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Age-related changes in the fractal dimension of the
retinal microvasculature, effects of cardiovascular
risk factors and smoking behaviour
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ABSTRACT.

Purpose: This cross-sectional study investigates the association between retinal
vessel complexity and age and studies the effects of cardiovascular health
determinants.

Methods: Retinal vessel complexity was assessed by calculating the box-
counting fractal dimension (Dy) from digital fundus photographs of 850 subjects
(3-97 years). All photographs were labelled as ‘non-pathological’ by the treating
ophthalmologist.

Results: Statistical models showed a significantly decreasing relationship
between age and D; (linear: R-squared = 0.1897, p < 0.0001; quadratic: R-
squared = 0.2343, p < 0.0001; cubic: R-squared = 0.2721, p < 0.0001), with
the cubic regression model offering the best compromise between accuracy and
model simplicity. Multivariate cubic regression showed that age, spherical
equivalent and smoking behaviour have an effect (p < 0.0001) on Dy A
significantly increasing effect of the number of pack-years on D¢ was observed
(effect: 0.0004, p = 0.0017), as well as a significantly decreasing effect of years
since tobacco abstinence (effect: —0.0149, p < 0.0001).

Conclusion: We propose using a cubic trend with age, refractive error and
smoking behaviour when interpreting retinal vessel complexity.
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ture — smoking
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Introduction

The eye is a unique window into health.
This concept is extensively used to
assess physiological and pathological
processes elsewhere in the body. Many
conditions affecting the systemic and
cerebral microvasculature, such as dia-
betes, arterial hypertension, stroke and
dementia, are paralleled by changes in
the retinal arborizing vessel network
(Patton et al. 2007; Frost et al. 2013;
Cheung et al. 2019; Lemmens et al.
2020; Zhu et al. 2020). A fundus
examination allows an easy and non-
invasive investigation of the retinal
microvasculature.

Digital fundus images can quantify
changes in the retinal vessel network
using fractal dimensions (Azemin et al.
2012, 2013; Wei et al. 2017; Cheung
et al. 2018). The retinal vascular net-
work is a transport network, permit-
ting blood supply and thus delivering
oxygen and nutrients in the retinal
tissue. This network appears to strive
for minimal energy consumption,
reflected by its conformity to Murray’s
Law of Minimal Work, describing an
optimal relationship between the radii
of mother and daughter branches in a
network (Zamir et al. 1979; Zamir
2001; Masters 2004). This law leads to
the typical arborization pattern of the
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retina, characterized by its complexity.
This complexity is ideally at a certain
optimum since a more or less complex
network would function at a subopti-
mal level. We can loosely define a
fractal object as a complex geometric
structure that is self-similar, meaning
that it has a similar appearance across
various spatial scales (Masters 2004).
The FD can be determined in a
monofractal or multifractal approach.
The monofractal FD is a constant for
all scales, whereas the multifractal FDq
describes the multifractal behaviour in
different scales. Mainster was the first
to describe the retinal microvascular
network as a fractal dimension (FD)
(Mainster 1990). Because of its degree
of spatial complexity, the retinal
microvascular network may represent
a composite of many monofractal
dimensions, making a multifractal
technique better suited to characterize
such arrangement (Stosi¢ & Stosic,
2006). According to Doubal et al.,
multifractal FDO (capacity dimension)
would be the most appropriate mea-
sure for the complexity of the retinal
microvasculature because it appeared
most sensitive to small vascular
changes (Doubal et al. 2010).
Significant correlations between reti-
nal FD and age (Cheung et al. 2009;
Azemin et al. 2012, 2013; Zhu et al.
2014; Wei et al. 2017; Fan et al. 2018;
Van Craenendonck et al. 2020), refrac-
tive error (Li et al. 2010, 2017; Al-
Sheikh et al. 2017), glaucoma (Kolar &
Jan 2008; Wu et al. 2013), age-related
macular degeneration (Al-Sheikh et al.
2018), cardiovascular health (Liew
et al. 2008; Cheung et al. 2011; Van
Craenendonck et al. 2020) and diabetes
mellitus (Avakian et al. 2002; Cheung
et al. 2009; Zhu et al. 2020) have been
reported over the last two decades.
However, findings remain inconclusive,
with some studies reporting an
increased FD in patients with diabetes
mellitus (Cheung et al. 2009; Lim et al.
2017; Orlando et al. 2017), while others
describe a decreased FD (Avakian
et al.2002; Chen et al. 2018; Popovic
et al. 2018; Zhu et al. 2020). In arterial
hypertension, FD has been investigated
less extensively, but most studies — such
as those performed by Cheung & col-
leagues and Liew & colleagues — sug-
gest a decreased FD in patients (Liew
et al. 2008; Cheung et al. 2011). A
significant decrease in FD with ageing
has also been reported (Azemin et al.

2012, 2013; Zhu et al. 2014; Wei et al.
2017; Cheung et al. 2018; Fan et al.
2018). However, the exact association
between FD and age remains unex-
plained and appears to be more com-
plex than a simple linear relationship
(Azemin et al. 2013). The wide variety
in study methodologies can partly
explain this inconclusiveness, but addi-
tional variables, such as lifestyle and
environmental factors, can also change
the retinal vessel dimensions (Serre &
Sasongko 2012).

The ageing-complexity theory states
that senescence associates with reduced
complexity in a wide range of physio-
logical processes and anatomic struc-
tures such as the vasculature (Lipsitz &
Goldberger 1992; Goldberger et al.
2002), resulting in reduced functionality
and ability to adapt to the environment
(Kyriazis 2003; Vasto et al. 2010). In line
with this theory, the retinal microvascu-
lar network becomes less complex with
increasing age. Endothelial dysfunction
is considered a key feature of vascular
ageing (Vanhoutte et al. 2009). Expo-
sure to toxic substances and unhealthy
lifestyles cause a worsening of the car-
diovascular risk profile, which can be
reflected in structural changes in the
retinal microvasculature. Interestingly,
certain features of vascular dysfunction,
such as oxidative stress and endothelial
dysfunction, can be reversed by lifestyle
interventions such as calorie restriction
(Belsky et al. 2018; Most et al. 2018;
Man et al. 2020), regular exercise (Seals
et al. 2008; Durrant et al. 2009; Man
et al. 2020), sodium restriction (Gates
et al. 2004; Jablonski et al. 2013), weight
loss (Pierce et al. 2008) and smoking
cessation (Celermajer et al. 1993; Kar-
atzi et al. 2007).

Many age-related diseases have a
vascular component for which retinal
vessel changes can be a biomarker.
However, innocuous retinal vessel
changes related to physiological ageing,
referred to as senescence, coincide (da
Costa et al. 2016). Therefore, it is
essential to differentiate  between
pathological and physiological age-
related retinal vessel changes. We have
developed a statistical model in this
study to describe the relationship
between retinal FD and age over a
wide age range. We investigated the
relationship between cardiovascular
risk factors and the retinal FD, partic-
ularly the effect of smoking and smok-
ing cessation on the retinal FD.

Materials and methods

Study design and study population details

This single-centre cross-sectional study
was executed at University Hospitals
UZ Leuven Department of Ophthal-
mology (Leuven, Belgium) during sum-
mer 2018. Data were retrospectively
included from individuals labelled in
the hospital’s database as ‘non-
pathological’ by the treating ophthal-
mologist. In order to include 100 sub-
jects per 10-year age interval in the 0—
99 years of age range, this cohort was
enriched with participants recruited
from the Department of Ophthalmol-
ogy UZ Leuven. Exclusion criteria
included insufficient clarity of optical
media for retinal imaging; congenital
pathology of the posterior segment; a
medical history of retinal neovascular-
ization, diabetic retinopathy or other
retinal vascular pathology, retinal dys-
trophy or marked atrophy; malignancy;
uncontrolled arterial hypertension, dia-
betes mellitus or hypercholesterolaemia;
and participants unable or unwilling to
give consent.

We got written informed consent
from each volunteer before inclusion in
the study in compliance with relevant
regulations on clinical trials. All data
were anonymized before analysis. The
study was conducted in compliance
with the principles of the European
Union Directive on Clinical Trials
(2001/20/EC) and all local/regional
requirements required to conform to
the Declaration of Helsinki (World
Medical  Association,  Edinburgh,
2000). Approval was issued by the
Ethics Committee of the University
Hospitals Leuven before the study
began (Reference numbers S59048,
S59830 and S60649).

Data collection and image analysis

General and ophthalmological history,
including retinography

Data on personal general history were
collected from the electronic patient
record for all eligible subjects, including
their cardiovascular risk profile. In
addition, information on personal ocu-
lar history was compiled. Digital, 45°
field of view, optic disc centred retinal
photographs with a spatial resolution of
5 megapixels, captured with the Visu-
cam PRO NM (Carl Zeiss Meditec AG,
Jena, Germany), were used for retinal

Acta OPHTHALMOLOGICA 2022 —

elll3d —

85UBY1T SUOWILLOD 9A 81D (gl |dde auy Ag peusenof ae Sajoile O 9SN Jo S3|nJ o) AkeiqiauluQ /8|1 UO (SUONIPUOD-PpUe-SLLBIW0Y" AS 1M Ae.q 1 BulUo//:Sdxy) SUONIPUOD pUe Swis | 84 88S *[£202/90/22] Uo ARelqiauliuO A8|IM 1jesseH 181SI8AIUN AQ Z170GT SOB/TTTT OT/I0P/WO0Y A3 | Aleuq 1 jpuluo//:sdny Wwody pepeojumod 'S ‘220e ‘89.€S5.T



—— Acta OpPHTHALMOLOGICA 2022

— elll4

image analysis. If only one of both eyes
of a subject was labelled as non-
pathological, that eye was included. If
both eyes were non-pathological, a ran-
dom eye was included in the study.

Retinal image analysis

Technical factors can affect fractal
dimension calculations. We standard-
ized the protocol for image capturing in
the clinical setting (location, darkened
room, same camera type and camera
settings) to avoid this. The remaining
variation is cancelled maximally by
using image pre-processing and post-
processing. These steps ensure minimal
impact of variations in brightness, focus
and contrast. An element in our pro-
cessing pipeline is the selection and
inversion of the green channel, after
which the application of a Gaussian
filter reduces the noise. Photographs
were analysed by a trained grader using
the MONA REVA software (version
2.1.1) developed by VITO NV (Mol,
Belgium; http:\\mona.health — Luyten
et al. 2020). This software package
allows the calculation of the monofrac-
tal dimension (Dy) of the retinal vascular
network using the box-counting method
in a predetermined region of interest
(ROI). The region of interest was set to
the annulus between 1.5 and 4 times the
radius of the optic disc, centred on the
optic disc (see Fig. S1). This outer
radius was the largest zone that could
be demarcated in all images. In each
image, the optic disc was automatically
located with the possibility of manual
correction. Before cropping the images
to this region, a computer algorithm
automatically segmented the retinal ves-
sels. The segmentation algorithm is
based on a multiscale line filtering algo-
rithm inspired by Nguyen et al. (2013)
and post-processing steps such as dou-
ble thresholding, blob extraction,
removal of small connected regions
and filling holes. The graders (CL, RP,
AS, JV) were first trained by SL, after
which they analysed each about one-
fourth of the images, verified and cor-
rected vessel segmentation with the
MONA REVA vessel editing toolbox
using an agreed protocol (cfr. Supple-
ment 1). SL checked the quality and the
consistency of the results randomly. The
agreement between the different graders
was very good, as evidenced by an
intraclass correlation coefficient of
0.87, based on a random set of 50 fundus
images. Images that did not allow to

apply the protocol correctly were
excluded.

The monofractal dimension Dy was
computed using the sliding box-
counting method on the segmented
vessel image. Boxes with side length &
slide across the image, and for each &
the mean of the pixel count (N) for the
segmented image is recorded. The frac-
tal dimension Df is expressed as fol-
lows (T lu 2013):

_ o log(N)
by= (lsl—r>r(1) ~ log(8)
Theory/calculation

Multiple imputation

A multiple imputation (MI) technique
(Rubin 1976, 1987) was used to handle
the incomplete data structure (Table 1).
This approach is the current golden
standard to deal with missing data and
has been accepted by the European
Medicines Agency for application in
clinical trials (O’Neill & Temple 2012;
Dziura et al. 2013). Briefly, three steps
are involved in the MI process. In the
first step, each missing value is replaced
with M imputations, sampled from the
predictive distribution of what is miss-
ing, given what is observed. As a result,
M completed datasets are obtained. In
the second phase, properly chosen sta-
tistical inferences are made on each
dataset, implying M estimates of the
model parameters. In the last step,
Rubin’s rules (Rubin 1987) combine
these M estimates into a single set of
parameter and precision estimates. Mul-
tiple imputations with M = 100 are
applied using a wholly conditional spec-
ification approach (Bartlett et al. 2015).

Descriptive statistics

Descriptive statistics for continuous
and categorical variables in the original
cohort are reported with means, stan-
dard deviations and proportions
respectively. All statistical inferences
were conducted with SAS® (version
9.4; SAS Institute Inc., Cary, NC,
USA). We compared several descrip-
tive statistical models with increasing
levels of complexity: from linear, quad-
ratic and cubic regression, over penal-
ized B-spline up to locally estimated
scatterplot smoothing (LOESS) to
identify the best approach to describe

the relationship between retinal Dy and
age. The influence of binary systemic
variables on retinal Dy was assessed
using linear regression on the baseline
variables to apply the imputation rule
properly. We have performed normal-
ity tests. Correlations between contin-
uous systemic variables and retinal Dy
were evaluated with Fisher-Z tests.
Statistical significance was considered
when the two-sided p-value < 0.05.
Potential confounders were considered
in a multivariate cubic regression
model, selecting significantly contribut-
ing variables (p < 0.05).

Backward elimination was used as
the variable selection method. Initially,
a complete model including all vari-
ables was considered. Variables were
then deleted and refitted one by one
until all the remaining variables were
considered to have some significant
contribution (p < 0.05) to the outcome
of interest.

Multiple linear regression was
applied to assess the effect of pack-
years and smoke-stop on the complex-
ity of the retinal vascular network. A
pack-year is the equivalent of smoking
20 cigarettes (one pack) per day for
1 year. The analysis was performed in
the subpopulation aged 25-75 years,
and the model was corrected for the
individual’s age.

Results

Study population characteristics

The final cohort consisted of 850 sub-
jects and comprised 47% men. The
median age was 51 years, with a range
from 3 to 97 years. Detailed baseline
characteristics are listed in Table 1.

All subjects with diabetes, arterial
hypertension, and/or hypercholestero-
laemia received medication, which
resulted in disease control. The amount
of missing data is indicated in Table 1,
and these concern spherical equivalent,
smoking status and body mass index
(BMI).

Retinal fractal dimension in association
with age

Parametric (linear, quadratic, cubic,
penalized B-splines) and non-parametric
(LOESS) regression techniques were per-
formed to assess the D-age relationship.
All parametric analyses show a decreas-
ing significant relationship (e.g. linear:
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Table 1. Baseline characteristics of the study cohort.

Missing data,

Characteristics, n = 850 n (%)
Monofractal Dy, range (median) 1.307-1.611 (1.395)
Age (year range), n (%) 3-97 (51)

0-9 71 (8)

10-19 49 (6)

20-29 101 (12)

30-39 91 (11)

40-49 107 (13)

50-59 101 (12)

60-69 114 (13)

70-79 110 (13)

80-89 94 (11)

90-99 12 (1)

Male, n (%) 398 (47)

Right eye, n (%) 464 (55)

Spherical equivalent — Diopter, mean + standard —0.43 + 2.65 191 (22)
deviation (missing)

Macular drusen, n (%) 13 (2)

Smoking status, n (%) (missing) 604 (71) 246 (29)

Current smoker 50 (7) 97 (11)
Pack years, range (median) 0.5 -90.5 (20.0) 14 (28)
Years since tobacco abstinence, range (median) 0.0 — 0.0 (0.0)

Former smoker 143 (24) 246 (29)
Pack years, range (median) 0.0 - 60.0 (10.0) 20 (14)
Years since tobacco abstinence, range (median) 0.5 - 66.0 (25.0) 10 (7)

Never smoked 411 (68) 246 (29)
Pack years, range (median) 0.0 — 0.0 (0.0)

Years since tobacco abstinence, range (median) 3.0 - 93.0 (34.0)
Diabetes, n (%) (missing) 61 (7) 14 (2)
Arterial hypertension, n (%) (missing) 209 (25) 17 (2)
Hypercholesterolaemia, n (%) (missing) 196 (24) 19 (2)
BMI - kg/m2, mean + standard deviation (missing) 25.10 + 4.03 278 (33)

BMI = body mass index.

R-squared = 0.1897, p < 0.0001; quad-
ratic: R-squared = 0.2343, p < 0.0001;
cubic: R-squared = 0.2721, p < 0.0001).
Similar monotonic decreasing trends are
observed between cubic, penalized b-
spline & LOESS regression. Of all simple
applied parametric methods of analysis,
the cubic regression model appears to
offer the best compromise between accu-
racy and model simplicity over the age
range, compared to linear and quadratic
regression (linear: LR = 91.1896;df = 2;
p < 0.0001; quadratic: LR = 43.077,
df = 1;p < 0.0001). The benefitofamore
complex model is negligible. A compar-
ison between the different techniques is
presented in Fig. 1.

Fractal dimension (Dy) in association with
cardiovascular risk factors

Table 2 summarizes the results of the
univariate analysis, showing a significant
(p < 0.05) result for the relationship
between the Dymetric and most variables.
Of note, Dy did not differ significantly

betweenrightandlefteyes(p = 0.4266). A
significant correlation was noted between
D¢ and spherical equivalent (Pearson
correlation(.168053,p < 0.0001, average
increase in Df of 0.001398 per diopter
increase in spherical equivalent), and in
subjects with macular drusen, Dy was on
average 0.031255 lower compared to sub-
jectswithoutdrusen (p = 0.0028). Drusen
are retinal pigment epithelium deforma-
tion or thickening that may form irregu-
larities and undulations.

Multivariate cubic regression was
performed to consider potentially con-
founding effects. Backward and for-
ward selection of the most significant
effects have been used and yielded an
equal selection of variables. The final
multivariate model describing FD is
presented:

Dy= o+ pyrAge+ pyrAge’
+ﬂ3>kAg€3 + fyxSE + ﬂ5*11$moker

+/7)6 *]2Smoker +¢e
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with

D¢ = fractal dimension as monofrac-
tal.

SE = spherical equivalent.

Igpoker = 1 for current smokers and
0 otherwise.

Rgoker = 1 for former smokers and
0 otherwise.

Effect Parameter Estimate p-Value
Bo 1.477263 <0.0001
Age b —0.004728 < 0.0001
Age® B, 0.000086353 < 0.0001
Age® B —0.000000524 < 0.0001
SE Ba 0.001398 0.0025
Ngmoker Ps 0.013358 0.0066
IZSmokcr /),(, 0.001533 0.6356
€ ~N(0, o%)

After correction of age, spherical
equivalent and smoking behaviour are
significantly affecting Dy Variables
that did not make the model selection
were diabetes (p = 0.8947), hyperc-
holesterolaemia/dyslipidaemia
(p = 0.6577), years since tobacco absti-
nence (p = 0.5575), arterial hyperten-
sion (p = 0.5425), AMD (p = 0.2318)
and BMI (p = 0.1175).

To appraise the association between
smoking behaviour and retinal Dy, we
focused on a subset of the cohort for
which the Dgage relationship is stable
(see Fig. 1) and which contains most
smokers (96% of current smokers and
70% of former smokers). By doing this,
the confounding effect of age was
minimized. The results of the multiple
linear regression showed a significant
positive effect with an increase in the
number of pack-years on the fractal
dimension (effect 0.0004, p-value
0.0017), and a significant negative
effect on the fractal dimension with
an increased weighted proportion of
years since tobacco abstinence (effect
—0.0149,  p-value < 0.0001).  This
observation means that smoking beha-
viour significantly affects the complex-
ity of the retinal vascular network, with
an increase in complexity proportional
to the number of pack-years. In con-
trast, the complexity of this network
significantly decreases proportionally
to the number of years since smoke-
stop.

Discussion

Following the ageing-complexity the-
ory, previous studies report a linear
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Fig. 1. Monofractal (Dy) as a function of age, as well as the five statistical models describing the relationship between FD and age. Note the similarity
between the results obtained with the cubic regression model and the more complex penalized B-spline and LOESS techniques.

Table 2. Results of univariate linear regression and correlations between fractal dimension Dy of
the retinal vasculature and cardiovascular risk parameters.

Effect on Dy (for binary variables)

Variable Correlation with Dy (for continuous variables) p

Sex In females 0.000096 higher 0.9704

Diabetes In (treated) diabetes 0.001224 lower 0.0133

Arterial hypertension In (treated) arterial hypertension 0.018003 lower <0.0001

Hypercholesterolaemia/ In (treated) hypercholesterolaemia/dyslipidaemia <0.0001
dyslipidaemia 0.014290 lower

Body Mass Index (BMI; Pearson correlation: —0.229527 <0.0001
kg/m?)

Smoker (current or former) Meaningless 0.0048
Current smoker In current smokers 0.008691 higher (compared to former  0.1136

and never smokers)
Former smoker In former smokers 0.012350 lower 0.0002
(compared to current and never smokers)

Pack years Pearson correlation: —0.041230 0.3017

Years since tobacco Pearson correlation: —0.314599 <0.0001
abstinence

Significant p-values (p < 0.05) in bold.

— elllé6

attenuation of the retinal vascular net-
work with increasing age (Azemin et al.
2012; Zhu et al. 2014; Wei et al. 2017;
Van Craenendonck et al. 2020). How-
ever, only one publication addressed
the non-linear relationship between age
and FD, concluding with a quadratic
model based on analysis of fundus
photographs of 215 subjects aged
between 10 and 73 years (Azemin
et al. 2013). The current study com-
prises a much larger cohort of 850
subjects aged between 3 and 97 years.
Our study identifies a cubic model as
the most appropriate to describe the
relationship between age and the box-
counting FD (Dy). Figure 1 shows a
better performance of the cubic model
than the quadratic, mainly below
40 years and above 80 years. This
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observation emphasizes the importance
of adequate representation of a broad
age spectrum.

We confirm associations between
cardiovascular risk factors and the
retinal vascular complexity as assessed
by Dy Although univariate analysis
showed a significant (p < 0.05) rela-
tionship between D; and most vari-
ables, the association with diabetes,
arterial hypertension, hypercholestero-
laemia/dyslipidaemia and BMI no
longer hold in the final multivariate
model. However, all subjects in our
cohort suffering from diabetes mellitus,
arterial hypertension and/or hyperc-
holesterolaemia/dyslipidaemia were
under treatment with adequate disease
control. Of note, the absence of BMI in
the multivariate cubic regression model
could be the consequence of a correla-
tion between BMI and age and/or
smoking status. This could explain
why the multivariate cubic regression
yielded only age, refractive error and
smoking behaviour as significant vari-
ables. Consistent with previous reports
(Li et al. 2010, 2017; Lim et al. 2011,
2017; Azemin et al. 2014; Yang et al.
2016; Al-Sheikh et al. 2017; Tai et al.
2017), an effect of refractive error on
the geometry of the retinal vascular
network was observed in the current
study, showing an increase in Df of
0.001398 per increase in the spherical
equivalent of 1 diopter. Previous
reports on the effect of smoking beha-
viour on retinal vessel complexity con-
sidered smoking a simple binomial
snapshot variable, without considering
past smoking, the number of pack-
years, or the years that have passed
since smoke-stop. The current study
shows a significant effect of pack-years
and years since smoke-stop on the
retinal Dr. Whereas more pack-years
were associated with a higher D¢, a
more extended period of tobacco absti-
nence was associated with a lower Dy.
This finding aligns with tobacco’s
known pathological angiogenic effect,
mediated by multiple growth factors,
including vascular endothelial growth
factor (Heeschen et al. 2001; Lee &
Cooke 2012). A more complex vascular
network may compensate for smokers’
decreased  blood  oxygen-carrying
capacity and decreased blood-O2 affin-
ity to meet the retinal high oxygen
demand.

We should interpret the present
study within the context of its strengths

and limitations. On the one hand, the
large cohort, with a fair representation
of all age ranges, is one of the signif-
icant strengths of this study. It is also
the first study to describe the relation-
ship between age and retinal Df across
a large age span. It is the first to assess
the relationship between smoking
behaviour and retinal D; in more
detail, considering the complexity of
this variable. One limitation of this
study is missing data, at least partly
compensated for by the thorough sta-
tistical approach applying the multiple
imputation technique. The number of
current smokers is a small subset of our
cohort. Another limitation is the exclu-
sive use of a monofractal analysis to
describe retinal vessel complexity. The
software package available for this
study allows for the calculation of the
monofractal FD by use of the box
counting method. The retinal vessel
network can also be quantified using
multifractal metrics, providing addi-
tional information about the retinal
microvasculature. However, monofrac-
tal analysis is widely used, but a
systematic assessment of the effect of
age and smoking behaviour is absent.
This investigation was this study’s pri-
mary aim. A combined mono- and
multifractal analysis could have con-
tributed to the robustness of our
findings, and we acknowledge the
importance of such a follow-up study.
Using only monofractals may explain
why diabetes, arterial hypertension and
hypercholesterolaemia/ hyperlipi-
daemia did not make the model selec-
tion for Df. However, another
explanation is that all patients diag-
nosed with a clinical condition were
treated and in follow-up. We can
assume that the conditions are under
control and therefore have a negligible
effect on the status of the retinal
vasculature.

Of note, there is a lack of standard-
ization across the many publications
related to retinal vascular complexity in
terms of the acquisition method and
settings and the algorithms used for
calculating fractal dimensions from
fundus images. A detailed discussion
of this observation is beyond the cur-
rent scope but should be considered
when comparing different studies’
results.

Our findings imply that age, refrac-
tive error, past and current smoking
behaviour are relevant ~ when

interpreting retinal vascular fractal
dimension in public health and clinic
research. This aspect is essential when
studying retinal diseases or systemic
diseases such as Alzheimer’s disease,
stroke or even COVID-19, all charac-
terized by a vasculopathogenic compo-
nent.

Conclusions

Ageing comes with a decrease in the
complexity of the retinal vascular net-
work. We can assess this complexity
from digital fundus images by calculat-
ing the monofractal dimension (Dg). A
cubic regression model can adequately
describe the relationship between Dyand
age. Besides age, spherical equivalent
and smoking status significantly affect
the retinal Dy. Smoking leads to a com-
pensatory increase in vascular complex-
ity proportional to the number of pack-
years, whereas this complexity signifi-
cantly decreases proportionally to the
number of years since smoke-stop.

Data availability statement

The data that support the findings of
this study are available on request
from the corresponding author. The
data are not publicly available because
of privacy or ethical restrictions.

References

Al-Sheikh M, Iafe NA, Phasukkijwatana N,
Sadda SR & Sarraf D (2018): Biomarkers of
neovascular activity in age-related macular
degeneration using optical coherence tomog-
raphy angiography. Retina 38: 220-230.

Al-Sheikh M, Phasukkijwatana N, Dolz-
Marco R, Rahimi M, Iafe NA, Freund
KB, Sadda SR & Sarraf D (2017): Quanti-
tative OCT angiography of the retinal
microvasculature and the choriocapillaris
in myopic eyes. Invest Ophthalmol vis Sci
58: 2063-2069.

Avakian A, Kalina RE, Sage EH et al. (2002):
Fractal analysis of region-based vascular
change in the normal and non-proliferative
diabetic retina. Curr Eye Res 24: 274-280.

Azemin MZC, Ab Hamid F, Aminuddin A,
Wang JJ, Kawasaki R & Kumar DK (2013):
Age-related rarefaction in retinal vascula-
ture is not linear. Exp Eye Res 116: 355-358.

Azemin MZC, Daud NM, Ab Hamid F,
Zahari I & Sapuan AH (2014): Influence of
refractive condition on retinal vasculature
complexity in younger subjects. Sci World J.
2014: 1-5.

Azemin MZC, Kumar DK, Wong TY, Wang
JJ, Mitchell P, Kawasaki R & Wu H (2012):

Acta OPHTHALMOLOGICA 2022 —

elll7 —

85UBY1T SUOWILLOD 9A 81D (gl |dde auy Ag peusenof ae Sajoile O 9SN Jo S3|nJ o) AkeiqiauluQ /8|1 UO (SUONIPUOD-PpUe-SLLBIW0Y" AS 1M Ae.q 1 BulUo//:Sdxy) SUONIPUOD pUe Swis | 84 88S *[£202/90/22] Uo ARelqiauliuO A8|IM 1jesseH 181SI8AIUN AQ Z170GT SOB/TTTT OT/I0P/WO0Y A3 | Aleuq 1 jpuluo//:sdny Wwody pepeojumod 'S ‘220e ‘89.€S5.T



—— Acta OpPHTHALMOLOGICA 2022

— elll8

Age-related rarefaction in the fractal dimen-
sion of retinal vessel. Neurobiol Aging 33:
194-el.

Bartlett JW, Seaman SR, White IR & Carpen-
ter JR (2015): Multiple imputation of
covariates by fully conditional specification:
Accommodating the substantive model. Stat
Methods Med Res 24: 462-487.

Belsky DW, Huffman KM, Pieper CF, Shalev
I, Kraus WE & Anderson R (2018): Change
in the rate of biological aging in response to
caloric restriction: Calerie Biobank analysis.
J Gerontol Ser A Biol Sci Med Sci 73: 4-10.

Celermajer DS, Sorensen KE, Geor-
gakopoulos D, Bull C, Thomas O, Robinson
J & Deanfield JE (1993): Cigarette smoking
is associated with dose-related and poten-
tially reversible impairment of endothelium-
dependent dilation in healthy young adults.
Circulation 88: 2149-2155.

Chen Q, Tan F, Wu Y et al. (2018): Charac-
teristics of retinal structural and microvas-
cular alterations in early type 2 diabetic
patients. Invest Ophthalmol vis Sci 59:
2110-2118.

Cheung CY, Chan VTT, Mok VC, Chen C &
Wong TY (2019): Potential retinal biomark-
ers for dementia: what is new? Curr Opin
Neurol 32: 82-91.

Cheung CY, Li J, Yuan N et al. (2018):
Quantitative retinal microvasculature in
children using swept-source optical coher-
ence tomography: the Hong Kong Children
Eye Study. Br J Ophthalmol 103: 672-679.

Cheung CY, Tay WT, Mitchell P et al. (2011):
Quantitative  and  qualitative  retinal
microvascular characteristics and blood
pressure. J Hypertens 29: 1380-1391.

Cheung N, Donaghue KC, Liew G et al.
(2009): Quantitative assessment of early
diabetic retinopathy using fractal analysis.
Diabetes Care 32: 106-110.

da Costa JP, Vitorino R, Silva GM, Vogel C,
Duarte AC & Rocha-Santos T (2016): A
synopsis on aging—Theories, mechanisms and
future prospects. Ageing Res Rev 29: 90-112.

Doubal FN, MacGillivray TJ, Patton N et al.
(2010): Fractal analysis of retinal vessels
suggests that a distinct vasculopathy causes
lacunar stroke. Neurology 74: 1102-1107.

Durrant JR, Seals DR, Connell ML, Russell
MJ, Lawson BR, Folian BJ, Donato AJ &
Lesniewski LA (2009): Voluntary wheel
running restores endothelial function in
conduit arteries of old mice: Direct evidence
for reduced oxidative stress, increased super-
oxide dismutase activity and down-
regulation of NADPH oxidase. J Physiol
587: 371-3285.

Dziura JD, Post LA, Zhao Q, Fu Z & Peduzzi
P (2013): Strategies for dealing with missing
data in clinical trials: From design to anal-
ysis. Yale J Biol Med 86: 343.

Fan W, Uji A, Borrelli E, Singer M, Sagong
M, van Hemert J & Sadda SR (2018):
Precise measurement of retinal vascular
bed area and density on ultra-wide fluores-
cein angiography in normal subjects. Am J
Ophthalmol 188: 155-163.

Frost S, Kanagasingam Y, Sohrabi H et al.
(2013): Retinal vascular biomarkers for
early detection and monitoring of Alzhei-
mer’s disease. Transl Psychiatry 3: e233.

Gates PE, Tanaka H, Hiatt WR & Seals DR
(2004): Dietary sodium restriction rapidly
improves large elastic artery compliance in
older adults with systolic hypertension.
Hypertension 44: 35-41.

Goldberger AL, Peng CK & Lipsitz LA
(2002): What is physiologic complexity and
how does it change with aging and disease?
Neurobiol Aging 23: 23-26.

Heeschen C, Jang JJ, Weis M et al. (2001):
Nicotine stimulates angiogenesis and pro-
motes tumor growth and atherosclerosis.
Nat Med 7: 833-839.

Jablonski KL, Racine ML, Geolfos CJ, Gates
PE, Chonchol M, McQueen MB & Seals DR
(2013): Dietary sodium restriction reverses
vascular endothelial dysfunction in middle-
aged/older adults with moderately elevated
systolic blood pressure. J Am Coll Cardiol
61: 335-343.

Karatzi K, Papamichael C, Karatzis E,
Papaioannou TG, Voidonikola PT, Lekakis
J & Zampelas A (2007): Acute smoking
induces endothelial dysfunction in healthy
smokers. Is this reversible by red wine’s
antioxidant constituents? J Am Coll Nutr
26: 10-15.

Kolaf R & Jan J (2008): Detection of glaucoma-
tous eye via color fundus images using fractal
dimensions. Radioengineering 17: 109-114.

Kyriazis M (2003): Practical applications of
chaos theory to the modulation of human
ageing: Nature prefers chaos to regularity.
Biogerontology 4: 75-90.

Lee J & Cooke JP (2012): Nicotine and
pathological angiogenesis. Life Sci 91:
1058-1064.

Lemmens S, Devulder A, Van Keer K,
Bierkens J, De Boever P & Stalmans I
(2020): Systematic review on fractal dimen-
sion of the retinal vasculature in neurode-
generation and stroke: assessment of a
potential biomarker. Front Neurosci 14: 16.

Li H, Mitchell P, Liew G et al. (2010): Lens
opacity and refractive influences on the
measurement of retinal vascular fractal
dimension. Acta Ophthalmol 88: ¢234-40.

Li M, Yang Y, Jiang H et al. (2017): Retinal
microvascular network and microcirculation
assessments in high myopia. Am J Ophthal-
mol 174: 56-67.

Liew G, Wang JJ, Cheung N et al. (2008): The
retinal vasculature as a fractal: methodol-
ogy, reliability, and relationship to blood
pressure. Ophthalmology 115: 1951-1956.¢1.

Lim LS, Chee ML, Cheung CY & Wong TY
(2017): Retinal vessel geometry and the
incidence and progression of diabetic
retinopathy. Invest Ophthalmol vis Sci 58:
BI0200-BIO205.

Lim LS, Cheung CYL, Lin X, Mitchell P,
Wong TY & Mei-Saw S (2011): Influence of
refractive error and axial length on retinal
vessel geometric characteristics. Invest Oph-
thalmol vis Sci 52: 669-678.

Lipsitz LA & Goldberger AL (1992): Loss of
‘complexity’ and aging: potential applica-
tions of fractals and chaos theory to senes-
cence. JAMA J Am Med Assoc 267: 1806—
1809.

Luyten LJ, Dockx Y, Madhloum N et al.
(2020): Association of retinal microvascular
characteristics with short-term memory per-
formance in children aged 4 to 5 years.
JAMA Netw Open 3: €2011537.

Mainster MA (1990): The fractal properties of
retinal vessels: Embryological and clinical
implications. Eye 4: 235-241.

Man AWC, Li H & Xia N. (2020): Impact of
lifestyles (diet and exercise) on vascular
health: oxidative stress and endothelial func-
tion. Oxid Med Cell Longev. 2020: 1-22.

Masters BR (2004): Fractal analysis of the
vascular tree in the human retina. Annu Rev
Biomed Eng 6: 427-452.

Most J, Gilmore LA, Smith SR, Han H,
Ravussin E & Redman LM (2018): Signif-
icant improvement in cardiometabolic
health in healthy nonobese individuals dur-
ing caloric restriction-induced weight loss
and weight loss maintenance. Am J Physiol
Endocrinol Metab 314: E396-E405.

Nguyen UTV, Bhuiyan A, Park LAF &
Ramamohanarao K (2013): An effective
retinal blood vessel segmentation method
using multi-scale line detection. Pattern
Recognit 46: 703-715.

O’Neill RT & Temple R (2012): The preven-
tion and treatment of missing data in clinical
trials: An FDA perspective on the impor-
tance of dealing with it. Clin Pharmacol
Ther 91: 550-554.

Orlando JI, van Keer K, Barbosa Breda J,
Manterola HL, Blaschko MB & Clausse A
(2017): Proliferative diabetic retinopathy
characterization based on fractal features:
Evaluation on a publicly available dataset.
Med Phys 44: 6425-6434.

Patton N, Pattie A, MacGillivray T et al.
(2007): The association between retinal vas-
cular network geometry and cognitive ability
in an elderly population. Investig Ophthal-
mol vis Sci 48: 1995-2000.

Pierce GL, Beske SD, Lawson BR, Southall
KL, Benay FJ, Donato AJ & Seals DR
(2008): Weight loss alone improves conduit
and resistance artery endothelial function in
young and older overweight/obese adults.
Hypertension 52: 72-79.

Popovic N, Radunovic M, Badnjar J &
Popovic T (2018): Fractal dimension and
lacunarity analysis of retinal microvascular
morphology in hypertension and diabetes.
Microvasc Res 118: 36-43.

Rubin DB (1976): Inference and missing data.
Biometrika 63: 581-592.

Rubin DB (1987): Multiple Imputation for
Nonresponse in Surveys. New York: J.
Wiley & Sons.

Seals DR, DeSouza CA, Donato AJ & Tanaka
H (2008): Habitual exercise and arterial
aging. J Appl Physiol 105: 1323-1332.

Serre KR & Sasongko MB (2012): Modifiable
lifestyle and environmental risk factors

85UBY1T SUOWILLOD 9A 81D (gl |dde auy Ag peusenof ae Sajoile O 9SN Jo S3|nJ o) AkeiqiauluQ /8|1 UO (SUONIPUOD-PpUe-SLLBIW0Y" AS 1M Ae.q 1 BulUo//:Sdxy) SUONIPUOD pUe Swis | 84 88S *[£202/90/22] Uo ARelqiauliuO A8|IM 1jesseH 181SI8AIUN AQ Z170GT SOB/TTTT OT/I0P/WO0Y A3 | Aleuq 1 jpuluo//:sdny Wwody pepeojumod 'S ‘220e ‘89.€S5.T



affecting the retinal microcirculation. Micro-
circulation 19: 29-36.

Stosi¢ T & Stosi¢ BD (2006): Multifractal
analysis of human retinal vessels. IEEE
Trans Med Imaging 25: 1101-1107.

Tai ELM, Li LJ, Wan-Hazabbah WH, Wong
TY & Shatriah T (2017): Effect of axial eye
length on retinal vessel parameters in 6 to
12-year-old malay girls. PLoS One 12:
€0170014.

Tlu $ (2013): Characterization of retinal vessel
networks in human retinal imagery using quan-
titative descriptors. Hum Vet Med 5: 52-57.

Van Craenendonck T, Gerrits N, Buelens B,
Petropoulos IN, Shuaib A, Standaert A,
Malik RA & De Boever P (2020): Retinal
microvascular complexity comparing mono-
and multifractal dimensions in relation to
cardiometabolic risk factors in a Middle
Eastern population. Acta Ophthalmol 99:
€368-¢377.

Vanhoutte PM, Shimokawa H, Tang EHC &
FeletouM (2009): Endothelial dysfunction and
vascular disease. Acta Physiol 196: 193-222.

Vasto S, Scapagnini G, Bulati M et al. (2010):
Biomarkes of aging. Front Biosci Sch 2:

related alterations in the retinal microvas-
culature, microcirculation, and microstruc-
ture. Invest Ophthalmol vis Sci 58: 3804—
3817.

Wu R, Cheung CYL, Saw SM, Mitchell P,
Aung T & Wong TY (2013): Retinal vascu-
lar geometry and glaucoma: The Singapore
Malay Eye Study. Ophthalmology 120: 77—
83.

Yang Y, Wang J, Jiang H et al. (2016): Retinal
microvasculature alteration in high myopia.
Invest Ophthalmol vis Sci 57: 6020-6030.

Zamir M (2001): Fractal dimensions and
multifractility in vascular branching. J
Theor Biol 212: 183-190.

Zamir M, Medeiros JA & Cunningham TK
(1979): Arterial bifurcations in the human
retina. J Gen Physiol 74: 537-548.

Zhu P, Huang F, Lin F, Li Q, Yuan Y, Gao Z
& Chen F (2014): The relationship of retinal
vessel diameters and fractal dimensions with
blood pressure and cardiovascular risk fac-
tors. PLoS One 9: e106551.

Zhu TP, Li EH, Li JY et al. (2020): Compar-
ison of projection-resolved optical coherence
tomography angiography-based metrics for

Received on January 21st, 2021.
Accepted on October 6th, 2021.

Correspondence:

Sophie Lemmens

Department of Ophthalmology
University Hospitals UZ Leuven
Herestraat 49, 3000 Leuven

Belgium

Phone: +32 16 34 62 25

Fax: +32 16 33 23 67

Email: sophie.l.lemmens@uzleuven.be

Supporting Information

Additional Supporting Information
may be found in the online version of
this article:

Figure S1. Indication of the annulus
representing the region of interest
(shaded area) and of retinal vessels up
to the third degree (arrows and colours).

392-402. the early detection of retinal microvascular Supplementary ~ Material.  Protocol
Wei Y, Jiang H, Shi Y, Qu D, Gregori G, impairments in diabetes mellitus. Retina 40: li )
applied for 1 editing.
Zheng F, Rundek T & Wang J (2017): Age- 1783-1792. applied for vessel editing

Acta OPHTHALMOLOGICA 2022 —

elll9 —

85UBY1T SUOWILLOD 9A 81D (gl |dde auy Ag peusenof ae Sajoile O 9SN Jo S3|nJ o) AkeiqiauluQ /8|1 UO (SUONIPUOD-PpUe-SLLBIW0Y" AS 1M Ae.q 1 BulUo//:Sdxy) SUONIPUOD pUe Swis | 84 88S *[£202/90/22] Uo ARelqiauliuO A8|IM 1jesseH 181SI8AIUN AQ Z170GT SOB/TTTT OT/I0P/WO0Y A3 | Aleuq 1 jpuluo//:sdny Wwody pepeojumod 'S ‘220e ‘89.€S5.T


mailto:

	 Abstract
	 Intro�duc�tion
	 Mate�ri�als and meth�ods
	 Study design and study pop�u�la�tion details
	 Data col�lec�tion and image anal�y�sis
	 Gen�eral and oph�thal�mo�log�i�cal his�tory, includ�ing retinog�ra�phy
	 Reti�nal image anal�y�sis


	 The�ory/�cal�cu�la�tion
	 Mul�ti�ple impu�ta�tion
	 Descrip�tive statis�tics

	 Results
	 Study pop�u�la�tion char�ac�ter�is�tics
	 Reti�nal frac�tal dimen�sion in asso�ci�a�tion with age
	 Frac�tal dimen�sion (Df) in asso�ci�a�tion with car�dio�vas�cu�lar risk fac�tors

	 Dis�cus�sion
	aos15047-fig-0001

	 Con�clu�sions
	 Data avail�abil�ity state�ment

	 Ref�er�ences
	aos15047-bib-0001
	aos15047-bib-0002
	aos15047-bib-0003
	aos15047-bib-0004
	aos15047-bib-0005
	aos15047-bib-0006
	aos15047-bib-0007
	aos15047-bib-0008
	aos15047-bib-0009
	aos15047-bib-0010
	aos15047-bib-0011
	aos15047-bib-0012
	aos15047-bib-0013
	aos15047-bib-0014
	aos15047-bib-0015
	aos15047-bib-0016
	aos15047-bib-0017
	aos15047-bib-0018
	aos15047-bib-0019
	aos15047-bib-0020
	aos15047-bib-0021
	aos15047-bib-0022
	aos15047-bib-0023
	aos15047-bib-0024
	aos15047-bib-0025
	aos15047-bib-0026
	aos15047-bib-0027
	aos15047-bib-0028
	aos15047-bib-0029
	aos15047-bib-0030
	aos15047-bib-0031
	aos15047-bib-0032
	aos15047-bib-0033
	aos15047-bib-0034
	aos15047-bib-0035
	aos15047-bib-0036
	aos15047-bib-0037
	aos15047-bib-0038
	aos15047-bib-0039
	aos15047-bib-0040
	aos15047-bib-0041
	aos15047-bib-0042
	aos15047-bib-0043
	aos15047-bib-0044
	aos15047-bib-0045
	aos15047-bib-0046
	aos15047-bib-0047
	aos15047-bib-0048
	aos15047-bib-0049
	aos15047-bib-0050
	aos15047-bib-0051
	aos15047-bib-0052
	aos15047-bib-0053
	aos15047-bib-0054
	aos15047-bib-0055
	aos15047-bib-0056
	aos15047-bib-0057
	aos15047-bib-0058
	aos15047-bib-0059
	aos15047-bib-0060
	aos15047-bib-0061
	aos15047-bib-0062
	aos15047-bib-0063


