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Purpose: To compare changes in central retinal arterial equivalent (CRAE), central retinal 
vein equivalent (CRVE), arteriovenous ratio (AVR), tortuosity and fractal dimension in 
primary open-angle glaucoma (POAG), normal-tension glaucoma (NTG) and in a control 
group (CG) on fundus photographs. Further, to provide further evidence of vascular change 
in glaucoma patients using a novel method of tortuosity.
Patients and Methods: The primary endpoint was the change in CRAE, CRVE, AVR, 
fractal dimension and tortuosity of the retinal vasculature from baseline, retrospectively 
analyzed from 2011 to 2017 at the University Eye Hospital Tuebingen. Fundus photos of 
POAG (N = 49), NTG (N = 38) and CG (N = 18) were computer evaluated and analyzed in 
the quantities mentioned above.
Results: CRAE in NTG and POAG and CRVE in NTG significantly decreased (P = 0.02, P = 
0.01; P = 0.03) whereas CRVE in POAG increased insignificantly (P = 0.72). In NTG, AVR 
decreased significantly (P = 0.05), but to a lesser extent than in POAG (P < 0.001). In CG, CRAE 
decreased insignificantly (P = 0.10), CRVE decreased significantly (P = 0.03) and AVR increased 
insignificantly (P = 0.77). In POAG tortuosity calculated using standard methods as well as our 
novel method, increased significantly (P = 0.015–0.04), whereas it did not occur in NTG (P = 
0.18–0.57) and CG (P = 0.11–0.21). Fractal dimensions in POAG decreased significantly (P = 
0.001–0.002), whereas in NTG and CG changes were insignificant (P = 0.33–0.92).
Conclusion: Based on a retrospective analysis of fundus photographs, specific retinal 
vasculature features of the retinal vasculature display significant alterations associated with 
NTG and POAG. The assessment of tortuosity using our novel method was consistent with 
previously established methods for analyzing tortuosity.
Keywords: AVR, CRAE, CRVE, tortuosity of vessels, fractal dimensions

Introduction
Since the arterial and venous vasculature is visible as a feature of the retinal fundus, 
retinal vessels have already been examined for cardiovascular risk factors. The best- 
known example is the narrowing of arteries with increasing blood pressure,1 which 
is reflected by the central retinal artery equivalent (CRAE) and by a low arteriove
nous ratio (AVR).2 Studies have demonstrated that wider retinal venular calibers 
can be useful in predicting strokes,3,4 and low values in retinal vessels’ fractal 
dimension increase coronary heart disease mortality.5

When evaluating glaucomatous structural damage, it has been demonstrated that 
only a low correlation between retinal ganglion cell counts (RGC) and cup-to-disc 
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ratios (CDR) exists,6 suggesting that CDR is an inadequate 
method for evaluating structural alterations in the retina 
associated with glaucoma and that other methods are 
therefore needed.

Changes of retinal vasculature may be critical for our 
understanding of glaucoma pathogenesis and progression. 
General narrowing of the retinal vessels is not only 
a characteristic of non-glaucomatous optic atrophies7,8 

but also of advanced glaucomatous optic nerve damage.9 

In glaucoma, the impaired perfusion and blood flow auto
regulation are thought to precede the atrophy.10,11 

Increased intraocular pressure (IOP) is the most important 
risk factor for glaucoma incidence and progression. 
Studies have shown that an IOP lowering treatment can 
slow or even stop the progression in both primary open- 
angle glaucoma (POAG) and normal-tension glaucoma 
(NTG).12–18 Further, perfusion has been shown to have 
an important role in both POAG and NTG19,20 and is 
assumed to be crucial in NTG.21 Vasospastic symptoms 
such as migraine, Raynaud’s phenomenon as well as low 
systemic blood pressure and nocturnal dips in blood pres
sure and hypertension play an important role in the patho
genesis of NTG22 and are already routinely checked for. 
Several studies have demonstrated the importance of the 
AVR, CRAE, central retinal vein equivalent (CRVE), tor
tuosity and fractal dimension in glaucoma.23 Tortuosity is 
a measure of how curved a single vessel is with tortuosity 
of a complete fundus-picture being defined as the average 
over the single vessels. Fractal dimension is a measure of 
the complexity of the complete vessel structure. These 
parameters are currently not part of the routine clinical 
work-up of glaucoma patients, even though several static 
and dynamic devices for the automated measurement are 
currently available.24

Our study’s goal was to test a possible association of 
alterations in AVR, CRAE, CRVE, tortuosity and fractal 
dimension in glaucoma and progression of glaucoma using 
easily accessible fundus photographs. Additionally, we 
wanted to describe and test the coherence of a novel 
method of tortuosity detection with the existing methods 
in glaucoma patients and test the fractal dimensions in the 
aforementioned groups. We hypothesized that both tortu
osity and fractal dimensions would decrease in glaucoma 
patients.

Materials and Methods
This study was approved by the ethics commission of 
Tuebingen in March 2020 (project number: 048/ 

2020BO2) and followed the tenets of the Declaration of 
Helsinki. Due to the retrospective nature of this analysis 
and its practicability, written informed consent of patients 
was waived. The medical records of 307 patients of the 
Department of Ophthalmology, Tuebingen, were retro
spectively reviewed.

All patients had their full medical and ocular history 
taken, and the following ophthalmologic examinations 
were performed: best-corrected visual acuity, slit-lamp 
biomicroscopy, Goldmann applanation tonometry, central 
corneal thickness (CCT) measured with optical low coher
ence reflectometry measurement (Haag-Streit), gonio
scopy, and standard automated perimetry using static or 
kinetic perimetry in case of advanced visual field defects 
were performed. For the static 30°-perimetry the Octopus 
101 device (Haag Streit) with the fast-thresholding algo
rithm “German Adaptive Thresholding Estimation 
(GATE)” was used. Worsening of visual field was defined 
as a difference of ≥3 neighboring locations with 
a difference of ≥5 dB to the baseline examination or ≥2 
neighboring locations with a difference of ≥10 dB, appar
ent in at least 2 visual field measurements till the end of 
observation period.

Measurements of peripapillary retinal nerve fiber layer 
(RNFL) thickness with spectral-domain optical coherence 
tomography (SD-OCT, Heidelberg Engineering), dilated 
30° stereoscopic photography (Kowa Nonmyd (Retinal 
Camera) WX 3D or Zeiss Camera FF450IR, Carl Zeiss 
Meditec AG, Jena, Germany) were also conducted. 
A worsening in OCT was assumed if the retinal nerve 
fiber layer showed a significant decline on at least two 
consecutive OCT measurements (8µm in one sector or 
5µm in average).

Patients included in this study met the following cri
teria for POAG and NTG: (I) patients with a typical visual 
field (VF) defect for POAG or NTG25 with a mean devia
tion greater than −10 decibels. In patients without a VF 
defect, the optic disc photo had to show the typical appear
ance of a glaucomatous optic disc (neuroretinal rim thin
ning, notching, and excavation) or a nerve fiber layer 
defect in SD-OCT; (II) presence of a normal anterior 
chamber and an open angle; (III) proven high intraocular 
eye pressure (IOP) in patients with POAG; (IV) patients 
with NTG with known low arterial blood pressure or 
nocturnal dips if arterial hypertension was treated; (V) 
follow-up examination within 3–5 years. Patients were 
excluded if they met any of the following criteria: (I) 
history of any retinal diseases such as diabetic retinopathy, 
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retinal vessel occlusion, or epiretinal membrane; (II) pro
vided fundus photos were of low quality; (III) optic neuro
pathy other than glaucomatous; (IV) history of 
a cerebrovascular event in the temporal, parietal or occi
pital lobe; (V) any other type of glaucoma than POAG 
or NTG.

Patients of the CG included in this study met the follow
ing criteria: (I) presence of good quality fundus photos with 
follow-up examination of at least 2 years; (II) no VF defect; 
(III) presence of a normal anterior chamber and an open 
angle; (IV) follow-up examination within 3–5 years. Patients 
were excluded from the CG if they met any of the following 
criteria: (I) history of any retinal diseases such as diabetic 
retinopathy, retinal vessel occlusion, or epiretinal membrane 
(II) provided fundus photos were of low quality; (III) history 
of a cerebrovascular event in the temporal, parietal or occi
pital lobe. The control group included patients with ocular 
hypertension (OHT), which was defined as IOP higher than 
21mmHg in at least three consecutive measurements in the 
absence of glaucomatous visual field defects or optic disc 
changes in SD-OCT during the observation time.

Either one or both eyes were evaluated according to the 
quality of the fundus photos. The photo with the best quality 
available was selected for baseline and follow-up. Progression 
of visual field defect had to be confirmed in at least two 
consecutive visual field tests. All patients were either on 
medication or had surgical treatment if IOP was not otherwise 
manageable, to ensure appropriate treatment during observa
tion time.

A fully automated workflow for the vessel analysis of 
fundus photos was established. In particular, the CRAE, 
CRVE, AVR, the fractal dimension, and the retinal vascu
lature’s tortuosity were estimated.

The CRAE and the CRVE represent the average artery or 
vein diameter, respectively. They were estimated according 
to the procedure proposed by Knudtson et al.26 The proce
dure was algorithmically implemented as given by Niemeijer 
et al.27 The AVR was then defined as AVR=CRAE/CRVE. 
According to Knudtson et al26 the CRAE and CRVE were 
estimated by taking into account the six largest veins and 
arteries within the circular region around the optic disc, as 
indicated in Figure 1. Specifically, this region was between 1 
and 1.5 disk diameters from the optic disk center. The 
vessels inside this region were segmented with the method 
presented by Bankhead et al.28 The width of the vessels was 
also estimated as in Bankhead et al.28 Vessel classification 
was performed by using the algorithm by Ivanov et al.29 For 

the necessary optic disk detection and segmentation of the 
optic disk border, the method of Dietter et al was used.30

The retinal vessel tree’s geometric structure can be 
characterized by its fractal dimension31 and tortuosity.32 

More specific, we have estimated the Renyi or generalized 
dimensions.31 These depend on an exponent q. If the 
calculation of the Renyi dimensions for an object gives 
different results when the value of q changes, this indicates 
a structure with substructures of different complexities, as 
in case of the retinal vasculature. Usually, one chooses q = 
0,1,2. Choosing q = 0 yields the “box counting” dimen
sion, q = 1 the “information” dimension, and q = 2 the 
“correlation” dimension. In the case of tortuosity, three 
different measures were employed based on the vessel’s 
different mathematical properties: The distance factor for
mula is the ratio between the arc-length and the chord 
length of a vessel-segment between two branches. 
The second measure is the total curvature of a vessel- 
segment divided by its arc-length. For the formula and 
discussion of these definitions for tortuosity see Kalitzeos 
et al, Table 1.32 Third, a new algorithm to assess tortuosity 
was used (1). Here, the areas ai which are given by the 
connecting line Lc,i between two successive inflection 
points i and i−1 of the vessel-curve and the vessel curve 
itself were considered:

tortuosity ¼
1

Larc
∑

al

Lc;i
(1) 

By using these three different approaches to estimate the 
tortuosity, a more stable measurement of tortuosity was 
ascertained. Tortuosity and fractal dimension were calcu
lated within the same region of interest as indicated in 
Figure 1 (right panel). Our algorithms were implemented 
into the publicly available software package ARIA.28

Since all our measured quantities related to the optic 
disk position (and its segmented border), only photos have 
been taken into account where the position of the optic 
disk was confined to a prescribed area. The size of the 
photos has been scaled to 2144 × 1424 pixels. According 
to this size and the position of the fundus within the photo, 
only photos were included where the center of the optic 
disk was located within a rectangular area extending hor
izontally from 750 to 1550 pixels and vertically from 200 
to 1200 pixels.

Statistical Analysis
The fundus photos stemming from the right eyes and left 
eyes were analyzed separately. The change in CRAE, 
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CRVE, AVR, tortuosity and fractal dimension between 2 
visits of the patient-groups NTG, POAG and CG was 
calculated. Also, the average change per year of the afore
mentioned quantities was estimated. To improve statistics, 
data of merged data sets consisting of right and left eyes 
were also analyzed. In detail: for NTG 17 left eyes and 21 
right eyes were eligible, for POAG 25 left eyes and 24 
right eyes and for the control group, 11 left eyes and 7 
right eyes. The one-tailed paired t-test, to estimate the 
p-value for changes in the aforementioned quantities and 
to compare independent variables, the independent- 
samples t-test were used, both only if the data was dis
tributed normally, otherwise the Wilcoxon signed rank 
test, Mann–Whitney U-test and the Kruskal–Wallis test 
by ranks with the Bonferroni correction was used. The 
p-values were calculated with MATLAB [Release 
R2018b, The MathWorks, Inc., Natick, Massachusetts, 
United States. 2018] and SPSS statistical software (IBM 
Corp. Released 2017. IBM SPSS Statistics for Mac, 
Version 25.0. Armonk, NY: IBM Corp). Pearson correla
tion coefficient was used to compare the methods for 
tortuosity evaluation.

Results
At the end of the screening process (see Figure 2), patients 
as outlined in Table 1 could be included in the study. In the 
NTG group, 4 patients were treated for arterial hyperten
sion, but in those patients, long-period blood pressure 

measuring showed diastolic dips below 55 mmHg. The 
patients with NTG and POAG were comparable in age 
(Kruskal–Wallis test: P = 0.29) but older than in the CG 
(P = 0.006), so that age-related vascular changes could 
have played a more significant role in those groups. The 
follow-up time was comparable between all examined 
groups (P = 0.94).

AVR, CRAE, and CRVE
When comparing baseline CRAE (see Table 1) in the 
different groups, we could show that eyes with glaucoma 
had narrower CRAE on average than eyes without optic 
neuropathy. The differences were significant for POAG 
compared to CG (P = 0.038) and NTG to CG (P = 
0.001), but not for POAG and NTG (P = 0.328). The 
same could be observed for CRVE (P = 1.00/ P = 0.001/ 
P = 0.001). CRAE was in both NTG and POAG, sig
nificantly decreasing throughout the study. The differ
ence of the change in CRAE between NTG and POAG 
was not significant (P = 0.33), but in NTG to CG (P = 
0.04). The CRVE decreased significantly in NTG 
(0.76%/year) and even more pronouncedly in CG 
(1.07%/year). In patients with NTG the AVR was sig
nificantly decreasing with time, but to a lesser extent 
than in POAG due to the non-significant increase in 
CRVE (see Table 1).

If a linear change in retinal vessels’ diameter of over 
time is assumed, changes in AVR, CRAE and CRVE in 

Figure 1 Example of an analyzed fundus photo. 
Notes: Vessels as classified by the algorithm are marked as red or blue in case of arteries and veins, respectively. The border and center of the optic disk as detected by our 
algorithm is marked. (A) Shows the region of interest for central retinal arterial equivalent (CRAE), central retinal venous equivalent (CRVE) and arteriovenous ratio (AVR) 
calculation. (B) Shows the region of interest for the estimation of tortuosity and fractal-dimension.
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micrometer per decade (see Table 1) were much higher in 
our groups than observed in the cross-sectional popula
tion-based cohort study by Leung et al,33 measuring 
a decrease of 4.8 μm in CRAE, 4.1 μm in CRVE, and 
0.01 in AVR per decade of increasing age. The mean 
decrease in CRAE per decade in our groups was most 
prominent for NTG and least for CG. The change in 
CRVE differed more between the groups.

In the different groups, not all patients had a proven 
deterioration in SD-OCT or VF during the observation 
time. 72.7% of NTG, but only 48.2% POAG showed 
a decrease in RNFL thickness. This could explain why 
NTG eyes had a higher decrease in CRAE and CRVE. To 
prove this hypothesis, eyes with VF deterioration were 
examined for CRAE, CRVE and AVR separately (see 
Table 2): Decrease in CRAE, CRVE, AVR was more 
pronounced in eyes with VF deterioration, as well for 
POAG (8 eyes examined) as for NTG (15 eyes examined). 
The difference of CRAE and CRVE between VF deteriora
tion and no VF deterioration was significant in POAG, but 
not in NTG (see Table 2).

The difference between female and male patients for 
all vessel parameters was not significant in any group (P = 
0.140–0.912).

The mean change of RNFL thickness in SD-OCT dur
ing the observation time in the different groups can be 
found in Table 3. The difference in change in RNFL 
thickness between glaucoma and control eyes was signifi
cant for the global RNFL thickness (P = 0.013) and in the 
temporal-superior sector (P = 0.005), but no in the tem
poral-inferior sector (P = 0.289). The difference between 
POAG and NTG was not significant for any parameter 
(P = 0.07–0.82). A statistical correlation between AVR, 
CRAE, CRVE and any of the named RNFL parameters 
could not be found.

Tortuosity and Fractal Dimensions
In POAG, the tortuosity calculated with the “distance 
factor” method as well as the “curve” and the “area” 
method increased significantly during follow-up. The tor
tuosity did not change significantly in NTG and CG, 
although a mean increase was partly observed (see 
Table 1). The correlation coefficient between “distance 
factor”, “area” and “curve” was evaluated using every 
photo analyzed and was highest between “area” and 
“curved” (r = 0.82–0.98, M = 0.93, SD = 0.06, all p < 
0.01) and lowest between “distance factor” and “area” (r = 
0.77–0.94, M = 0.82, SD = 0.06, all p < 0.01). Therefore, 
correlations between the different methods to evaluate 
tortuosity were strong.

If the POAG data was corrected for patients with VF 
loss, the increase in tortuosity was partly less (see 
Table 4), but the differences were not significant. Since 
just 5 eyes with visual field loss could only be analyzed for 
tortuosity change, the data might not be reliable.

With regards to the fractal dimensions, in POAG 
a significant decrease was shown, in NTG and the CG 
the change was insignificant. The fractal dimensions were 
decreasing in average, in NTG more than in CG (see 
Table 1).

Discussion
AVR, CRAE, and CRVE
As arterial vessels provide nutrients and oxygen, they are 
an essential prerequisite for the survival of the cells com
prising the optic nerve. Therefore, CRAE might be the 
most exciting part to evaluate in glaucoma. In our study, 
patients with NTG and POAG showed a significant 
decrease in CRAE, but the CG did not. This supports the 
theory that vascular changes are decisive for the pathogen
esis of glaucoma. The decrease in CRAE was higher for 

Figure 2 Screening of patients for the study.
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eyes with visual field (VF) deterioration than for eyes with 
stable VF, but only significantly in POAG. This might 
reflect impaired perfusion in POAG where IOP has been 
controlled because all patients included were routinely 
checked for elevated IOP and treated accordingly. Lee 
et al showed that patients with NTG who had progressing 
RNFL defects on red-free photographs within about 2 
years had a significant decrease of CRAE whereas those 
without progression did not.34 Inclusion criteria might 

have contributed to the different results observed in our 
study, as well as the state of the disease of patients. We 
assume that the chronic change in vessel narrowing in 
NTG precedes the atrophy of RNFL and VF 
deterioration.10,11 We looked at the vessels in the course 
of the patients’ disease that were not selected explicitly for 
VF changes but for having NTG. Our assumption was that 
vessel change in NTG may be a chronic process, and VF 
change thus likely to occur at a progressed state of atrophy 

Table 2 Comparing Vessel Parameters of Eyes with Visual Field (VF) Deterioration to No VF Deterioration

POAG NTG

VF deterioration CRAE 
CRVE 

AVR

−17.65 μm (±17.7) 
-9.08 μm (±18.7) 

-0.07 (±0.1)

p=0.01 
p=0.11 

p=0.08

VF deterioration CRAE 
CRVE 

AVR

−10.40 μm (±19.8) 
-7.0 μm (±18.2) 

-0.05 (±0.2)

p=0.03 
p=0.08 

p=0.15

No VF deterioration CRAE 

CRVE 

AVR

−5.11 μm (±17.5) 

+0.47 μm (±14.0) 

-0.04 (±0.1)

p=0.05 

p=0.42 

p=0.03

No VF deterioration CRAE 

CRVE 

AVR

−6.83 μm (±20.5) 

-4.17 μm (±19.2) 

-0.02 (±0.1)

p=0.07 

p=0.16 

p=0.15

All eyes CRAE 
CRVE 

AVR

−6.80 μm (±20.0) 
+1.51 μm (±19.5) 

-0.05 (±0.1)

p=0.01 
p=0.72 

p<0.001

All eyes CRAE 
CRVE 

AVR

−8.68 μm (±19.7) 
-5.94 μm (±18.2) 

-0.03 (±0.1)

p=0.02 
p=0.03 

p=0.05

Difference between with and without 

VF deterioration

CRAE 

CRVE 

AVR

p=0.03 

p=0.05 

p=0.24

Difference between with and without 

VF deterioration

CRAE 

CRVE 

AVR

p=0.30 

p=0.33 

p=0.33

Notes: Mean change (±standard deviation) in CRAE, CRVE and AVR during observation time comparing patients with VF deterioration to no VF deterioration and all eyes in 
POAG and NTG. VF worsening was defined as a difference of ≥3 neighboring locations with a difference of ≥5 dB to the baseline examination or ≥2 neighboring locations 
with a difference of ≥10 dB, apparent in at least 2 visual field measurements till the end of observation period. Additionally, p-values of the comparison between eyes with 
and without VF deterioration are indicated (measured with Mann–Whitney U-test). 
Abbreviations: AVR, arteriovenous ratio; CRAE, central retinal arterial equivalent; CRVE, central retinal vein equivalent; NTG, normal-tension glaucoma; POAG, primary 
open-angle glaucoma; VF, visual field.

Table 3 Mean Change in Micrometer (±Standard Deviation) During Observation Time in Peripapillary Retinal Nerve Fiber Layer 
(RNFL) Thickness

Global RNFL Temporal-Inferior RNFL Temporal-Superior RNFL

POAG
All eyes −3.3 (±3.9) −6.1 (±8.8) −6.8 (±9.1)
VF worse −2.4 (±2.1) −8.2 (±3.1) −2.4 (±8.2)

SD-OCT worse −4.3 (±2.7) −9.8 (±9.9) −7.0 (±10.1)

NTG
All eyes −4.8 (±2.7) −6.5 (±6.6) −6.2 (±8.1)

VF worse −4.8 (±3.2) −7.9 (±7.0) −8.8 (±8.4)
SD-OCT worse −5.2(±2.5) −7.0 (±6.0) −8.1 (±7.7)

CG
All eyes −1.6 (±3.65) −4.1 (±6.02) 0.2 (±8.08)

Notes: VF worsening was defined as a difference of ≥3 neighboring locations with a difference of ≥5 dB to the baseline examination or ≥2 neighboring locations with 
a difference of ≥10 dB, apparent in at least 2 visual field measurements till the end of observation period. A worsening in SD-OCT was assumed if the retinal nerve fiber layer 
showed a significant decline on at least two consecutive SD-OCT measurements (8µm in one sector or 5µm in average). Since the indicated “mean change” is evaluated by 
the change between the SD-OCT at baseline and at the time the last fundus photo was taken, the measurements are prone to other influences. 
Abbreviations: POAG, primary open-angle glaucoma; NTG, normal-tension glaucoma; CG, control group; RNFL, peripapillary retinal nerve fiber layer; SD-OCT, spectral- 
domain optical coherence tomography VF, visual field.
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of the RNFL. Also, our study’s small sample size might 
have influenced the value of significance, as a higher mean 
decrease in NTG with progressed VF defects was seen. 
Besides, automated segmentation does need a cross-check 
by the examiner, potentially introducing further data 
variance.

When comparing baseline CRAE (see Table 1) in the 
different groups, both our study and Kawasaki’s,19 could 
show that eyes with glaucoma or eyes that were going to 
develop open-angle glaucoma had a significantly nar
rower CRAE on average than eyes without (future) 
optic neuropathy. In Kawasaki’s study,19 the mean base
line CRAE of patients that did not develop open-angle 
glaucoma was 160.6 μm (±14.9) and those who did 156.1 
μm (±15.1). Similar associations were also seen in sub
jects with IOP under 20mmHg, but no difference between 
POAG and NTG, or change of CRVE was described. The 
Rotterdam Eye Study could not find an association 
between baseline CRAE and glaucoma incidence in 
their follow-up time of 6.5 years.35 Whereas Lee et al 
found a significantly smaller diameter of CRAE in 
a young age-matched group of NTG than in POAG with 
a similar functional and cup-to-disc ratio, and no differ
ence in CRVE,36 our results showed no significant differ
ence at baseline between NTG and POAG and 
a significant narrowing of CRAE over time in both 
groups, although the narrowing CRAE was higher in 
NTG (see Table 1).

In our study, CRVE decreased significantly in NTG, 
but not in POAG. This was surprising because CRVE also 
decreased in CG. The difference might be due to random 
variation of small sample size or confounding variables 
like cerebral pressure and blood pressure that were not 
taken into account. Having wider venules might be 
a sign for hypertension,37,38 male sex, diabetes, current 
smoking, obesity, or systemic inflammation.39–41 Follow- 
up times and relative ages were comparable to NTG.

In the cross-sectional Gutenberg Study of a healthy 
population CRVE decreased up to 2 μm per decade 
(mean), especially in their older population, whereas 
CRAE decreased up to 4 μm per decade and more linearly 
than CRVE.2 They showed significant larger CRAE and 
CRVE in females. Interestingly, incidence of normal ten
sion glaucoma in women is higher than in men though.42 

We could not find a significant difference between sexes in 
the change of vessel parameters. CRAE and CRVE tended 
to be higher in all female groups in our study, but the 
results were not statistically significant. Different from us, 
the Gutenberg Study had a much higher number of 
observed individuals. Leung et al found for every 10 
mmHg-increase in mean arterial blood pressure, AVR 
decreased by 0.012, and CRAE and CRVE decreased by 
3.5 μm and 0.96 μm, respectively.33 Differently to Leung 
et al ratios for age, sex, smoking, arterial blood pressure 
and body mass index were not adjusted. The decrease in 
CRAE in CG was in line with Leung et al, but to a higher 
degree than in Leung et al, which is probably due to 
inconsistent methods between studies. Leung et al33 and 
the Gutenberg Study2 compared data cross-sectionally, not 
like us, longitudinally. Even if our data had been adjusted 
to account for blood pressure, age and the other aforemen
tioned variables, the extrapolated decrease in CRAE for 
the NTG in comparison to the other groups is apparent 
(see Table 1), which supports the vascular component in 
the pathogenesis of NTG.

Per decade, the CRVE of CG decreased much more 
than in Leung et al.33 Naturally high blood pressure con
stricts arterial vessels more. The standard deviation was 
not very high so that even in the small sample, the data 
might be reliable. A random variation due to the small 
sample size cannot be excluded though. A reason for the 
rapid decrease could be the relatively large mean vessel 
diameter in this group at the beginning of the follow-up 
period of 193.0 μm, so assuming a linear decrease is 

Table 4 Mean Change in Tortuosity in POAG with VF Loss and Without VF Loss or Decrease of RNFL in SD-OCT

Tortuosity POAG Without VF/RNFL Loss POAG with VF Loss p-value

“distance factor” −0.0097 (±0.017) −0.0049 (±0.025) 0.295
“curvature” −0.0015 (±0.003) −0.0010 (±0.006) 0.427

“area” −0.0023 (±0.006) −0.0028 (±0.012) 0.468

Notes: A negative value is referring to a decrease of tortuosity. In brackets the standard deviation is indicated. Tortuosity was measured using 3 different approaches as 
explained in the “Methods” section. Worsening of visual field was defined as a difference of ≥3 neighboring locations with a difference of ≥5 dB to the baseline examination 
or ≥2 neighboring locations with a difference of ≥10 dB, apparent in at least 2 visual field measurements till the end of observation period. RNFL loss in SD-OCT was 
assumed if the retinal nerve fiber layer showed a significant decline on at least two consecutive SD-OCT measurements (8µm in one sector or 5µm in average). 
Abbreviations: POAG, primary open-angle glaucoma; VF, visual field; RNFL, retinal nerve fiber layer; SD-OCT, spectral-domain optical coherence tomography.
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incorrect and a percentual decrease more appropriate as 
outlined in Table 1.

The cross-sectional studies of Wang et al and 
Amerasinghe et al found differing results in CRVE for 
glaucoma patients.43,44 Whereas Amerasinghe et al found 
narrower retinal arteriolar and venular caliber changes 
with glaucomatous optic neuropathy, Wang et al only 
found a significant decrease in CRAE, but not in CRVE 
for glaucoma patients. The only significant decrease of 
CRVE in our glaucomatous patients was in NTG. Both 
named studies had large numbers of participants. This 
shows that the measured venous retinal system is depen
dent on many variables and not as indicative as the arterial 
retinal system for glaucoma.

Since AVR is the quotient of CRAE and CRVE, the 
AVR for glaucoma patients was, as expected, significantly 
decreasing but not in CG. It has been shown that AVR also 
significantly decreases with age in cross-sectional 
studies.2,43 Here again, larger sample sizes were evaluated.

The thickness of the RNFL depends on several factors: 
Vascular diameter, segmentation of the retinal layers, detection 
of the macula, tractive lesions, epiretinal proliferations, and 
positioning of the ring. In evaluating change of the RNFL 
vascular diameter and segmentation of the layers are crucial 
for the interpretation. RNFL measurements are less reliable in 
moderate and advanced glaucoma than VF examinations.45 

Due to these facts, many patients had to be excluded from 
the evaluation and a correlation between vessel and RNFL 
could not be shown.

Kuroda et al showed in an experimental monkey model 
that retinal blood vessels were pulled towards the optic 
nerve head as cupping increased.46 On the other hand, 
Lesk et al have demonstrated that vessels’ distance from 
the nerve head increased upon lowering eye pressure.47 

Radcliffe et al showed shifts of retinal vessels in non- 
specific directions with progressing glaucoma.48 Our 
patients had controlled eye pressure at both times of 
photo acquisition and loss of retinal nerve fiber layer if 
occurring was small and although not measured approach
ing and therefore “false-positive” narrowing was not emi
nent within our fundus photos.

Tortuosity and Fractal Dimensions
The strong correlation between the “area” evaluation and 
the two already existing methods to evaluate tortuosity 
makes the new method a helpful tool.

Our results showed a significant increase in tortuosity and 
a significant decrease in fractal dimension in POAG. The 

change in the other groups was not significant. Since increasing 
tortuosity is thought to promote perfusion,49,50 an increase in 
tortuosity in POAG is not logical. Higher measured values for 
fractal dimension indicate a better supply of the retina and optic 
disc. For example, it was shown that high blood pressure51 and 
diabetic microvasculopathy52,53 display a lower fractal dimen
sion. Wu et al found a significantly lower retinal arteriolar 
tortuosity, retinal venular tortuosity, and fractal dimension 
(all p < 0.001) of glaucomatous eyes compared to eyes without 
glaucoma.9 Also, the arteriolar and venular tortuosity signifi
cantly decreased with age. They showed as well that in ocular 
hypertension (OHT) fractal dimension was significantly lower. 
Different from Wu et al,9 our study was longitudinal and not 
cross-sectional, so a comparison cannot be directly made. Koh 
et al correlated decreased vessel tortuosity with a thinner neu
roretinal rim, which was more significant in arterioles.54 Since 
tortuosity in our study was an average of both arteries and 
veins, the difference to Koh et al54 could be explained. Our 
control group consisted mainly of patients with OHT, but the 
fractal dimension did not decline significantly in this group 
either.

Cheung et al showed that retinal venules were significantly 
more tortuous than retinal arterioles (P < 0.001).55 In their 
study, less arteriolar tortuosity was independently associated 
with older age, higher blood pressure, higher body mass index, 
and narrower retinal arteriolar caliber (all P < 0.05); greater 
venular tortuosity was independently associated with younger 
age, higher blood pressure, lower high-density lipoprotein 
cholesterol level, and broader retinal venular caliber (all P < 
0.05).1 Since wider retinal venular caliber was associated with 
greater venular tortuosity, our significantly increasing tortuos
ity in POAG would be explained since we also found a non- 
significant increase in CRVE in this population if not corrected 
for patients with visual field loss. Mean Age in POAG was 
comparable to NTG, so age did not contribute to the difference 
in tortuosity in those groups. Tortuosity increases with arterial 
hypertension and other factors that were not checked for at the 
time of acquisition of the photos.

Tham et al showed in the Singapore Malay Eye Study, as in 
our POAG population, a significant decrease in vascular fractal 
dimension and a narrower retinal arteriolar caliber (P = 0.001) 
with thinner average RNFL thickness.56 Differing from our 
results, the venular caliber (P < 0.001) narrowed in their study. 
Also, in the Singapore Malay Eye Study decreased retinal 
vascular fractal dimension (P = 0.017) and decreased retinal 
venular tortuosity (P = 0.042) were independently associated 
with thinner average Ganglion Cell-Inner Plexiform Layer 
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thickness after adjusting for age, sex, hypertension, diabetes, 
axial length, and OCT signal strength.

Since Wu et al9 and Tham et al56 had corresponding results 
in vascular fractal dimensions and tortuosity, it can be con
cluded that our results especially in NTG and for tortuosity in 
POAG, were questionable, most likely due to the low number 
of eyes evaluated. However, Li et al showed that racial differ
ences could be attributed to differing results in retinal vessel 
geometric characteristics within Asian ethnicities.57 

Ciancaglini et al demonstrated in a European population 
(Italy) in patients with advanced glaucoma that fractal dimen
sion D was significantly lower than in controls, whereas, in the 
early stage of the disease, its value was similar.58 Since in the 
study by Ciancaglini et al, a Heidelberg Doppler flowmetry 
confocal scanning laser was used to define the fractal dimen
sion, the results are not directly comparable to ours. In addition, 
very few of the patients with POAG in our population had 
advanced glaucoma, but the mean decrease in fractal dimen
sion was significant in this group, although less than half of 
them showed a deterioration of RNFL in SD-OCT. Looking at 
those few patients with advanced glaucoma in NTG, 
a significant decrease in fractal dimension could not be proven 
either.

Limitations in our study were the hospital-based population 
with possible selection bias and the unknown blood pressure 
when the fundus photo was taken, as well as the unconsidered 
effect of systemic medications,2 obesity,40 and the refractive 
impact on the caliber of vessels,33 although none of the patients 
were highly myopic (<−6.0 diopters). Additionally, only one 
photo was selected (the best quality available of various photos 
taken) for baseline and follow-up vessel analysis. Our study’s 
strengths lie within the longitudinal evaluation of clinical 
patients and the evaluation of the easily accessible fundus 
photographs. The contrasting findings in the literature, espe
cially for CRVE, may be explained by the complex interactions 
between various mediators for vasodilation and vasoconstric
tion on arterioles and venules and the many confounding 
variables. With real-life glaucoma patients, the AVR, CRAE 
and CRVE are rarely taken into account, yet fundus photo
graphs of the optic disc are broadly available. Automated 
analysis software for fundus features as used for this study 
has the advantage, that once adequately validated, robust and 
certified, it can be used on the basis of fundoscopy without any 
additional static and dynamic devices.24 This makes it 
a potentially useful diagnostic tool in the future. Yet, data 
interpretation remains a challenge. Once advanced, automated, 
and artificial intelligence-based analytical tools are likely to 

have a huge impact on cohort stratification, clinical study set- 
up, and everyday clinical practice.

Conclusions
To conclude, the arterial narrowing can be considered as 
a pathological feature of glaucoma. We observed a decrease 
over time in CRVE and CRAE in glaucomatous patients 
(POAG and NTG) associated with VF deterioration. There 
are indications that in NTG patients CRVE, CRAE and AVR 
decreases even before or without VF loss. A significant 
decrease in fractal dimension was only observed for POAG 
and is less specific for glaucoma patients than a decrease in 
CRAE. For retinal tortuosity evaluation arteriolar and venular 
tortuosity should be distinguished. As the measurement of 
tortuosity using our newly developed algorithm proved con
sistent with an established automated measurement of tortuos
ity in patients with glaucoma, we can now offer a properly 
validated tool to assess the tortuosity of ophthalmological 
patients.
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