44-53, 

58

HbSS and 

HbSβ-

thalassemia

·	 Increased odds of SCR compared to HbSβ+ 

·	 Increased vascular tortuosity in HbSS com-

pared to HbSC/HbSβ-thalassemia

·	 Associated with spontaneous regression of 

neovascularization

·	 More ocular abnormalities in non-alpha-thalas-

semia HbSS patients

·	 More macular thinning 

in HbSS and HbSβ-

thalassemia than in HbSC

·	 Lower vessel densities 

in superficial and deep 

capillary plexus

2, 14, 21, 27, 

35, 42, 48, 

54-57

eNOS 786CC 

polymorphism

·	 Associated with SCR - 59

IL-6−597G>A 

polymorphism

·	 Associated with SCR - 60
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Systemic therapy

Table 3 summarizes the identified associations with systemic therapy.

Chronic transfusion 

Transfusion therapy decreased the likelihood of developing PSCR (aOR 0.64, 95% CI: 

0.41-0.99, P=0.050) in one study.9 This finding was corrected for age, sex, Hb genotype 

and other SCD-related organ complications. One prospective study described the im-

pact of transfusion therapy on SCM: decreased foveal width and increased foveal depth 

were associated with chronic transfusion therapy (not corrected for genotype, age, sex 

or other SCD-related complications), indicating a better foveal contour.63 Interestingly, 

the total and outer retinal thickness of the temporal macula were decreased in patients 

receiving chronic transfusion therapy, a finding the study hypothesized may have been 

present prior to the start of therapy.

Hydroxyurea

Hydroxyurea treatment has been linked to decreased risks of SCR and SCM. This was 

demonstrated in a study of 60 pediatric HbSS/HbSβ-thalassemia patients that related 

hydroxyurea non-adherence to SCR (P<0.001).22 Another cross-sectional study among 

15 pediatric patients (8 HbSS, 3 HbSC, and 4 HbSβ-thalassemia) demonstrated that 

the absence of/non-adherence with hydroxyurea treatment was associated with SCR 

(P=0.010), macular thinning and vessel abnormalities in the DCP (P=0.046).54

Chelation

One study among 30 SCD patients demonstrated that chronic chelation therapy was a 

protective factor for SCM with a 94.2% decrease in the odds (P=0.0187).64 Data on SCR 

were not included.

Table 2. Genetic risk factors (continued)

Risk factor Association with SCR Association with SCM References

Haplotypes of 

β-globin

·	 non-βCI associated with SCR

·	 earlier onset of SCR in non-βCI

·	 Concurrent inheritance of βS Ben haplotype 

leads to more risk of SCR in non-βCI

- 61

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = prolifera-

tive sickle cell retinopathy
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Sickle cell-related organ damage and complications

Table 4 summarizes the associations with SCD-related organ damage and complications.

Cerebral complications

A history of stroke was associated with SCR in HbSS/HbSβ0 populations and was spe-

cifically associated with PSCR in one study (aOR 1.91, 95% CI: 1.03-3.53, P<0.050).22,65 

A correlation with higher flow velocity in the middle cerebral arteries on transcranial 

Doppler was also demonstrated in patients with SCR.22 Furthermore, stroke (including 

silent infarcts), cerebral vasculopathy, seizures and impaired cerebral oxygenation were 

associated with SCM in all genotypes.34,42,55,63

Pulmonary complications

Pulmonary hypertension (arterial pulmonary pressure ≥40 mmHg) was associated 

with advanced PSCR stages in HbSC patients in a retrospective study including HbSS/

HbSC patients.19 In HbSS patients, PSCR was also correlated with a history of acute 

chest syndrome (ACS). Conversely, another study with only HbSS patients reported 

chronic pulmonary damage as a protective factor for PSCR (aOR 0.46, 95% CI: 0.22-0.96, 

P<0.050).65 Regarding SCM, one study among HbSS/HbSβ-thalassemia patients reported 

that a history of >1 ACS episodes was associated with increased foveal depth and total 

retinal thickness.63 Another study that also included HbSC patients found a correlation 

between >1 ACS episodes and SCM.55

Renal complications

No correlation between microalbuminuria and SCR has been reported. PSCR was associ-

ated with acute pyelonephritis and hematuria.9,19 Hematuria was associated with NPSCR 

and PSCR (aOR 1.53, 95% CI: 1.01-2.23, P=0.050).9 Another study, which did not include 

patients with PSCR, reported a correlation between a higher glomerular filtration rate 

and NPSCR.12 One study reported that a history of renal failure in HbSS patients was a 

protective factor for PSCR (aOR 0.27, 95% CI: 0.12-0.61, P<0.010).65

Table 3. Systemic therapy

Risk factor Association with SCR Association with SCM References

Transfusion therapy ·	 Decreased likelihood of 

PSCR

·	 Decreased foveal width and depth

·	 Decreased retinal thickness of  

temporal macula

9, 63

Hydroxyurea ·	 Protective against SCR ·	 Protective against macular thinning 

and vessel abnormalities in deep 

capillary plexus

22, 54

Chronic chelation therapy - ·	 Protective against SCM 64

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, PSCR = proliferative sickle cell retinopathy
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Vaso-occlusive events

Three studies demonstrated that the occurrence and frequency of vaso-occlusive painful 

events were positively correlated with SCR.22,37,54 In one of these studies, macular thinning 

and flow voids in the DCP were also associated with the prevalence of painful events.54 

Biliary complications - Biliary complications (including gall-stones/cholecystectomy and 

cholecystitis) were associated with SCR in HbSS and HbSC patients.19,26,65 One of these 

studies demonstrated that a history of biliary tract complications was independently 

associated specifically with PSCR (aOR 1.93, 95% CI: 1.20-3.09, P<0.010).65

Splenic complications

A history of hypersplenism (including splenic sequestration) was associated with lower 

PSCR prevalence (aOR 0.48, 95% CI: 0.23-0.97, P<0.050) in a study among 1,056 HbSS 

patients.65 However, another study among HbSS/HbSC/HbSβ-thalassemia patients re-

ported that splenic sequestration was correlated with SCR (OR 4.00, 95% CI: 1.34-11.97, 

P=0.013).37 Another study (among HbSS/HbSβ-thalassemia patients) demonstrated an 

increased splenectomy rate in patients with SCR (P=0.004).24

Avascular necrosis

One study among 60 HbSS/HbSβ-thalassemia pediatric patients reported an associa-

tion between SCR and avascular necrosis (AVN) (P<0.001).22 Another study reported that 

AVN was more prevalent among patients with PSCR than patients with NPSCR (P<0.001), 

but this association was not significant in a multivariate analysis.9 A third study found no 

association between AVN and SCR.17

Leg ulcers

In the Cameroon CADRE cohort study with 84 HbSS patients, patients with leg ulcers 

were less likely to have SCR (OR 0.27, 95% CI: 0.09-0.78, P=0.018).28 However, this as-

sociation was not corrected for genotype, Hb level or hematocrit (Ht).

Hearing problems

In a retrospective study among 942 HbSS and HbSC patients, severe PSCR was indepen-

dently correlated with deafness and tinnitus in HbSC patients, but not in HbSS patients.19

Thrombosis

Decreased macular thickness on SD-OCT was independently associated with a history 

of deep vein thrombosis in a study among 260 patients (HbSS/HbSC/ HbSβ-thalassemia 

genotypes).42 No studies on the relation with SCR were found.



32

Chapter 2

Laboratory risk factors

An overview of laboratory risk factors is outlined in Table 5. 

Hemoglobin level 

Multiple studies reported associations with higher Hb levels. SCR correlated with higher 

Hb levels in both HbSS and HbSC,9,15,18,22,28,47,66,67 predominantly based on a correlation 

with PSCR in male patients.18,66,67 One study identified a threshold of Hb > 8g/dL (HbSS) 

and >10 g/dL (HbSC) as best fitting regarding SCR risk, adjusted for age and sex.15 In con-

trast, two studies reported associations between lower Hb levels and non-proliferative 

Table 4. Sickle cell related organ damage and complications

Risk factor Association with SCR Association with SCM References

Cerebral 

complications

·	 History of hemorrhagic/ischemic stroke (in-

cluding silent infarcts) associated with SCR

·	 Higher flow velocity middle cerebral arteries 

associated with SCR

·	 Cerebral vasculopathy, seizures and impaired 

cerebral oxygen delivery associated with SCR

- 22, 34, 42, 

55, 63, 65

Pulmonary 

complications

·	 Pulmonary hypertension associated with 

advanced stages of PSCR in HbSC

·	 Acute chest syndrome correlated with PSCR in 

HbSS

·	 Chronic pulmonary damage protective against 

PSCR in one study 

·	 History of >1 episode of 

acute chest syndrome 

associated with increased 

foveal depth + higher 

retinal thickness (HbSS/

HbSβ-thalassemia)

19, 63, 55, 

65

Renal 

complications

·	 Acute pyelonephritis associated with PSCR

·	 Hematuria associated with SCR

·	 Higher glomerular filtration rate associated 

with NPSCR

·	 History of renal failure associated with lower 

risk of PSCR (HbSS)

- 9, 12, 19, 65

vaso-occlusive 

events

·	 Associated with SCR ·	 More macular thinning 

and flow voids in deep 

capillary plexus

22, 37, 54

Biliary 

complications

·	 Associated with SCR - 19, 26, 65

Splenic 

complications

·	 Hypersplenism protective against PSCR

·	 Splenic sequestration and splenectomy 

associated with SCR

- 65, 37, 24

Avascular 

necrosis

·	 Associated with SCR - 22, 9

Leg ulcers ·	 Protective against SCR - 28

Hearing 

problems

·	 Associated with severe PSCR in HbSC patients - 19

Thrombosis - ·	 Associated with macular 

thinning

42

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = prolifera-

tive sickle cell retinopathy
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abnormalities.12,21 In one of these studies, which reported this association for HbSS, this 

correlation was only adjusted for HbF,21 while the other study, performed among both 

HbSS and HbS-variant patients, was also adjusted for Ht, mean corpuscular value (MCV), 

reticulocyte percentage and total bilirubin.12

Hematocrit

Lower Ht was associated with NPSCR in three studies.12,34,57 However, this association re-

mained significant in a multivariate analysis (correcting for Hb level) in only one of them 

(aOR 0.037, 95% CI: 0.003-0.505, P=0.013).12 Another study found a higher Ht correlated 

with SCR in both univariate and multivariate analyses.15 Regarding SCM, the opposite 

phenomenon was reported. Macular ischemia/thinning was associated with lower Hb/

Ht levels.12,34,56,57 One of these studies reported that in HbSS, a 0.12 mm3 decrease in 

macular volume, a 7-10 µm decrease in retinal thickness of the temporal macula, and 

a 3 µm decrease in the average macular thickness were correlated with a one point 

decrease in Hb level.56 

Red cell indices

Higher MCV was correlated with SCR in HbSS and HbSC genotype and in both sexes.12,18,21,23 

The use of hydroxyurea, which increases MCV, is only described in one of these studies 

(where only 2 of 18 patients used hydroxyurea) and the described correlation between 

MCV and SCR was not corrected for the use of hydroxyurea.12 However, one study among 

HbSS/HbSβ-thalassemia patients found a correlation between retinal patches (NPSCR) 

and lower MCV.68 PSCR was associated with elevated mean corpuscular hemoglobin 

concentration (MCHC) in HbSS and HbSC genotype.23,66 Furthermore, patients without 

PSCR had a lower mean cell Hb (MCH) than patients with PSCR in a study among HbSC 

patients.69 Increased red cell distribution width (RDW) was associated with SCR in an-

other HbSC population.15

HbF%

All studies reporting on fetal hemoglobin percentage (HbF%) demonstrated negative 

associations between HbF% and SCR.9,10,12,15,18,19,21,23,26,40,52,54,66-71 This association was 

found for both sexes, for all genotypes and remained significant after adjusting for 

hydroxyurea use, age, genotype, Hb level, and a history of gallstones.18,26,70,71 HbF<15% 

was an independent predictor for SCR in two retrospective studies among children and 

adolescents.70,71 The first study was performed among 123 pediatric HbSS patients with a 

median age of 13 years.70 The second study was performed among 42 pediatric patients 

(mean age 14±1.98 years) with HbSS/HbSC/HbS-thalassemia/ HbSO-arab genotypes.71 

Another retrospective study among 300 adult patients (HbSS/HbSC/HbS-thalassemia or 

HbS/ HPHF genotypes) reported that HbF>15% reduced the risk of SCR by half.26
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HbS%

SCR was associated with higher HbS percentage (HbS%) in three studies. The first, a 

prospective study among pediatric HbSS/HbSβ-thalassemia patients, did not correct 

this finding for genotype.22 However, another study among pediatric HbSS/HbSβ-

thalassemia patients did correct for genotype and the association remained significant 

(aOR 1.135, 95% CI: 1.049-1.228, P=0.002).2 The last study demonstrating an association 

between higher HbS% and SCR included only HbSS patients.72 Furthermore, irreversibly 

sickled cell (ISC) count was correlated with the extent of retinal vaso-occlusion in a study 

among pediatric patients from the Jamaican cohort study.40

Leukocyte and platelet count

Lower leukocyte count was correlated with SCR among HbSS/HbSβ0 patients (P=0.011) 

in a large retrospective study among 1,604 HbSS/HbSC/ HbSβ-thalassemia patients.15 

This correlation was not found for the HbSC genotype.

A study among HbSS and HbSC patients from Guadeloupe demonstrated that patients 

with NPSCR had a lower platelet count than patients with PSCR.73 This analysis was 

also performed for HbSC genotype separately (which remained significant). A lower 

International Normalized Ratio (INR) was correlated with SCM in a cross-sectional study 

among HbSS/ HbSC/HbSβ+/HbS-Lepore patients (P=0.010).57 This study did not report 

on associations between SCR and INR.

Markers of hemolysis

SCR and SCM were associated with higher reticulocyte counts in multiple studies in 

HbSC, HbSS and HbSβ-thalassemia.12,40,54,55 One study reported an association between 

NPSCR and PSCR and higher reticulocyte counts in their univariate analysis, but in the 

multivariate analysis a negative correlation between reticulocyte counts and PSCR was 

found (aOR 0.95, P=0.011).9 Associations with SCR and lactate dehydrogenase (LDH) were 

not reported. An association between SCM and elevated LDH levels was found in a study 

among 78 patients including HbSS/HbSC/ HbSβ+/HbS-Lepore genotypes (P=0.007).57 

Their multivariate analysis demonstrated that increased LDH levels were associated 

with an increase in the foveal avascular zone (P=0.020). The correlation between biliru-

bin and SCR was evaluated by one study. Total bilirubin levels were increased in patients 

with NPSCR (aOR 12.0, 95% CI: 1.3-111.3, P=0.029) and SCM (aOR 16.3, 95% CI: 1.3-197.8, 

P=0.028) in this study among 18 pediatric HbSS/HbSC/HbSβ+ patients.12 None of their 

patients had PSCR.
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Ferritin

One study reported a negative correlation between serum ferritin levels and advanced 

stages of PSCR in HbSC patients in a large retrospective study performed among 942 

SCD patients (HbSS and HbSC).19

Table 5. Laboratory risk factors

Risk factor Association with SCR Association with SCM References

Hb-level ·	 Positive correlation with SCR

·	 Best threshold: Hb >8 g/dL (HbSS), Hb 

>10 g/dL (HbSC)

·	 Two studies found association  

between lower Hb levels and NPSCR

·	 Lower Hb levels linked to 

macular ischemia and  

thinning

9, 12, 15, 18, 

21, 22, 28, 

47, 66, 67

Hematocrit ·	 Lower hematocrit associated with 

NPSCR in three studies

·	 Higher hematocrit associated with SCR 

in one study

·	 Lower hematocrit  

associated with macular 

ischemia and thinning

12, 15, 34, 

56, 57

MCV ·	 Higher MCV correlated with SCR in 

multiple studies

·	 One study found correlation between 

lower MCV and retinal patches (NPSCR) 

in HbSS/HbSβ-thalassemia

- 12, 18, 21, 

23, 68

MCHC ·	 Positive correlation with PSCR - 23, 66

MCH ·	 Positive correlation with PSCR - 69

RDW ·	 Positive correlation with SCR - 15

HbF% ·	 Protective against SCR

·	 HbF < 15% independent predictor for 

SCR

·	 HbF > 15% reduces risk of SCR by half

- 9, 10, 12, 

15, 18, 19, 

21, 23, 26, 

40, 52, 54, 

66-71

HbS% and ISC ·	 Positive correlation with SCR

·	 Higher ISC correlated with extent of 

retinal vaso-occlusion

- 2, 22, 40, 72

Leukocyte count ·	 Negative correlation with SCR in HbSS/

HbSβ0

- 15

Platelet count and INR ·	 Positive correlation with SCR (higher in 

PSCR than in NPSCR)

·	 Lower INR associated with 

SCM

57, 73

Reticulocyte count ·	 Higher counts associated with SCR (but 

negatively correlated in multivariate 

analysis of one study)

·	 Higher counts associated 

with SCM

9, 12, 40, 

54, 55

LDH - ·	 Elevated LDH associated 

with SCM (increase of FAZ)

57

Bilirubin ·	 Increased bilirubin associated with 

NPSCR

·	 Increased bilirubin  

associated with SCM

12

Serum ferritin levels ·	 Negative correlation with advanced 

PSCR in HbSC patients

- 19

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = prolif-

erative sickle cell retinopathy, MCV = mean corpuscular volume, MCHC = mean corpuscular hemoglobin concentration, MCH = 

Mean Cell Hemoglobin, RDW = Red Cell Distribution Width, ISC = irreversibly sickled cells count
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Biomarkers of rheology, endothelial activation, angiogenesis or NO me-
tabolism

Table 6 summarizes the identified biomarkers. 

Viscosity

A cross-sectional study demonstrated that whole blood viscosity was lower in HbSC pa-

tients without SCR compared to those with PSCR.73 This difference was not found among 

their HbSS patients. Another study among adult Jamaican HbSS patients demonstrated 

that increased whole blood viscosity was associated with PSCR in male patients only.66

Red cell deformability

The relation between red blood cell (RBC) deformability and SCR was not investigated. 

A French study among pediatric HbSS patients demonstrated decreased RBC deform-

ability at a shear stress of 1.69 Pa and up in patients with SCM using ektacytometry: 

the thickness of the paramacular inner retina was inversely correlated with the deform-

ability of RBC.34

Endothelial activation

Higher plasma levels of pigment epithelium-derived factor (PEDF) were associated with 

SCR in HbSC (P=0.031).74 SCR correlated with lower levels of plasma soluble intercellular 

adhesion molecule-1 (sI-CAM-1) (P=0.045).74 However, when stratified by genotype, this 

association remained only significant for HbSC patients (P=0.012). Elevated plasma 

levels of E-selectin were an independent risk factor for SCR in a study among 50 adult 

HbSS/HbSC/HbSβ-thalassemia patients (P<0.001).75

Angiogenesis/nitric oxide-metabolism

Two studies reported a positive association between angiopoietin-2 (Ang-2) plasma 

levels and SCR.2,76 This association was found for HbSS patients in one of these studies 

that included both HbSS and HbSC patients.76 The other study, which included HbSS 

and HbSβ+ patients, reported that above a cut-off point of 9,000 pg/mL, 100% of the 

patients appeared to have SCR, while none with an Ang-2 level <9,000 pg/mL had SCR 

(100% sensitivity and specificity; P<0.001).2 Increased plasma levels of asymmetric 

dimethyl arginine (ADMA) were associated with SCR in a study among 40 Egyptian 

pediatric patients (P<0.002).77 SCR severity was also related to ADMA levels (P<0.011). 

Genotype specifications were not described in this study.
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DISCUSSION

In this scoping review, we systematically explored the literature on risk factors for SCR 

and SCM. An increasing number of articles has been published in recent decades, reveal-

ing a wide variety of possible risk factors. The most frequently reported risk factors for 

SCR were HbSC genotype, male sex, older age, lower HbF% and higher Hb level. Risk 

factors for SCM differed, with SCM more frequent in patients with HbSS genotype and/

or lower Hb levels.

Sickle cell retinopathy is more prevalent in older male HbSC patients. Reported asso-

ciations with other risk factors were harder to interpret due to contradictory findings. 

Higher Hb level is frequently noted as a risk factor for SCR, linked to higher viscosity, 

especially in HbSC patients, which may contribute to the high frequency of retinopathy 

in these patients.78 One study demonstrated a direct relation between viscosity and SCR 

severity in HbSC patients.73 However, some studies did not find a correlation between 

Hb level and SCR (even when stratified by genotype), including a retrospective cohort 

study from our own institution.10,17,19 A possible explanation might be that SCR in HbSS 

relates more to anemia and vaso-occlusion mechanisms than to chronic hypoxia from 

hyperviscosity as may occur in HbSC. This might explain the higher NPSCR prevalence 

in HbSS compared to neovascularizations, which are mostly found in HbSC patients.10 

Several studies also found associations between SCR and complications/organ damage 

commonly observed in HbSS patients with lower Hb levels related to hemolysis (such as 

cerebral infarctions, pulmonary hypertension and biliary complications). Reticulocyte 

Table 6. Biomarkers of rheology, endothelial activation, angiogenesis or NO metabolism

Risk factor Association with SCR Association with SCM References

Whole blood viscosity ·	 higher in PSCR - 66, 73

RBC deformability - ·	 decreased RBC  

deformability associated 

with SCM

34

PEDF ·	 higher plasma levels associated with 

SCR (HbSC)

- 74

sICAM-1 ·	 Lower levels associated with SCR 

(HbSC)

- 74

E-selectin ·	 Higher plasma levels associated with 

SCR

- 75

Ang-2 ·	 Higher plasma levels associated with 

SCR (HbSS/HbSβ+)

- 2, 76

ADMA ·	 Higher plasma levels associated with 

SCR

- 77

SCR = sickle cell retinopathy, SCM = sickle cell maculopathy, PSCR = proliferative sickle cell retinopathy, RBC = red blood cell, 

PEDF = pigment epithelium-derived factor, sICAM-1 = plasma soluble intercellular adhesion molecule-1, Ang-2 = angiopoi-

etin-2, ADMA = asymmetric dimethyl arginine
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counts show conflicting associations with SCR. One study with predominantly HbSS 

patients found a negative correlation with PSCR incidence,9 while other studies report a 

positive correlation after adjusting for other hematologic indices and genotype.12,40,54,55

A lower HbF% is widely studied as a risk factor for SCR. High HbF% prevents HbS polym-

erization, is a protective factor for vaso-occlusive crises and ACS, and is associated with 

higher Hb levels.79 The fact that a lower HbF is associated with PSCR independent of 

genotype is interesting, since most patients with PSCR have HbSC genotype (with lower 

HbF levels compared to HbSS patients).10,80 In addition to higher viscosity, vaso-occlusion 

seems to play a role in the pathophysiology of PSCR. This is confirmed in a study analyz-

ing the relationship between whole blood viscosity and SCR, where higher viscosity was 

associated with SCR in HbSC but not in HbSS patients.73 This may explain the contradic-

tory findings regarding the association between Hb levels, Ht rate, and SCR. Several 

studies reported a cut-off value of 15% HbF for protection against PSCR.26,70,71 High HbF% 

has also been associated with increased Hb levels in HbSS patients,79 which contrasts 

with higher Hb levels being a risk factor for SCR. This might suggest that the reduction 

in vaso-occlusion with higher HbF outweighs the increased viscosity from higher HbF 

levels. The fact that hydroxyurea reduces the risk of SCR supports this hypothesis.

Other SCR risk factors are found in limited or conflicting studies. A clear positive as-

sociation was found between higher platelet counts and SCR, while leukocyte counts 

and markers of endothelial damage such as sICAM-1 and E-selectin, were negatively as-

sociated with SCR. Remarkably, PEDF (an anti-angiogenic factor) is positively related to 

SCR, potentially counteracting hypoxia-induced angiogenesis. Determining if this could 

serve as a biomarker of PSCR requires further prospective studies.

The changes in the macula differ from those in the peripheral retina. SCM is character-

ized by macular thinning and loss of local microvascular structures, but does not lead to 

neovascularization. SCM has been associated with HbSS genotype, along with features 

or consequences of this genotype, such as laboratory hemolysis indicators and chronic 

transfusion indication. In contrast, SCR is associated with HbSC genotype and its fea-

tures (e.g., higher Hb level, low HbF% and higher blood viscosity). This suggests that 

the underlying pathophysiology of SCM might differ from that of SCR and/or between 

HbSS and HbSC patients. The macula may be more susceptible to diffuse microvascular 

loss than the peripheral retina, where ongoing ischemia resulting in neovascularization 

is presumed to be the major problem.81 However, the consequences of SCM remain 

unclear. One study revealed scotomas, reduced contrast sensitivity and loss of color in 

SCD patients with severely diminished vessel density on OCTA, but visual acuity was 

not impaired.5 Longitudinal data on SCM and its consequences is still scarce. Currently, 
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there are no screening guidelines for SCM and it is unclear whether screening would 

effectively prevent visual impairment, necessitating further research.

Screening aims to prevent vision-threatening complications by detecting SCR in early 

stages, but monitoring neovascular lesions instead of intervening is becoming more 

common. Laser photocoagulation was frequently used to prevent complications of neo-

vascular lesions (bleeding, traction, retinal detachment), but evidence for its medical 

benefit in SCR is scarce and ambivalent.82 Neovascular lesions usually regress spontane-

ously or remain stable for years and current literature shows no clear difference between 

treated and untreated patients.82 More recently, the use of anti-angiogenic intravitreal 

injections has been reported, but evidence is limited with only two case reports showing 

regression of neovascular lesions and vitreous hemorrhage dissolution.83,84 Larger stud-

ies are needed to demonstrate whether anti-angiogenic therapy in SCR is of any value.

Systemic treatment impacts SCR risk. Hydroxyurea lowers SCR risk by increasing HbF% 

and inhibiting polymerization, while chronic transfusions affect SCR by reducing HbS 

levels. Recently, phlebotomy has been suggested as a new treatment for HbSC patients 

to prevent vaso-occlusive crises by reducing viscosity.85 This might also be relevant for 

preventing PSCR, as hyperviscosity is postulated to be a cause of PSCR. However, stud-

ies on the effect of phlebotomy on SCR are lacking. More research is needed to evaluate 

the impact of interventions on SCR.

Until the role of interventions in preventing visual complications is completely eluci-

dated, routine screening for SCR might remain the only way to detect SCR in earlier 

stages and allow physicians to educate patients on vitreous hemorrhage and retinal 

detachment. SCR progresses over time, as shown in our retrospective cohort study,10 but 

the varying risk of SCR progression may justify a more risk-adapted screening approach. 

Importantly, the variety of risk factors is wide and most patients will not present them 

all. Furthermore, not all risk factor measurements will be available in clinical practice 

(e.g., viscosity/angiogenesis parameters). While it is challenging to define which fac-

tors should be taken into account, we propose dividing patients into two categories to 

determine screening frequency: high-risk and low-risk. Based on the most described 

risk factors and the availability in clinical practice, older male HbSC patients could be 

considered high-risk. Additional risk factors may include lower HbF% (<15%) and signs 

of hemolysis (e.g., increased reticulocytes and total bilirubin and/or the presence of 

hemolysis-related organ damage) in patients with HbSS, and indicators of increased 

whole blood viscosity in HbSC patients (e.g., increased whole blood viscosity or high Hb 

levels). We propose yearly screening for high-risk patients. Conversely, younger female 

HbSS patients with high HbF% (>15%) could be considered low-risk. We propose to 
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decrease their screening frequency to once every three years, particularly for those on 

hydroxyurea or transfusion therapy with mild organ damage. Table 7 demonstrates our 

recommended screening intervals based on genotype and retinopathy status. However, 

there is still no evidence as to whether the benefits of screening outweigh the burden 

for the patients and the costs involved. This is a particularly relevant topic given the 

increasing tendency for monitoring PSCR and with the paucity of evidence on the conse-

quences of SCM, for which the need for screening is unclear, though monitoring during 

SCR check-ups is advisable.

This review has a number of limitations. The full text of 18 publications could not be 

retrieved, potentially excluding important studies. Additionally, a quality assessment 

of included studies was not performed. This was considered when interpreting results, 

leading us to view the scoping method as suitable for addressing our research questions. 

In conclusion, the pathophysiology of SCR and SCM appears multifactorial, with vaso-

occlusion and hyperviscosity potentially exerting distinct influences in different SCD 

genotypes. Despite the increasing tendency to monitor instead of treat SCR, routine 

screening might remain the only way to detect SCR in earlier stages and educate pa-

tients on symptoms of vitreous hemorrhage and retinal detachment. To personalize 

screening, we recommend adapting the screening frequency according to the most 

relevant clinical risk factors, screening high-risk patients yearly and low-risk patients 

once every three years. However, to clarify the rationale for screening, more research is 

needed on the role of interventions for SCR and the long-term impact of risk factors on 

SCR and SCM.

Table 7. Recommendations for screening interval for SCR

HbSC genotype

Retinopathy status Recommended screening interval

No SCR present ·	 High-risk: yearly screening

·	 Otherwise: screening every two years

NPSCR present ·	 High-risk: yearly screening

·	 Otherwise: screening every two years

PSCR present (without complications) ·	 Screening interval between 3 months and 1 year, depending on 

severity of PSCR

HbSS genotype

Retinopathy status Recommended screening interval

No SCR present ·	 Low-risk: screening every three years

·	 Otherwise: screening every two years

NPSCR present ·	 Screening every two years

PSCR present (without complications) ·	 Screening interval between 3 months and 1 year, depending on 

severity of PSCR

SCR = sickle cell retinopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy
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SUPPLEMENTARY MATERIAL

Appendix A – Search strategies

 Database(s):Ovid MEDLINE(R) ALL1946 to May 22, 2023

# Searches

1 exp Anemia, Sickle Cell/ or exp Sickle Cell Trait/

2 (sickle adj3 cell adj3 (an?emia* or disease* or trait* or patholog* or disorder* or 

syndrom*)).ti,ab,kf.

3 ((Hb or Hemoglobin) adj3 (“S disease*” or “SS disease”)).ti,ab,kf.

4 or/1-3

5 exp Retinal Degeneration/ or exp Retinal Diseases/

6 ((retinopath* or retin* or macul* or ocular or eye) adj4 (dystroph* or degenerat* or 

disease* or path* or abnormal*)).ti,ab,kf.

7 (retinopath* or maculopath*).ti,ab,kf.

8 or/5-7

9 4 and 8

10 exp Risk Factors/ or exp Incidence/ or exp Mass Screening/ or exp “Severity of Ill-

ness Index”/

11 ((“fetal h?emoglobin” or h?emoglobin or incidence or (ophthalmic or systemic or 

biomarker* or laboratory or chemical* or risk or health* or vulnerab* or susceptib* 

or disease* or disoder* or clinical* or environmental* or genet* or genom* or 

epidemiolog* or prognostic or predict*)) adj3 (factor* or correlate* or indicator* 

or profile*)).ti,ab,kf.

12 ((disease or retinopath* or retin* or macul* or ocular or eye or ophthalmological or 

strategy) adj3 (assess* or screen* or examination)).ti,ab,kf.

13 or/10-12

14 9 and 13

 Database(s):Embase Classic+Embase1947 to 2023 May 22

# Searches

1 exp sickle cell anemia/ or exp sickle cell trait/

2 (“sickle cell” adj3 (an?emia* or disease* or trait* or patholog* or disorder* or 

syndrom*)).ti,ab,kw.

3 ((Hb or Hemoglobin) adj3 (“S disease*” or “SS disease”)).ti,ab,kw.

4 or/1-3

5 exp retina degeneration/ or exp retina disease/
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6 ((retinopath* or retin* or macul* or ocular or eye) adj4 (dystroph* or degenerat* 

or disease* or path* or abnormal*)).ti,ab,kw.

7 (retinopath* or maculopath*).ti,ab,kw.

8 or/5-7

9 4 and 8

10 exp risk factor/ or exp incidence/ or exp screening/ or exp “severity of illness 

index”/

11 ((“fetal h?emoglobin” or h?emoglobin or incidence or (ophthalmic or systemic 

or biomarker* or laboratory or chemical* or risk or health* or vulnerability or 

susceptib* or disease* or disoder* or clinical* or environmental* or genet* or 

genom* or epidemiolog* or prognostic or predict*)) adj3 (factor* or correlate* 

or indicator* or profile*)).ti,ab,kw.

12 ((disease or retinopath* or retin* or macul* or ocular or eye or ophthalmologi-

cal or strategy) adj3 (assess* or screen* or examination)).ti,ab,kf.

13 or/10-12

14 9 and 13

Scopus

TITLE-ABS-KEY-AUTH((“sickle cell”)W/3(an?emia*ORdisease*ORtrait*ORpatholog*O

Rdisorder*ORsyndrom*)OR((hbORhemoglobin)W/3(“S disease*”OR”SS disease”)))

ANDTITLE-ABS-KEY-AUTH(retinopath*ORmaculopath*OR((retin*ORmacul*ORocularO

Reye)W/4(dystroph*ORdegenerat*ORdisease*ORpatholog*ORabnormal*)))ANDTITLE-

ABS-KEY-AUTH(((“fetal h?emoglobin”ORh?emoglobinORincidenceOR(ophthalmicORsy

stemicORbiomarker*ORlaboratoryORchemical*ORriskORhealth*ORvulnerabilityORsus

ceptib*ORdisease*ORdisoder*ORclinical*ORenvironmental*ORgenet*ORgenom*ORepi

demiolog*ORprognosticORpredict*))W/3(factor*ORcorrelate*ORindicator*ORprofile*))

OR((diseaseORretinopath*ORretin*ORmacul*ORocularOReyeORophthalmologicalORst

rategy)W/3(assess*ORscreen*ORexamination)))
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ABSTRACT

Sickle cell retinopathy (SCR) is a complication of sickle cell disease (SCD). Proliferative 

SCR (PSCR) can lead to severe visual impairment due to vitreous hemorrhage or retinal 

detachment. Knowledge of risk factors for progression and complications of SCR is 

limited. The aim of this study is to describe the natural history of SCR and to identify 

risk factors for progressive SCR and development of PSCR. We retrospectively analyzed 

disease progression in 129 patients with SCD with a median follow-up period of 11 years 

(interquartile range, 8.5-12). Patients were divided in 2 groups. The genotypes hemo-

globin SS (HbSS), HbSβ0-thalassemia, and HbSβ+-thalassemia were grouped together 

(n = 83; 64.3%), whereas patients with HbSC (n = 46; 35.7%) were grouped separately. 

Progression of SCR was observed in 28.7% (37 of 129) of patients. Older age (adjusted 

odds ratio [aOR], 1.073; 95% confidence interval [CI], 1.024-1.125; P = .003), HbSC geno-

type (aOR, 25.472; 95% CI, 3.788-171.285; P ≤ 0.001), and lower HbF (aOR, 0.786; 95% CI, 

0.623-0.993; P = .043) were associated with PSCR at end of follow-up. Lack of any SCR 

at end of follow-up was associated with female sex (aOR, 2.555; 95% CI, 1.101-5.931; P 

= .029), HbSS/HbSβ0/HbSβ+ genotype (aOR, 3.733; 95% CI, 1.131-12.321; P = .031), and 

higher HbF levels (aOR, 1.119; 95% CI, 1.007-1.243; P = .037). Differentiated strategies 

for screening and follow-up of SCR could be considered for patients at low or high risk.
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INTRODUCTION

Sickle cell disease (SCD) is one of the most common hereditary diseases, characterized 

by chronic hemolysis and recurrent vaso-occlusion, resulting in tissue ischemia and 

organ damage. The retina is very sensitive to ischemic damage, which can result in 

sickle cell retinopathy (SCR). SCR can be divided into nonproliferative SCR (NPSCR) and 

proliferative SCR (PSCR). PSCR can be further complicated by vitreous hemorrhage and 

retinal detachment, resulting in severe visual impairment.

Previous studies have shown that retinopathy (and visual loss because of complica-

tions) is considerably more prevalent among patients with compound heterozygosity 

(in particular hemoglobin SC [HbSC]), and with increasing age.1 However, most studies 

describing the incidence and risk factors of SCR were conducted in children or young 

adults. As a result of improvements in diagnosis, supportive care, and disease-modifying 

treatment options, the life expectancy of patients with SCD has risen to the sixth decade 

of life.2 With respect to screening for retinopathy, the overall recommendation is to start 

from the age of 10 years and to repeat the screening every 1 or 2 years hereafter. How-

ever, this recommendation relies on expert consensus based on low quality evidence.3 

Knowledge of the natural history and risk factors for progression of SCR and subsequent 

complications is limited.4-7 Therefore, it would be helpful to determine the cumulative 

incidence of SCR in a large population of adult patients with SCD and to identify risk 

factors predicting disease progression and vision-threatening complications.

In this study, we aim to describe the natural history of SCR in a systematically analyzed 

large cohort of patients with SCD. Secondly, we aim to determine potential associations 

between clinical and laboratory SCD characteristics and progression of SCR to identify 

risk factors for developing PSCR. 

METHODS

Patients with SCD (HbSS, HbSβ0, HbSβ+, and HbSC) consecutively visiting the Depart-

ments of Hematology and Ophthalmology of the Amsterdam University Medical Centers 

(Amsterdam, The Netherlands) between 2006 and 2011 were eligible for inclusion in the 

study. Patients lost to follow-up were excluded. Patients were referred to the Depart-

ment of Ophthalmology if there was no prior or recent ophthalmic exam at our center 

and were typically examined every 2 years hereafter. This retrospective study was ap-

proved by the internal review board of the Amsterdam University Medical Centers and 
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was carried out in accordance with the principles of the Declaration of Helsinki (seventh 

revision, 2013).

Data on demographics, ophthalmic and hematologic characteristics were collected from 

electronic medical records. Complete ophthalmic examination, including assessment of 

Snellen distance best-corrected visual acuity (VA), slit lamp examination of the anterior 

segment, and dilated fundus biomicroscopy, was performed for all eyes. Visual impair-

ment was defined as a VA below 20/25. SCR stage was determined for each eye based 

on a modified version of Goldberg classification as (1) no SCR, (2) NPSCR (sunburst 

lesions, salmon patches, arteriolar occlusions, and peripheral anastomosis without 

neovascularization, ie, Goldberg stage I and II), or (3) PSCR (with neovascularization, ie, 

Goldberg stage ≥III).8 Fluorescein angiography (FA) was not systematically performed 

for all patients but was used in case of doubtful diagnosis or for patients with stage III 

disease or worse. Optical coherence tomography (OCT) was not routinely performed for 

patients with SCD at our clinic until 2018. Therefore, there was no OCT data available 

from the baseline visits (and from many follow-up visits until 2018). Eyes with previ-

ously resolved vitreous hemorrhage and eyes treated for retinal detachment were also 

classified as stage IV or V, respectively. Progression of SCR was defined as an increase 

of the SCR stage or, in case of PSCR at baseline, the occurrence of complications. Dur-

ing hematology consultations, patients underwent routine laboratory screening. This 

consisted of complete blood count, renal and hepatic function, Hb electrophoresis, and 

urinalysis (including microalbuminuria). Microalbuminuria was defined as a ratio of 

urinary microalbumin (mg/L) to urinary creatinine (mmol/L) of >3.5.

Statistical analysis was performed using IBM SPSS Statistics (version 26.0; IBM Corp, 

Armonk, NY). Before the analysis, completeness of the data was checked. Patients with 

significant amounts of missing data were excluded from statistical analysis. For the re-

maining patients, the small amount of remaining missing data points was imputed using 

single imputation. Data from patients with HbSC disease were analyzed as a separate 

group because of the differences in pathophysiology and prevalence of organ damage 

compared with HbSS, HbSβ0, and HbSβ+ genotypes.9 Analysis of progression to PSCR 

was performed among a subset of patients for whom progression to PSCR was possible 

(ie, patients without PSCR at their first examination). Medians and interquartile ranges 

(IQRs) were calculated for age and duration of follow-up. Categorical and binary vari-

ables are displayed as frequencies and percentages. Differences in counts between the 

groups were examined with the χ2 test (or Mann-Whitney U test in case of nonnormal 

distribution). Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using 

univariate and multivariate logistic regression analyses. Results were considered statis-
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tically significant when P < 0.05. Because of the small numbers of patients per group and 

the exploratory character of this study, the given P values are uncorrected.

RESULTS

A total of 163 patients with SCD were evaluated. Nine of these patients deceased before 

they had a follow-up consult; in 1 patient, the reason of death is unknown; and in 8 pa-

tients, death was due to fatal SCD-related complications: 2 patients died of liver failure, 

3 died of acute chest syndrome, 2 died of morphine intoxication during treatment of a 

vaso-occlusive crisis, and 1 died of ischemic stroke (which was most likely related to 

the relatively high age of the patient, given the HbSS genotype [75 years old], although 

cerebral vasculopathy could not be excluded). Another 25 patients were lost to follow-

up. In total, 129 patients were included in our study.

Patient characteristics at baseline are outlined in Table 1. The median follow-up was 11 

years (IQR, 8.5-12 years). The median age at the end of follow-up was 34 years (range, 

12-67 years; IQR, 28-45 years). The study cohort consisted of 59 male patients (45.7%) 

and 70 female patients (54.3%). HbSS genotype was present in 62 patients (48.1%), 

HbSβ0 genotype in 8 patients (6.2%), and HbSβ+ genotype in 13 patients (10.1%). For 

further analyses, these genotypes were considered as 1 group of 83 patients (64.3%). 

HbSC genotype was present in 46 patients (35.7%) and was considered as a separate 

group for further analyses. No significant differences in age, sex, and years of follow-up 

were present between these Hb genotype groups.

Table 1. Baseline characteristics

Characteristic Patients (N = 129)

Median age at baseline (range, IQR), years 23 (9-55, 18-33)

Median age at follow-up (range, IQR), years 34 (12-67, 28-45)

Sex, n (%)

Male

Female

59 (45.7)

70 (54.3) 

Hb genotype, n (%)

HbSS

HbSβ0

HbSβ+

HbSC

62 (48.1)

8 (6.2)

13 (10.1)

46 (35.7)

Median follow-up (IQR), years 11 (8.5-12)

Hydroxyurea use, n (%) 28 (21.7)

Chronic transfusion therapy, n (%) 9 (7.0)
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The presence of retinopathy at baseline and at follow-up is outlined in Table 2. Reti-

nopathy was present in 36 patients (27.9%) at baseline, of whom 17 patients (13.2%) had 

PSCR. Progression of retinopathy during follow-up was observed in 37 patients (28.7%). 

At the end of follow-up, the percentage of patients with PSCR had almost doubled (24%).

Prevalence of SCR and rate of progression was also evaluated based on Hb genotype 

groups, as shown in Table 3. Both at baseline and at follow-up, significant differences in 

presence and severity of SCR between patients with HbSS/HbSβ0/HbSβ+ and HbSC were 

observed. The rate of progression appeared higher in the HbSC group, but this did not 

reach statistical significance.

Table 1. Baseline characteristics (continued)

Characteristic Patients (N = 129)

Mean HbF (± standard deviation), %

HbSS/HbSβ0/HbSβ+ patients

HbSC patients

7.5 (±6.1)

1.8 (±1.3)

IQR = interquartile range

Table 3. Retinopathy by Hb genotype

HbSS/HbSβ0/HbSβ+ patients (n = 83), n (%) HbSC patients (n = 46), n (%) P value

Baseline

No SCR

NPSCR

PSCR

One eye

Both eyes

67 (80.7)

12 (14.5)

4 (4.8)

3 (3.6)

1 (1.2)

26 (56.5)

7 (15.2)

13 (28.3)

3 (6.5)

10 (21.7)

.000*

Follow-up

No SCR (N, %)

NPSCR (N, %)

PSCR (N, %)

One eye

Both eyes

51 (61.4)

23 (27.7)

9 (10.8)

3 (3.6)

6 (7.2)

14 (30.4)

10 (21.7)

22 (47.8)

7 (15.2)

15 (32.6)

.000*

Progression (N, %) 20 (24.1) 17 (37.0) .122†

SCR = sickle cell retinopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy

*Linear-by Linear Association

†Pearson Chi-Square

Table 2. Retinopathy at baseline and follow-up

Retinopathy at baseline, n (%) Retinopathy at follow-up, n (%)

No SCR 93 (72.1) 65 (50.4)

NPSCR 19 (14.7) 33 (25.6)

PSCR

One eye

Both eyes

17 (13.2)

6 (4.7)

11 (8.5)

31 (24%)

10 (7.8)

21 (16.3)

Progression of retinopathy 37 (28.7%)

SCR = sickle cell retinopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy
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VA and complications

Visual impairment was observed in 10 patients (13 eyes) at first consultation. In 3 pa-

tients (3 eyes), the impaired VA was directly related to PSCR (with retinal detachment in 

2 of these eyes). In 7 patients (10 eyes), pathology other than SCR explained the visual 

impairment (high myopia, cataract, solar retinopathy, and vasculitis with exudates). 

Only visual impairment caused by retinal detachment was irreversible, all other causes 

reversed to a normal VA during follow-up. Six patients (7 eyes) without visual impair-

ment at baseline developed visual impairment during follow-up, but none of these 

cases appeared to be directly related to SCR.

A history of ocular complications was present in 7 patients (7 eyes) at baseline. Five pa-

tients (5 eyes) had a vitreous hemorrhage, and 2 patients (2 eyes) had a history of retinal 

detachment. In 2 of the 7 patients, there were complications in the other eye during 

follow-up. At end of follow-up, 6 patients (7 eyes) without complications at baseline had 

developed a new eye complication. Four patients (4 eyes) had vitreous hemorrhage, and 

2 (3 eyes) developed retinal detachment.

Factors associated with PSCR

The HbSC genotype (OR, 8.111; 95% CI, 3.264-20.157; P < .001), age (OR, 1.046; 95% CI, 

1.009-1.084; P = .014), Hb level (OR, 2.052; 95% CI, 1.334-3.156; P = .001), and fetal Hb 

level (HbF; OR, 0.731; 95% CI, 0.604-0.886; P = .001) were significantly associated with 

PSCR at end of follow-up. After adjustment for Hb genotype, Hb level no longer reached 

statistical significance (adjusted OR [aOR], 1.259; 95% CI, 0.728-2.175; P = .410). Age 

remained a small but significant risk factor for PSCR at end of follow-up after adjust-

ment for Hb genotype and sex (aOR, 1.073; 95% CI, 1.024-1.125; P = .003). Low HbF also 

remained significantly associated with PSCR at end of follow-up after correction for 

hydroxyurea use, Hb genotype, and sex (aOR, 0.786; 95% CI, 0.623-0.993; P = .043). HbSC 

genotype remained the strongest, statistically significant risk factor after adjustment for 

sex, age, HbF, lactate dehydrogenase, bilirubin, and reticulocytes (aOR, 25.472; 95% CI, 

3.788-171.285; P ≤ .001).

Factors associated with progression of retinopathy

Multivariate logistic regression analysis showed that the only predictor for progression 

of retinopathy, defined as an increase of the SCR stage or the occurrence of complica-

tions, is HbF; progression was significantly associated with a lower HbF level (aOR, 

0.882; 95% CI, 0.792-0.983; P = .023).

The analysis of factors associated with progression to PSCR (defined as development of 

PSCR during follow-up in patients with no SCR or NPSCR at baseline) is shown in Table 
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4. HbSC genotype was significantly associated with progression to PSCR (OR, 5.973; 95% 

CI, 1.812-19.684; P = .003). This association remained significant after adjustment for sex 

and age (aOR, 6.541; 95% CI, 1.865-22.942; P = .003). There was also a significant associa-

tion between a lower HbF level and progression to PSCR (OR, 0.812; 95% CI, 0.663-0.993; 

P = .043), but this did not remain significant after correction for hydroxyurea use, Hb 

genotype, and sex (aOR, 0.834; 95% CI, 0.635-1.094; P = .189). Furthermore, a remark-

able difference in progression to PSCR was noted between male and female patients per 

Hb genotype group, as shown in Table 5. Almost half (46.7%) of the male patients with 

HbSC genotype progressed to PSCR during follow-up as compared with only 11.1% of 

the female patients with HbSC.

Table 4. Factors associated with progression to PSCR and no SCR at end of follow-up

Progression to PSCR

(analysis on n = 109)

No SCR at end of follow-up

(analysis on n = 126)

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

Gender 

Male

Female

Ref

0.404 (0.126-1.297)

.128 Ref

2.485 (1.210-5.101)

.013

Hb genotype 

HbSS/HbSβ0/HbSβ+ 

HbSC 

Ref

5.973 (1.812-19.684)

.003 3.726 (1.699-8.169)

Ref

.001

Age

Years 0.988 (0.934-1.045) .671 0.977 (0.946-1.009) .161

HbF

% 0.812 (0.663-0.993) .043 1.201 (1.093-1.319) .001

Hb level

mmol/L 1.565 (0.883-2.774) .125 0.673 (0.479-0.946) .022

LDH

U/L 0.997 (0.993-1.000) .086 1.001 (0.999-1.003) .232

Bilirubin

µmol/L 1.001 (0.987-1.016) .856 1.003 (0.993-1.013) .601

Reticulocytes

% 0.996 (0.882-1.124) .944 1.019 (0.943-1.100) .640

PSCR = proliferative sickle cell retinopathy, OR = odds ratio

* Significant P-values (P < 0.05) are shown in bold

Table 5. Percentages of progression to PSCR by genotype and gender

Progression to PSCR, n/total (%) P value*

HbSS/HbSβ0/HbSβ+

Male

Female

5/79 (6.3)

2/35 (5.7)

3/44 (6.8)

.841

HbSC 

Male

Female

9/33 (27.3)

7/15 (46.7)

2/18 (11.1)

.022

PSCR = proliferative sickle cell retinopathy

* Pearson Chi Square
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Factors associated with absence of SCR

Factors associated with absence of SCR at end of follow-up are outlined in Table 4. 

Female sex (OR, 2.485; 95% CI, 1.210-5.101; P = .013), HbSS/HbSβ0/HbSβ+ genotype (OR, 

3.726; 95% CI, 1.699-8.169; P = .001), a lower Hb level (OR, 0.673; 95% CI, 0.479-0.946; 

P = .022), and a higher HbF level (OR, 1.201; 95% CI, 1.093-1.319; P = .001) were signifi-

cantly associated with the absence of SCR at the end of follow-up. After correction for 

Hb genotype, Hb level was not significantly associated (aOR, 0.914; 95% CI, 0.603-1.386; 

P = .672). Female sex remained significantly associated after correction for age, Hb 

genotype, and HbF (aOR, 2.555; 95% CI, 1.101-5.931; P = .029), and HbSS/HbSβ0/HbSβ+ 

genotype remained significantly associated after correction for sex, age, HbF, lactate 

dehydrogenase, bilirubin, and reticulocytes (aOR, 3.733; 95% CI, 1.131-12.321; P = .031). 

Similarly, HbF level remained significantly associated after correction for hydroxyurea 

use, Hb genotype, and sex (aOR, 1.119; 95% CI, 1.007-1.243; P = .037).

When divided based on Hb genotype, a striking difference was observed between male 

and female patients, especially within the HbSS/HbSβ0/HbSβ+ genotype (Table 6). 

Among the female patients with HbSS/HbSβ0/HbSβ+ genotype, 3 of 4 (72.7%) did not 

develop any signs of SCR during 11 years of follow-up, compared with approximately 1 

out of 2 (48.7%) male patients within the same genotype group. This was also, but to a 

lesser extent, observed in the HbSC genotype group (although this was not statistically 

significant); 38.5% of female patients did not develop any signs of SCR, compared with 

20% of male patients.

Associations with microalbuminuria

Data on microalbuminuria at baseline and follow-up were available for 94 patients. At 

baseline, 12.8% (n = 12) of the patients had microalbuminuria. This increased to 22.3% 

(n = 21) during follow-up. Microalbuminuria was not significantly associated with the 

progression of SCR (OR, 0.718; 95% CI, 0.179-2.874; P = .640) or PSCR at end of follow-up 

(OR, 0.279; 95% CI, 0.059-1.308; P = .105) nor with the absence of SCR at follow-up (OR, 

1.529; 95% CI, 0.575-4.071; P = .395).

Table 6. Percentages of absence of SCR at follow-up

No SCR at end of follow-up, n/total (%) P value*

HbSS/HbSβ0/HbSβ+ 

Male

Female

51/83 (61.4)

19/39 (48.7)

32/44 (72.7)

.025

HbSC

Male

Female

14/46 (30.4)

4/20 (20)

10/26 (38.5)

.177

SCR = sickle cell retinopathy

* Pearson Chi Square
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DISCUSSION

SCR is a form of SCD-related organ damage, which can drastically impair the VA if com-

plications occur. However, the current knowledge of the natural history and rate of pro-

gression of SCR is limited. Our study not only describes the natural history, progression, 

and risk factors of progression in a systematically evaluated cohort of adult patients 

with SCD but also identifies a specific patient group with a low risk of progression, which 

may have clinical implications for the care of patients with SCD.

Progression of SCR, after a median follow-up of 11 years, was present in 28.7% of the 

patients. Previous studies on progression of retinopathy are very limited and mostly 

solely focused on PSCR. In 1975, Condon and Serjeant described progression of SCR in 

63.8% of patients with HbSS (during a follow-up period of only 2 years and 8 months) 

and 74.5% in patients with HbSC (with a follow-up period of 2 years and 5 months).10 

An important difference with our study is that progression was scored as any vascular 

change on fundoscopy or FA, regardless of SCR classification, which may explain the 

difference with the rate of progression in our cohort. Another difference with our study 

is the age distribution. In the aforementioned study, progression was more prevalent in 

patients aged <30 years (71.1% compared with 49.1% in patients aged >30 years). Our 

study did not reproduce this observation: 29.2% of our patients aged <30 years showed 

progression compared with 28.4% of patients aged >30 years. In a small study reported 

by Clarkson, progression to PSCR was demonstrated in 7 of 59 (11.9%) patients with 

HbSS and 6 of 23 (26.1%) patients with HbSC. These rates seem similar to the rate of 

progression in this study (6.3% and 27.3% in the HbSS/HbSβ0/HbSβ+ and HbSC groups, 

respectively), although the mean follow-up was significantly shorter (6.7 years in the 

study by Clarkson vs 11 years in our study).11 This might be explained by a difference in 

age between our cohorts and the fact that the percentage of male patients was higher 

in the HbSC group, which may have increased the risk of progression. In a large study 

in also relatively older patients with SCD, rates of progression to PSCR were similar 

to that per our observation; 41 of 737 (5.6%) patients without PSCR at baseline in the 

HbSS group showed progression to PSCR, and 71 of 361 (19.7%) in the HbSC group.12 

The age distribution and male-to-female ratio were also quite similar to those in our 

study. However, information on follow-up duration was limited and could therefore 

not be compared. A previous prospective cohort study of our group demonstrated an 

increase in the prevalence of retinopathy in general (both NPSCR and PSCR), from 14% 

in the HbSS/HbSβ0 group and 15% in the HbSC/HbSβ+ group over a follow-up period of 7 

years.13 Similarly to our study, no significant difference was found between either geno-

type group. However, the total increase in prevalence of retinopathy by their definition 

is moderately higher in our study (19.3% in the HbSS/HbSβ0/HbSβ+ group, and 26.1% 
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in the HbSC group), which could possibly be related to our longer follow-up duration. 

However, the patients in that cohort were significantly older at baseline than patients in 

our study, with a median age of 33 years in their HbSS/HbSβ0 group and 35 years in their 

HbSC/HbSβ+ group, compared with a median age of 23 years in both our HbSS/HbSβ0/

HbSβ+ and HbSC group. This might explain the fact that the difference in prevalence 

rates is not that extreme, because age is reported as a risk factor for retinopathy in previ-

ous literature.4,6,7

In our study, HbSC genotype and age were risk factors for PSCR, which is in line with pre-

vious studies on risk factors for PSCR.4,6,7 The exact explanation for the relation between 

HbSC genotype and PSCR has not yet been elucidated, but a difference in blood viscosity 

has been hypothesized.14 A hypothesis is that the higher viscosity in combination with 

the typical vascularization of the retina might be an explanation for the high prevalence 

and progression of retinopathy in this specific group of patients. The retinal arterioles 

consist of rather long sections with equal vessel diameters throughout its course, which 

may result in a relatively high vascular resistance. Combined with higher blood viscos-

ity, this may impair blood flow and, therefore, oxygenation of the retina, resulting in a 

higher risk of progressive retinopathy. This might also explain the higher prevalence of 

maculopathy in the temporal segments of the retina in patients with SCD because those 

vessels are relatively long compared with those in other macular segments.15-18 Although 

the Hb level was not found to be an independent risk factor for progression to PSCR after 

correcting for genotype, this might be because of the relative small number of patients 

that showed progression to PSCR.

Lower HbF was a predictor for progression of retinopathy (defined as an increase of the 

SCR stage or the occurrence of complications) and was independently associated with 

PSCR at end of follow-up. This is in line with previous studies.12,19-21 Higher HbF levels 

restrict HbS polymerization and are a well-known protective factor for vaso-occlusion.22 

In patients with lower HbF levels, this protective effect is absent. The fact that a lower 

HbF is a risk factor for PSCR independent of genotype is interesting. Most of our patients 

with PSCR have the HbSC genotype and the mean HbF in these patients was 1.8%. Ap-

parently, besides the higher viscosity in SCD, vaso-occlusion seems to also play a role 

in the pathophysiology of PSCR. Furthermore, the incidence of PSCR during follow-up 

was not significantly associated with lower HbF, whereas the prevalence of PSCR (at end 

of follow-up) was significantly associated. This might be because the relatively small 

number of patients that showed progression to PSCR during the follow-up period.

Female patients had a significant lower risk of developing SCR in our study, especially 

when they had the HbSS/HbSβ0/HbSβ+ genotype. Several studies have found signifi-
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cant associations between the male sex and (proliferative) retinopathy. However, the 

underlying reason for this association with a person’s sex remains unclear. Duan et al 

speculated that males might be more prone to impaired retinal oxygenation because 

of higher Hb levels and therefore more sickling of red blood cells, but they were unable 

to confirm this hypothesis.4 Similar observations were made in a study by Bilong et al 

that found that the association between males and PSCR remained significant after 

adjusting for Hb level.23 Another hypothesis is the protective effect of estrogen on the 

endothelial function. Estrogen might decrease the risk of PSCR by altering nitric oxide 

levels by increasing nitric oxide synthase expression. Increased nitric oxide levels lead 

to a lower risk of endothelial dysfunction and a lower risk of stimulation of coagulation 

pathways by regulation of tissue factor expression.20,24-26

The current recommendation for screening on SCR (based on the 2014 expert panel 

report) is to perform a dilated eye examination for all patients with SCD every 1 or 2 

years, starting from the age of 10 years.3 There are no distinctions made with regard to 

risk factors. Our study shows that genotype, HbF, and sex have an influence on the risk 

of developing SCR, which is in line with several other studies.4,6,7,12,19 The disparity in risk 

of progression may justify a more risk-adapted approach with respect to frequency of 

screening (ie, annual screening for patients at high risk vs a more lenient interval for 

those at low risk).

Our study had several limitations. The retrospective design of the study resulted in miss-

ing data, leading to exclusion of some cases and the need for data imputation. The use 

of single data imputation may have caused a larger error rate compared with multiple 

imputation. Furthermore, the number of patients per subgroup was relatively small, 

which may influence analysis of data. Because of these small numbers and the explor-

atory character of this study, we chose to keep P values uncorrected. Although this can 

provide useful insight into results in small groups, this might increase the error rate with 

multiple analyses. Long-term prospective cohort studies in large SCD populations are 

therefore necessary for further in-depth understanding of SCR. Preferably, these stud-

ies should include detailed information at pediatric age as well because factors may 

also have an impact on the risk of developing SCR in adulthood. For our study, detailed 

information on age of onset of retinopathy and medical history at pediatric age was 

unfortunately not available. Another limitation is that FA was not routinely performed, 

which might have led to an underestimation of the prevalence of Goldberg stage I and 

II (which were classified as NPSCR in our study).27 Furthermore, OCT scans were not 

routinely performed (especially in the earlier years of screening) and we therefore did 

not collect data on maculopathy.
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In conclusion, we demonstrate that well-monitored adult patients with SCD showed 

significant progression of SCR during follow-up. Although the rate of progression was 

identical between patients with the HbSS/HbSβ0/HbSβ+ genotype and the HbSC geno-

type, HbSC genotype and age were independent risk factors for PSCR. Given the high 

rate of progression, screening of SCR remains important, but differentiated strategies 

for screening and follow-up of SCR could be considered for patients at low or high risk.
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ABSTRACT

Purpose 

To evaluate macular abnormalities in sickle cell disease with optical coherence tomo-

graphic angiography and to determine associations with sickle cell retinopathy (SCR) 

and clinical and laboratory characteristics.

Methods

Complete ophthalmic examination was performed in consecutive patients with sickle 

cell disease (HbSS, HbSC, HbSβ0, or HbSβ+ genotype), including fundoscopy and macu-

lar spectral-domain optical coherence tomography/optical coherence tomographic 

angiography scans. Sickle cell retinopathy stage was based on fundoscopic examina-

tion (without fluorescein angiography) instead of the Goldberg classification because 

fluorescein angiography was only used in case of tentative diagnosis. Medical/ophthal-

mological history and hematologic characteristics were retrieved from medical records.

Results

Two hundred and forty-nine eyes of 137 patients were analyzed. The mean age was 33.3 

± 12.4 years (range 15-70 years). Nonproliferative SCR was present in 57 eyes (22.9%) 

and proliferative SCR in 36 eyes (14.5%). Macular thinning was present in 100 eyes 

(40.2%) and was associated with lower foveal vessel density of the superficial capillary 

plexus and deep capillary plexus and with enlargement of the foveal avascular zone 

area, perimeter, and acircularity index. Age and female sex were associated with lower 

(para)foveal vessel density in the superficial capillary plexus and deep capillary plexus. 

No associations were found between SCR presence/severity and macular thinning or 

vessel density.

Conclusion

Macular abnormalities were common but did not result in visual impairment. No rela-

tion with SCR presence/severity was found. Although optical coherence tomographic 

angiography imaging is suitable for detecting maculopathy, it appears to have no diag-

nostic value in identifying patients at risk for SCR.
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INTRODUCTION

Sickle cell disease (SCD) is a hereditary hemoglobinopathy, characterized by polymer-

ization of abnormal hemoglobin upon deoxygenation. This polymerization results in 

chronic hemolytic anemia and recurrent microvascular occlusion, leading to ischemia 

and organ damage. Sickle cell retinopathy (SCR) is the most common ocular compli-

cation of SCD and occurs mainly in patients with the HbSC genotype (compound het-

erozygous SCD), which is associated with less severe systemic disease than the HbSS 

genotype (homozygous SCD).1 Advanced stages of SCR may cause vitreous hemorrhage 

(VH) or retinal detachment, which can drastically impair visual acuity. Although SCR is 

classically considered a peripheral retinopathy, several studies also reported macular 

changes since the early 1970s,2 but whether these are related to the peripheral changes 

has remained unclear.

Macular changes were reported using fluorescein angiography in approximately 32% of 

adult patients with homozygous SCD and in 36% of those with compound heterozygous 

SCD.3 More recently, imaging techniques such as spectral-domain optical coherence 

tomography (OCT) and OCT-angiography (OCTA) revealed subclinical macular changes 

in patients with asymptomatic SCD, which are not observed with traditional imaging 

techniques.4,5 Macular thinning was reported to be correlated with more advanced 

peripheral changes, suggesting a common pathophysiologic mechanism, and it was 

therefore proposed that macular thinning may be valuable as a surrogate marker in the 

clinical diagnosis of peripheral retinopathy.6

However, the functional consequences of the neurodegenerative changes leading to 

macular thinning are unclear. Scotomas on visual fields, reduced contrast sensitivity, 

and loss of color vision were reported in SCD patients with severely diminished vessel 

density (VD) on OCTA, even when the visual acuity was unaffected.7 Irreversible visual 

function loss might therefore occur secondary to both sickle cell maculopathy and pro-

liferative sickle cell retinopathy (PSCR). Furthermore, macular abnormalities may be 

of potential interest as a proxy of vascular abnormalities in other organs as a clinical 

biomarker or to help understand the pathogenesis of vascular changes in SCD.

This study aims to analyze the frequency and severity of macular thinning and macular 

perfusion abnormalities detected by OCTA in a large cohort of adult patients with SCD 

and to assess their possible associations with SCR presence or severity and other clinical 

characteristics.
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METHODS

This single-institution cross-sectional study was conducted by a collaboration between 

the Departments of Ophthalmology and Hematology of the Amsterdam University 

Medical Centers, Amsterdam, The Netherlands. Consecutive patients with SCD (HbSS, 

HbSβ0, HbSβ+, and HbSC) visiting the adult outpatient SCD clinic were referred to the 

Department of Ophthalmology if there was no prior ophthalmic examination at our cen-

ter or if their last examination was more than three years ago. Patients with hereditary 

or acquired retinopathy (e.g., diabetic retinopathy (DR), retinal vascular occlusions), 

any ocular media opacities preventing detailed imaging, high myopia (>6 diopters), or 

vitreomacular interface abnormalities were excluded. The study was approved by the 

Institutional Review Board of the Amsterdam University Medical Centers and carried out 

in accordance with the principles of the Declaration of Helsinki (seventh revision, 2013). 

Verbal consent from participants was obtained.

Complete ophthalmic examination was performed, including assessment of Snellen 

distance best-corrected visual acuity, slit-lamp examination of the anterior segment, 

and dilated fundus biomicroscopy. Visual impairment was defined as a visual acuity 

below 20/25. Fluorescein angiography, which is an essential element of the commonly 

used Goldberg classification,8 was not systematically performed but was only used 

in case of tentative diagnosis of PSCR or for patients with Stage III disease or worse. 

Therefore, SCR stage was determined for each eye in this study based on fundoscopic 

examination without fluorescein angiography (instead of the Goldberg classification) 

as follows: 1) no signs of SCR on fundoscopic examination; 2) signs of nonproliferative 

SCR (NPSCR) on fundoscopic examination (sunburst lesions, salmon patches, arteriolar 

occlusions, peripheral anastomose without neovascularization); or 3) proliferative SCR 

on fundoscopic examination (with neovascularization). Eyes with previously resolved 

VH and treated retinal detachment were also classified as PSCR, respectively.

Macular spectral-domain optical coherence tomography and OCTA scans were obtained 

with the Optovue RTVue XR Avanti instrument (Optovue Inc, Fremont, CA). For each 

eye, a 3 mm × 3 mm and a 6 mm × 6 mm scan centered on the fovea were acquired. 

AngioAnalytics software (beta version 2016.200.037) for projection artifact removal and 

automated segmentation of the superficial capillary plexus (SCP) and deep capillary 

plexus (DCP) was used. In addition, the VD in the SCP and DCP as well as foveal avascular 

zone (FAZ) measurements (area, perimeter and acircularity index (AI)) were automati-

cally calculated (see Figure 1 for examples of a normal (1A) and abnormal (1B) OCTA im-

age). The retinal thickness color-coded map was qualitatively evaluated for patchy blue 

areas of retinal thinning to assess the presence of macular thinning. Macular thinning 
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was defined as the presence of blue areas in at least one of the standard Early Treat-

ment Diabetic Retinopathy Study macular subfields (Figure 2). The blue color signifies 

a probability value of less than 1%, indicating that less than 1% of normal eyes exhibit 

values as low as those detected. Images were excluded if the quality index was four or 

lower and if motion artifacts limited adequate grading. The automated segmentation 

lines and correct centration of the Early Treatment Diabetic Retinopathy Study circle 

were manually checked to ensure accuracy.

Figure 1. Normal and abnormal OCTA scan. A. Normal OCTA scan. B. Abnormal OCTA scan with asymmetrical enlargement 

of the FAZ.

Figure 2. Abnormal B scan. Pathological macular thinning is present in the superior and temporal subfields.
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Available ophthalmological data and hematologic characteristics were retrieved from 

the electronic patient records, including Hb genotype, use of hydroxyurea, presence of 

microalbuminuria, avascular necrosis, history of acute chest syndrome, stroke, chronic 

ulcers, cholelithiasis, and laboratory characteristics (Hb, creatinine, LDH, bilirubin, 

reticulocytes). Microalbuminuria was defined as a urinary microalbumin (mg/L) to cre-

atinine (mmol/L) ratio of more than 3.5. Avascular necrosis had to be confirmed by x-ray 

or MRI. Acute chest syndrome was defined as the finding of a new pulmonary infiltrate 

on chest radiography in combination with fever, respiratory symptoms, or chest pain for 

which medical treatment was necessary. Stroke was defined as a diagnosis of clinical 

overt stroke confirmed by MRI or CT. Chronic ulcers are defined as chronic ulceration 

of the lower leg, without another explanation, that did not heal within 14 days. Chole-

lithiasis was defined as the presence of gallstones (demonstrated by ultrasound) or a 

previous cholecystectomy because of cholecystolithiasis.

Statistical analysis was performed using IBM SPSS Statistics (Version 28.0; IBM Corp, 

Armonk, NY) and the R software environment (version 4.2.0; R Foundation for Statisti-

cal Computing, Vienna, Austria). Completeness of data was checked before performing 

the analysis. Cases with missing data on used OCTA parameters were excluded. A small 

amount of missing data in laboratory parameters was imputed using single imputation. 

Binary and categorical variables are displayed as frequencies and percentages. Continu-

ous variables are displayed as means with SDs. Logistic and linear mixed models with 

random intercept for cases were used to test differences between the groups and cal-

culate odds ratios (ORs), while considering interocular correlation. For the calculation 

of ORs and estimates, values of HbF, LDH, and bilirubin were converted to the natural 

log scale. Measures of SVD and DVD were scaled by a 1/10 factor. Foveal avascular zone, 

perimeter, and AI were scaled to SD = 1 with scales 0.129, 479.114, and 0.051, respec-

tively. P < 0.05 were considered significant. Given P values are uncorrected due to the 

exploratory character of this study.

RESULTS

A total of 278 eyes of 144 consecutive patients with SCD were enrolled between Novem-

ber 2017 and April 2022. OCTA scans with a quality index of four or lower (n = 21 eyes) 

and scans with a nonmeasurable FAZ area due to artifacts (n = 8 eyes) were excluded. 

This resulted in 249 eyes (125 right eyes; 124 left eyes) of 137 included patients. Baseline 

characteristics are outlined in Table 1. The mean age was 33.3 years (SD ± 12.4, range 

15–70 years), and the numbers of male and female patients were similar (49.6% vs. 

50.4%). Most patients had the HbSS genotype (48.9%), followed by HbSC genotype 
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(35.8%), HbSβ+ (10.2%), and HbSβ0 (5.1%). Nonproliferative SCR was present in 57 eyes 

(22.9%) and PSCR in 36 eyes (14.5%). Hydroxyurea was used by 45 patients (32.8%).

Table 1. Baseline characteristics and stratification by macular thinning

Total No macular 

thinning

Macular thinning P-value*

Patients, n (%)

Eyes, n (%)

OD, n eyes (%)

OS, n eyes (%)

137 (100%)

249 (100%)

125 (50.2%)

124 (49.8%)

81 (59.1%)

149 (59.8%)

76 (51%)

73 (49%)

56 (40.9%)

100 (40.2%)

49 (49%)

51 (51%)

-

-

Gender

Male, n (%)

Female, n (%)

68 (49.6%)

69 (50.4%)

44 (54.3%)

37 (45.7%)

24 (42.9%)

32 (57.1%)

0.044

Age (years) 33.3 (±12.4) 32.2 (±12.1) 34.8 (±12.7) 0.065

Hb genotype

HbSS, n (%)

HbSC, n (%)

HbSβ0, n (%)

HbSβ+, n (%)

67 (48.9%)

49 (35.8%)

7 (5.1%)

14 (10.2%)

36 (44.4%)

35 (43.2%)

4 (4.9%)

6 (7.4%)

31 (55.4%)

14 (25%)

3 (5.4%)

8 (14.3%)

0.206

Retinopathy

None, n eyes (%)

NPSCR, n eyes (%)

PSCR, n eyes (%)

156 (62.7%)

57 (22.9%)

36 (14.5%)

98 (65.8%)

27 (18.1%)

24 (16.1%)

58 (58%)

30 (30%)

12 (12%)

0.090

VA <20/25, n eyes (%) 6 (2.4%) 5 (3.4%) 1 (1%) 0.951

Ocular complications

VH, n eyes (%)

RD, n eyes (%)

11 (4.4%)

4 (1.6%)

9 (6%)

1 (0.7%)

2 (2%)

3 (3%)

0.035

0.105

Laser treatment, n eyes (%) 21 (8.4%) 11 (7.4%) 10 (10%) 0.292

Hydroxyurea use, n (%) 45 (32.8%) 28 (34.6%) 17 (30.4%) 0.186

Voxelotor use, n (%) 12 (8.8%) 8 (9.9%) 4 (7.1%) 0.160

Crizanlizumab use, n (%) 1 (0.7%) 0 (0%) 1 (1.8%) †

Chronic transfusion use, n (%) 7 (5.1%) 4 (4.9%) 3 (5.4%) 0.450

Laboratory characteristics

Hb (g/dL)

HbF (%)

Creatinine (µmol/L)

LDH (U/L)

Bilirubin (µmol/L)

Reticulocytes (%)

10.2 (±2.1)

6.1 (±6.2)

69.5 (±19.7)

366.8 (±190.9)

43.5 (±56.8)

6.6 (±4.7)

10.7 (±2)

6.0 (±6.4)

68.2 (±17.3)

337.1 (±180.1)

40.2 (±34.8)

6.1 (±4.1)

9.6 (±2)

6.3 (±5.9)

71.4 (±22.9)

409.8 (±199.4)

48.3 (±78.5)

7.4 (±5.3)

0.003

0.650

0.579

0.194

0.818

0.092

Other organ damage

Microalbuminuria, n (%)

AVN, n (%)

ACS, n (%)

Stroke, n (%)

Chronic ulcera, n (%)

Cholelithiasis, n (%)

35 (25.5%)

21 (15.3%)

43 (31.4%)

7 (5.1%)

6 (4.4%)

52 (38%)

21 (25.9%)

13 (16%)

26 (32.1%)

5 (6.2%)

3 (3.7%)

31 (38.3%)

14 (25%)

8 (14.3%)

17 (30.4%)

2 (3.6%)

3 (5.4%)

21 (37.5%)

0.989

0.645

0.801

0.610

0.893

0.989
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Macular Thinning on Optical Coherence Tomography

The baseline characteristics stratified by the presence of macular thinning are shown in 

Table 1. Macular thinning was present in 100 eyes (40.2%). The temporal macular region 

was predominantly affected with thinning (76% of the affected eyes). Macular thinning 

was present in the superior macula in 48% of the affected eyes, in the inferior macula 

in 46%, and in the nasal macula in 44%. Thinning in the central subfield was present in 

39% of the affected eyes.

Macular thinning was more prevalent in female patients than in male patients (P = 

0.044). A clear association was found between macular thinning and the absence of VH 

(P = 0.035) and a lower hemoglobin level (P = 0.003). No significant association between 

macular thinning and the presence/severity of SCR was demonstrated (OR 0.93, 95% 

confidence interval (CI) 0.13–6.78, P = 0.09). Although there was a trend for more HbSS 

patients than HbSC patients in the macular thinning group (P = 0.206), stratification by 

genotype (HbSC vs. HbSS/HbSβ-thalassemia) did not reveal an association between 

macular thinning and SCR (HbSC: OR −2.41, 95% CI: −2.03 to 4.15, P = 0.72, other 

genotypes: OR −0.79, 95% CI: −2.07 to 7.20, P = 0.35). On OCTA, in patients with macular 

thinning, the VD of the SCP was lower in the foveal (16.45 ± 8.29 vs. 20.14 ± 7.29, P = 0.02), 

parafoveal (51.97 ± 6.24 vs. 54.30 ± 3.61, P = 0.01), and perifoveal (51.06 ± 4.14 vs. 52.98 

± 3.34, P = 0.001) subfields compared with patients without macular thinning. Similarly, 

the foveal VD of the DCP was lower in patients with macular thinning (30.92 ± 9.89 vs. 

35.82 ± 7.42, P = 0.001). Moreover, this group had a larger FAZ area (0.392 ± 0.149 vs. 

0.326 ± 0.106, P = 0.01), FAZ perimeter (2.44 ± 0.53 vs. 2.19 ± 0.41, P = 0.001), and AI (1.13 

Table 1. Baseline characteristics and stratification by macular thinning (continued)

Total No macular 

thinning

Macular thinning P-value*

OCTA parameters (mean ±SD)

Foveal VD SCP (%)

Parafoveal VD SCP (%)

Perifoveal VD SCP (%)

Foveal VD DCP (%)

Parafoveal VD DCP (%)

Perifoveal VD DCP (%)

FAZ area (mm2)

FAZ perimeter (mm)

FAZ AI

18.66 (±7.90)

53.36 (±4.97)

52.21 (±3.80)

33.85 (±8.81)

55.70 (±4.30)

54.32 (±5.88)

0.353 (±0.129)

2.29 (±0.48)

1.11 (±0.05)

20.14 (±7.29)

54.30 (±3.61)

52.98 (±3.34)

35.82 (±7.42)

55.48 (±4.14)

54.39 (±6.01)

0.326 (±0.106)

2.19 (±0.41)

1.10 (±0.04)

16.45 (±8.29)

51.97 (±6.24)

51.06 (±4.14)

30.92 (±9.89)

56.02 (±4.53)

54.20 (±5.72)

0.392 (±0.149)

2.44 (±0.53)

1.13 (±0.06)

0.020

0.010

0.001

0.001

0.920

0.470

0.010

0.001

0.001

NPSCR = non-proliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy, VA = visual acuity, VH = vitre-

ous hemorrhage, RD = retinal detachment, AVN = avascular necrosis, ACS = acute chest syndrome, VD = vessel density, SCP = 

superficial capillary plexus, DCP = deep capillary plexus, FAZ = foveal avascular zone, AI = acircularity index. Significance for 

bold entries was P < 0.05.

*Logistic mixed model with random intercept for cases.

†An estimate for crizanlizumab could not be obtained as only one case received this (perfect separation).
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± 0.06 vs. 1.10 ± 0.04, P = 0.001). Other baseline characteristics did not differ between the 

groups with and without macular thinning.

Other Optical Coherence Tomographic Angiography Measurements

Mean values for VD and FAZ parameters stratified by genotype groups (HbSS/HbSβ+/

HbSβ0 vs. HbSC) are shown in Table 2. No differences between these groups were 

observed. Multivariate analysis of factors associated with VD parameters is shown in 

Table 3. Female patients had a lower foveal VD in the SCP and DCP compared with male 

patients (P = 0.008 and P = 0.025, respectively). Furthermore, older age was associated 

with a lower parafoveal VD in the SCP and DCP (P = 0.013 and P = 0.031, respectively). 

A borderline association was found between reticulocyte levels and parafoveal VD in 

the DCP (P = 0.05). Hb genotype and SCR presence/severity did not correlate with VD 

parameters.

The multivariate analysis of factors associated with FAZ area, FAZ perimeter, and FAZ AI 

is shown in Table 4. Female patients had a larger FAZ area than male patients (P = 0.033). 

The FAZ perimeter seemed also larger in female patients, but this finding was borderline 

nonsignificant (P = 0.058). There was no difference between female and male patients 

in AI. However, the AI was larger in NPSCR patients compared with patients without 

retinopathy (P = 0.026). This same trend was seen for PSCR but did not reach statistical 

significance. Regarding sickle cell–related organ damage, the AI was larger in patients 

with avascular necrosis (P = 0.037). Hb genotype, laboratory characteristics, and other 

forms of organ damage had no demonstrable correlations with the FAZ parameters.

Table 2. OCTA measurements stratified by genotype

  HbSS/HbS-thalassemia 

(n = 164 eyes) 

HbSC (n = 85 eyes) P-value*

Vessel density SCP (%, mean ±SD)

Foveal 

Parafoveal

Perifoveal

 

18.66 (±8.23)

53.46 (±4.83)

52.36 (±3.65)

 

18.66 (±7.28)

53.17 (±5.23)

51.92 (±4.07)

 

0.961

0.918

0.790

Vessel density DCP (%, mean ±SD)

Foveal

Parafoveal

Perifoveal

 

33.99 (±9.14)

56.37 (±4.14)

54.73 (±5.95)

 

33.58 (±8.17)

54.40 (±4.32)

53.52 (±5.70)

0.433

0.098

0.199

FAZ (mean ±SD)

Area (mm2)

Perimeter (mm)

AI

 

0.352 (± 0.14)

2.29 (±0.48)

1.11 (±0.05)

 

0.354 (±0.12)

2.30 (±0.49)

1.11 (±0.05)

0.953

0.888

0.885

SCP = superficial capillary plexus, DCP = deep capillary plexus, FAZ = foveal avascular zone, AI = acircularity index

* Logistic mixed model with random intercept for cases
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DISCUSSION

This study evaluated macular abnormalities in a consecutive cohort of adult SCD pa-

tients using OCT and OCTA parameters and analyzed their associations with clinical and 

laboratory characteristics. To our knowledge, this is the largest study with OCTA in SCD 

patients to date. We demonstrated that macular thinning and OCTA abnormalities are 

common in SCD. No association could be demonstrated with the presence/severity of 

SCR or visual impairment.

Macular thinning in retinal and systemic neurodegenerative diseases is a widely reported 

phenomenon since the introduction of the OCT device and can be caused by various 

factors. In healthy eyes, macular thinning can be observed with increasing age due to 

age-related loss of retinal nerve fibers and ganglion cells.9 In patients with diseases such 

as diabetes mellitus and Alzheimer disease, significantly more pronounced macular 

thinning than in healthy populations has been described.10,11

Many OCTA studies have been conducted to study microvascular parameters in diabetic 

patients, demonstrating FAZ enlargement in Type 1 and Type 2 diabetes mellitus, which 

correlated with peripheral areas of ischemia and even progression of DR.12,13 A recent 

meta-analysis demonstrated acceptable specificity and sensitivity of the macular OCTA 

for diagnosing DR, including grading of severity.14 These findings suggest a common 

underlying pathogenesis leading to capillary nonperfusion in macular and peripheral 

regions in DR, although the results of our study did not demonstrate a relation between 

macular thinning, OCTA abnormalities, and SCR in SCD. In diabetic patients without any 

sign of retinopathy, structural changes in the FAZ area and reduction of VD were also 

present; but the changes were milder in diabetic patients than in patients with retinopa-

thy.15 These findings emphasize the essential differences between the pathogenesis and 

clinical manifestations of DR and SCR.

Macular thinning was predominantly present in the temporal macular region, which 

aligns with previous studies.16,17 The retinal arterioles consist of fairly long sections with 

equal diameters throughout their course, which may result in relatively high vascular 

resistance. Because the terminal arterioles in the temporal macula are longer and have 

a smaller diameter than the other macular regions, this area might be more susceptible 

to microvascular obstruction and ischemia due to SCD or other causes.2,18 Furthermore, 

macular thinning was more prevalent among our female patients, which has not been 

described in previous studies. This finding contrasts with the prevalence of peripheral 

SCR in SCD, which is reportedly associated with male sex.1,19 Higher hemoglobin levels 

in male patients and a protective effect of estrogen on endothelial function in female 
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patients are hypothesized to explain the lower prevalence of retinopathy in female pa-

tients.19,20 Although our female patients did not differ from male patients in distribution 

of Hb genotype or SCR severity, they did differ in age. The mean age in female patients 

was 36.8 ± 13.6 years versus 29.7 ± 9.9 years in male patients. This might explain our 

finding, as the prevalence of sickle cell maculopathy increases with age.21 Moreover, the 

overall macular thickness is generally lower in female patients than in male patients.22 

Macular thinning was associated with the absence of VH and lower hemoglobin levels. 

This might be explained by the proportionally higher prevalence of the HbSS genotype 

in the group with macular thinning, as these patients have lower hemoglobin levels than 

HbSC patients, and PSCR (including VH) is less common among HbSS patients.23 The 

trend for higher prevalence of macular thinning in HbSS seems to emphasize its inde-

pendence of the peripheral vascular abnormalities in SCR, as this disease has a higher 

prevalence in HbSC patients.

Interestingly, our study did not find a correlation between hydroxyurea use and macular 

thinning. This is in contrast with the study of Lim et al,24 which showed lower rates of 

macular thinning over time in patients using hydroxyurea. This discrepancy might be 

explained by the difference in the definition of macular thinning because our study 

measured this as “present” or “absent,” and the study from Lim et al measured this as 

a change in the macular thickness over time, whereas our analysis is cross sectional, 

lacking information on the effect of hydroxyurea over time. Furthermore, their popula-

tion had a higher proportion of hydroxyurea users (51.4%) compared with ours (32.8%), 

which increases the power to detect an association with macular thinning. The differ-

ence in hydroxyurea use is likely related to the HbSS genotype prevalence (63.4% in their 

study vs. 48.9% in ours) and the fact that hydroxyurea is more frequently prescribed to 

patients with the HbSS genotype.

Our female patients had a significantly lower foveal VD in both the SCP and DCP and a 

larger FAZ area compared with male patients by multivariate analysis. Although previ-

ous studies on SCD did not demonstrate smaller FAZ areas in male patients, this finding 

has been reported in one study in the general population.16 Studies on OCTA parameters 

in healthy populations also showed lower vessel densities and larger FAZ areas in female 

patients, as well as in older patients.25,26 Therefore, our findings on lower vessel densi-

ties in female patients and older age might not be specific for SCD but are in line with the 

situation in the general population.

Sickle cell maculopathy and more profound loss of flow and VD correlated with PSCR 

in previous studies.16,17,27 By contrast, our study (with a large cohort of SCD patients 

studied) did not reveal any association between macular VD parameters and SCR pres-
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ence or severity or Hb genotype. A notable difference between the previous studies and 

our present study is the prevalence of PSCR. However, given the high absolute number 

of patients with PSCR in our cohort, this seems not to be a likely explanation for this 

difference. Regarding Hb genotype, a higher proportion of HbSS patients did have 

macular thinning, but this did not reach statistical significance and analysis stratified 

by genotype did not reveal an association between macular thinning and SCR. Previous 

studies in pediatric SCD cohorts reported more extensive loss of flow in HbSS patients 

compared with compound heterozygous sickle cell patients.28,29 However, other studies 

in adult SCD cohorts did not report this association.27,30 Possibly, macular thinning has 

an earlier onset in patients with HbSS, which could explain these differences between 

pediatric and adult populations.

The findings of our study did not reveal a relation between sickle cell maculopathy 

and peripheral retinopathy. Patients with maculopathy were overall characterized by 

features more related to HbSS genotype (e.g., lower Hb), whereas patients with PSCR 

are generally characterized by features of the HbSC genotype. Therefore, we speculate 

that the underlying pathophysiology of sickle cell maculopathy might differ from that 

of peripheral retinopathy or that it might be different in HbSS and HbSC patients. The 

macula may be more susceptible to diffuse microvascular loss than the peripheral retina, 

where ongoing ischemia resulting in neovascularization is presumed to be the major 

problem.31 We further hypothesize that accelerated aging might play a role in sickle cell 

maculopathy because macular thinning, lower vessel densities, and larger FAZ areas 

are also associated with age in healthy populations. This phenomenon, where abnor-

malities that usually occur in the elderly are present in SCD patients at a significantly 

younger age, has previously been described for other SCD-related organ complications 

as “accelerated aging syndrome.”32 Furthermore, SCD related maculopathy seems to be 

present without impairing the visual acuity. However, its behavior over time (including 

development of visual symptoms) is unknown because longitudinal studies are lacking.

Our study had several limitations. Although the total patient cohort was large, PSCR was 

found in only a relatively small portion of the patients. In addition, the prevalence of 

Goldberg Stage I and II retinopathy might be underestimated as we did not routinely 

perform fluorescein angiography.33 When interpreting the results of our study, it should 

be taken into account that peripheral ischemia, which was associated with macular 

OCTA abnormalities in another study, was also not evaluated due to the lack of fluo-

rescein angiography, which is not routinely performed in our clinic.34 Furthermore, we 

chose to keep P values uncorrected due to the exploratory character of this study. This 

might increase the error rate with multiple analyses.
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In conclusion, we demonstrate that macular thinning and associated OCTA abnormali-

ties are common in adult SCD patients. However, no relation between OCTA abnormali-

ties and the presence or severity of SCR on fundoscopic examination could be demon-

strated. Therefore, OCTA analysis seems not useful in identifying SCD patients at risk for 

peripheral SCR but does point at differential microvascular pathogenetic mechanisms 

at play in SCD maculopathy and SCR.
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ABSTRACT

Purpose

To evaluate the presence and progression of maculopathy in patients with sickle cell 

disease using optical coherence tomography and optical coherence tomography-angi-

ography and to identify clinical/laboratory risk factors for progression during follow-up.

Methods 

Complete ophthalmic examination, including fundoscopy and macular spectral-domain-

optical coherence tomography/optical coherence tomography angiography scans, was 

performed in consecutive patients with sickle cell disease (HbSS/HbSβ0/HbSβ+/HbSC 

genotype) during baseline and follow-up visits. Sickle cell retinopathy stage was based 

on fundoscopy instead of the Goldberg classification, as fluorescein angiography was 

not routinely used. Medical/ophthalmological history and hematologic characteristics 

were retrieved from medical records.

Results 

One hundred and six eyes of 60 patients were analyzed. The median follow-up period 

was 34.5 months (range 8–70, interquartile range 25–55). Macular thinning was pres-

ent in 41 eyes (38.7%) at baseline and in 52 eyes (49.1%) at follow-up. Progression of 

macular thinning was observed in 25.5% (27/106) of the eyes and sickle cell retinopathy 

progression in 15.1% (16/106) of the eyes. Predictors for the progression of macular 

thinning were proliferative retinopathy (adjusted odds ratio 3.40, P = 0.024), lower ves-

sel density in the superior capillary plexus of the inferior parafoveal subfield (adjusted 

odds ratio 0.88, P = 0.003), and higher vessel density in the deep capillary plexus of the 

inferior parafoveal subfield (adjusted odds ratio 1.17, P = 0.001). No association was 

found between the progression of macular thinning and the worsening of other organ 

damage, sickle cell retinopathy progression, ocular complications, or laser treatment.

Conclusion 

Sickle cell disease-related maculopathy progresses in many patients without impairing 

visual acuity during short-term follow-up. Progression of maculopathy is correlated with 

proliferative retinopathy and vessel densities in inferior parafoveal subfields. Further 

research is needed to elucidate functional consequences of macular changes.
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INTRODUCTION

Sickle cell disease (SCD) is one of the most common hereditary diseases, characterized 

by chronic hemolysis and recurrent vaso-occlusion, resulting in tissue ischemia and 

organ damage. The retina is susceptible to this ischemic damage, which can lead to 

sickle cell retinopathy (SCR). Sickle cell retinopathy is classically considered a peripheral 

retinopathy and can be divided into nonproliferative SCR (NPSCR) and proliferative SCR 

(PSCR). Complications such as vitreous hemorrhage and retinal detachment can occur 

in PSCR, resulting in severe visual impairment.

Previous studies have shown that SCD-related changes can also be present in the 

macular area of the retina. Macular vascular changes were initially demonstrated on 

fluorescein angiography (FA) in about 32% of adult patients with homozygous SCD 

(HbSS genotype) and in 36% of those with compound heterozygous sickle-hemoglobin 

C disease (HbSC genotype).1 In more recent years, modern imaging techniques such 

as spectral-domain optical coherence tomography (SD-OCT) and optical coherence 

tomography angiography (OCTA) have revealed subclinical macular vascular changes 

in asymptomatic patients with SCD (including macular thinning, foveal avascular zone 

[FAZ] enlargement, and lower vessel densities), which were previously not observed 

with traditional imaging techniques.2–5 Macular thinning was reported to be correlated 

with more advanced peripheral retinal changes, suggesting a common pathophysi-

ologic mechanism.6,7 It was therefore proposed that macular thinning may be valuable 

as a surrogate marker in the clinical diagnosis of peripheral retinopathy. Abnormalities 

of the macula may also be of potential interest as a clinical biomarker of vascular ab-

normalities in other organs of patients with SCD or as a proxy to help understand the 

pathogenesis of vascular changes in SCD.

However, the functional consequences of these macular changes in SCD are still unclear. 

Scotomas on visual fields, reduced contrast sensitivity, and loss of color vision have 

been previously reported in patients with SCD with severely diminished vessel density 

on OCTA, even when the visual acuity was unaffected.8 Neither how quickly macular ab-

normalities develop and progress in SCD, nor its impact on subsequent visual function 

loss are known because longitudinal studies using OCTA scans are lacking. Therefore, 

the aim of the study was to explore the presence and progression of SCD-related macu-

lopathy, identify clinical and laboratory risk factors for progression during follow-up, 

and evaluate whether progression of SCD-related maculopathy impairs visual acuity.
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METHODS

This single-institution, prospective observational study was a collaboration between 

the departments of Ophthalmology and Hematology of the Amsterdam University 

Medical Centers (UMC), Amsterdam, The Netherlands. Consecutive patients with SCD 

(HbSS, HbSβ0, HbSβ+, and HbSC) visiting the adult outpatient SCD clinic were referred 

to the Department of Ophthalmology if there was no previous ophthalmic examination 

at our center or if their last examination was more than 3 years ago. Follow-up examina-

tions were performed based on the retinopathy stage (approximately 1 year for PSCR, 

2 years for NPSCR, and 2–3 years for no SCR) or when patients experienced symptoms. 

Patients with hereditary or acquired retinopathy (e.g., diabetic retinopathy, retinal vas-

cular occlusions), any ocular media opacities preventing detailed imaging, high myopia 

(>6 diopters), or vitreomacular interface abnormalities were excluded. The study was 

approved by the institutional review board of the Amsterdam UMC and conducted in 

accordance with the principles of the Declaration of Helsinki (seventh revision, 2013). 

Verbal consent from participants was obtained.

Complete ophthalmic examination was performed for all eyes during each visit, includ-

ing assessment of Snellen distance best-corrected visual acuity, slit lamp examination of 

the anterior segment, and dilated fundus biomicroscopy. Visual impairment was defined 

as a visual acuity below 20/25. Fluorescein angiography, which is an essential element of 

the commonly used Goldberg classification,9 was not systematically performed but was 

only used in the case of tentative diagnosis of PSCR or for patients with stage III disease 

or worse. For patients with stage III disease or worse, FA was also not routinely performed 

during follow-up unless clinically indicated (i.e., in cases where it would affect clinical/

therapeutic management). Therefore, the SCR stage was determined for each eye in this 

study based on the fundoscopic examination without fluorescein angiography (instead 

of the Goldberg classification) as follows: 1) no signs of SCR on the fundoscopic examina-

tion, 2) signs of non-proliferative SCR on the fundoscopic examination (sunburst lesions, 

salmon patches, arteriolar occlusions, peripheral anastomose without neovasculariza-

tion), or 3) proliferative SCR on the fundoscopic examination (with neovascularization). 

Eyes with previously resolved vitreous hemorrhage and/or treated retinal detachment 

were also classified as PSCR. Progression of SCR was defined as an increase in the SCR 

stage or in case PSCR was already present at baseline, the occurrence of complications.

Spectral-domain-OCT and OCTA scans of the macula were obtained for this study in 

each patient with the Optovue RTVue XR Avanti instrument (Optovue Inc, Fremont, CA). 

For each eye, a 3 × 3 mm and a 6 × 6 mm scan centered on the fovea were acquired. 

AngioAnalytics software (beta version 2016 200 037) was used for projection artifact 
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removal and automated segmentation of the superficial capillary plexus (SCP) and deep 

capillary plexus (DCP). In addition, the vessel density in the SCP and DCP and foveal 

avascular zone (FAZ) measurements (area, perimeter, and acircularity index [AI]) were 

automatically calculated. The retinal thickness color-coded map was qualitatively 

evaluated for patchy blue areas of retinal thinning to assess the presence of macular 

thinning. Macular thinning was defined as the presence of blue areas in at least one of the 

standard ETDRS macular subfields (Figures 1E, 2B, and 2E for examples). The blue color 

signifies a probability value of less than 1%, indicating that less than 1% of normal eyes 

exhibit values as low as those detected. Progression of macular thinning was defined as 

the appearance of new areas of retinal thinning in previously unaffected subfields on the 

color-coded map. Images were excluded if the quality index was 4 or lower and if mo-

tion artifacts limited adequate grading. The automated segmentation lines and correct 

centration of the ETDRS circle were manually checked to ensure accuracy.

Figure 1. New-onset macular thinning. A–C. Baseline SD-OCT scan (A), retina map (B), and OCTA scan (C). D–F. Follow-up 

SD-OCT scan (D), retina map (E), and OCTA scan (F) of the same eye of the same patient. At baseline, the retina map (B) shows 

a completely green ETDRS circle, indicating normal thickness. At follow-up (E), the outer temporal segment changes to blue, 

indicating new-onset macular thinning.
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Available ophthalmological data and hematologic characteristics were retrieved from 

the electronic patient records. These included Hb genotype, use of hydroxyurea, 

avascular necrosis (AVN), history of acute chest syndrome (ACS), stroke and laboratory 

characteristics (Hb, HbF%, LDH, bilirubin, and reticulocytes). Avascular necrosis had to 

be confirmed by X-ray or MRI. Acute chest syndrome was defined as the finding of a new 

pulmonary infiltrate on chest radiography in combination with fever, respiratory symp-

toms, or chest pain for which medical treatment was necessary. Stroke was defined as 

a diagnosis of clinical overt stroke confirmed by magnetic resonance imaging (MRI) or 

computerized tomography (CT).

Figure 2. Progression of macular abnormalities. A–C. Baseline SD-OCT scan (A), retina map (B), and OCTA scan (C). D–F. 

Follow-up SD-OCT scan (D), retina map (E), and OCTA scan (F) of the same eye of the same patient. A small area of macular 

thinning is present at baseline, noticeable as the blue inner temporal segment of the ETDRS circle (B). This area extended at 

follow-up to the outer temporal and inner superior segment (E). In addition, the area of the foveal avascular zone on the OCTA 

scan shows enlargement at follow-up (F), indicating progression of macular abnormalities.
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Statistical analysis was performed using IBM SPSS Statistics (Version 28.0; IBM Corp, Ar-

monk, NY) and Stata (version 17; Stata Corporation LLC, College Station). Completeness 

of data was checked before performing the analysis. A small amount of missing data in 

laboratory parameters was imputed using single imputation. Binary and categorical vari-

ables are displayed as frequencies and percentages. Continuous variables are displayed 

as means with standard deviations. Linear mixed models and generalized estimating 

equations (GEE) analysis were used to test differences between groups and calculate 

odds ratios, while considering interocular correlation. P-values < 0.05 were considered 

significant. Reported P-values are uncorrected due to the exploratory character of this 

study.

RESULTS

A total of 60 patients had a second or third ophthalmic examination during the study as 

part of their routine screening schedule, providing follow-up OCTA scans for 106 eyes of 

60 patients (including 54 right and 52 left eyes). Baseline characteristics are outlined in 

Table 1. The median follow-up period was 34.5 months (total range 8–70, interquartile 

range 25–55). The study cohort comprised 27 male patients (45%) and 33 female pa-

tients (55%). The mean age was 33.7 years (SD ± 12.4, range 17–66) at baseline and 36.9 

years (SD ± 12.6, range 18–70) at follow-up. HbSS genotype was present in 38.3% of the 

patients, HbSC genotype in 51.7%, HbSβ0 genotype in 5%, and HbSβ+ genotype in 5%. 

Hydroxyurea was used by a total of 20 patients (33.3%). At baseline, PSCR was present 

in 19 eyes (17.9%) and NPSCR in 26 eyes (24.5%). Progression of SCR during follow-up 

was observed in 15.1% (16/106) of the eyes, resulting in 26 eyes (24.5%) with PSCR and 

32 eyes (30.2%) with NPSCR (Table 2). Eight eyes (7.5%) had a history of vitreous hemor-

rhage at baseline and one eye (0.9%) had a history of retinal detachment. Seven eyes 

(6.6%) had previously undergone laser treatment. During the follow-up period, vitreous 

hemorrhage occurred in 3 eyes (2.8%), and seven eyes (6.6%) received laser treatment.

Table 1. Baseline Characteristics (Total and Stratified by Progression of Macular Thinning)

Characteristic Total Patients without 

progression

Patients with 

progression

P-value

Patients, n

Eyes, n

OD, n eyes (%)

OS, n eyes (%)

60

106

54 (50.9%)

52 (49.1%)

39

79

37 (46.8%)

42 (53.2%)

21

27

17 (63%)

10 (37%)

0.081

Median follow-up length 

(months; total range, IQR)

34.5 (8-70, IQR 25-55) 40 (8-70, IQR 26-57) 31 (10-63, IQR 24-41) 0.224
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Table 1. Baseline Characteristics (Total and Stratified by Progression of Macular Thinning) (continued)

Characteristic Total Patients without 

progression

Patients with pro-

gression

P-value

Presence of macular thinning

Baseline, n eyes (%)

Follow-up, n eyes (%)

41 (38.7%)

52 (49.1%)

-

-

-

-

-

-

Sex

Male, n (%)

Female, n (%)

27 (45%)

33 (55%)

18 (46.2%)

21 (53.8%)

9 (42.9%)

12 (57.1%)

0.807

Mean age (years)

Baseline (SD, range)

Follow-up (SD, range)

33.7 (±12.4, 17-66)

36.9 (±12.6, 18-70)

33.2 (±12.5, 17-66)

36.6 (±12.6, 18-70)

34.6 (±12.3, 18-61)

37.5 (±12.8, 21-67)

0.677

0.799

Hb genotype

HbSS, n (%)

HbSC, n (%)

HbSβ0, n (%)

HbSβ+, n (%)

23 (38.3%)

31 (51.7%)

3 (5%)

3 (5%)

14 (35.9%)

21 (53.8%) 

2 (5.1%)

2 (5.1%)

9 (42.9%)

10 (47.6%)

1 (4.8%)

1 (4.8%)

ref

0.601

0.846

0.846

Retinopathy

None, n eyes (%)

NPSCR, n eyes (%)

PSCR, n eyes (%)

61 (57.5%)

26 (24.5%)

19 (17.9%)

50 (63.3%)

19 (24.1%)

10 (12.7%)

11 (40.7%)

7 (25.9%)

9 (33.3%)

ref

0.232

0.015

VA <20/25*, n eyes (%) 1 (0.9%) 1 (1.3%) 0 (0%) NA

Ocular complications

VH, n eyes (%)

RD, n eyes (%)

11 (10.4%)

1 (0.9%)

9 (11.4%)

1 (1.3%)

2 (7.4%)

0 (0%)

0.479

NA

Laser treatment, n eyes (%) 14 (13.2%) 8 (10.1%) 6 (22.2%) 0.268

Systemic treatment

Hydroxyurea, n (%)

Voxelotor, n (%)

Crizanlizumab, n (%)

Chronic transfusion, n (%)

20 (33.3%)

5 (8.3%)

1 (1.7%)

3 (5%)

15 (38.5%)

4 (10.3%)

0 (0%)

3 (7.7%)

5 (23.8%)

1 (4.8%)

1 (4.8%)

0 (0%)

0.255

0.473

NA

NA

Laboratory characteristics 

(mean, SD)

Hb level (g/dL)

HbF (%)

LDH (U/L)

Total bilirubin (µmol/L)

Reticulocytes (%)

10.3 (±2.1)

5.2 (±6.1)

372.3 (±187.8)

37.4 (±25.9)

6.0 (±4.9)

10.2 (±2.0)

4.8 (±6.0, range 1-30)

356.3 (±186)

35.2 (±28.5)

5.3 (±4.1)

10.4 (±2.4)

5.8 (±6.3, range 1-20)

402.1 (±192.1)

41.5 (±20.2)

7.4 (±6.0)

0.831

0.557

0.370

0.374

0.126

Other SCD-related organ 

damage (n patients, %)

Microalbuminuria

AVN

ACS

Pulmonary hypertension

CVA

Chronic ulcers

Cholelithiasis

12 (20%)

8 (13.3%)

19 (31.7%)

9 (15%)

1 (1.7%)

3 (5%)

21 (35%)

9 (23.1%)

5 (12.8%)

12 (30.8%)

5 (12.8%)

0 (0%)

2 (5.1%)

14 (35.9%)

3 (14.3%)

3 (14.3%)

7 (33.3%)

4 (19%)

1 (4.8%)

1 (4.8%)

7 (33.3%)

0.421

0.874

0.839

0.522

NA

0.950

0.843

IQR = interquartile range, SD = standard deviation, NPSCR = nonproliferative sickle cell retinopathy, PSCR = proliferative sickle 

cell retinopathy, VA = visual acuity, VH = vitreous hemorrhage, RD = retinal detachment

* Without any other explaining pathologies (e.g. cataract)
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Macular thinning was present in 41 eyes (38.7%) at baseline and in 52 eyes (49.1%) 

at follow-up. As demonstrated in Table 2, the temporal subfields of the macula were 

predominantly affected (75.6% of the affected eyes at baseline and 76.9% of the affected 

eyes at follow-up). Progression of macular thinning was observed in 27 eyes (25.5%) of 

21 patients. Of those 27 eyes, 11 eyes (40.7%) of 10 patients had no macular thinning 

at baseline. None of the eyes with macular thinning at baseline showed improvement 

or resolution of thinning during follow-up. Figure 1 illustrates the SD-OCT and OCTA 

scans from one of those patients. The other eyes that already had macular thinning at 

Table 2. Comparison of Clinical Characteristics at Baseline and Follow-Up

Baseline Follow-up

VA in decimal notation (mean ±SD) 1.1 (±0.3) 1.2 (±0.2)

Retinopathy

None, n eyes (%)

NPSCR, n eyes (%)

PSCR, n eyes (%)

61 (57.5%)

26 (24.5%)

19 (17.9%)

48 (45.3%)

32 (30.2%)

26 (24.5%)

Presence of macular thinning, n eyes (%) 41 (38.7%) 52 (49.1%)

Location of macular thinning in affected eyes

Temporal, n eyes (%)

Superior, n eyes (%)

Nasal, n eyes (%)

Inferior, n eyes (%)

Central, n eyes (%)

31/41 (75.6%)

16/41 (39.0%)

19/41 (46.3%)

16/41 (39.0%)

19/41 (46.3%)

40/52 (76.9%)

21/52 (40.4%)

32/52 (61.5%)

25/52 (48.1%)

23/52 (44.2%)

History of ocular complications

VH, n eyes (%)

RD, n eyes (%)

8 (7.5%)

1 (0.9%)

11 (10.4%)

1 (0.9)

History of laser treatment, n eyes (%) 7 (6.6%) 14 (13.2%)

Systemic treatment

Hydroxyurea, n (%)

Voxelotor, n (%)

Crizanlizumab, n (%)

Chronic transfusion, n (%)

20 (33.3%)

5 (8.3%)

1 (1.7%)

3 (5%)

17 (28.3%)

5 (8.3%)

1 (1.7%)

3 (5%)

Laboratory characteristics (mean ±SD)

Hb level (g/dL)

HbF (%)

LDH (U/L)

Total bilirubin (µmol/L)

Reticulocytes (%)

10.3 (±2.1)

5.2 (±6.1)

372.3 (±187.8)

37.4 (±25.9)

6.0 (±4.9)

10.3 (±2.0)

5.0 (±6.0)

347 (±129)

34.8 (±25.8)

5.4 (±4.0)

Other SCD-related organ damage (n patients, %)

Microalbuminuria

AVN

ACS

Pulmonary hypertension

Stroke

Chronic ulcers

Cholelithiasis

12 (20%)

8 (13.3%)

19 (31.7%)

9 (15%)

1 (1.7%)

3 (5%)

21 (35%)

13 (21.7%)

8 (13.3%)

20 (33.3%)

9 (15%)

2 (3.3%)

4 (6.7%)

21 (35%)

VA = visual acuity, NPSCR = nonproliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy, VH = vitreous 

hemorrhage, RD = retinal detachment, SCD = sickle cell disease, AVN = avascular necrosis, ACS = acute chest syndrome
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baseline developed thinning in other macular subfields during follow-up. An example 

of one of these cases is shown in Figure 2. The FAZ perimeter (P = 0.003) and the FAZ AI 

(P = 0.009) increased during follow-up, as shown in Table 3. The FAZ area also increased 

during follow-up, but this finding was borderline significant (P = 0.068). Vessel density 

parameters did not differ between baseline and follow-up. As shown in Table 4, a nega-

tive association was found between progression of macular thinning and the parafoveal 

vessel density in the SCP for the temporal (OR 0.89, 95% CI 0.80–0.99, P = 0.042), superior 

(OR 0.91, 95% CI 0.84–0.98, P = 0.011), nasal (OR 0.91, 95% CI 0.84–0.97, P = 0.007) and in-

ferior subfields (OR 0.92, 95% CI 0.85–0.99, P = 0.042). In the DCP, the inferior parafoveal 

subfield was positively associated with progression of macular thinning (OR 1.11, 95% 

CI 1.03–1.19, P = 0.005). After multivariate analysis, only the vessel density in the inferior 

parafoveal subfield of the SCP (adjusted OR [aOR] 0.88, 95% CI 0.80–0.96, P = 0.003) and 

the DCP (aOR 1.17, 95% CI 1.07–1.28, P = 0.001) remained associated with progression 

of macular thinning.

Table 3. Characteristics of OCTA Scans

Baseline Follow-up p-value

Mean (±SD) foveal vessel density SCP (%) 18.08 (±8.51) 17.74 (±8.48) 0.459

Mean (±SD) foveal vessel density DCP (%) 32.88 (±9.99) 32.51 (±9.85) 0.458

Mean (±SD) parafoveal vessel density SCP

Temporal (%)

Superior (%)

Nasal (%)

Inferior (%)

53.26 (±3.96)

54.87 (±5.64)

52.98 (±5.24)

54.57 (±5.25)

53.52 (±3.90)

53.91 (±6.49)

52.99 (±5.46)

54.39 (±5.81)

0.396

0.077

0.993

0.696

Mean (±SD) perifoveal vessel density SCP

Temporal (%)

Superior (%)

Nasal (%)

Inferior (%)

48.35 (±3.74)

52.90 (±3.70)

56.99 (±3.51)

53.10 (±3.61)

48.22 (±3.53)

52.89 (±3.84)

56.72 (±3.57)

52.99 (±4.03)

0.659

0.953

0.357

0.753

Mean (±SD) parafoveal vessel density DCP

Temporal (%)

Superior (%)

Nasal (%)

Inferior (%)

56.11 (±4.59)

54.97 (±4.81)

56.16 (±4.09)

54.08 (±5.70)

56.51 (±4.77)

55.18 (±4.53)

56.72 (±3.73)

54.89 (±4.69)

0.299

0.661

0.106

0.107

Mean (±SD) perifoveal vessel density DCP

Temporal (%)

Superior (%)

Nasal (%)

Inferior (%)

55.39 (±5.08)

53.60 (±6.47)

53.34 (±6.49)

52.97 (±7.00)

55.89 (±5.00)

54.66 (±5.98)

53.84 (±6.23)

53.84 (±6.41)

0.298

0.107

0.424

0.189

Mean (±SD) FAZ area (mm2) 0.365 (±0.152) 0.381 (±0.150) 0.068

Mean (±SD) FAZ perimeter (mm) 2.31 (±0.49) 2.40 (±0.48) 0.003

Mean (±SD) FAZ AI 1.10 (±0.03) 1.12 (±0.07) 0.009

SCP = superficial capillary plexus, DCP = deep capillary plexus, FAZ = foveal avascular zone, AI = acircularity index
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Baseline characteristics in Table 1 are also stratified by groups with or without progres-

sion of macular thinning during follow-up. Age and male-female ratio were similar 

between both groups. The follow-up length was marginally longer in the group without 

progression of macular thinning, but this did not reach statistical significance. In both 

groups, HbSC was the most common genotype. In the group with progression of macu-

lar thinning, there were slightly more HbSS patients than those in the group without 

progression. However, the distribution of genotypes between both groups did not reach 

statistical significance. Table 2 demonstrates the mean visual acuity at baseline and 

follow-up. Visual acuity was impaired in one eye of one patient (at baseline and follow-

up) in the group without progression of macular thinning. All patients in the group with 

progression of macular thinning had normal visual acuity at both baseline and follow-

up. Proliferative sickle cell retinopathy had a higher prevalence in the group with pro-

gression of macular thinning (33.3% vs. 12.7%, P = 0.015). In a multivariate analysis, only 

PSCR (aOR 3.40, 95% CI 1.18–9.83, P = 0.024) was predictive of progression of macular 

Table 4. Univariate Analysis for Progression of Macular Thinning

Progression of macular 

thinning (unadjusted OR)

95% Confidence interval P-value

Vessel density SCP

Fovea

Parafovea

Temporal

Superior

Nasal

Inferior

Perifovea

Temporal

Superior

Nasal

Inferior

1.02

0.89

0.91

0.91

0.92

0.98

0.95

0.98

0.99

0.95 – 1.09

0.80 – 0.99

0.84 – 0.98

0.84 – 0.97

0.85 – 0.99

0.87 – 1.10

0.86 – 1.04

0.86 – 1.13

0.87 – 1.11

0.596

0.042

0.011

0.007

0.042

0.742

0.281

0.794

0.805

Vessel density DCP

Fovea

Parafovea

Temporal

Superior

Nasal

Inferior

Perifovea

Temporal

Superior

Nasal

Inferior

1.01

1.00

0.98

1.02

1.11

1.02

1.02

1.01

1.05

0.96 – 1.061

0.90 – 1.12

0.87 – 1.10

0.88 – 1.17

1.03 – 1.19

0.95 – 1.10

0.95 – 1.10

0.93 – 1.10

0.98 – 1.12

0.790

0.982

0.697

0.825

0.005

0.617

0.521

0.754

0.143

FAZ

Area

Perimeter

AI

0.40

0.67

15.29

0.01 – 12.15

0.23 – 1.98

2.27e-6 – 1.03e8

0.599

0.469

0.734

OR = odds ratio, SCP = superficial capillary plexus, DCP = deep capillary plexus, AI = acircularity index
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thinning. No correlation was found between the progression of macular thinning and 

progression of SCR, the incidence of ocular complications/laser treatment, or worsening 

of other forms of organ damage.

As demonstrated in Table 1, Hb level, HbF, LDH, total bilirubin, and reticulocytes were 

higher in patients with progression of macular thinning compared with patients without 

progression, but none of these differences were significant. Furthermore, there were no 

significant differences regarding sickle cell-related organ damage between the groups 

with and without progression of macular thinning.

DISCUSSION

To our knowledge, this study is the first to evaluate longitudinal changes of the macula 

on OCTA in adult patients with SCD, demonstrating that macular abnormalities on OCT 

and OCTA are progressive over time in a substantial proportion of patients with SCD. 

Progression of maculopathy was correlated with the presence of proliferative reti-

nopathy and with vessel density measures in the SCP and DCP of the inferior parafoveal 

subfield of the macula.

The FAZ perimeter and FAZ AI increased significantly during follow-up in our study, while 

vessel density parameters did not differ between baseline and follow-up. There is one 

other longitudinal study in the current literature on OCTA data in patients with SCD, but 

that study was exclusively performed in pediatric patients.10 Although no information 

about FAZ AI and perimeter was reported, the vessel density in the superonasal quad-

rant of the DCP was significantly higher at follow-up than at baseline after adjustment 

for age and ethnicity, which was not found in our cohort. They hypothesized that this 

rise might be a reaction to thinning of the temporal macula. However, our study found 

an association between a higher vessel density in the inferior parafoveal subfield of the 

DCP and progression of macular thinning. Perhaps this is also due to a compensatory 

mechanism in early vascular occlusion, causing an increase in vessel diameter (and/or 

flow rate) to sustain adequate blood supply to the macula. As the vessel density on OCTA 

is measured as the ratio of the area occupied by vessels with blood flow to the total area, 

this could lead to higher vessel densities.

In this study, a lower vessel density in the inferior parafoveal subfield of the SCP was 

a predictor for progression of macular thinning. While longitudinal data among adult 

patients with SCD is lacking, the relationship between decreased vessel density on OCTA 

and progressive macular thinning has previously been described in diabetic retinopathy 
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(DR).11,12 Furthermore, acceptable specificity and sensitivity of macular OCTA imaging to 

diagnose (the grade of) peripheral diabetic retinopathy have been demonstrated.13 It is 

hypothesized that in DR, macular microvascular occlusion (starting in the SCP) precedes 

neurodegeneration of the macular retina, leading to macular thinning.12 A similar se-

quence of events could underlie the pathogenesis of SCD-related maculopathy. It would 

also explain why several studies, including the pediatric longitudinal study, found a 

correlation with features more closely associated with the HbSS genotype.10,14,15 The 

HbSS genotype is characterized by complete vaso-occlusion rather than ongoing retinal 

ischemia.16 Nevertheless, further longitudinal studies are needed to elucidate the rela-

tion between vascular and neurodegenerative macular changes in SCD.

The progressive nature of pathological macular thinning in SCD on SD-OCT scans has 

also been described by earlier studies, including the association with SCR.10,17,18 Both 

the (temporal) macula and the peripheral retina have terminal arterioles that consist of 

fairly long sections with equal diameters throughout their course, which may result in 

relatively high vascular resistance and could explain the association between peripheral 

retinopathy and maculopathy as both areas might be susceptible to microvascular ob-

struction and ischemia due to SCD.19,20 Interestingly, macular thinning does not seem to 

significantly affect visual acuity (which is similar to our study), while other parameters 

of visual function (such as retinal sensitivity and visual field) have been demonstrated 

to deteriorate when macular thinning is present.8,21 Perhaps the foveal function and 

therefore visual acuity is spared in SCD since SCD-related maculopathy is present mainly 

in the temporal macular area. The temporal area is probably more susceptible to micro-

vascular obstruction and ischemia because the terminal arterioles in this area are longer 

and have a smaller diameter than other macular regions.19,20 However, most follow-up 

studies on macular thinning on SD-OCT (including ours) have a limited follow-up period. 

It may, therefore, be possible that deterioration of visual acuity may still develop after a 

longer observation period. Studies with a longer follow-up period and studies evaluat-

ing the impact on visual acuity are needed, such as the ongoing Sickle Cell Eye Project.22

This study has several limitations. Although this is the first study with longitudinal OCTA 

data of adult patients with SCD, the follow-up period is relatively short. Another limita-

tion is that visual acuity was the only parameter of visual function that was included in 

this study. Furthermore, the prevalence of Goldberg stage I and II retinopathy might be 

underestimated in our cohort as we did not routinely perform fluorescein angiography.23 

We also chose to keep P-values uncorrected due to the exploratory character of this 

study, which might increase the error rate with multiple analyses.
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In conclusion, SCD-related maculopathy is progressive in a substantial proportion of 

patients but does not seem to impair visual acuity. Progression of maculopathy is cor-

related with the presence of proliferative retinopathy and with vessel densities in the 

inferior parafoveal subfields. Further longitudinal research in larger cohorts is needed 

to elucidate the natural behavior and functional consequences of macular changes over 

time in SCD.
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ABSTRACT

Sickle cell disease (SCD), encompassing genotypes such as HbSS and HbSC, causes 

chronic hemolysis and microvascular occlusion, leading to organ damage. The retina 

is particularly vulnerable, often resulting in sickle cell retinopathy (SCR) or sickle cell 

maculopathy (SCM). The precise underlying mechanisms are unclear, though various 

factors are suggested to contribute. This study explored the role of whole blood viscosity 

and red blood cell (RBC) deformability in SCR and SCM. Adult HbSS (n = 34) and HbSC pa-

tients (n = 34) were offered an ophthalmic examination to determine SCR stage. A venous 

ethylenediaminetetraacetic acid (EDTA) sample was collected from each participant. 

Whole blood viscosity was measured using a Brookfield viscometer and RBC deform-

ability was assessed using the Oxygenscan feature of the Laser Optical Rotational Red 

Cell Analyzer as a function of the (varying) partial oxygen pressure. HbSC patients with 

proliferative sickle cell retinopathy (PSCR) had a lower delta elongation index (p = 0.012) 

and point of sickling (p = 0.002) than those without PSCR, suggesting that RBC sickling 

might not play a central role in the pathogenesis of PSCR in HbSC patients. Despite 

hyperviscosity being a commonly proposed mechanism, no associations were found 

between blood viscosity, SCR and SCM. These results point to alternative mechanisms 

contributing to SCR and SCM, highlighting the complexity and need for further research 

to fully understand the underlying factors.
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INTRODUCTION

Sickle cell disease (SCD), encompassing genotypes such as HbSS and HbSC, is charac-

terized by chronic hemolysis and microvascular occlusion, resulting in chronic inflam-

mation, ischemia and organ damage.1 The retina is particularly sensitive to ischemic 

damage, leading to sickle cell retinopathy (SCR) or sickle cell maculopathy (SCM).

SCR is classified into non-proliferative sickle cell retinopathy (NPSCR) and proliferative 

sickle cell retinopathy (PSCR). PSCR involves neovascularization, which can cause vit-

reous hemorrhage or retinal detachment, drastically impairing visual acuity. Previous 

studies demonstrated that compound heterozygous sickle-hemoglobin (Hb) C disease 

(HbSC genotype) is associated with SCR (particularly PSCR), while this genotype is 

linked to less severe systemic disease than homozygous SCD (HbSS genotype).2,3 The 

mechanism underlying the association between HbSC genotype and PSCR remains 

unclear, but many pathophysiological aspects have been suggested to contribute, 

including increased blood viscosity related to higher Hb levels and hematocrit. This can 

lead to stagnant blood flow, causing polymerization, sickling of red blood cells (RBCs), 

vascular obstruction, ischemia and angiogenesis.4,5,6

SCM affects the central retina (the macula) and includes abnormalities such as macular 

thinning, enlargement of the foveal avascular zone (FAZ) and lower vessel densities. 

These abnormalities differ from those in the peripheral retina and are detectable through 

spectral-domain coherence tomography (SD-OCT) and optical coherence tomography 

angiography (OCTA).7,8 Unlike SCR, SCM has been associated with the HbSS genotype.9,10 

While the functional consequences of SCM remain unclear, scotomas, reduced contrast 

sensitivity and impaired color vision have been reported in SCD patients with severely 

diminished vessel density on OCTA, even with normal visual acuity.11

SCR results from ischemic vascular disease and secondary angiogenesis, but the key fac-

tors in its pathogenesis remain unclear.5,12 One area of interest is RBC deformability, as 

impaired deformability could affect their ability to navigate through the microvascula-

ture, exacerbating ischemic conditions. The Oxygenscan is a new method to determine 

RBC deformability ex vivo as a function of the partial oxygen pressure.13 This approach 

is particularly relevant to SCR and SCM, as RBC deformability might impact retinal 

microcirculation. Understanding the pathophysiology may open new paths of interven-

tion regarding retinopathy and may help identify risk factors for PSCR. This study aimed 

to explore the role of whole blood viscosity, RBC deformability, and hypoxia-induced 

sickling in SCR and SCM.
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METHODS

This single-center observational study was conducted in collaboration between the 

departments of Ophthalmology and Hematology of the Amsterdam University Medical 

Centers (UMC), Amsterdam, the Netherlands. The study was approved by the institu-

tional review board and ethics committee of the Amsterdam UMC (ClinicalTrials.gov ID: 

NCT06396403) and followed the principles of the Declaration of Helsinki. All participants 

gave written informed consent.

Patients with HbSS or HbSC genotype from the adult outpatient SCD clinic were ap-

proached between June 2023 and June 2024. Patients using crizanlizumab, voxelotor or 

mitapivat were excluded.

Ophthalmic data

Ophthalmic examination included best-corrected visual acuity (VA), slit lamp examina-

tion and dilated fundoscopy. Visual impairment was defined as VA < 20/25. Fluorescein 

angiography was only used in case of tentative diagnosis of PSCR or for patients with 

stage III disease or worse. Therefore, SCR stage was determined based on fundoscopic 

examination (instead of the Goldberg classification) as (1) either no signs of SCR or signs 

of NPSCR (sunburst lesions, salmon patches, arteriolar occlusions, peripheral anas-

tomose without neovascularization), or (2) PSCR (with neovascularization). Eyes with 

previously resolved vitreous hemorrhage and/or treated retinal detachment were also 

classified as PSCR.

Macular SD-OCT/OCTA scans were obtained with the Optovue RTVue XR Avanti instru-

ment (Optovue Inc., Fremont, California, USA). For each eye, a 3 × 3 mm scan and a 

6 × 6 mm scan were acquired. AngioAnalytics software (beta-version 2016.200.037) was 

used for projection artefact removal and automated segmentation of the capillary 

plexuses. Images were excluded if the quality index was ≤4 or motion artefacts limited 

grading. To assess the presence of SCM, two separate parameters were used: the pres-

ence of FAZ irregularities on OCTA (e.g. enlargement or pathological areas of vascular 

loss) and the presence of macular thinning on SD-OCT (defined as the presence of blue 

areas on the retinal thickness color-coded map in at least one of the standard Early 

Treatment Diabetic Retinopathy Study [ETDRS] macular subfields). Figure 1 illustrates a 

normal SD-OCT (1A/1B) and OCTA scan (1C) on the left and an abnormal SD-OCT (1D/1E) 

and OCTA scan (1F) on the right. The assessment of the scans was conducted by a junior 

researcher (RPB) and a senior retinal specialist (RMHD).
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Figure 1. normal and abnormal (SD-OCT and OCTA scans. Illustration of normal and abnormal spectral-domain coher-

ence tomography (SD-OCT) and optical coherence tomography angiography (OCTA) scans. (A, B) A normal SD-OCT scan (A) 

with a completely green Early Treatment Diabetic Retinopathy Study (ETDRS) circle (B), indicating normal macular thickness. 

An example of a normal OCTA scan is shown in (C), displaying the typical macular vascular structure with clearly defined 

white vessels and a round, well-formed foveal avascular zone (FAZ) at the center of the macula, indicative of normal retinal 

vasculature. (D, E) An SD-OCT scan with macular thinning. The yellow arrows in (D) show the focal areas of macular thin-

ning. (E) The corresponding ETDRS circle, with several blue segments indicating macular thinning. The OCTA scan shown in 

(F) demonstrates an irregularly enlarged border of the foveal avascular zone, indicating local vascular loss (yellow arrow).
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Hematological data

Hematological characteristics were retrieved from electronic patient records, including 

Hb genotype, hydroxycarbamide (hydroxyurea) use, presence of microalbuminuria, 

avascular necrosis (AVN), acute chest syndrome (ACS), stroke, chronic ulcers, choleli-

thiasis and laboratory characteristics (Hb, creatinine, lactate dehydrogenase, bilirubin, 

reticulocytes). Laboratory values were no more than 6 months old and were, in most 

cases, within a few weeks to months of the ophthalmic examination and Oxygenscan/

blood viscosity measurements. Microalbuminuria was defined as a ratio between urinary 

microalbumin (mg/L) and creatinine (mmol/L) of more than 3.5. AVN was confirmed 

by X-ray or magnetic resonance imaging (MRI). ACS was defined as a new pulmonary 

infiltrate on X-ray in combination with respiratory symptoms/chest pain for which 

medical treatment was necessary.14 Stroke was defined as a diagnosis of clinical overt 

stroke confirmed by MRI/computed tomography. Chronic ulcers were defined as chronic 

ulceration of the lower leg, without another explanation, not healed within 14 days.15 

Cholelithiasis was defined as the presence of gallstones (on ultrasound) or a previous 

cholecystectomy.

A 6 mL ethylenediaminetetraacetic acid (EDTA) tube of venous blood was collected from 

each participant. Whole blood viscosity was measured at native hematocrit at 37°C with 

a shear rate increasing from 0 to 150 s−1 (with the first valid measuring point at 16.6 s−1) 

using the Brookfield LV DVII+CPE40 spindle viscometer (Brookfield Engineering, MA, 

USA). Hematocrit was measured using the ADVIA 2120i hematology analyzer (Siemens 

Healthineers, Erlangen, Germany). The hematocrit-to-viscosity ratio (HVR), reflecting 

oxygen transport effectiveness of blood, was calculated as hematocrit (%)/whole blood 

viscosity (mPa.s).16 RBC characteristics were evaluated within 24 h of sample collection 

using the Oxygenscan feature of the Laser Optical Rotational Red Cell Analyzer (Lorrca, 

RR Mechatronics, Zwaag, the Netherlands) to determine RBC deformability as a function 

of the (varying) partial oxygen pressure (pO2). A detailed description of the Oxygenscan 

methodology has been published previously.13 In short, 50 μL of the EDTA sample was 

mixed with 5 mL Iso-Oxy (a polyvinylpyrrolidone solution mimicking the pH and osmo-

larity of whole blood) after standardizing the sample to a RBC count of 200 × 106. Two 

milliliters of the mixture was inserted via a Luer-lock adapter into the device’s cylinder 

gap, creating a shear stress of 30 Pa on the RBCs. Deoxygenation was induced by intro-

ducing nitrogen gas, followed by passive reoxygenation with ambient air. During this 

process, the elongation index (EI) of RBCs was calculated multiple times, representing 

their deformability upon deoxygenation and reoxygenation. The following output of the 

Oxygenscan was used for analysis: the point of sickling (PoS), the maximum EI (EImax), 

the minimum EI defined at a pO2 of 10 mmHg (EImin) and the delta EI. The PoS is the 

pO2 at which more than a 5% decrease in EI occurs, representing the point where RBC 
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sickling starts. A lower PoS represents a more favorable RBC deformability. EImax is the 

maximum (baseline) deformability at normal oxygen pressure. EImin is the minimum 

deformability at 10 mmHg upon deoxygenation. Delta EI is the difference between EImax 

and EImin, representing the degree of RBC sickling upon deoxygenation.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (v28.0; Armonk, New York). 

Differences in counts or means between the groups were examined with the Chi-squared 

test (or Fisher’s exact test when suitable) for binary variables and unpaired Student’s 

t-test for continuous variables. In the case of non-normal distribution, Mann–Whitney U 

test was used. p-values <0.05 were considered significant. Reported p-values are uncor-

rected due to the exploratory character of this study.

RESULTS

A total of 68 patients were included: 34 patients with HbSS genotype and 34 patients 

with HbSC genotype. Baseline characteristics (including stratification by genotype) 

are outlined in Table 1. The cohort comprised 31 male patients (45.6%) and 37 female 

patients (54.4%). The mean age was 33.8 ± 11.8 years and did not significantly differ 

between genotypes, but patients with PSCR were older than patients without PSCR 

(37.4 ± 12.0 vs. 31.5 ± 11.2, p = 0.044). PSCR was present in 26 patients (38.2%), who 

predominantly had HbSC genotype (p < 0.001). OCTA scans of sufficient quality were 

available for 63 patients (92.6%) and SD-OCT scans were available for 64 patients 

(94.1%). FAZ abnormalities were present in 31/63 patients (49.2%) and macular thinning 

in 31/64 patients (48.4%). Hydroxyurea was used by 27 patients (39.7%), predominantly 

with HbSS genotype (p < 0.001). To facilitate easier interpretation of the results, further 

details on the Oxygenscan parameters, their significance and all relevant abbreviations 

are provided in Table S1.

Table 1. Baseline characteristics and stratification by genotype

Total (n = 68) HbSS (n = 34) HbSC (n = 34) P-value

Sex

Male (n, %)

Female (n, %)

31 (45.6%)

37 (54.4%)

16 (47.1%)

18 (52.9%)

15 (44.1%)

19 (55.9%)

0.808*

Age (mean ± SD) 33.8 ±11.8 33.6 ±11.7 34.0 ±12.0 0.879†

Retinopathy status

No PSCR (n, %)

PSCR (n, %)

42 (61.8%)

26 (38.2%)

29 (85.3%)

5 (14.7%)

13 (38.2%)

21 (61.8%)

<0.001*
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Differences in Oxygenscan and blood viscosity parameters between HbSS and HbSC 

genotype are outlined in Table 2. The EImin (p = 0.014) was higher in HbSC patients 

compared to HbSS patients, while the delta EI and PoS were lower (p < 0.001). Whole 

blood viscosity (p < 0.001) and hematocrit (p < 0.001) were also higher in HbSC patients 

compared to those in HbSS patients. Differences in EImax and HVR were not statistically 

significant.

Table 1. Baseline characteristics and stratification by genotype (continued)

Total (n = 68) HbSS (n = 34) HbSC (n = 34) P-value

Maculopathy

FAZ abnormalities

Macular thinning

31/63 (49.2%)‡

31/64 (48.4%)§

15/31 (48.4%)

20/33 (60.6%)

16/32 (50%)

11/31 (35.5%)

0.898*

0.044*

Ocular complications

Vitreous hemorrhage (n, %)

Retinal detachment (n, %)

10 (14.7%)

2 (2.9%)

1 (2.9%)

0 (0%)

9 (26.5%)

2 (5.9%)

0.006*

NA

Retinal laser treatment (n, %) 15 (22.1%) 3 (8.8%) 12 (35.3%) 0.008*

Hydroxyurea use (n, %) 27 (39.7%) 22 (64.7%) 5 (14.7%) <0.001*

Chronic transfusion use (n, %) 2 (2.9%) 2 (5.9%) 0 (0%) NA

alpha-thalassemia (n, %) 2 (2.9%) 2 (5.9%) 0 (0%) NA

Laboratory characteristics (mean ± SD)

Hb (g/dL)

HbF (%)

Creatinine (µmol/L)

LDH (U/L)

Bilirubin (µmol/L)

Reticulocytes (%)

10.3 (±2.0)

7.1 (±7.8)

67.6 (±19.0)

340.7 (±141.1)

33.9 (±24.0)

5.7 (±3.9)

9.0 (±1.3)

11.6 (±8.7)

61.1 (±19.3)

401.8 (±164.5)

45.3 (±27.1)

8.4 (±3.8)

11.6 (±1.8)

2.6 (±2.7)

74.2 (±16.5)

279.6 (±75.4)

22.6 (±13.0)

3.1 (±1.0)

<0.001†

<0.001#

<0.001#

<0.001#

<0.001#

<0.001#

Other organ damage

Microalbuminuria, n (%)

AVN, n (%)

ACS, n (%)

Stroke, n (%)

Chronic ulcers, n (%)

Cholelithiasis, n (%)

15 (22.1%)

7 (10.3%)

13 (19.1%)

1 (1.5%)

1 (1.5%)

24 (35.3%)

11 (32.4%)

3 (8.8%)

9 (26.5%)

1 (2.9%)

1 (2.9%)

17 (50%)

4 (11.8%)

4 (11.8%)

4 (11.8%)

0 (0%)

0 (0%)

7 (20.6%)

0.041*

1.000¶

0.123*

NA

NA

0.011*

SCR = sickle cell retinopathy, NPSCR = non-proliferative sickle cell retinopathy, PSCR = proliferative sickle cell retinopathy, FAZ 

= foveal avascular zone, AVN = avascular necrosis, ACS = acute chest syndrome

* Pearson Chi-Square
† Unpaired Student’s T Test 
‡ Scans only available for 63 of 68 patients
§ Scans only available for 64 of 68 patients
¶ Fisher’s Exact Test
# Mann-Whitney U Test
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HbSS genotype

Table 3 demonstrates the differences in Oxygenscan and blood viscosity parameters 

between patients with and without PSCR, displayed for both genotypes separately. Oxy-

genscan and RBC rheology parameters were not significantly different between HbSS 

patients with PSCR and without PSCR.

Table 2. Comparison of Oxygenscan/viscosity parameters between HbSS and HbSC genotype

HbSS (n = 34) HbSC (n = 34) P-value*

EImax (mean ±SD) 0.448 ±0.076 0.417 ±0.086 0.121

EImin (mean ±SD) 0.216 ±0.130 0.293 ±0.122 0.014

Delta EI (mean ±SD) 0.232 ±0.085 0.124 ±0.074 <0.001

PoS5% (mmHg; mean ±SD) 36.9 ±12.6 21.2 ±6.4 <0.001

Whole blood viscosity (mPa.s; mean ±SD) 4.1 ±0.6† 5.2 ±1.0 <0.001

Hematocrit (L/L, mean ±SD) 0.288 ±0.043† 0.351 ±0.045 <0.001

HVR (mean ±SD) 7.2 ±0.9† 6.9 ±0.8 0.227

EImax = the maximum (baseline) deformability at normal oxygen pressure, EImin = the minimum deformability at 10 mmHg 

upon deoxygenation, Delta EI = the difference between EImax and EImin (representing the degree of RBC-sickling upon deoxy-

genation), PoS5% = point of sickling at 5% decrease of the deformability (representing the pO2 where RBC sickling starts), HVR 

= hematocrit-to-viscosity-ratio (reflects the oxygen transport effectiveness of blood)

* Unpaired Student’s T Test

† Analysis of 32 patients since measurement failed in 2 patients (1 due to clotting, 1 due to paucity of material)

Table 3. Comparison of Oxygenscan/viscosity parameters between retinopathy groups for HbSS and HbSC genotype

HbSS genotype HbSC genotype

No PSCR (n = 29) PSCR (n = 5) P-value* No PSCR (n = 13) PSCR (n = 21) P-value*

EImax (mean ±SD) 0.445 ±0.077 0.465 ±0.076 0.607 0.414 ±0.058 0.419 ±0.101 0.847

EImin (mean ±SD) 0.208 ±0.128 0.263 ±0.147 0.391 0.243 ±0.101 0.325 ±0.126 0.057

Delta EI 

(mean ±SD)

0.238 ±0.085 0.202 ±0.090 0.398 0.171 ±0.091 0.094 ±0.043 0.012

PoS5% (mmHg; 

mean ±SD)

37.4 ± 12.9 33.9 ±11.6 0.576 26.0 ±6.9 18.2 ±3.9 0.002

Whole blood 

viscosity 

(mPa.s; mean ±SD)

4.1 ±0.7† 3.8 ±0.3 0.336 5.3 ±1.0 5.1 ±1.1 0.531

Hematocrit 

(L/L, mean ±SD)

0.288 ±0.043† 0.293 ±0.050 0.800 0.351 ±0.045 0.352 ±0.046 0.956

HVR 

(mean ±SD)

7.1 ±1.0† 7.7 ±0.8 0.209 6.7 ±0.6 7.1 ±0.9 0.193

EImax = the maximum (baseline) deformability at normal oxygen pressure, EImin = the minimum deformability at 10 mmHg 

upon deoxygenation, Delta EI = the difference between EImax and EImin (representing the degree of RBC-sickling upon de-

oxygenation), PoS5% = point of sickling at 5% decrease of the deformability (representing the pO2 where RBC sickling starts), 

HVR = hematocrit-to-viscosity-ratio (reflects the oxygen transport effectiveness of blood), PSCR = proliferative sickle cell reti-

nopathy

* Unpaired Student’s T Test

† Analysis of 27 patients since measurement failed in 2 patients (1 due to clotting, 1 due to paucity of material)
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For patients with HbSS, SD-OCT scans were available for 33/34 patients and OCTA scans 

for 31/34 patients. The findings in Oxygenscan and blood viscosity parameters between 

patients with and without FAZ abnormalities and macular thinning are displayed in 

Table 4. No significant correlations were found between the parameters and FAZ abnor-

malities and macular thinning. However, after stratification by sex, the PoS was lower in 

male HbSS patients with FAZ abnormalities compared to those without FAZ abnormali-

ties (36.7 ± 11.8 vs. 50.7 ± 11.9, p = 0.043).

HbSC genotype

In HbSC patients, the mean PoS was lower in patients with PSCR compared to patients 

without PSCR (18.2 ± 3.9 vs. 26.0 ± 6.9, p = 0.002), indicating that their RBCs are less prone 

to sickling under hypoxic conditions. Delta EI was also lower in patients with PSCR 

(0.094 ± 0.043 vs. 0.171 ± 0.091, p = 0.012), as shown in Table 3. Stratified analysis by sex 

revealed that the difference in PoS was significant for both male and female patients 

(p = 0.004 and p = 0.039 respectively), while the difference in Delta EI was significant only 

in male patients (p < 0.001). No differences were found for EImax and EImin between 

HbSC patients with and without PSCR. However, after stratifying by sex, a significant 

difference in EImin was observed, with male HbSC patients with PSCR having a higher 

mean EImin compared to those without PSCR (0.331 ± 0.128 vs. 0.183 ± 0.055, p = 0.014). 

Whole blood viscosity, hematocrit and HVR were not different between patients with 

and without PSCR.

Table 4. Associations between Oxygenscan/viscosity parameters and SCM for HbSS genotype

FAZ abnormalities Macular thinning

No (n = 16) Yes (n = 15) P-value* No (n = 13) Yes (n = 20) P-value*

EI max (mean ±SD) 0.452 ±0.075 0.427 ±0.071 0.339 0.448 ±0.086 0.447 ±0.073 0.977

EI min (mean ±SD) 0.206 ±0.121 0.176 ±0.089 0.448 0.235 ±0.154 0.196 ±0.112 0.400

Delta EI (mean ±SD) 0.246 ±0.074 0.250 ±0.070 0.878 0.213 ±0.099 0.251 ±0.071 0.201

PoS5% 

(mmHg; mean ±SD)

39.2 ±13.1 37.6 ±11.3 0.721 34.9 ±13.4 39.0 ±12.0 0.365

Whole blood viscosity 

(mPa.s; mean ±SD)

4.0 ±0.7 4.2 ±0.6 0.464 4.0 ±0.6 4.1 ±0.7 0.761

Hematocrit 

(L/L, mean ±SD)

0.281 ±0.046 0.297 ±0.042 0.324 0.293 ±0.046 0.287 ± 0.044 0.679

HVR (mean ±SD) 7.1 ±1.11 7.2 ±0.8 0.908 7.3 ±0.9 7.1 ±1.0 0.508

EImax = the maximum (baseline) deformability at normal oxygen pressure, EImin = the minimum deformability at 10 mmHg 

upon deoxygenation, Delta EI = the difference between EImax and EImin (representing the degree of RBC-sickling upon de-

oxygenation), PoS5% = point of sickling at 5% decrease of the deformability (representing the pO2 where RBC sickling starts), 

HVR = hematocrit-to-viscosity-ratio (reflects the oxygen transport effectiveness of blood), FAZ abnormalities = abnormalities 

of the foveal avascular zone

* Unpaired Student’s T Test
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SD-OCT scans were available for 31/34 HbSC patients and OCTA scans were available for 

32/34 patients. Table 5 demonstrates the differences in Oxygenscan and blood viscosity 

parameters between patients with and without FAZ abnormalities and macular thinning. 

Patients with FAZ abnormalities showed a lower EImax compared to patients without 

FAZ abnormalities (p = 0.017). After stratification by sex, this difference was found to be 

significant only in male patients (p = 0.026). Other Oxygenscan parameters, whole blood 

viscosity, hematocrit and HVR, were not different between patients with and without 

FAZ abnormalities and macular thinning.

DISCUSSION

SCR and SCM can impair visual function, but their underlying pathogenesis remains 

unclear. Suggested mechanisms include higher hematocrit, increased blood viscosity 

and vaso-occlusion caused by RBC sickling (see Figure 2). This study evaluated the asso-

ciation between whole blood viscosity, hematocrit, RBC deformability, hypoxia-induced 

sickling and SCR/SCM. No association was found between hematocrit or blood viscos-

ity and PSCR, contradicting the hypothesis that these factors contribute to its higher 

incidence in HbSC patients. With respect to rheological characteristics, HbSC patients 

with PSCR had a lower PoS and delta EI compared to HbSC patients without PSCR, with 

the difference in delta EI being significant only in male patients. This indicates that 

Table 5. Associations between Oxygenscan/viscosity parameters and SCM for HbSC genotype

FAZ abnormalities Macular thinning

No (n = 16) Yes (n = 16) P-value* No (n = 20) Yes (n = 11) P-value*

EI max (mean ±SD) 0.447 ±0.074 0.376 

±0.083

0.017 0.421 ±0.082 0.389 ±0.094 0.331

EI min (mean ±SD) 0.317 ±0.124 0.246 

±0.097

0.080 0.302 ±0.123 0.238 ±0.094 0.142

Delta EI (mean ±SD) 0.129 ±0.088 0.130 

±0.056

0.971 0.119 ±0.079 0.152 ±0.058 0.244

PoS5% (mmHg; mean 

±SD)

21.5 ±6.4 22.0 ±6.2 0.822 21.3 ±6.3 23.0 ±6.1 0.471

Whole blood viscosity 

(mPa.s; mean ±SD)

4.9 ±0.8 5.5 ±1.1 0.134 5.2 ±1.1 5.3 ±0.9 0.627

Hematocrit (L/L, mean 

±SD)

0.346 ±0.047 0.359 

±0.044

0.424 0.347 ±0.047 0.364 ±0.043 0.345

HVR (mean ±SD) 7.1 ±0.7 6.7 ±0.9 0.187 6.9 ±0.9 6.9 ±0.7 0.950

EImax = the maximum (baseline) deformability at normal oxygen pressure, EImin = the minimum deformability at 10 mmHg 

upon deoxygenation, Delta EI = the difference between EImax and EImin (representing the degree of RBC-sickling upon de-

oxygenation), PoS5% = point of sickling at 5% decrease of the deformability (representing the pO2 where RBC sickling starts), 

HVR = hematocrit-to-viscosity-ratio (reflects the oxygen transport effectiveness of blood), FAZ abnormalities = abnormalities 

of the foveal avascular zone

* Unpaired Student’s T Test
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other factors than early sickling at higher oxygen tension may play a key role in PSCR 

pathogenesis.

RBC deformability in SCR and SCM has been studied, but not using the Oxygenscan 

method. One study among pediatric HbSS patients evaluated RBC deformability as a 

function of shear stress, demonstrating that temporal macular thinning was associated 

with a decreased EI (representing the mean RBC deformability) at a shear stress of ≥3 Pa.17 

In adults with SCD, no associations between EI (RBC deformability under normoxic 

conditions) and SCR/SCM were found.18,19 The Oxygenscan offers distinct advantages 

over earlier methods by measuring RBC deformability under varying oxygen conditions 

instead of varying shear stress. This is especially valuable in SCD as deoxygenation 

causes RBC sickling. Therefore, this method is expected to provide deeper insights into 

RBC deformability and sickling.

The PoS (the pO2 at which the EI decreases by 5%) marks the start of RBC sickling. A 

higher PoS reflects a greater sickling propensity. A previous study showed that the PoS 

is higher in HbSS patients than in those with other genotypes and lower in patients 

receiving treatment (e.g. voxelotor and transfusion therapy).13 The delta EI indicates 

the proportion of RBCs that sickle upon deoxygenation and is, together with EImax, an 

Figure 2. Suggested mechanisms SCR and SCM. Hypothesized pathophysiology of sickle cell retinopathy and maculop-

athy. This diagram illustrates the sequence of events leading to sickle cell retinopathy and maculopathy, highlighting the 

complex interactions between sickling, blood viscosity and retinal damage. It depicts how these factors are hypothesized to 

contribute to the development and progression of the conditions.
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indicator of anti-sickling therapy effectiveness.13 A lower delta EI indicates fewer sickling 

RBCs. A previous study demonstrated that the delta EI was lower in HbSC patients com-

pared to HbSS patients and lower in HbSS patients who received transfusions compared 

to HbSS patients who did not.20 Interestingly, our study showed that the PoS and delta EI 

were lower in HbSC patients with PSCR than in HbSC patients without PSCR, indicating 

that their RBCs are less prone to sickle under hypoxic conditions. This finding aligns 

with the observation that HbSC patients typically have less severe systemic disease, 

yet suggests that RBC sickling may not be a major factor in PSCR pathogenesis among 

HbSC patients. Regarding SCM, the delta EI presents a contrasting pattern, as patients 

with macular thinning showed a tendency for higher PoS and delta EI, indicating more 

pronounced RBC sickling upon deoxygenation. This aligns with previous studies show-

ing SCM is more frequently associated with HbSS genotype characteristics (i.e. vaso-

occlusion).21,22,23 However, the higher delta EI trend in patients with macular thinning in 

our study did not reach statistical significance. This lack of significance may suggest that 

while the trend aligns with the understanding of SCM pathogenesis, the effect of RBC 

sickling on SCM in our cohort may not be as pronounced as previously hypothesized. 

Larger studies are needed to validate these findings and clarify the relationship between 

RBC deformability and SCR/SCM.

The correlation between RBC deformability and SCR/SCM was predominantly observed 

in male patients. This could be due to the protective effects of estrogen on endothelial 

function, which may mitigate sickling-related vascular damage.2,24 Male patients, lack-

ing this protection, may be more susceptible to impaired RBC deformability. Higher Hb 

levels in males may also contribute,25 though our study found no differences in Hb levels 

between males with and without retinal abnormalities, suggesting other factors are in-

volved. Male HbSS patients with FAZ abnormalities had lower PoS (and therefore lower 

RBC sickling) compared to those without FAZ abnormalities. This contradicts the hy-

pothesis that a higher degree of sickling causes ischemic macular damage. Other factors 

(such as cell membrane damage from different causes) might also result in lower PoS 

and contribute to disease severity. However, given the small sample size and multiple 

variables, this finding could be coincidental.

The results suggest that mechanisms beyond RBC sickling contribute to PSCR pathogen-

esis. One hypothesis is blood hyperviscosity, though earlier studies show contradictory 

results: some found an association between higher blood viscosity and PSCR,18,26 while 

others did not.19,27 Our study found no difference in whole blood viscosity between 

patients with and without PSCR. Differences between studies may arise from factors like 

the dynamic nature of blood viscosity (especially in patients receiving blood transfu-

sions). Unlike blood with normal Hb, blood viscosity in SCD can fluctuate depending 
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on oxygen levels, complicating accurate measurements. Hypoxia influences blood 

rheology (including whole blood viscosity) in SCD, and a previous study suggests that 

the hypoxia-dependent increase of whole blood viscosity might lead to lower flow 

velocities, increased RBC sickling, vaso-occlusion, ischemia and additional increase 

in blood viscosity.28 Previous studies, including ours, measured blood viscosity under 

normoxia, which may not fully capture hypoxia-related changes in viscosity, potentially 

contributing to contrasting findings between studies. Hydroxyurea use, which alters 

RBC rheological properties, might also contribute. However, an exploratory analysis 

(data not shown) excluding hydroxyurea-treated patients showed similar results, with 

no significant differences in blood viscosity. Further research is needed to explore this 

aspect in more detail. Phlebotomy reduces blood viscosity and therefore hyperviscosity-

related organ complications in SCD, making it a potential preventive treatment for PSCR, 

given the hypothesized role of blood hyperviscosity in its pathophysiology.29,30 However, 

the absence of an association between blood viscosity and PSCR could suggest that the 

benefit of phlebotomy might be limited in PSCR. Furthermore, the differences in HVR 

(reflecting oxygen transport effectiveness of blood) were not significant. Exploring other 

potential mechanisms, such as endothelial dysfunction and angiogenesis, could offer a 

deeper understanding of PSCR.

This study has several limitations. The low number of HbSS patients with PSCR may 

affect the robustness of our findings. Additionally, the prevalence of Goldberg stage I/

II retinopathy might be underestimated, as fluorescein angiography was not routinely 

performed.31 The Oxygenscan measurements were performed within 24h of blood sam-

pling, which is a potential limitation, though the method is validated for this time 

frame.32 Another limitation is that whole blood viscosity can fluctuate with oxygen levels 

in SCD, complicating accurate measurements, since low oxygen levels influence blood 

rheology.28 We also chose to keep p-values uncorrected due to the exploratory character 

of this study, which might increase the error rate with multiple analyses.

In conclusion, this study suggests that RBC sickling does not play a central role in the 

pathogenesis of PSCR in HbSC patients. Although blood hyperviscosity is often proposed 

as an underlying mechanism, our study did not find any associations between blood 

viscosity, SCR and SCM. These results point to alternative mechanisms contributing to 

SCR and SCM development, highlighting the complexity of these conditions and the 

need for further research to fully understand the underlying factors.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. List of abbreviations

Abbreviation Meaning

SCD Sickle cell disease

SCR Sickle cell retinopathy

·	 peripheral SCD-related retinal changes

SCM Sickle cell maculopathy

·	 central (macular) SCD-related retinal changes

NPSCR Non-proliferative sickle cell retinopathy

PSCR Proliferative sickle cell retinopathy

FAZ Foveal avascular zone 

·	 central region of macula that is naturally devoid of blood vessels

SD-OCT Spectral-domain coherence tomography

·	 imaging technique that provides information on macular thickness

OCTA Optical coherence tomography angiography

·	 imaging technique that provides information on vascular structure of the macula (including 

the structure and abnormalities of the FAZ)

RBC Red blood cell

VA Visual acuity

SCP Superficial capillary plexus

·	 provides the retina with nutrients and oxygen

DCP Deep capillary plexus

·	 provides the retina with nutrients and oxygen

ETDRS Early Treatment of Diabetic Retinopathy Study

·	 standardized circle that is commonly used to subdivide macular regions

AVN Avascular necrosis

ACS Acute chest syndrome

HVR Hematocrit-to-viscosity ratio

·	 reflects the oxygen transport effectiveness of blood

·	 calculated as: hematocrit (%)/whole blood viscosity (mPa.s)

EI Elongation index

·	 represents RBC deformability

PoS Point of sickling

·	 the pO2 at which more than 5% decrease in EI occurs

·	 represents the point where RBC sickling starts

·	 higher PoS is unfavourable, indicating a greater propensity for RBCs to sickle

EImax Maximum EI 

·	 the maximum (baseline) deformability at normal oxygen pressure

EImin Minimum EI

·	 the minimum deformability at 10 mmHg upon deoxygenation

Delta EI The difference between EImax and EImin

·	 represents the degree of RBC-sickling upon deoxygenation

·	 lower delta EI indicates fewer sickling RBCs
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ABSTRACT

Sickle cell disease (SCD) leads to retinal complications such as sickle cell retinopathy 

(SCR) and maculopathy (SCM) through poorly understood mechanisms. This study ex-

plored associations of a panel of circulating angiogenesis-related factors with SCR and 

SCM. Adult HbSS (n = 33) and HbSC (n = 33) patients underwent ophthalmic examina-

tion, including optical coherence tomography angiography (OCTA), to assess SCR stage 

and presence of SCM. Plasma levels of circulating angiogenesis-related factors were 

analysed, with selected markers (angiopoietin-2, VEGF, GCSF, endoglin, endostatin, IL-6, 

and IL-10) assessed using ELISA. Proliferative SCR (PSCR) was present in 5 (15.2%) HbSS 

and 21 (63.6%) HbSC patients. FAZ-abnormalities and macular thinning were present in 

50.8% and 48.4% of patients. Most vascular factors, including VEGF, showed no associa-

tion with SCR or SCM. However, angiopoietin-2 was higher in HbSS patients, indepen-

dent of SCR stage or SCM, and correlated with IL-6, IL-10, VEGF, reticulocyte counts, and 

LDH. In HbSC patients, endostatin levels were highest in those with PSCR (p = 0.030). 

While most proteins were unrelated to retinal outcomes, angiopoietin-2 elevation may 

reflect HbSS-specific systemic hypoxia. Elevated endostatin in HbSC patients with PSCR 

suggests a potential role in PSCR development. These findings offer new leads for un-

derstanding SCD-related retinal disease.
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INTRODUCTION

Sickle cell disease (SCD) is a hereditary hemoglobinopathy characterized by recurrent 

microvascular occlusion and chronic hemolysis, leading to ischemia and organ dam-

age.1 The retina, with its high metabolic demand and terminal microvasculature, is 

particularly susceptible to ischemia, often resulting in sickle cell retinopathy (SCR) and 

maculopathy (SCM), with reported prevalence ranging from 30% to almost 90% depend-

ing on population and genotype.2, 3 SCR is divided in non-proliferative (NPSCR) and pro-

liferative (PSCR). Characterized by peripheral ischemia and neovascularization, PSCR 

can impair vision through vitreous hemorrhage and retinal detachment and is more 

prevalent in HbSC patients, despite their milder systemic course.2 SCM occurs in both 

HbSS and HbSC and involves neurodegenerative and vascular macular changes. Optical 

coherence tomography angiography (OCTA) reveals macular microvascular changes 

in SCD-patients correlating with functional deficits like reduced contrast sensitivity or 

color vision impairment, often sparing visual acuity.4, 5 

The varying prevalence of SCM and PSCR in HbSS and HbSC suggests distinct under-

lying mechanisms. In PSCR, the initial occlusive phase likely results from increased 

blood viscosity and endothelial activation, causing peripheral ischemia.6 Similar to 

other retinopathies such as proliferative diabetic retinopathy (PDR) and Eales’ disease, 

this may trigger a secondary response involving VEGF-A and inflammatory mediators, 

inducing neovascularization.7 Unlike PDR, all vessels (capillaries, veins and arteries) in 

the affected retinal area are occluded in PSCR, which probably explains the transient 

angiogenic response and the spontaneous fibrovascular regression and scarring. These 

observations suggest that the underlying mechanism of PSCR differs fundamentally 

from PDR, where the retina remains partly perfused, sustaining angiogenic activity for 

years. In addition, conclusive evidence for which angiogenic factors play a role in PSCR 

is lacking. 

Post mortem studies revealed increased activity of Vascular Endothelial Growth Fac-

tor (VEGF), Pigment Epithelium-Derived Factor (PEDF), Angiopoietin-like 4 (ANGPTL4), 

basic Fibroblast Growth Factor (bFGF), Heparan Sulphate Proteoglycan (HSPG), von 

Willebrand factor (vWf) and Plasminogen Activator Inhibitor-P1 (PAI-1) in retinal tissue 

in SCD compared to controls.8-11 VEGF levels were elevated only in aqueous humor of 

PSCR eyes while ANGPTL4 activity was increased in both aqueous and vitreous humor 

of SCD patients compared to controls.8 Studies on angiogenic factors in venous blood of 

SCD patients explored Angiopoietin-1 (Ang-1), Angiopoietin-2 (Ang-2), VEGF, PEDF, vWf, 

Tie-2, Soluble FMS-like tyrosine kinase-1 (sFlt-1 or sVEGFR-1), interleukin-1 beta (IL-1β) 

and TNF-α.7, 12, 13 These studies demonstrated elevated levels of Ang-1, Ang-2, vWf, IL-1β 
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and PEDF in SCD patients compared to controls.7, 12, 13 Interestingly, Tie-2 plasma levels 

increased while Ang-2 plasma levels decreased in SCD patients with PSCR following 

laser photocoagulation therapy.12 

Greater insight into the mechanisms driving vascular occlusion and angiogenesis in SCR 

and SCM could reveal new therapeutic targets and enable the identification of specific 

risk factors. This study aimed to explore angiogenesis- and vasculature related factors 

in peripheral venous blood as potential biomarkers for SCR and SCM and to investigate 

their association with clinical and laboratory characteristics.

METHODS

This mono-center case-control study was conducted by the departments of Ophthalmol-

ogy and Hematology of the Amsterdam UMC, Amsterdam, The Netherlands. The study 

was approved by the institutional review board and ethics committee of the Amster-

dam UMC (ClinicalTrials.gov-ID:NCT06396403) and carried out in accordance with the 

principles of the Declaration of Helsinki (seventh revision, 2013). All participants signed 

written informed consent before screening.

Adult patients with HbSS or HbSC genotype were approached between June 2023 and 

June 2024 for participation if a recent (<1 year ago) or upcoming ophthalmic examina-

tion was available according to their regular screening schedule. Patients participating 

in trials with crizanlizumab, voxelotor or mitapivat were excluded.

Ophthalmic and hematologic characteristics

Ophthalmic examination included Snellen distance best-corrected visual acuity (VA), slit 

lamp examination and dilated fundoscopy. Visual impairment was defined as VA<20/25. 

SCR stage was determined according to a modified version of Goldberg classification as: 

(1) no SCR, (2) NPSCR (sunburst lesions, salmon patches, arteriolar occlusions, periph-

eral anastomose without neovascularization, i.e., Goldberg stage I and II), or (3) PSCR 

(with neovascularization, i.e., Goldberg stage III and above).14 Eyes with a history of 

vitreous hemorrhage and retinal detachment were also classified as PSCR. Fluorescein 

angiography (FA) was only used in case of tentative diagnosis of PSCR. 

Macular (3x3mm and 6x6mm) SD-OCT and OCTA scans were obtained with the Optovue 

RTVue XR Avanti instrument (Optovue Inc, Fremont, California, USA). AngioAnalytics 

software (beta-version 2016.200.037) was used for projection artifact removal and auto-

mated segmentation of the superficial capillary plexus (SCP) and deep capillary plexus 
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(DCP). Images were excluded if the quality index was 4 or lower and if motion artifacts 

limited adequate grading. The automated segmentation lines and correct centration of 

the ETDRS circle were manually checked. To assess the presence of SCM, two separate 

parameters were used: the presence of foveal avascular zone (FAZ) irregularities on OCTA 

(e.g. enlargement or pathological areas of vascular loss) and the presence of macular 

thinning on SD-OCT (defined as the presence of blue areas on the retinal thickness color-

coded map in at least one of the standard ETDRS macular subfields). Supplementary 

Figure 1 illustrates a normal SD-OCT (1A and 1B) and OCTA scan (1C) on the left and an 

abnormal SD-OCT (1D and 1E) and OCTA scan (1F) on the right. All images were assessed 

by both a junior researcher (RPB) and a senior retinal specialist (RMHD).

Available hematologic characteristics were retrieved from electronic patient records, 

including Hb genotype, hydroxyurea use, presence of microalbuminuria, avascular ne-

crosis (AVN), history of acute chest syndrome (ACS), stroke, chronic ulcers, cholelithiasis 

and laboratory characteristics (Hb, creatinine, LDH, bilirubin, reticulocytes). Microal-

buminuria was defined as a ratio between urinary microalbumin (mg/l) and creatinine 

(mmol/l) of >3.5. AVN needed to be confirmed by X-ray or MRI. ACS was defined as the 

finding of a new pulmonary infiltrate on chest radiography in combination with fever, 

respiratory symptoms or chest pain for which medical treatment was necessary.15 Stroke 

was defined as a diagnosis of clinical overt stroke confirmed by Magnetic Resonance Im-

aging (MRI) or Computerized Tomography (CT). Chronic ulcers were defined as chronic 

ulceration of the lower leg, without another explanation, that did not heal within 14 

days.16 Cholelithiasis was defined as the presence of gallstones (demonstrated by ultra-

sound) or a previous cholecystectomy because of cholecystolithiasis.

Sample collection, processing and analysis

All patients were evaluated in a steady-state condition (>4 weeks after their last vaso-

occlusive episode). Participants were requested to fast eight hours or, if fasting was not 

feasible, to consume a low-fat breakfast prior to their appointment to avoid postpran-

dial lipemia (which can cause platelet activation, resulting in increased VEGF plasma 

levels).17, 18 Furthermore, participants were requested to refrain from smoking, exercise 

and coffee 30 minutes before venepuncture to reduce platelet activation. 

As platelet activation during venepuncture releases several angiogenic factors of 

interest, blood was drawn using an ‘open system’ consisting of a winged infusion set 

(18G butterfly needle) without the use of a syringe to minimize platelet activation. The 

tourniquet was immediately released when blood flow was obtained. A 6mL EDTA tube 

was filled first, followed by a 5mL S-Monovette® citrate 3.2% Sarstedt tube. The latter 

tube was centrifuged for 10 minutes at 2,000 g (room temperature) within 30 minutes 
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of sample collection. Samples were divided in aliquots of 1.5mL into 2mL cryo vials and 

stored at -80°C until analysis. 

To explore proteins of interest in addition to VEGF and angiopoietin-2, a pilot analysis 

was performed using the RayBio Human Angiogenesis Array C-series 1000 array kit (Ray-

Biotech). The pilot included four patient groups, each represented by pooled samples 

from four individuals: HbSC patients with PSCR, HbSC patients without PSCR, HbSS 

patients with PSCR and HbSS patients without PSCR. The array analysis revealed several 

promising proteins, including endostatin, endoglin (CD105), IL-6 and IL-10, which were 

deemed relevant for further investigation. Detailed results are shown in Supplementary 

Table S1.

Subsequently, commercially available enzyme linked immunosorbent assay (ELISA) kits 

were used according to the manufacturer’s protocols to measure plasma levels of VEGF 

(Quantikine-DVE00; R&D Systems, Minneapolis, USA). In addition, the following ELISA-kits 

were used: Angiopoietin-2 (ELH-Angiopoietin2-1), granulocyte colony-stimulating factor 

(GCSF; ELH-GCSF-1), endoglin ( ELH-Endoglin-1;), endostatin (ELH-ENDOSTATIN-1), IL-6 

(ELH-IL6-1) and IL-10 (ELH-IL10-1) all from RayBiotech (Norcross GA, USA). Plasma levels 

of platelet factor 4 (PF4; EKF60756-96T)and beta-thromboglobulin (β-TG; EKC36123-

96T), both from Biomatik Corporation (Kitchener, Ontario, Canada), were measured by 

ELISA to quantify platelet activation.

Statistical analysis

Statistical analysis was performed using Graphpad Prism (version 10.2.0) and IBM SPSS 

Statistics (Version 28.0; IBM Corp, Armonk, NY). Data completeness was checked before 

analysis. Differences in counts or means between groups were examined with the χ2 

test (or Fisher’s Exact test when suitable) for binary variables and Student’s T test for 

continuous variables. ELISA-data was not normally distributed. A Kruskal–Wallis test 

followed by a Dunn’s multiple comparison test was used to analyse relations between 

protein concentrations and clinical features. Values below the limit of detection (LOD), 

were set to 0.5xLOD. Spearman’s rank correlation analysis was used to investigate 

significant correlations between protein concentrations and clinical features or other 

proteins. Moderate correlations were defined as coefficients between 0.400 and 0.599 

and strong correlations above 0.600. P-values <0.05 were considered significant.
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RESULTS

A total of 68 patients were included. In two patients, blood samples could not be ob-

tained because of difficulties with venous access. As a result, biomarker analyses were 

performed in 66 patients, including 33 patients with HbSS genotype and 33 patients 

with HbSC genotype. Baseline characteristics are outlined in Table 1. The study cohort 

comprised 31 male patients (47%) and 35 female patients (53%), with a mean age of 

33.2±11.5 years. PSCR was present in 26 patients (39.4%), who predominantly had 

HbSC genotype (p<0.001). OCTA scans of sufficient quality were available for 61 patients 

(92.4%) and SD-OCT scans for 62 patients (93.9%). FAZ abnormalities were present in 

31/61 patients (50.8%) and macular thinning in 30/62 patients (48.4%). Hydroxyurea was 

used by 27 patients (40.9%), predominantly by those with HbSS genotype (p<0.001). 

Table 1. Baseline characteristics and stratification by genotype

HbSS (n = 33) HbSC (n = 33) P-value

Sex

Male (n, %)

Female (n, %)

16 (48.5%)

17 (51.5%)

15 (45.5%)

18 (54.5%)

0.805*

Age (mean ± SD) 33.1 ±11.5 33.4 ±11.7 0.899†

Retinopathy status

No PSCR (n, %)

PSCR (n, %)

28 (84.8%)

5 (15.2%)

12 (36.4%)

21 (63.6%)

<0.001*

Maculopathy

FAZ abnormalities‡

Macular thinning§

15 (50%)

19 (59.4%)

16 (51.6%)

11 (36.7%)

0.900*

0.074*

Ocular complications

Vitreous hemorrhage (n, %)

Retinal detachment (n, %)

1 (3%)

0 (0%)

9 (27.3%)

2 (6.1%)

0.006*

NA

Retinal laser treatment (n, %) 3 (9.1%) 12 (36.4%) 0.008*

Hydroxyurea use (n, %) 22 (66.7%) 5 (15.2%) <0.001*

Chronic transfusion use (n, %) 2 (6.1%) 0 (0%) NA

Laboratory characteristics (mean ± SD)

Hb (g/dL)

HbF (%)

Creatinine (µmol/L)

LDH (U/L)

Bilirubin (µmol/L)

Reticulocytes (%)

8.9 ±1.3

11.4 ±8.7

61.5 ±19.5

399.2 ±166.3

44.3 ±26.8

8.5 ±3.8

11.7 ±1.8

2.6 ±2.8

75.3 ±15.7

280.1 ±76.5

22.9 ±13.1

3.1 ±1.1

<0.001#

<0.001#

<0.001#

<0.001#

<0.001#

<0.001#
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Retinopathy 

Based on the pilot angiogenesis array, several proteins—endostatin, endoglin, GCSF, IL-

6, and IL-10—were selected for further investigation alongside VEGF and angiopoietin-2. 

These were subsequently quantified using ELISA in individual samples. The median 

biomarker protein concentrations are shown in Table 2. Endostatin concentrations were 

higher in HbSC patients with PSCR compared to HbSC patients without PSCR (p=0.030). 

No differences were found between patients with and without PSCR in both genotypes 

for the other proteins. Hydroxyurea therapy was not associated with endostatin levels 

in the multivariate model (β = 0.144, p = 0.314). However, angiopoietin-2 concentrations 

were higher in HbSS genotype compared to HbSC genotype (Figure 1; p<0.0001) but did 

not differ between patients with or without PSCR.

Table 1. Baseline characteristics and stratification by genotype (continued)

HbSS (n = 33) HbSC (n = 33) P-value

Other organ damage

Microalbuminuria, n (%)

AVN, n (%)

ACS, n (%)

Stroke, n (%) 

Chronic ulcers, n (%)

Cholelithiasis, n (%)

10 (30.3%)

3 (9.1%)

8 (24.2%)

1 (3%)

1 (3%)

16 (48.5%)

3 (9.1%)

4 (12.1%)

4 (12.1%)

0 (0%)

0 (0%)

7 (21.2%)

0.030*

1.000¶

0.202*

NA

NA

0.020*

PSCR = proliferative sickle cell retinopathy, FAZ = foveal avascular zone, AVN = avascular necrosis, ACS = acute chest syndrome

* Pearson Chi-Square 
† Student’s T Test
‡ Scans only available for 61 of 66 patients (30 HbSS, 31 HbSC)
§ Scans only available for 62 of 66 patients (32 HbSS, 30 HbSC)
¶ Fisher’s Exact Test
# Mann-Whitney U Test

Table 2. Median protein concentrations per genotype and retinopathy group

Protein (ELISA) HbSS HbSC

No PSCR (n = 28) PSCR (n = 5) P-value No PSCR (n = 12) PSCR (n = 21) P-value

GCSF (pg/ml) 2 (2-3) 4 (3-34) 0.141 3 (2-3) 4 (3-5) 0.239

ANGPT2 

(pg/ml)

1054 (525-2548) 2243 (1497-

2910)

>0.999 206 (5-691) 84 (5-742) >0.999

Endostatin 

(ng/ml)

43 (38-53) 44 (35-99) >0.999 34 (32-42) 46 (39-56) 0.030

Endoglin 

(ng/ml)

2 (1-3) 2 (1-27) >0.999 2 (2-4) 2 (1-3) >0.999

IL-6 (pg/ml) 528 (84-1164) 222 (68-716) >0.999 121 (31-1101) 249 (46-572) >0.999

IL-10 (pg/ml) 40 (18-132) 23 (12-102) >0.999 17 (6-146) 18 (7-40) >0.999

VEGF (pg/ml) 25 (13-40) 23 (15-34) >0.999 23 (14-42) 17 (12-26) >0.999

GCSF = granulocyte colony-stimulating factor, ANGPT2 = angiopoietin-2, IL = interleukin, VEGF = Vascular endothelial growth 

factor.

All protein data are presented in median with the interquartile range (first and third interquartile values).
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Maculopathy

Table 3 presents the median protein concentrations categorized by the presence of FAZ 

abnormalities and macular thinning. No correlations were found with the presence of 

FAZ abnormalities or macular thinning in either genotype. In line with the findings for 

retinopathy, angiopoietin-2 levels were elevated in HbSS genotype compared to HbSC, 

yet they did not distinguish between patients with and without maculopathy. 

Figure 1. Angiopoietin-2 concentrations stratified by genotype and retinopathy/maculopathy. A) Angiopoietin-2 con-

centrations per genotype and retinopathy status (PSCR = +, no PSCR = -). B) Angiopoietin-2 concentrations stratified by pres-

ence (+) or absence (-) of FAZ abnormalities. C) Concentrations stratified by presence (+) or absence (-) of macular thinning. 

Data are Log10-transformed and expressed as mean ± SD. Statistical significance is indicated as *P < 0.05, **P < 0.01., ***P 

< 0.001.



128

Chapter 7

Ta
b

le
 3

. M
ed

ia
n

 p
ro

te
in

 c
o

n
ce

n
tr

at
io

n
s 

p
er

 g
en

o
ty

p
e 

a
n

d
 p

re
se

n
ce

 o
f 

m
a

cu
lo

p
at

h
y

P
ro

te
in

 (
E

LI
S

A
)

H
b

S
S

*
H

b
S

C
†

N
o

 F
A

Z
 a

b
n

o
rm

a
li

ti
es

 (
n

 =
 1

5
)

FA
Z

 a
b

n
o

rm
a

li
ti

es
 (

n
 =

 1
5

)
P

-v
a

lu
e

N
o

 F
A

Z
 a

b
n

o
rm

a
li

ti
es

 (
n

 =
 1

5
)

FA
Z

 a
b

n
o

rm
a

li
ti

es
 (

n
 =

 1
6

)
P

-v
a

lu
e

G
C

S
F 

(p
g

/m
l)

2 
(2

-2
)

3 
(2

-4
)

0.
09

1
3 

(3
-6

)
3 

(2
-4

)
>0

.9
99

A
N

G
P

T
2 

(p
g

/m
l)

11
22

 (5
61

-2
28

2)
21

25
 (7

90
-2

94
3)

>0
.9

99
29

0 
(5

-7
06

)
17

 (5
-6

12
)

>0
.9

99

E
n

d
o

st
at

in
 (n

g
/m

l)
47

 (3
6-

54
)

41
 (3

8-
55

)
>0

.9
99

39
 (3

2-
45

)
50

 (3
6-

63
)

0.
27

7

E
n

d
o

gl
in

 (n
g

/m
l)

2 
(1

-4
)

2 
(1

-4
)

>0
.9

99
2 

(1
-3

)
3 

(2
-4

)
0.

84
7

IL
-6

 (p
g

/m
l)

81
1 

(7
9-

12
23

)
41

7 
(7

1-
10

79
)

>0
.9

99
74

 (3
3-

11
05

)
20

1 
(3

0-
57

2)
>0

.9
99

IL
-1

0 
(p

g
/m

l)
53

 (1
6-

17
1)

26
 (2

0-
92

)
>0

.9
99

18
 (6

-1
58

)
17

 (7
-3

6)
>0

.9
99

VE
G

F 
(p

g
/m

l)
20

 (1
3-

32
)

28
 (2

0-
40

)
0.

61
7

18
 (1

5-
23

)
22

 (1
1-

45
)

>0
.9

99

N
o

 m
a

cu
la

r 
th

in
n

in
g

 (
n

 =
 1

3
)

M
a

cu
la

r 
th

in
n

in
g

 (
n

 =
 1

9
)

P
-v

a
lu

e
N

o
 m

a
cu

la
r 

th
in

n
in

g
 (

n
 =

 1
9

)
M

a
cu

la
r 

th
in

n
in

g
 (

n
 =

 1
1

)
P

-v
a

lu
e

G
C

S
F 

(p
g

/m
l)

2 
(2

-4
)

2 
(2

-3
)

>0
.9

99
3 

(2
-5

)
3 

(2
-4

)
>0

.9
99

A
N

G
P

T
2 

(p
g

/m
l)

26
37

 (3
02

-3
05

7)
11

59
 (7

66
-2

20
3)

>0
.9

99
29

0 
(5

-7
06

)
5 

(5
-5

14
)

>0
.9

99

E
n

d
o

st
at

in
 (n

g
/m

l)
48

 (4
3-

59
)

40
 (3

7-
53

)
0.

73
1

41
 (3

2-
45

)
55

 (3
5-

61
)

0.
72

0

E
n

d
o

gl
in

 (n
g

/m
l)

2 
(1

-4
)

2 
(1

-4
)

0.
21

9
2 

(1
-3

)
3 

(2
-5

)
>0

.9
99

IL
-6

 (p
g

/m
l)

96
7 

(8
6-

12
61

)
35

0 
(6

6-
82

6)
>0

.9
99

65
 (2

6-
11

58
)

11
0 

(7
4-

57
1)

>0
.9

99

IL
-1

0 
(p

g
/m

l)
66

 (2
2-

18
3)

26
 (1

6-
92

)
>0

.9
99

10
 (5

-1
66

)
18

 (7
-2

6)
>0

.9
99

VE
G

F 
(p

g
/m

l)
23

 (1
3-

41
)

24
 (1

8-
39

)
>0

.9
99

17
 (1

1-
23

)
23

 (1
4-

30
)

>0
.9

99

G
C

S
F 

=
 g

ra
n

u
lo

cy
te

 c
o

lo
n

y-
st

im
u

la
ti

n
g

 fa
ct

o
r,

 A
N

G
P

T
2

 =
 a

n
g

io
p

o
ie

ti
n

-2
, I

L 
=

 in
te

rl
e

u
ki

n
, V

E
G

F 
=

 V
a

sc
u

la
r 

e
n

d
o

th
e

li
a

l g
ro

w
th

 fa
ct

o
r.

A
ll

 p
ro

te
in

 d
a

ta
 a

re
 p

re
se

n
te

d
 in

 m
e

d
ia

n
 w

it
h

 t
h

e
 in

te
rq

u
a

rt
il

e
 r

a
n

g
e

 (
fi

rs
t 

a
n

d
 t

h
ir

d
 in

te
rq

u
a

rt
il

e
 v

a
lu

e
s)

.

* 
O

C
TA

 s
ca

n
s 

(F
A

Z-
ab

n
o

rm
al

it
ie

s)
 a

va
ila

b
le

 fo
r 

30
 H

b
S

S
 p

at
ie

n
ts

 a
n

d
 S

D
-O

C
T

 s
ca

n
s 

(m
ac

u
la

r 
th

in
n

in
g)

 fo
r 

32
 H

b
S

S
 p

at
ie

n
ts

†  O
C

TA
 s

ca
n

s 
(F

A
Z-

ab
n

o
rm

al
it

ie
s)

 a
va

ila
b

le
 fo

r 
31

 H
b

S
C

 p
at

ie
n

ts
 a

n
d

 S
D

-O
C

T
 s

ca
n

s 
(m

ac
u

la
r 

th
in

n
in

g)
 fo

r 
30

 H
b

S
C

 p
at

ie
n

ts



129

Circulating angiogenesis-related biomarkers in sickle cell retinopathy and maculopathy

Interaction between proteins and laboratory characteristics

Correlation analyses were performed to explore correlations between proteins and 

standard laboratory values (e.g. markers of hemolysis). Figure 2 demonstrates the cor-

relations that were statistically significant. Angiopoietin-2 correlated with Il-10, IL-6 and 

VEGF. A strong correlation between IL-10 and IL-6 was found. With respect to standard 

laboratory characteristics, only reticulocytes and LDH correlated with angiopoietin-2 

and IL-10, respectively. Additional results of the correlation analyses are presented in 

Supplementary Tables S2 and S3.

Differences in platelet activation

To analyze the contribution of artificial platelet activation to our VEGF measurements 

and other factors released by platelets during activation, we correlated these factors 

Figure 2. Correlation analysis among proteins and with laboratory characteristics. Significant correlations among 

proteins, with the strongest correlation between IL-6 and IL-10. A) Correlation between VEGF and GCSF levels. B) Correlation 

between IL-10 and Angiopoietin-2 levels. C) Correlation between IL-6 and Angiopoietin-2 levels. D) Correlation between VEGF 

and Angiopoietin-2 levels. E) Correlation between IL-10 and IL-6 levels . F) Correlation between IL-10 and LDH levels. G) Correla-

tion between Angiopoietin-2 levels and reticulocyte counts. A best-fit linear regression line with 95% confidence bands (dotted 

line) is shown. Spearman’s correlation coefficient (ρ) and P values (P) are given, with P < 0.05 being statistically significant.
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in the individual samples with PF4 and β-TG, both specific markers of artificial platelet 

activation and secretion.

The measured PF4 and β-TG levels were substantially higher than normal reference 

ranges (normal range PF4: 0–50 ng/ml, study range: 122–1673 ng/ml; normal range β-TG: 

0–82 ng/ml, study range: 25–144 ng/ml). However, no significant differences in plasma 

levels of PF4 or β-TG were observed with respect to retinopathy status or genotype.

We observed a significant but weak correlation (R = 0.268, p = 0.034) between VEGF and 

PF4, with consistent ratios across all samples and no differences between the groups. 

Furthermore, no correlation between PF4 and β-TG was found in individual samples (R = 

-0.1). Together this means that platelet activation did not contribute to differences in the 

protein levels of the selected proteins between retinopathy status or genotype.

DISCUSSION

In SCD, increased blood viscosity and endothelial activation are perceived to drive 

retinal microvascular occlusion, causing peripheral non-perfusion and ischemia, 

potentially promoting angiogenic activity. The exact involved factors remain unclear 

due to limited research, although VEGF is a likely candidate given its role in retinal 

neovascularization in other peripheral ischemic retinopathies. This study evaluated 

multiple angiogenesis-related factors in venous blood as potential biomarkers for PSCR 

and SCM and their possible association with clinical and laboratory characteristics. In 

HbSC patients, endostatin concentrations were higher in those with PSCR than those 

without. Furthermore, angiopoietin-2 levels were higher in HbSS patients, but were not 

associated with SCR stage or presence of SCM. Significant correlations were observed 

among IL-6, IL-10, VEGF and angiopoietin-2, but only angiopoietin-2 and IL-10 protein 

levels were correlated with reticulocyte counts and LDH levels, respectively. 

Angiopoietin-2 is the best-studied angiogenic factor in SCR and has previously been re-

ported to be elevated in SCD patients compared to healthy individuals.12, 19 One study in 

pediatric SCD patients (HbSS/HbSβ+ genotypes), none of whom had PSCR or SCM, dem-

onstrated that angiopoietin-2 levels >9000 pg/mL identified the presence of NPSCR.7 In 

contrast, a study in 56 adult SCD patients (including 36 HbSC and 20 HbSS patients) 

found no differences in angiopoietin-2 levels between patients with and without reti-

nopathy.12 Similar to our findings, they reported that angiopoietin-2 levels were higher 

in HbSS than in HbSC genotype. Based on these findings, elevated angiopoietin-2 levels 

observed in HbSS patients may be linked to systemic hypoxia and ischemia resulting 
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from the more severe anemia and vaso-occlusion in this genotype, since angiopoietin-2 

is known to be induced by hypoxia. Our study found no associations between angio-

poietin-2 and SCM. This argues against ocular angiopoietin-2 production as a source of 

systemic levels. 

Endostatin is a natural angiogenesis inhibitor involved in vascular growth regulation, 

with a poorly understood role in SCD.20 One study assessed endostatin levels in 33 HbSC 

patients (17 with PSCR, 16 without PSCR) and 29 HbSS patients (all without PSCR), 

finding no difference between HbSC patients with and without PSCR, although levels in 

HbSC without PSCR were higher than in healthy controls.21 In contrast, our study found 

higher endostatin levels in HbSC patients with PSCR. While a pro-angiogenic state is 

thought to drive PSCR in response to ischemia, the elevated endostatin levels observed 

in our HbSC patients with PSCR may reflect an activated compensatory mechanism in 

the eye, to regulate and control abnormal angiogenesis which may contribute to the 

often spontaneous regression of the neovascularization in PSCR. This does not explain 

why endostatin levels are similar in HbSS and HbSC patients despite the large difference 

in angiopoietin-2 levels between the two genotypes. 

VEGF, a key factor in angiogenesis-driven conditions like PDR and age-related macular 

degeneration, is produced locally in the ischemic retina and causes neovascularization 

by a direct effect on the neighboring vasculature.22 In our study, systemic VEGF con-

centrations did not significantly differ between groups. Previous studies demonstrated 

similar results, although circulating VEGF levels were higher in SCD patients compared 

to healthy controls in two studies.12, 13 However, quantifying circulating VEGF is complex 

because VEGF can be artificially released from platelets during venepuncture. To esti-

mate this contribution, we measured PF4, a marker of platelet activation with a short 

half-life. Employing this method, our group had previously demonstrated that true 

circulating VEGF levels are low in both healthy individuals and pathological conditions 

such as metastasized cancer and PDR. However, we also found that platelets in these 

conditions may carry increased loads of VEGF and may artificially release VEGF by up 

to two-fold.23, 24 In our present study, no differences in PF4 or β-TG levels were observed 

between groups defined by retinopathy status or genotype, but absolute concentrations 

were markedly elevated compared to reference ranges.25 This phenomenon, possibly 

unique to SCD, may reflect altered platelet function, chronic platelet activation causing 

exhaustion, or interference from hemolysis-derived factors.26 There was no correlation 

between PF4 and β-TG in individual samples. Additionally, VEGF showed a weak but sig-

nificant correlation with PF4 (R=0.268, p=0.034), but not with β-TG. Since PF4, β-TG, and 

VEGF levels were higher than in non-SCD controls, elevated VEGF may partly reflect the 

increased levels from platelet activation. However, the absence of differences in VEGF 
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and platelet marker concentrations between all groups implies that these factors do not 

explain the group differences observed in this study.

As indicated by postmortem studies, retinal tissue showed increased VEGF immunore-

activity in perfused retina and neovascular lesions.9, 11 This suggests that VEGF plays a 

localized role in PSCR pathogenesis, likely driving angiogenesis in response to retinal 

ischemia, a mechanism it shares with PDR. 

This study has several limitations. The low number of HbSS patients with PSCR may 

affect robustness and limit the ability to detect differences between PSCR and no PSCR 

in this group. Additionally, the prevalence of Goldberg stage I/II retinopathy might be 

underestimated as fluorescein angiography was not routinely performed.27 Another 

important consideration is that accurate VEGF measurement is highly contingent upon 

platelet activation, which influenced our results as shown by PF4. To address this, 

we assessed PF4 and β-TG levels, demonstrating no significant differences between 

retinopathy status or genotype, although levels were markedly elevated compared to 

reference ranges due to artificial platelet activation during venepuncture. 

In conclusion, among a large panel of circulating biomarkers, only endostatin levels 

were higher in HbSC patients with PSCR compared to those without PSCR. Angiopoi-

etin-2 levels were higher in HbSS patients as compared to HbSC patients, but did not 

differentiate between SCR stage or the presence of SCM. These results provide valuable 

insights into the potential role of these factors in SCR and SCM, though further studies 

are needed to clarify their exact contributions.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Illustration of normal and abnormal SD-OCT and OCTA scans

Figure 1A and 1B illustrate a normal SD-OCT scan (1A) with a completely green ETDRS circle (1B), indicating normal macular 

thickness. An example of a normal OCTA scan is shown in Figure 1C. Figures 1D and 1E illustrate a SD-OCT scan with macular 

thinning, with several blue segments on the ETDRS circle (1E). The OCTA-scan shown in Figure 1F demonstrates an irregularly 

enlarged border of the foveal avascular zone, indicating local vascular loss. 
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Table S1. Mean protein concentrations of angiogenesis array (pilot analysis)

HbSC + PSCR HbSS + PSCR HbSC without PSCR HbSS without PSCR

Duplo 1 Duplo 2 Duplo 1 Duplo 2 Duplo 1 Duplo 2 Duplo 1 Duplo 2

Angiogenin 37.81 38.29 34.20 30.53 36.56 26.30 35.38 38.14

Angiostatin 108.477 105.87 134.64 137.1804 100.0581 103.91 100.0581 103.91

ANGPT1 18.84241 17.67 14.30 13.47225 24.90446 21.44 24.90446 21.44

ANGPT2 31.74029 32.19 71.47 63.66388 20.81653 20.34 20.81653 20.34

bFGF 6.87 5.37 5.70 6.00 15.15 14.49 6.50 5.44

EGF 6.22 6.52 12.38 7.43 6.61 6.45 4.54 5.44

ENA-78 8.97 7.29 12.45 10.56 30.77 25.66 16.05 17.66

Endostatin 30.58307 26.51 20.27 18.57961 8.216994 10.46 8.216994 10.46

GCSF 6.916511 6.177768 20.89481 25.90004 7.098567 10.70622 7.098567 10.70622

GM-CSF 3.382372 2.423792 3.040511 7.126632 8.378199 11.16426 8.378199 11.16426

GRO a/b/g 12.67974 5.90 6.11 9.070132 13.79855 8.34 6.188264 5.82

I-309 (CCL1) 5.474734 7.189913 6.098429 9.683214 23.74045 21.21565 23.74045 21.21565

IFN-gamma 4.951762 6.56 6.56 5.27311 9.830729 9.79 4.973308 5.99

IGF1 9.855709 6.59 4.59 6.873802 5.503908 4.01 4.182919 4.17

IL-1 alpha 13.24046 15.5761 17.12318 14.82075 21.99166 27.88619 21.99166 27.88619

IL-1 beta 18.3436 17.87267 24.39488 25.1991 23.21904 27.23804 23.21904 27.23804

IL-10 2.586717 4.48156 3.886515 2.701645 15.06097 21.06557 15.06097 21.06557

IL-2 11.70607 8.218797 3.867947 9.737758 5.495414 7.203072 5.495414 7.203072

IL-4 18.19741 16.62284 11.52609 9.404694 12.1893 15.96372 12.1893 15.96372

IL-6 4.729127 3.58 1.46 3.662833 5.209949 3.90 2.46596 3.80

IL-8 6.245734 6.34 10.91 11.46501 8.976373 8.95 6.351148 5.48

I-TAC (CXCL11) 11.94934 13.05411 31.88358 28.30576 11.1865 9.796801 11.1865 9.796801

Leptin 53.76711 46.82 19.41 22.38093 74.62173 62.05 32.36722 25.23

MCP-1 18.36365 20.76 35.40 38.30707 34.48073 32.08 20.39791 15.59

MCP-3 (CCL7) 7.817063 7.387432 8.570294 8.044588 5.217475 13.58456 5.217475 13.58456

MCP-4 (CCL13) 10.20068 10.51426 8.099131 7.271695 20.5675 23.83384 20.5675 23.83384

MMP-1 25.23667 23.382 29.55678 26.02654 49.40981 47.67213 49.40981 47.67213

MMP-9 50.93757 51.90842 41.87433 40.05583 91.98008 91.12959 91.98008 91.12959

PDGF-BB 7.324543 8.39 12.65 13.30122 22.35962 18.73 17.82781 14.55

PECAM-1 

(CD31)

8.026857 6.643109 12.69935 12.40343 13.27771 12.94752 13.27771 12.94752

PLGF 6.333892 3.586068 5.074564 3.97366 9.536771 8.118264 3.177577 2.46596

RANTES (CCL5) 82.53185 68.49837 59.06129 67.39064 103.4559 95.88683 134.5383 132.5116

TGFbeta1 5.250601 3.311136 3.291757 2.609854 8.069479 5.547689 5.105484 5.702281

Tie-2 20.08667 19.01761 26.43736 24.80569 37.70745 37.86866 37.70745 37.86866

TIMP-1 37.41912 36.89765 50.1856 52.98852 37.99322 37.87064 46.83855 42.7344

TIMP-2 143.0677 140.5006 143.2325 140.9239 130.9705 121.1348 146.8468 140.768

TNF alpha 16.37845 16.54695 8.214021 8.287132 21.76597 27.0068 21.76597 27.0068
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Table S1. Mean protein concentrations of angiogenesis array (pilot analysis) (continued)

HbSC + PSCR HbSS + PSCR HbSC without PSCR HbSS without PSCR

TPO 5.296921 7.101908 7.013469 8.666194 9.379159 12.12111 4.591465 6.062763

uPAR 20.06882 18.68061 31.58185 34.63977 18.58746 18.46517 18.58746 18.46517

VEGF-A 3.726522 6.235275 10.20801 12.95205 20.94612 22.45219 9.503357 10.71698

VEGF-D 5.039919 6.099303 8.38686 7.447532 8.22584 9.172762 7.664902 8.193608

VEGFR2 16.11174 14.82062 18.6887 15.84779 27.51598 25.39697 27.51598 25.39697

VEGFR3 19.49969 18.99418 19.23297 15.93831 49.2764 40.08105 49.2764 40.08105

Protein measurements are conducted in duplicate (duplo 1 and duplo 2). 

Table S2. Correlation analysis to explore interaction among angiogenesis proteins

Log 

GCSF

Log AN-

GPT2

Log end-

ostatin

Log en-

doglin

Log IL-6 Log 

VEGF

Log 

IL-10

Spear-

man’s rho

Log GCSF Correla-

tion Coeffi-

cient

1 -0.153 0.215 -0.051 -0.178 -0.321** -0.181

Sig. 

(2-tailed)

. 0.221 0.082 0.685 0.154 0.010 0.147

N 66 66 66 66 66 64 66

Log AN-

GPT2

Correla-

tion Coeffi-

cient

-0.153 1 0.109 0.032 0.435** 0.279* 0.420**

Sig. 

(2-tailed)

0.221 . 0.384 0.796 <0.001 0.025 <0.001

N 66 66 66 66 66 64 66

Log end-

ostatin

Correla-

tion Coeffi-

cient

0.215 0.109 1 0.116 0.100 -0.028 0.038

Sig. 

(2-tailed)

0.082 0.384 . 0.353 0.425 0.829 0.760

N 66 66 66 66 66 64 66

Log endo-

glin

Correla-

tion Coeffi-

cient

-0.051 0.032 0.116 1 0.107 0.140 0.164

Sig. 

(2-tailed)

0.685 0.796 0.353 . 0.394 0.268 0.187

N 66 66 66 66 66 64 66

Log IL-6 Correla-

tion Coeffi-

cient

-0.178 0.435** 0.100 0.107 1 0.217 0.901**

Sig. 

(2-tailed)

0.154 <0.001 0.425 0.394 . 0.086 <0.001

N 66 66 66 66 66 64 66

Log VEGF Correla-

tion Coeffi-

cient

-0.321** 0.279* -0.028 0.140 0.217 1 0.244
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Table S2. Correlation analysis to explore interaction among angiogenesis proteins (continued)

Log 

GCSF

Log AN-

GPT2

Log end-

ostatin

Log en-

doglin

Log IL-6 Log 

VEGF

Log 

IL-10

Sig. 

(2-tailed)

0.010 0.025 0.829 0.268 0.086 . 0.052

N 64 64 64 64 64 64 64

Log IL-10 Correla-

tion Coeffi-

cient

-0.181 0.420** 0.038 0.164 0.901** 0.244 1

Sig. 

(2-tailed)

0.147 <0.001 0.760 0.187 <0.001 0.052 .

N 66 66 66 66 66 64 66

GCSF = granulocyte colony-stimulating factor, ANGPT2 = angiopoietin-2, IL = interleukin, VEGF = Vascular endothelial growth 

factor.

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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The impact of allogeneic hematopoietic stem cell transplantation on sickle cell retinopathy  

and maculopathy: a prospective, observational study

TO THE EDITOR:

Sickle cell retinopathy (SCR) represents a significant ocular manifestation of sickle cell 

disease (SCD) that can dramatically impair visual acuity. SCR can be divided into non-

proliferative SCR and proliferative SCR. Non-proliferative SCR involves abnormalities 

of the peripheral retina such as vascular occlusion without neovascularization, typical 

scarring (“black sunbursts”) and intraretinal hemorrhages (“salmon patches”). Prolifera-

tive SCR represents the more severe form of SCR, characterized by neovascularization. 

This can lead to vitreous hemorrhage or retinal detachment, which can temporarily or 

permanently impair visual acuity. In more recent years, modern imaging techniques 

such as spectral-domain optical coherence tomography (SD-OCT) and optical coherence 

tomography angiography (OCTA) have also revealed subclinical changes in the central 

part of the retina (the macula) in asymptomatic patients with SCD.1 These changes are 

referred to as sickle cell maculopathy (SCM) and include macular thinning, enlargement 

of the foveal avascular zone (FAZ) and lower vessel densities. Both SCR and SCM are 

progressive in nature and associated with increasing age.2

Allogeneic hematopoietic stem cell transplantation (HSCT) is the only established 

curative treatment option for patients with SCD. Improvements in non-myeloablative 

regimens have led to excellent disease-free and overall survival in transplanted adults 

with SCD, also in the setting of haploidentical HSCT.3 SCD-related organ damage is one 

of the main indications for HSCT, but data on long-term outcomes regarding the progres-

sion of organ complications is scarce.4 This is particularly true for adult patients, who 

frequently already have developed (sub-)clinical organ damage before HSCT.

Evidence concerning the behavior of SCR and SCM after HSCT is especially scarce. The 

only study on SCR after HSCT was conducted in children with SCD and did not include 

SCM.5 This leaves a significant gap in understanding how these conditions evolve in 

adults with SCD undergoing HSCT. We hypothesized that HSCT has the potential to 

stabilize pre-existing SCR and will prevent the development of new SCR in patients with 

SCD. Therefore, the aim of this study was to evaluate the natural course of SCR and SCM 

in an adult cohort of SCD patients undergoing HSCT.

In this prospective observational study in adults with SCD (HbSS, HbSC, HbSβ0 and 

HbSβ+ genotype), retinopathy and maculopathy were assessed before and at least 

1 year post-transplant. All SCD patients undergoing non-myeloablative matched sibling 

donor (MSD) and haploidentical bone marrow transplantation were included.3,6 Patients 

undergoing MSD transplantation received a 3-month preconditioning with azathioprine/

hydroxyurea, followed by alemtuzumab (1 mg/kg) and 3 Gy total body irradiation (TBI).6 
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The conditioning regimen for haploidentical bone marrow transplantation consisted 

of anti-thymocyte globulin (4.5 mg/kg), thiotepa (10 mg/kg), fludarabine (150 mg/kg), 

cyclophosphamide (29 mg/kg), TBI (2 Gy), and post-transplant cyclophosphamide 

(100 mg/kg).3 Indications for HSCT included: frequent vaso-occlusive episodes (87.5%), 

history of acute chest syndrome (56.3%), pulmonary hypertension (19.4%), and history 

of stroke (12.9%). All consecutive non-transplant SCD patients who underwent routine 

ophthalmic screening (with available SD-OCT and OCTA scans) during the same period 

(January 2018–August 2023) as the first ophthalmic screening of transplanted patients 

were included as the control group. Prior to transplantation, 21 (65.6%) patients were 

treated with hydroxyurea, and 10 (31.3%) received chronic red blood cell exchange 

transfusions. In the control group, 17 patients (29.8%) were treated with hydroxyurea, 

and 3 patients (5.3%) received chronic transfusions. Nineteen (59.4%) patients had a 

donor with sickle cell trait (HbAS).

Patients with hereditary or acquired retinopathy (e.g., diabetic retinopathy, retinal vas-

cular occlusions), any ocular media opacities preventing detailed imaging, high myopia 

(> 6 diopters) or vitreomacular interface abnormalities were excluded. SCR stage was 

determined for each eye based on fundoscopic examination as: [1] no signs of SCR, [2] 

signs of non-proliferative SCR, or [3] proliferative SCR. Progression of SCR was defined 

as an increase in SCR stage and/or number of lesions or the occurrence of vitreous hem-

orrhage or retinal detachment.

Macular SD-OCT and OCTA scans were obtained with the Optovue RTVue XR Avanti. For 

each eye, a 3 × 3 mm and a 6 × 6 mm scan centered on the fovea were acquired. Foveal 

avascular zone measurements (area, perimeter and acircularity index) were automati-

cally calculated. Figure S1 illustrates representative normal and abnormal OCTA scans. 

The macular thickness color-coded map was qualitatively evaluated. Macular thinning 

was defined as the presence of blue areas in at least one of the standard ETDRS (Early 

Treatment of Diabetic Retinopathy Study) macular subfields (Figure S2). Progression 

of macular thinning was defined as new areas of macular thinning in previously unaf-

fected subfields. Linear mixed models and generalized estimating equations analysis 

were used to compare ophthalmic outcomes between groups, considering interocular 

correlation. Data from HbSS patients in the control group were also analyzed separately, 

given their progression rate of SCR and SCM would likely align more closely with the 

HSCT patient group, which predominantly consisted of HbSS patients.
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Between January 2018 and August 2023, 32 HSCT patients (29 of African origin, 3 of Mid-

dle-Eastern origin) and 57 consecutive non-transplant control patients were included (56 

of African origin and 1 of Chinese origin). Baseline characteristics are outlined in Table 

1. Median age at transplantation was 26.5 years (range 18–49). Median age at baseline of 

control patients was 31 years (range 17–66). In the transplant group, 16 patients (50%) 

were male and 16 (50%) female. The control group consisted of 25 male patients (43.9%) 

and 32 female patients (56.1%). Median follow-up time was 28.5 months (range 12–74) in 

the transplant group and 35 months (range 8–70) in the control group (p = 0.728).

Twenty-three (71.9%) patients underwent MSD HSCT and 9 (28.1%) patients underwent 

haploidentical HSCT. Thirty of the 32 patients engrafted successfully and are alive and 

disease-free with normalized hemoglobin and hemolysis parameters. Due to the death 

of two patients in the HSCT group, follow-up examinations were performed in 30 HSCT 

patients. Except for one eye with impaired visual acuity due to pre-existing amblyopia, 

all other eyes maintained normal visual acuity throughout. No cases of cataract second-

ary to the HSCT were observed.

Table 1. Baseline characteristics

HSCT 

patients 

(n = 32)

Control 

patients 

(n = 57)

P-value Controls - 

only HbSS 

(n = 20)

P-value

Median age, years (range) 26.5 (18-49) 31 (17-66) 0.116* 30.5 (18-61) 0.239*

Hb genotype

HbSS

HbSC

HbSβ0

HbSβ+

24 (75%)

3 (9.4%)

3 (9.4%)

2 (6.3%)

20 (35.1%)

31 (54.4%)

3 (5.3%)

3 (5.3%)

<0.001† 20 (100%)

0 (0%)

0 (0%)

0 (0%)

N/A

Sex

Male, n (%)

Female, n (%)

16 (50%)

16 (50%)

25 (43.9%)

32 (56.1%)

0.577† 9 (45%)

11 (55.0%)

0.726†

Systemic treatment

Hydroxyurea, n (%)

Chronic transfusion, n (%)

21 (65.6%)

10 (31.3%)

17 (29.8%)

3 (5.3%)

0.001†

0.001‡

11 (55%)

3 (15%)

0.444†

0.188‡

VA <20/25, n eyes (%) 1/64 (1.6%) 0/100 (0%) N/A  0/34 (0%) N/A

HSCT = hematopoietic stem cell transplantation, VA = visual acuity

*Mann-Whitney U Test
† Pearson Chi-Square
‡ Fisher’s Exact Test
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Non-proliferative SCR was present in 13 eyes (21.7%) and proliferative SCR in 4 eyes 

(6.7%) of the HSCT patients (Table 2). During follow-up examination, the left eye of one 

patient (1.7%) progressed from no SCR to proliferative SCR (26 months post-transplant). 

The retinopathy status of the other 59 eyes remained stable. In the control group, non-

proliferative SCR was present in 24 eyes (24%) and proliferative SCR in 19 eyes (19%) at 

baseline. This increased to 29 eyes (29%) and 26 eyes (26%) respectively after a median 

of 35 months, resulting in a progression rate of 15%. This was higher than the progres-

sion rate in the transplant group (1.7%, p = 0.026). Among control patients with only 

HbSS genotype, non-proliferative SCR was present in 10 eyes (29.4%) that increased to 

15 eyes (44.1%) at follow-up. Proliferative SCR was present in 1 eye (2.9%) that remained 

stable upon follow-up. The progression rate in this group was therefore 14.7%, which 

was also higher than the progression rate in the transplant group (p = 0.049).
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At baseline, a history of vitreous hemorrhage was present in two eyes (3.3%) in the 

transplant group and eight eyes (8%) in the control group. During follow-up, three eyes 

(3%) of control patients, all with HbSC genotype, were affected. Retinal detachment was 

not observed in any of the patients during the study. Although laser treatment for prolif-

erative SCR was performed in three eyes (5%) in the transplant group prior to HSCT, no 

laser treatment was needed post-transplant. In the control group, seven eyes (7%) had 

received laser treatment at baseline. This increased to 14 eyes (14%) during follow-up.

SD-OCT and OCTA scans of sufficient quality for both baseline and follow-up evaluations 

were available for 28 eyes (14 patients) and 25 eyes (14 patients), respectively, in the 

transplant group. In the control group, scans were available for 100 eyes from all (57) 

patients. Macular thinning was observed in 12 eyes (42.9%) in eight HSCT patients at 

baseline. This increased to 14 eyes (50%) in nine patients at follow-up (progression rate 

7.1%; Table 2). One patient who initially had macular thinning only in the right eye at 

baseline also developed macular thinning in the left eye 2 years post-transplant (Figure 

S3). This patient had non-proliferative SCR and a normal visual acuity in both eyes at 

baseline and at follow-up. Another patient, without macular thinning or retinopathy at 

baseline, developed new-onset macular thinning in the left eye during follow-up. This 

was detected 1 year post-transplant (Figure S4). Visual acuity remained unaffected, and 

no signs of retinopathy were present at the follow-up examination. In the control group, 

40 eyes (40%) in 26 patients had macular thinning at baseline, increasing to 51 eyes 

(51%) in 34 patients upon follow-up evaluation (progression rate 26%, p = 0.046). The 

progression rate of macular thinning among HbSS control patients separately (29.4%) 

was also higher than the progression rate in the transplant group (p = 0.047). Table 3 

outlines the differences in the area, perimeter, and acircularity index of the FAZ between 

baseline and follow-up. The FAZ perimeter increased in the HbSS control group but not 

in the transplant group (p = 0.018).

Table 3. Comparison of changes in FAZ parameters between HSCT and control patients

HSCT versus controls (all genotypes)

HSCT (n = 25 eyes) Controls (n = 100 eyes) P-value*

FAZ area change (mean ±SD) -0.024 ± 0.072 0.016 ± 0.090 0.064

FAZ perimeter change (mean ±SD) -0.04 ± 0.17 0.09 ± 0.32 0.066

FAZ AI change (mean ±SD) 0.02 ± 0.06 0.02 ± 0.07 0.985

HSCT versus controls (HbSS only)

HSCT (n = 25 eyes) HbSS controls (n = 34 eyes) P-value*

FAZ area change (mean ±SD) -0.024 ± 0.072 0.028 ± 0.120 0.102

FAZ perimeter change (mean ±SD) -0.04 ± 0.17 0.19 ± 0.42 0.018

FAZ AI change (mean ±SD) 0.02 ± 0.06 0.04 ± 0.11 0.282

HSCT = hematopoietic stem cell transplantation, FAZ = foveal avascular zone, AI = acircularity index

* Mixed-effects ML regression
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We show that the progression rates of SCR and SCM in adult SCD patients undergoing 

non-myeloablative HSCT were significantly lower than in the non-transplant control 

group. These results suggest that HSCT has the potential to limit the progression of 

existing or the development of new SCD-related ocular complications. Progression of 

SCR occurred in only one eye of one transplanted patient. Retinal neovascularization is 

typically the result of angiogenesis secondary to ischemia. As the transplanted patient 

who developed new-onset proliferative retinopathy had full donor chimerism with nor-

malized erythrocyte phenotype and hemoglobin levels, it remains unclear what caused 

the progressive retinopathy in this patient. Notably, the progression of SCR in this eye 

may have already been present prior to HSCT. The baseline examination of this patient 

was conducted unusually early (16 months prior to HSCT). A study in 247 pediatric 

patients undergoing HSCT reported two cases of new-onset retinopathy and one case 

of progression of pre-existing retinopathy, reflecting a similar progression rate to our 

findings.5 However, this study did not provide data on the time interval between the 

baseline examination and HSCT, leaving the possibility that SCR progression was pres-

ent prior to transplantation unaddressed. Our study is the first prospective evaluation 

of SCR and SCM after HSCT in adult patients, including a substantial follow-up period. 

However, there remains a need for longer-term studies, as SCR can take several years to 

develop and its incidence tends to increase with age.

In the transplanted patients, progression of SCM was more prevalent than progression 

of SCR. However, macular vascular abnormalities were less progressive in patients who 

had undergone HSCT compared to control patients. This suggests that, while HSCT may 

halt further macular microvascular occlusion, macular thinning can still occur post-

transplant. The post-transplant macular thinning might be a consequence of macular 

microvascular occlusions that developed prior to transplantation. This was also sup-

ported by our finding that the area and perimeter of the FAZ did not increase in the 

transplant group. Close collaboration between ophthalmologists and hematologists 

is essential to ensure timely detection and monitoring of ocular complications and to 

integrate ophthalmic findings into the overall clinical management of patients with SCD.

In conclusion, our study demonstrates that non-myeloablative HSCT effectively dimin-

ishes the progression of SCR and SCM in adults with SCD. This underscores the potential 

of HSCT in limiting the progression of existing and the development of new SCD-related 

organ complications. Further research with longer follow-up time is needed to assess 

long-term outcomes following HSCT.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Illustration of normal (A) and abnormal (B) OCTA-scan. (A) OCTA scan of normal macular 

vasculature with a normal-sized, round foveal avascular zone (FAZ). (B) OCTA scan with loss of normal vascular structure at 

the border of the FAZ, resulting in an asymmetric and enlarged perimeter.

Supplementary Figure 2. Illustration of normal (A,B) and abnormal (C,D) SD-OCT scan. SD-OCT scans illustrating a 

normal macular thickness on the B-scan and retina map (A,B) and macular thinning as indicated with the yellow arrows on 

the B-scan (C) and blue areas on the retina map (D)
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Supplementary Figure 3. Baseline and follow-up SD-OCT scans from the left eye of the first case with new-onset 

macular thinning after HSCT. The increasing blue areas on the retina map demonstrate progression of macular thinning 

over time.
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Supplementary Figure 4. Baseline and follow-up SD-OCT scans from the left eye of the second case with new-onset 

macular thinning after HSCT. The increasing blue areas on the retina map demonstrate progression of macular thinning 

over time.



9



General discussion





159

General discussion

GENERAL DISCUSSION

The aim of this thesis is to gain insight into the underlying pathogenesis and the natural 

history of sickle cell retinopathy (SCR) and sickle cell maculopathy (SCM) to increase our 

understanding of their development and progression. In addition, the clinical implica-

tions and management of these conditions were explored, addressing how insights from 

this research may impact screening strategies and monitoring. This chapter summarizes 

and discusses the key findings. 

Chapter 2 provides an in-depth review of the existing literature on risk factors for SCR 

and SCM, synthesizing the current evidence and highlighting the critical areas where 

knowledge gaps remain. A wide variety of risk factors was identified. Risk factors for 

SCR include older age, male sex, HbSC genotype, high hemolytic rate, HbF level <15% 

(in HbSS genotype) and increased blood viscosity (in HbSC genotype). For SCM, risk 

factors are older age, HbSS genotype and high hemolytic rate. The underlying patho-

physiology of SCR and SCM therefore appears to be differential and multifactorial, with 

distinct emerging patterns indicating that vaso-occlusion and hemolysis drive SCM and 

NPSCR in HbSS genotype, whereas hyperviscosity in HbSC genotype primarily results in 

PSCR. Interestingly, this is seen despite the generally milder systemic clinical course in 

HbSC patients compared with HbSS, indicating a clear discrepancy between systemic 

severity and the extent of ocular involvement. The varying risk of SCR development and 

progression between patients may justify a more risk-adapted screening approach. We 

proposed to divide patients into two categories to determine screening frequency: high 

risk and low risk. Based on the most commonly reported risk factors and their practical 

applicability in clinical settings, older male HbSC patients may be classified as high-risk. 

Additional risk factors include lower HbF levels (<15%) and a high hemolytic rate (e.g. 

increased reticulocytes and total bilirubin and/or the presence of hemolysis-related 

organ damage) in patients with HbSS, and indicators of increased whole blood viscos-

ity in HbSC patients (e.g. increased whole blood viscosity or high hemoglobin levels). 

We propose yearly screening for high-risk patients. Conversely, younger female HbSS 

patients with high HbF levels (>15%) could be considered low-risk. For this group, a 

reduced screening frequency of once every three years may be appropriate, particularly 

for those on hydroxyurea or transfusion therapy with mild organ damage. However, 

evidence on whether the benefits of screening outweigh the burden for the patients and 

costs remains lacking. Screening aims to prevent vision-threatening complications by 

detecting SCR in early stages, but monitoring neovascular lesions instead of intervening 

with laser photocoagulation is becoming more common. This shift is driven by scarce 

and ambivalent evidence supporting the medical benefit of laser photocoagulation 

in SCR, which was previously frequently used with the intention to prevent complica-
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tions such as vitreous hemorrhage and retinal detachment.1 Neovascular lesions often 

regress spontaneously or remain stable for years, and current literature shows no clear 

difference in outcomes between treated and untreated patients.1 Consequently, the 

rationale for screening becomes less straightforward when it does not lead to imme-

diate intervention. Meanwhile, data on the consequences of SCM remain limited, and 

although the need for dedicated screening is unclear, monitoring SCM during routine 

SCR visits is advisable.

Chapter 3 presents a long-term retrospective evaluation of SCR progression in a well-

monitored cohort of 129 adult SCD patients. Progression of SCR was observed in 28.7% 

of the patients after a median follow-up period of 11 years. Several associations were 

identified that offer insight into the underlying mechanisms of SCR and its progression. 

HbSC genotype was strongly associated with progression to proliferative SCR. A poten-

tial explanation lies in the higher blood viscosity observed in HbSC patients, which, if 

combined with the characteristic anatomy of the retinal vasculature (long arteriolar 

segments with uniform diameters and relatively high vascular resistance), may lead to 

decompensation of peripheral retinal blood flow and oxygenation. This compromised 

perfusion could contribute to the higher prevalence and progressive nature of retinopa-

thy in this specific genotype. Furthermore, older age was independently associated with 

progression, suggesting an age-related vulnerability of the retinal vasculature. Lower 

fetal hemoglobin (HbF) levels were also linked to progression. HbF restricts HbS po-

lymerization and therefore reduces red blood cell sickling under hypoxic conditions, 

reinforcing the protective effect of HbF against vaso-occlusion and retinal ischemia.2 

Female sex was associated with a lower risk of SCR, particularly in patients with HbSS/

HbSβ⁰/HbSβ⁺ genotypes, possibly due to the vascular protective effects of estrogen by 

altering nitric oxide levels.3, 4 These findings highlight the multifactorial nature of SCR 

and its progressive course, which affects a substantial proportion of patients with sickle 

cell disease. This analysis offers a more nuanced understanding of the wide variation in 

SCR severity and progression between individuals with SCD.

Chapter 4 focusses on cross-sectional evaluation of SCM. By combining detailed imag-

ing and clinical data, this analysis offers new insights into the structural changes as-

sociated with SCM. Analyzing the largest cohort of adult SCD-patients with OCTA data 

to date, it allows for more robust conclusions than previous studies. Among 249 eyes 

of 137 patients, macular thinning was observed in 40.2% of eyes and was associated 

with lower vessel density in both the superficial and deep capillary plexuses, as well as 

with enlargement and irregularity of the foveal avascular zone. Macular thinning was 

predominantly present in the temporal region, which may be explained by the rela-

tively high vascular resistance in this area, making it more susceptible to microvascular 
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obstruction and ischemia. Despite these structural and microvascular abnormalities, 

no association was found between the presence or severity of SCR and the macular 

changes of SCM, suggesting distinct pathogenetic mechanisms underlying peripheral 

retinopathy and maculopathy in SCD. Patients with maculopathy were overall charac-

terized by features more related to HbSS genotype (e.g., lower Hb), whereas patients 

with PSCR are generally characterized by features of the HbSC genotype. Therefore, we 

speculate that the underlying pathophysiology of sickle cell maculopathy might differ 

from that of the peripheral ischemic retinopathy. The macula may be more susceptible 

to diffuse microvascular loss than the peripheral retina, in which areas of complete 

ischemia develop resulting in (temporary) neovascularization.5 

Age and female sex were independently linked to lower macular vessel density and larger 

FAZ area. These findings have also been reported in the general population.6, 7 However, 

in patients with SCD they occur at a significantly younger age, suggesting a phenomenon 

known as accelerated aging. This concept, in which abnormalities typically seen in the el-

derly are present much earlier in life in patients with SCD, has been previously described 

in the context of other SCD-related organ complications (e.g. cardiomyopathy, stroke 

and osteopenia) and is referred to as the “accelerated aging syndrome”.8 Our findings 

demonstrate that macular thinning and associated OCTA abnormalities are common in 

adult SCD patients. OCTA analysis seems not useful in identifying SCD patients at risk for 

peripheral SCR but does point at differential microvascular pathogenetic mechanisms 

at play in SCD maculopathy and SCR. 

Interestingly, the visual acuity appears to remain intact in most patients with SCM. 

Nevertheless, abnormalities in other parameters of visual function have been reported 

in SCM (scotomas on visual fields, reduced contrast sensitivity, and loss of color vision), 

even when the visual acuity was unaffected.9 Perhaps foveal function (and therefore vi-

sual acuity) is spared in SCD because macular changes predominantly occur in the tem-

poral macula. This underscores the need for future studies to investigate and monitor 

additional parameters of visual function (e.g. microperimetry, color vision and contrast 

sensitivity) to increase the understanding of the functional consequences of SCM.

Chapter 5 expanded upon these findings and reported on a pioneering longitudinal 

study involving SCD patients with multiple SD-OCT and OCTA scans over time. Over a 

median follow-up period of 34.5 months, macular thinning was detected in 38.7% of 

eyes at baseline which increased to 49.1% at follow-up. Progression of macular thinning 

occurred in 25.5% of the baseline population. SCR progression was observed in 15.1 

percent of eyes during this period. The progression of macular thinning was associated 

with the presence of proliferative SCR and with specific vessel density changes in the in-
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ferior parafoveal subfields. The latter may reflect compensatory vascular changes, such 

as increased vessel diameter or flow, aimed at maintaining adequate blood supply dur-

ing early vascular occlusion. These findings are consistent with observations in diabetic 

retinopathy, where macular microvascular occlusion precedes neurodegeneration and 

retinal thinning, suggesting a similar pathophysiological process in sickle cell maculop-

athy.10 Despite the progression of macular thinning, visual acuity remained preserved. 

However, other visual functions not assessed in this study (such as the visual field) may 

still be affected. An important consideration is that most SCD patients in our cohort (and 

in prior SCM studies) are relatively young. With improvements in diagnosis, supportive 

care, and disease-modifying treatment options, the life expectancy of patients with 

SCD has increased. Therefore, it is possible that functional deficits may develop later in 

life as macular changes continue to progress. Overall, these results highlight that SCM 

progresses over time independent of visual acuity loss, and underscore the need for 

longer and larger longitudinal studies to clarify its clinical and functional implications.

Chapter 6 examines the role of red blood cell characteristics and blood viscosity in SCR 

and SCM in a cohort of 68 SCD patients. While hyperviscosity is often proposed as a driv-

ing factor in SCR, no associations were found between whole blood viscosity and the 

presence of SCR or SCM. These findings may reflect limitations of measuring viscosity 

under normoxic conditions, which do not capture hypoxia-induced and/or local changes 

in blood rheology known to affect flow and sickling.11 However, sickle cell retinopathy 

presents with retinal changes that differ from those seen in other hyperviscosity-related 

conditions (e.g. Waldenstrom macroglobulinemia). In these conditions, venous engorge-

ment and tortuosity, scattered retinal hemorrhages and retinal venous occlusion are 

more characteristic.12 Taken together, these findings suggest that viscosity on its own 

might not account for the development of SCR and SCM and that other mechanisms are 

likely involved. 

In HbSC patients, the presence of proliferative SCR (PSCR) was associated with a lower 

red blood cell (RBC) delta elongation index and a lower point of sickling. This suggests 

that RBCs in these patients are less prone to sickle under hypoxic conditions, indicat-

ing that RBC sickling might not play a central role in the pathogenesis of PSCR in HbSC 

patients. These findings underscore the complexity of retinal involvement in SCD and 

suggest that mechanisms beyond viscosity and sickling (particularly in HbSC patients) 

may contribute to the development and progression of retinal abnormalities, warrant-

ing further investigation.

Chapter 7 focusses on associations between plasma levels of angiogenesis biomarkers 

and the presence of SCR and SCM, aiming to deepen the understanding of the complex 
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underlying pathophysiology. Sixty-six adult patients with HbSS and HbSC genotypes 

underwent ophthalmic examination, including optical coherence tomography angiogra-

phy (OCTA), and blood sampling for analysis of a wide panel of circulating angiogenesis-

related factors. PSCR was present in 15.2% of HbSS and 63.6% of HbSC patients. Regard-

ing SCM, abnormalities of the foveal avascular zone (FAZ) were observed in 50.8% of 

patients, and macular thinning in 48.4%. 

Angiopoietin-2 levels were higher in HbSS patients compared to HbSC patients, although 

this did not differentiate between SCR stage or presence of SCM. This suggests that 

angiopoietin-2 may be more reflective of systemic hypoxia and ischemia resulting from 

the more severe anemia and increased frequency of vaso-occlusion in this genotype, 

rather than a direct contributor to retinal pathology. In contrast, endostatin, a known 

anti-angiogenic factor, was elevated in HbSC patients with PSCR compared to those 

without, suggesting a potential role of compensatory angiogenesis inhibitory mecha-

nisms during the development or progression of neovascularization in this genotype.

While most of the angiogenesis-related factors studied showed no association with 

either genotype or the presence of ocular abnormalities (including VEGF, a key factor in 

several angiogenesis-driven conditions such as diabetic retinopathy13), several relevant 

observations were made. In proliferative diabetic retinopathy (PDR), retinal ischemia 

strongly induces local VEGF production, driving pathological neovascularization. In 

SCD, postmortem studies show similar localized VEGF upregulation in ischemic retina 

and neovascular lesions. Unlike PDR, all vessels (capillaries, veins and arteries) in the 

affected retinal area are occluded in PSCR, which probably explains the transient an-

giogenic response and the spontaneous fibrovascular regression and scarring. These 

observations suggest that the underlying mechanism of PSCR differs fundamentally 

from that of PDR, where the retina remains partly perfused, sustaining angiogenic activ-

ity for years. In addition, conclusive evidence for which angiogenic factors play a pivotal 

role in PSCR is lacking. Further studies are needed to clarify their exact contributions to 

the pathophysiology. 

Chapter 8 reported on the results of the prospective evaluation of SCR and SCM after 

allogeneic hematopoietic stem-cell transplantation (HSCT) in adult SCD patients. 

Thirty-two patients undergoing HSCT were followed for a median of 28.5 months post-

transplantation and compared with a control cohort of 57 consecutive SCD patients not 

receiving HSCT. We showed that the progression rates of SCR and SCM were significantly 

lower in the HSCT group compared to controls, suggesting that HSCT can effectively 

limit the progression of existing or development of new SCD-related ocular complica-

tions. Progression of SCR occurred in only one eye of a transplanted patient, whose new 
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proliferative retinopathy remains unexplained given full donor chimerism and normal-

ized hemoglobin levels. However, this progression may have already developed before 

HSCT, considering the time elapsed between the most recent eye examination before 

HSCT and the transplantation itself. While progression of SCM was more common post-

transplant, macular vascular abnormalities progressed significantly less in transplanted 

patients, implying that HSCT may halt further microvascular occlusions but does not 

reverse macular thinning caused by prior damage. The stability of foveal avascular zone 

parameters post-transplant supports this interpretation. These findings demonstrate 

the promising role of HSCT in retinal complications in SCD and highlight the importance 

of close collaboration between ophthalmologists and hematologists to monitor and 

manage ocular complications as part of comprehensive care in SCD. 

FUTURE PERSPECTIVES

Building on the findings of this thesis, several key areas have become apparent that 

need further research to deepen our understanding and improve the clinical manage-

ment of SCR and SCM. Long-term longitudinal studies with larger cohorts are essential 

to understand the behavior of SCR and SCM over time and to identify patients at highest 

risk, especially given the increasing life expectancy in SCD.14 Particular attention should 

be given to clarifying the clinical significance of SCM, especially its functional conse-

quences beyond visual acuity, including contrast sensitivity, color vision, and visual field 

defects. The role of red blood cell characteristics, blood viscosity (particularly under 

hypoxic conditions), and circulating angiogenesis-related factors warrants further inves-

tigation to elucidate their contributions to retinal pathology in SCD. Additionally, with 

the growing use of disease-modifying treatments like hydroxyurea, voxelotor, pyruvate 

kinase agonists, and curative therapies like HSCT and gene therapy/editing, it is crucial 

to evaluate their long-term impact on SCR and SCM. Although laser photocoagulation 

has been widely used in the past, its definitive role in treating proliferative SCR remains 

unclear. Further research to evaluate the clinical benefit of laser photocoagulation is 

urgently needed. Alongside increasing our understanding of the other highlighted key 

areas, this will help determine the necessity of screening for SCR and SCM and facilitate 

the development of individualized management strategies. To achieve this effectively, 

close collaboration between ophthalmologists and hematologists is essential to opti-

mize ophthalmic care and preserve vision in patients with SCD. 
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SUMMARY 

Sickle cell retinopathy – from pathogenesis to management

The aim of this thesis is to deepen our understanding of the underlying pathogenesis 

and the natural history of sickle cell retinopathy (SCR) and sickle cell maculopathy 

(SCM). In addition, the clinical implications and management of these conditions were 

explored, addressing how insights from this research may impact screening strategies 

and monitoring. This chapter summarizes the key findings. 

Chapter 2 provides an in-depth review of the existing literature on risk factors for SCR 

and SCM, synthesizing the current evidence and highlighting the critical areas where 

knowledge gaps remain. A wide variety of risk factors was identified. Risk factors for 

SCR include older age, male sex, HbSC genotype, hemolytic rate, HbF level <15% (in 

HbSS genotype) and increased blood viscosity (in HbSC genotype). For SCM, risk factors 

are older age, HbSS genotype and high hemolytic rate. The underlying pathophysiology 

of SCR and SCM appears multifactorial, with distinct emerging patterns indicating that 

vaso-occlusion and hemolysis drive SCM and non-proliferative SCR (NPSCR) in HbSS 

genotype, whereas hyperviscosity in HbSC genotype primarily results in proliferative 

SCR (PSCR). We recommend yearly screening for high-risk patients (older HbSC males) 

and triennial screening for low-risk patients (young females with HbSS genotype and 

HbF>15%) to ensure comprehensive yet proportionate ophthalmic care. However, future 

studies are needed on the role of interventions for SCR and the long-term consequences 

of SCM in order to evaluate and define appropriate screening schedules.

Chapter 3 presents the results of a long-term, retrospective analysis of SCR progression 

in a well-monitored cohort of 129 adult sickle cell disease (SCD) patients. Over a median 

follow-up period of 11 years, progression of SCR was observed in 28.7% of the patients. 

Several associations were identified that offer insight into the underlying mechanisms 

of SCR and its progression. HbSC genotype was strongly associated with progression to 

proliferative SCR. Additionally, older age was independently associated with progres-

sion. Female sex was associated with a lower risk of SCR, particularly in patients with 

HbSS/HbSβ⁰/HbSβ⁺ genotypes. These findings highlight the multifactorial nature of 

SCR and its progressive course, which affects a substantial proportion of SCD patients. 

This analysis offers a more nuanced understanding of the wide variation in SCR severity 

and progression between individuals with SCD.
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Chapter 4 describes a cross-sectional evaluation of SCM, offering new insights into the 

structural changes associated with SCM by combining detailed imaging and clinical 

data. Among 249 eyes of 137 patients, macular thinning was observed in 40.2% of eyes 

and was associated with lower vessel density in both the superficial and deep capil-

lary plexuses, as well as with enlargement and irregularity of the foveal avascular zone 

(FAZ). Macular thinning was predominantly present in the temporal region. Despite 

these structural and microvascular abnormalities, no association was found between 

the presence or severity of SCR and the macular changes of SCM, suggesting distinct 

pathogenetic mechanisms underlying peripheral retinopathy and maculopathy in SCD. 

Patients with maculopathy were overall characterized by features more related to HbSS 

genotype (e.g., lower Hb), whereas patients with PSCR are generally characterized by 

features of the HbSC genotype. Age and female sex were independently associated with 

to lower macular vessel density in the (para)foveal subfield and with a larger FAZ area. 

Our findings demonstrate that macular thinning and associated OCTA abnormalities 

are common in adult SCD patients. OCTA analysis seems not useful in identifying SCD 

patients at risk for peripheral SCR but does point at differential microvascular pathoge-

netic mechanisms at play in SCD maculopathy and SCR. 

Chapter 5 reported on a pioneering longitudinal study involving SCD patients with 

multiple SD-OCT and OCTA scans over time. Over a median follow-up period of 34.5 

months, macular thinning was detected in 38.7% of eyes at baseline which increased to 

49.1% at follow-up. Progression of macular thinning occurred in 25.5% of the baseline 

population. SCR progression was observed in 15.1 percent of eyes during this period. 

The progression of macular thinning was associated with the presence of prolifera-

tive SCR and with specific vessel density changes in the inferior parafoveal subfields. 

Despite the progression of macular thinning, visual acuity remained preserved. These 

results highlight that SCM progresses over time independent of visual acuity loss, and 

underscore the need for longer and larger longitudinal studies to clarify its clinical and 

functional implications.

Chapter 6 describes the results of our study that examined the role of red blood cell 

characteristics and blood viscosity in SCR and SCM in a cohort of 68 SCD patients. HbSC 

patients with PSCR had a lower delta elongation index and point of sickling than those 

without PSCR, suggesting that red blood cell sickling might not play a central role in 

the pathogenesis of PSCR in HbSC patients. Despite hyperviscosity being a commonly 

proposed mechanism, no associations were found between blood viscosity, SCR and 

SCM. These results point to alternative mechanisms contributing to SCR and SCM, high-

lighting the complexity and need for further research to fully understand the underlying 

factors.
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Chapter 7 focusses on associations between plasma levels of angiogenesis biomark-

ers and the presence of SCR and SCM, aiming to deepen the understanding of the 

complex underlying pathophysiology. Sixty-six adult patients with HbSS and HbSC 

genotypes underwent ophthalmic examination, including optical coherence tomogra-

phy angiography (OCTA), and blood sampling for analysis of a wide panel of circulating 

angiogenesis-related factors. PSCR was present in 15.2% of HbSS and 63.6% of HbSC 

patients. Regarding SCM, abnormalities of the foveal avascular zone (FAZ) were ob-

served in 50.8% of patients, and macular thinning in 48.4%. Angiopoietin-2 levels were 

higher in HbSS patients compared to HbSC patients, although this did not differentiate 

between SCR stage or presence of SCM. Endostatin, a known anti-angiogenic factor, was 

elevated in HbSC patients with PSCR compared to those without, suggesting a potential 

role of compensatory angiogenesis inhibitory mechanisms during the development 

or progression of neovascularization in this genotype. These results provide valuable 

insights into the potential role of these factors in SCR and SCM, though further studies 

are needed to clarify their exact contributions.

Chapter 8 reported on the results of the prospective evaluation of SCR and SCM after 

allogeneic hematopoietic stem-cell transplantation (HSCT) in adult SCD patients. 

Thirty-two patients undergoing HSCT were followed for a median of 28.5 months post-

transplantation and compared with a control cohort of 57 consecutive SCD patients 

not receiving HSCT. The progression rates of SCR and SCM were significantly lower in 

the HSCT group compared to controls, suggesting that HSCT can effectively limit the 

progression of existing or development of new SCD-related ocular complications. Pro-

gression of SCR occurred in only one eye of a transplanted patient. While progression 

of SCM was more common post-transplant, macular vascular abnormalities progressed 

significantly less in transplanted patients, implying that HSCT may halt further micro-

vascular occlusions but does not reverse macular thinning caused by prior damage. 

These findings demonstrate the promising role of HSCT in retinal complications in SCD. 

CONCLUSION

The research presented in this thesis significantly enhances our understanding of sickle 

cell retinopathy and sickle cell maculopathy, with the emphasis on their pathogenesis, 

natural history, progression and clinical management. The findings emphasize the com-

plexity of the underlying pathophysiology of these conditions and highlight the need for 

ongoing research, particularly through long-term studies and larger patient cohorts. As 

life expectancy in sickle cell disease increases, there is an urgent need to refine screen-

ing protocols and develop personalized management strategies. This thesis provides a 
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strong foundation for advancing clinical care and improving patient outcomes in sickle 

cell disease, highlighting the importance of close collaboration between ophthalmolo-

gists and hematologists to monitor and manage ocular complications as part of compre-

hensive care in SCD. 



173

Appendices

SUMMARY IN DUTCH - NEDERLANDSE SAMENVATTING

Sikkelcelretinopathie – van pathogenese tot management

Het doel van dit proefschrift is om de kennis over de onderliggende pathogenese en 

het natuurlijk beloop van sikkelcel retinopathie (SCR) en sikkelcel maculopathie (SCM) 

te vergroten. Daarnaast werden de klinische implicaties en het management van deze 

aandoeningen onderzocht, met aandacht voor hoe inzichten uit dit onderzoek invloed 

kunnen hebben op screeningsstrategieën en monitoring. Dit hoofdstuk vat de belang-

rijkste bevindingen samen.

Hoofdstuk 2 beschrijft een review over de risicofactoren voor SCR en SCM, waarbij de 

huidige literatuur wordt samengevat en kritieke kennishiaten worden geïdentificeerd. 

Een breed scala aan risicofactoren werd gevonden. Risicofactoren voor SCR zijn onder 

andere oudere leeftijd, mannelijk geslacht, HbSC-genotype, hoge mate van hemolyse, 

HbF-niveau <15% (bij HbSS-genotype) en verhoogde bloedviscositeit (bij HbSC-geno-

type). Voor SCM zijn de risicofactoren oudere leeftijd, HbSS-genotype en hoge mate van 

hemolyse. De onderliggende pathofysiologie van SCR en SCM lijkt multifactorieel te zijn, 

waarbij vaso-occlusie en hemolyse SCM en non-proliferatieve SCR (NPSCR) aandrijven 

bij het HbSS-genotype, terwijl hyperviscositeit bij het HbSC-genotype voornamelijk 

resulteert in proliferatieve SCR (PSCR). Wij bevelen jaarlijkse screening aan voor hoog-

risico patiënten (bijvoorbeeld oudere HbSC mannen) en driejaarlijkse screening voor 

laag-risico patiënten (bijvoorbeeld jongere vrouwen met HbSS genotype en HbF >15%) 

om volledige maar proportionele oogheelkundige zorg te waarborgen. Toekomstige 

studies zijn echter nodig om de rol van interventies bij SCR en de langetermijngevolgen 

van SCM te evalueren en geschikte screeningsschema’s te definiëren.

Hoofdstuk 3 presenteert de resultaten van een lange termijn, retrospectieve analyse 

van de progressie van SCR in een goed gemonitord cohort van 129 volwassen patiënten 

met sikkelcelziekte (SCD). Gedurende een mediane follow-up periode van 11 jaar werd 

progressie van SCR vastgesteld bij 28,7% van de patiënten. Er werden verschillende 

associaties geïdentificeerd die inzicht bieden in de onderliggende mechanismen en mo-

gelijke progressie van SCR. Het HbSC-genotype was sterk geassocieerd met progressie 

naar proliferatieve SCR. Daarnaast werd een onafhankelijke associatie gevonden tussen 

oudere leeftijd en progressie. Vrouwelijk geslacht werd geassocieerd met een lager risico 

op SCR, vooral bij patiënten met het HbSS/HbSβ⁰/HbSβ⁺ genotype. Deze bevindingen 

benadrukken de multifactoriële aard van het ontstaan van SCR en het progressieve 

verloop ervan, wat een aanzienlijk deel van de SCD-patiënten treft. Deze analyse biedt 

een meer genuanceerd inzicht in de grote variatie van de ernst en progressie van SCR 

tussen individuen met SCD.
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Hoofdstuk 4 beschrijft een cross-sectionele studie en biedt nieuwe inzichten in de struc-

turele veranderingen die geassocieerd zijn met SCM door gedetailleerde beeldvorming 

en klinische gegevens te combineren. Verdunning van de macula werd waargenomen in 

40,2% van in totaal 249 ogen van 137 patiënten, wat geassocieerd was met een lagere 

vaatdichtheid in zowel de oppervlakkige als de diepe capillaire plexus, evenals met ver-

groting en onregelmatigheid van de foveale avasculaire zone (FAZ). Macula verdunning 

was vooral aanwezig in de temporale regio van de macula. Ondanks deze structurele 

en microvasculaire afwijkingen werd er geen associatie gevonden tussen de aanwezig-

heid of ernst van SCR en de macula veranderingen, wat suggereert dat er verschillende 

pathogenetische mechanismen ten grondslag liggen aan perifere retinopathie en ma-

culopathie bij SCD. Patiënten met maculopathie werden over het algemeen gekarakte-

riseerd door kenmerken die meer gerelateerd zijn aan het HbSS-genotype (bijv. lagere 

Hb-waarden), terwijl patiënten met PSCR doorgaans kenmerken vertoonden van het 

HbSC-genotype. Leeftijd en vrouwelijk geslacht waren onafhankelijk geassocieerd met 

een lagere vaatdichtheid in het (para)foveale deel van de macula en met een grotere 

FAZ-oppervlakte. Onze bevindingen tonen aan dat macula verdunning en geassocieerde 

OCTA-afwijkingen veel voorkomen bij volwassen sikkelcel-patiënten. OCTA onderzoek 

lijkt niet nuttig voor het identificeren van sikkelcel patiënten met risico op perifere SCR, 

maar wijst wel op verschillen in de pathogenese van SCM en SCR.

Hoofdstuk 5 rapporteert over een longitudinale studie bij sikkelcel patiënten die 

meerdere SD-OCT- en OCTA-scans over de tijd ondergingen. Gedurende een mediane 

follow-up periode van 34,5 maanden werd macula verdunning gedetecteerd bij 38,7% 

van de ogen bij het eerste consult, wat toenam tot 49,1% tijdens follow-up. Progressie 

van macula verdunning werd waargenomen bij 25,5% van de populatie. Progressie van 

SCR werd waargenomen bij 15,1% van de ogen gedurende deze periode. De progres-

sie van macula verdunning was geassocieerd met de aanwezigheid van PSCR en met 

specifieke veranderingen in vaatdichtheid in de onderste parafoveale delen van de 

macula. Ondanks de progressie van macula verdunning bleef de visus goed of stabiel 

goed. Deze resultaten benadrukken dat SCM in de loop van de tijd progressief van aard 

is, onafhankelijk van achteruitgang van de visus, en onderstrepen de noodzaak voor lan-

gere en grotere longitudinale studies om de klinische en functionele implicaties ervan 

te verduidelijken.

Hoofdstuk 6 beschrijft de resultaten van onze studie waarin de rol van rode bloedcel-

kenmerken en bloedviscositeit in SCR en SCM werd onderzocht in een cohort van 68 

sikkelcel-patiënten. HbSC-patiënten met PSCR hadden een lagere delta elongatie-index 

en een lagere ‘point-of-sickling’ dan degenen zonder PSCR, wat suggereert dat het 

sikkelen van rode bloedcellen mogelijk geen centrale rol speelt in de pathogenese van 
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PSCR bij HbSC-patiënten. Ondanks dat hyperviscositeit vaak als mechanisme wordt 

beschouwd, werden er geen associaties gevonden tussen bloedviscositeit, SCR en SCM. 

Deze resultaten wijzen op alternatieve mechanismen die bijdragen aan SCR en SCM, wat 

de complexiteit van deze aandoeningen benadrukt en de nodzaak voor verder onder-

zoek om de onderliggende factoren volledig te begrijpen.

Hoofdstuk 7 richt zich op de associaties tussen plasmaconcentraties van angiogenese-

biomarkers en de aanwezigheid van SCR en SCM, met als doel het begrip van de com-

plexe onderliggende pathofysiologie te vergroten. Zesenzestig volwassen patiënten 

met HbSS- en HbSC-genotypes ondergingen een oogheelkundig onderzoek, inclusief 

optische coherentie tomografie angiografie (OCTA), en bloeddonatie voor analyse van 

een breed panel circulerende angiogenese-gerelateerde factoren. PSCR werd waarge-

nomen bij 15,2% van de HbSS-patiënten en 63,6% van de HbSC-patiënten. Wat betreft 

SCM werden afwijkingen van de foveale avasculaire zone (FAZ) waargenomen bij 50,8% 

van de patiënten en macula verdunning bij 48,4%. De niveaus van angiopoëtine-2 waren 

hoger bij HbSS-patiënten in vergelijking met HbSC-patiënten, hoewel dit geen onder-

scheid maakte tussen de stadia van SCR of de aanwezigheid van SCM. Endostatine, een 

bekende anti-angiogene factor, was verhoogd bij HbSC-patiënten met PSCR vergeleken 

met degenen zonder PSCR, wat wijst op een mogelijke rol van compensatoire angioge-

nese remmende mechanismen tijdens de ontwikkeling of progressie van neovascula-

risatie in dit genotype. Deze resultaten bieden waardevolle inzichten in de potentiële 

rol van deze factoren in SCR en SCM, hoewel verder onderzoek nodig is om hun exacte 

bijdragen te verduidelijken.

Hoofdstuk 8 rapporteert de resultaten van de prospectieve evaluatie van SCR en SCM 

na allogene hematopoëtische stamceltransplantatie (HSCT) bij volwassen sikkelcel-

patiënten. Tweeëndertig patiënten die HSCT ondergingen, werden gedurende een 

mediane periode van 28,5 maanden na de transplantatie gevolgd en vergeleken met een 

controlegroep van 57 sikkelcel-patiënten die geen HSCT ontvingen. De progressie van 

SCR en SCM was significant lager in de HSCT-groep in vergelijking met de controlegroep, 

wat suggereert dat HSCT effectief de progressie van bestaande of de ontwikkeling van 

nieuwe sikkelcelziekte-gerelateerde oogcomplicaties kan beperken. Progressie van 

SCR werd waargenomen in slechts één oog van een getransplanteerde patiënt. Hoe-

wel progressie van SCM vaker voorkwam na de transplantatie, vorderden maculaire 

vaatafwijkingen significant minder bij getransplanteerde patiënten, wat impliceert dat 

HSCT verdere microvasculaire occlusies kan stoppen, maar geen omkering van reeds 

bestaande macula verdunning. Deze bevindingen tonen de veelbelovende rol van HSCT 

in retinale complicaties bij sikkelcelziekte aan.
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CONCLUSIE

Het onderzoek gepresenteerd in dit proefschrift vergroot aanzienlijk ons begrip van 

sikkelcel retinopathie en maculopathie, met de nadruk op hun pathogenese, natuurlijk 

beloop, progressie en klinisch management. De bevindingen benadrukken de complexi-

teit van de onderliggende pathofysiologie van deze aandoeningen en onderstrepen 

de noodzaak voor verder onderzoek, met name door middel van lange termijn studies 

en grotere patiënten cohorten. Naarmate de levensverwachting bij sikkelcelziekte 

toeneemt, is er een dringende behoefte om screeningsprotocollen te verfijnen en geper-

sonaliseerde behandelingsstrategieën te ontwikkelen. Dit proefschrift biedt een stevige 

basis voor het verbeteren van de klinische zorg en het verbeteren van de uitkomsten 

voor patiënten met sikkelcelziekte, waarbij de nadruk ligt op het belang van nauwe 

samenwerking tussen oogartsen en hematologen voor het monitoren van oogcomplica-

ties als onderdeel van de geïntegreerde zorg bij SCD.
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(Inter)national conferences Year Workload (ECTS)

EHA Research Conference, Vienna, Austria 2022 1.1

ASH Annual Meeting and Exposition, New Orleans, USA 2022 1.1

NOG Annual Meeting, Maastricht, The Netherlands 2023 0.9

NOG Annual Meeting, Groningen, The Netherlands 2024 0.9

EHA Research Conference, Milan, Italy 2025 0.6

Presentations Year Workload (ECTS)

Poster presentation - EHA Research Conference, Vienna, Austria 2022 0.3

Poster presentation - ASH Annual Meeting and Exposition, New Orleans, USA 2022 0.3

Oral presentation - NOG Annual Meeting, Maastricht, The Netherlands 2023 0.6

Oral presentation - NOG Annual Meeting, Groningen, The Netherlands 2024 0.6

Oral presentation - EHA Research Conference, Milan, Italy 2025 0.6

Supervising and reviewing Year Workload (ECTS)

Gizem Kocabas – Bachelor thesis 2022 0.4

Reviewing case report for the American Journal of Ophthalmology Case 

Reports

2025 0.3
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CURRICULUM VITAE

Rajani Brandsen was born on May 19, 1996 in Hoorn, 

The Netherlands. 

After completing her Gymnasium studies at Martinus 

College in Grootebroek in 2014, she started with her 

study Medicine at the University of Amsterdam. During 

the final year of her study, Rajani pursued an elective 

rotation in Ophthalmology at the Amsterdam UMC 

(location AMC), as well as her research internship that 

focused on the spontaneous closure of cavernous sinus 

dural arteriovenous fistulas. 

Upon graduating in 2020, Rajani sought to broaden her clinical experience by accepting 

a position as a resident (not in specialty training) at Eyescan Beverwijk. Driven by her 

passion for Ophthalmology, she combined her clinical work with a PhD at the depart-

ment of Ophthalmology and Hematology of the Amsterdam UMC (location AMC) starting 

in 2021. Her research focused on the clinical and pathophysiological aspects of sickle 

cell retinopathy and sickle cell maculopathy, aiming to uncover new insights that could 

improve patient care. 

In 2025, Rajani began her residency training in Ophthalmology at Amsterdam UMC, 

where she continues to refine her expertise in the field. 
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DANKWOORD

Dit proefschrift begon bescheiden, met de vraag van Roselie of ik wilde helpen met een 

onderzoeksproject naar sikkelcelretinopathie. Enthousiast stemde ik toe, met het plan 

om dit naast mijn ANIOS-baan te doen en daarna gauw te solliciteren voor de vervolg-

opleiding tot oogarts. Maar hoe mooi en anders heeft dit zich ontwikkeld: wat begon als 

een los onderzoeksproject, groeide uit tot een compleet promotietraject. Ik kijk terug 

op een onwijs leuke en leerzame tijd, vol met nieuwe vaardigheden en ervaringen waar 

ik de rest van mijn professionele en persoonlijke leven plezier van zal hebben. Dit alles 

was nooit mogelijk geweest zonder de vele mensen die hebben bijgedragen aan mijn 

promotietraject. Hiervoor wil ik dan ook graag mijn dank uiten.

Om te beginnen wil ik alle patiënten bedanken voor hun deelname aan de studies. 

Ondanks de zware belasting van hun ziekte en de vele ziekenhuisbezoeken die daar het 

gevolg van zijn, toonden zij een bewonderingswaardig enthousiasme om aan de studies 

deel te nemen. Hun bijdrage is van onschatbare waarde voor zowel de wetenschap als 

voor de verdere ontwikkeling van de zorg voor sikkelcelziekte.

Leden van de promotiecommissie, prof. dr. J.R. Vingerling, prof. dr. C.J.F. Boon, prof. 

dr. A.C. Moll, dr. A.W. Rijneveld, prof. dr. M.J. Kersten en dr. R. Van Bruggen, hartelijk 

dank voor jullie bereidheid zitting te nemen in mijn promotiecommissie en het beoor-

delen van mijn proefschrift.

Het tot stand komen van dit proefschrift is het resultaat van geweldig teamwerk. Mijn 

grote dank gaat dan ook uit naar mijn promotieteam. Bart, bedankt voor je steun en 

begeleiding gedurende dit gehele traject. Onze samenwerking heb ik als bijzonder 

prettig ervaren, juist ook omdat we vanuit twee verschillende specialismen werkten. 

Ik heb het enorm getroffen met jou als promotor. Je betrokkenheid, duidelijke visie en 

toegankelijkheid maakten dat ik me altijd gesteund voelde, en ik heb veel geleerd van 

jouw perspectief. Ik kijk hier met veel plezier op terug. Beste Reinier, bedankt voor je 

rol als promotor en voor je bijdrage aan dit traject. Ik heb met veel plezier teruggedacht 

aan onze gesprekken en brainstormsessies over de pathofysiologie van sikkelcelretino-

pathie. Jouw diepgaande kennis van de retina bracht telkens nieuwe invalshoeken en 

hielp mij om complexe vraagstukken scherper te formuleren. Roselie, bedankt voor het 

vertrouwen in mij vanaf het begin van dit traject en voor je laagdrempelige supervisie. Ik 

waardeer het enorm hoe snel ik bij je terechtkon met vragen en hoe scherp en betrokken 

je meedacht. Onze vaste Starbucks-meetings in het AMC – een fijne mix van een lekker 

kopje koffie, eerlijke gesprekken en brainstormsessies – ga ik stiekem best wel missen. 
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Ik wil mijn co-auteurs graag bedanken voor hun bijdrage aan de studies en mijn proef-

schrift. Erfan, bedankt voor je betrokkenheid bij de studies. Dankzij jouw superscherpe 

feedback konden wij de kwaliteit van de artikelen steeds naar een hoger niveau tillen. 

Ingeborg wil ik graag bedanken voor haar onmisbare bijdragen aan de RAVOS-studies, 

van brainstormen over de pathofysiologie tot ingewikkelde analyses uitvoeren, samen 

met Renée— jullie inzet en expertise waren van enorme waarde, dankjulliewel! Ook het 

team van Sanquin, Herbert, Martijn, Rob en Thomas, wil ik bedanken voor de prettige 

samenwerking en jullie zorgvuldige metingen met de Oxygenscan en viscositeitsanaly-

ses. Lisa wil ik in het bijzonder bedanken voor de niet alleen fijne, maar ook zeer effici-

ente samenwerking voor ons gezamenlijke artikel over oogheelkundige complicaties na 

stamceltransplantatie. Dankzij jouw inzet hebben we het artikel in recordtempo de deur 

uit kunnen sturen. Siham, Gulsum en Gizem, bedankt voor jullie hulp met de dataver-

zameling voor de studies. Jenny, bedankt voor je taalkundige hulp bij de longitudinale 

OCTA studie. Arjan, bedankt voor de onmisbare ondersteuning bij het creëren van een 

gedegen zoekstrategie en methoden voor de review. 

Ook wil ik mijn mede-PhD’ers/onderzoekers van de afdeling Oogheelkunde bedanken: 

Jonathan, Marc, Cansu, Hind, Yasmine, Katie, Jessica en Helena. Onwijs bedankt 

voor de fijne samenwerking, de gezelligheid – maandagen stonden regelmatig in het 

teken van socializen - en de nodige relativering tijdens drukke periodes. Jullie betrok-

kenheid, humor en steun maakten de PhD-jaren niet alleen leerzaam, maar ook oprecht 

leuk. Daarnaast wil ik ook mijn collega-PhD’ers van de afdeling Hematologie bedanken: 

Lydian, Elise, Liza, Julia, Kadère, Sabine, Aafke, Quincy, Mesire, Sanjay en Suzanne. 

Het was fijn om kennis te maken met onderzoekscollega’s op het gebied van sikkelcel-

ziekte en inspiratie en gezelligheid te delen tijdens het ASH-congres in New Orleans. 

Mijn speciale dank gaat uit naar alle collega’s van mijn ANIOS-baan bij Eyescan Bever-

wijk, waar ik het grootste deel van mijn PhD-traject heb gewerkt. Ik waardeer enorm het 

enthousiasme dat jullie hebben getoond voor mijn onderzoek en de flexibiliteit die jullie 

mij hebben geboden, waardoor ik onderzoek kon combineren met klinisch werk. Ook 

mijn collega’s bij mijn huidige baan als AIOS Oogheelkunde in het Amsterdam UMC wil ik 

bedanken voor jullie interesse, steun en het warme welkom in het team.

Last but not least, gaat mijn dank uit naar mijn lieve (schoon)familie en vrienden. Be-

dankt voor jullie geduld, interesse en steun de afgelopen jaren. Elke keer dat ik mijn 

zorgen bij jullie neerlegde, wisten jullie mij weer op te beuren en vol goede moed verder 

te laten gaan. Lieve Shaya, bedankt dat je mijn paranimf wil zijn. Het betekent veel voor 

mij om deze mijlpaal met jou, mijn zusje, aan mijn zijde te mogen vieren. Lieve mama 

en Shyam, dankzij jullie liefde, vertrouwen en steun heb ik veel kunnen bereiken, en 
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dat altijd zonder druk, maar met warmte en aanmoediging die mij echt vooruit hebben 

geholpen. Lieve Kirill, mijn dankbaarheid voor jouw oneindige steun tijdens de mooie 

en minder mooie momenten van mijn promotietraject is niet in woorden uit te drukken. 

Niet alleen privé ben jij mijn rots in de branding, maar ook bij alles wat met mijn werk te 

maken heeft, kan ik altijd op jou rekenen voor een luisterend oor en wijze raad. Ik kan 

mij geen betere echtgenoot wensen — jouw liefde, geduld en grapjes maken alles lichter 

en mooier, en ik ben elke dag dankbaar dat jij aan mijn zijde staat.






