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Abstract

e AIM: To determine whether chronic smoking affects
fundus blood flow density using optical coherence tomography
angiography (OCTA) based on artificial intelligence (Al).

e METHODS: All participants underwent a comprehensive
ophthalmological examination in this study. The subjects
were categorized into two groups: control and smoker.
Fundus data obtained through the novel OCTA device were
compared.

e RESULTS: Utilizing deep learning denoising techniques
removed background noise and smoothed vessel surfaces.
OCTA showed a significant decrease in fundus blood flow
density after Al-based denoising on the right eyes of 36
smokers (36 males, average age 44.17+9.85y) and age-
and sex-matched participants who never smoked. The
thickness of the retina in both control and smoker groups
failed to show any statistically significant differences.
Smoking was associated with decreased blood flow density
in the macula and the optic disk.

o CONCLUSION: Utilizing Al-based denoising to improve
the sensitivity of OCTA images can be highly beneficial.

o KEYWORDS: smoking; artificial intelligence; optical
coherence tomography angiography; blood flow density;
retinal thickness
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INTRODUCTION

igarette smoking is the leading preventable cause of

morbidity and mortality across the globe, responsible
for 11.5% of global deaths annually!’. Despite the well-known
devastating health effects of cigarettes and ongoing efforts
to reduce smoking prevalence, approximately 1.6 billion
people over the age of 14 smoke cigarettes daily worldwide,
representing one-fifth of the world’s population™. In addition
to contributing to systemic vascular diseases, cigarette
smoking causes pathological effects on macrovascular and
microvascular structures” ™. Fundus blood flow provides
an excellent window into the human microvascular system,
allowing indirect and non-invasive observations of smoking’s
effects on the microvascular system" . Microvascular damage
to the fundus may be one of the first detectable changes in its
onset and progression.
Furthermore, smoking increases the risk of developing various
ocular vascular diseases, including diabetic retinopathy,
ischemic optic neuropathy, hypertensive retinopathy, and age-
related macular degeneration (AMD)"”, since the harmful
components of cigarettes affect vascular function and structure,
which leads to endothelial damage and thickening of the blood
vessel wall'"”. Hence, it is essential to investigate the effects of
smoking on fundus blood flow.
Optical coherence tomography angiography (OCTA) imaging,
a non-invasive optical imaging modality for visualizing
fundus circulation without dye injection, has recently

[

gained popularity in ophthalmic imaging"'". The technology
uses motion contrast imaging of blood flow to produce
volumetric cross-sectional angiographic images of the
retina, which measure the microvasculature of the retina
12-13

in different layers''>'. OCTA displays high accuracy and
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reproducibility!"”, measuring fundus blood flow density across

13161 Clinical studies have shown

various anatomical layers'
that OCTA is particularly useful in studying fundus vascular
17 Nevertheless, it is vital to note that OCTA

artifacts resulting from heteronomous motion and retinal

diseases!

projection significantly compromise the quality of images,
thereby hindering precise interpretation and quantitative
analysis!"*"”). Consequently, developing techniques to enhance
the quality of OCTA images becomes imperative.

The development of artificial intelligence (Al)-based denoising
software solutions has enhanced image quality”™”. It has already
been reported that several OCTA studies have examined
the effects of smoking on fundus vascular diseases”' ",
However, the impact of chronic smoking on fundus blood
flow density has not yet been studied using Al-based OCTA.
We hypothesized that OCTA image quality might benefit from
Al denoising. The research aimed to apply a novel Al-based
denoising technique to OCTA images to assess fundus blood
flow density variations between chronic smokers and non-
smokers.

PARTICIPANTS AND METHODS

Ethical Approval According to the principles of the Helsinki
Declaration, this study utilized a cross-sectional observational
design at Huashan Hospital affiliated with Fudan University
from February 2023 to June 2023. The study received approval
from the Institutional Review Board of Huashan Hospital (No.
KY2016-274). The informed consent was obtained.

Study Design and Participants Thirty-six smokers with
a smoking history of more than ten years and 36 age- and
sex-matched non-smokers were included in the study. Basic
information, such as gender, age, smoking history, and clinical
characteristics, is involved. Moreover, all participants were
provided detailed explanations of the study’s objectives and
procedures before receiving comprehensive eye examinations.
For each participant, only the right eye was examined.
Exclusion Criteria There were several exclusion criteria
in the study: 1) Individuals who were under the age of
eighteen and over the age of sixty; 2) Individuals who were
uncooperative and dependent during extended OCTA testing;
3) Individuals whose best-corrected visual acuity was less
than 0.4 logMAR; 4) Individuals who had spherical equivalent
refraction of over 4 D; 5) Individuals with an axial length
greater than 26 mm; 6) Individuals who had ocular diseases,
including epiretinal membrane, diabetic retinopathy, or
retinoschisis history; 7) Individuals who had ocular surgery
or trauma history; 8) Individuals with a history of diabetes,
hypertension, or thyroid diseases.

AlI-Based Optical Coherence Tomography Angiography
OCTA images were obtained utilizing the OCT-HS100
device manufactured by Canon in Tokyo, Japan. This device
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produced high-resolution microvascular images of the retina
and choroid by rapidly scanning at a central wavelength of
855 nm. Images with a signal strength below 5, denoted on a
scale ranging from 1 to 10, were omitted from the analysis.
After undergoing rigorous deep learning training, an algorithm
in the OCT-HS100 efficiently removed noise from images,
creating a composite image from a single scan and eliminating
the necessity for multiple scans. This algorithm effectively
reduced background noise caused by blood flow density and
smoothed the surface of blood vessels post-denoising. The
measurement of retinal thickness included determining the
distance between the internal limiting membrane (ILM) and
the retinal pigment epithelium (RPE). The measurement area
of the scan was segmented into three concentric circles, with
the outer two rings subdivided into four quadrant sectors:
superior, inferior, nasal, and temporal®?". The area was
divided into five subfields, each comprising a central region
and four quadrants (superior, inferior, nasal, and temporal)
for the assessment of vessel density. The segmentation of
the superficial capillary plexus (SCP), deep capillary plexus
(DCP), and choriocapillaris (CC) in the macula was achieved

21 Moreover, the segmentation of the SCP,

automatically
DCP, CC, and radial peripapillary capillary (RPC) plexus was
performed automatically within the optic disk"®*. The zones
were initially partitioned by the Canon OCT-HS100 Software
(Version 4.5.1) and subsequently refined by the examiner
following the actual picture conditions.

Statistical Analysis The statistical analysis was performed
using SPSS software (IBM, IL, USA). Categorical data were
represented as frequencies (percentages), and continuous data
were reported as meantstandard deviation. Chi-square tests
were used to compare the two groups’ categorical data, while
paired t-tests were employed for continuous data. Statistical
significance was defined as P<0.05.

RESULTS

This research involved 36 smokers and 36 age- and gender-
matched controls. Both groups’ demographic and clinical
characteristics were outlined in Table 1. The average age of
participants in both groups was 44.17+9.85y, ranging from 27
to 59y, with a male-to-female ratio of 36 to 0. The smokers
in the study reported an average consumption of 18.33+10.14
cigarettes per day and had a smoking history of 23.86+8.10y.
All participants had access to data on blood flow density
both pre- and post-implementation of denoising techniques
employing Al. The corresponding measurements for blood
flow density in the macula and optic disk were displayed in
Tables 2 and 3, respectively. Significantly, all regions following
the denoising procedure statistically observed a decrease in
fundus blood flow density (P<0.05 for all comparisons).
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Table 1 Demographic and clinical characteristics

Parameters Control group Smoker group P
Participant, n 36 36 -
Eye, n 36 36 -
Sex, n (%) 1.000°
Male 36 (100.0) 36 (100.0)
Female 0 0
Age, y 44.1749.85 44.1749.85 1.000°
Range 27-59 27-59
Daily amount of smoking, 0 18.33+10.14 -
cigarettes
Years of smoking 0 23.8618.10 -

°Chi-square test; ®Paired t-test.

Table 2 Blood flow density in the macula between the original

image and the denoised image

Originalimage  Denoised image

Flow density n=72 n=72 P
SCP, %
Center 33.15+7.84 21.61+6.62 <0.001°
Superior 43.79+7.22 38.40%7.00 <0.001°
Nasal 43.88+7.81 38.9317.80 <0.001°
Inferior 43.83+7.85 39.27+7.79 <0.001°
Temporal 44.57+7.95 39.81+8.20 <0.001°
DCP, %
Center 27.51%6.09 17.2946.73 <0.001°
Superior 40.129.28 34.60+9.63 <0.001°
Nasal 44.12+7.28 39.27+7.44 <0.001°
Inferior 40.65+7.89 35.77+8.02 <0.001°
Temporal 42.97+7.59 37.98+7.40 <0.001°
CC, %
Center 50.0045.35 42.41+3.92 <0.001°
Superior 49.87+5.34 41.80+4.09 <0.001°
Nasal 49.57+4.93 42.28+3.65 <0.001°
Inferior 49.81+5.89 42.0845.05 <0.001°
Temporal 49.66+7.72 43.02+4.26 <0.001°

SCP: Superficial capillary plexus; DCP: Deep capillary plexus; CC:

Choriocapillaris. "Paired t-test.

Table 4 detailed the retinal thickness observed in the two
groups. The analysis revealed no statistically significant
differences in retinal thickness across all regions between the
control and smoker groups.

Table 5 displayed the macular blood flow density for both
groups. A decreasing trend in blood flow density within the
macula was observed across all regions of the smoker group
compared to the control. There were statistically significant
differences in the center, superior, and nasal regions of DCP.
Except for the inferior region, the SCP noted statistically
significant differences. Regarding blood flow density in the
CC, only the superior and temporal areas showed statistically
significant variances.

Table 6 displayed the blood flow density in the optic disk. The

smoker group noted a declining trend in blood flow density

Table 3 Blood flow density in the optic disk between the original

image and the denoised image

Original image Denoised image

Flow density n=72 n=72 P
SCP, %
Center 45.61+8.49 40.38+8.23 <0.001°
Superior 52.98+6.74 48.14+6.25 <0.001°
Nasal 53.76+6.09 48.93+6.27 <0.001°
Inferior 54.30+6.26 48.54+5.57 <0.001°
Temporal 52.05%6.35 45.72+45.97 <0.001°
DCP, %
Center 34.08+9.34 27.98+8.94 <0.001°
Superior 34.73+7.98 28.34+7.53 <0.001°
Nasal 35.63+8.45 29.81+8.28 <0.001°
Inferior 35.74+8.08 30.38+8.24 <0.001°
Temporal 47.25+7.86 41.67+7.37 <0.001°
CC, %
Center 25.82+8.69 18.35%7.40 <0.001°
Superior 35.58+8.42 27.70+6.87 <0.001°
Nasal 41.04+7.18 33.08+6.93 <0.001°
Inferior 39.27+7.06 30.85+6.32 <0.001°
Temporal 49.10+7.57 38.95+5.37 <0.001°
RPC, %
Center 45.04+6.47 41.20+6.16 <0.001°
Superior 50.86+6.71 46.37+6.45 <0.001°
Nasal 49.99+6.47 46.13+7.05 <0.001°
Inferior 51.60+6.28 47.63+6.36 <0.001°
Temporal 50.15+6.74 45.2146.47 <0.001°

SCP: Superficial capillary plexus; DCP: Deep capillary plexus; CC:

Choriocapillaris; RPC: Radial peripapillary capillaries. "Paired t-test.

Table 4 Retinal thickness pm
Retinal thickness ~ COMtrolgroup - Smoker group
Center 278.69+22.54 274.42+21.10 0.432°
Inner superior 347.25+20.66 347.19+17.92 0.991°
Inner nasal 349.39+20.23 348.83+21.78 0.917°
Inner inferior 345.83 £19.94 344.06+20.01 0.732°
Inner temporal 336.78+18.52 336.28+14.99 0.899°
Outer superior 308.56+15.67 308.72+15.52 0.964°
Outer nasal 322.78+16.31 321.22+16.29 0.684"
Outer inferior 291.06+18.26 290.11+15.73 0.816"
Outer temporal 293.92+17.11 292.31£15.27 0.659"

®Paired t-test.

of the optic disk, albeit not as prominently as in the macula.
Statistical differences were observed in the center (42.65+7.31
vs 38.11£8.57, P=0.030), nasal (50.52+5.22 vs 47.33+6.88,
P=0.031), and inferior (50.21+4.43 vs 46.88+6.13, P=0.026)
regions in the SCP. Additionally, statistically significant
changes were observed in the temporal region of the CC
(40.1945.52 vs 37.7244.98, P=0.046). All regions except for
the superior and temporal areas noted significant alterations in
RCP blood flow.
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Table 5 Blood flow density in the macula

Control group Smoker group

Flow density =36 n=36 P
SCP, %
Center 23.58+6.50 19.64+6.22 0.006"
Superior 40.30+5.93 36.49+7.53 0.027°
Nasal 40.76+6.21 37.11+8.83 0.017°
Inferior 40.7346.90 37.818.44 0.080°
Temporal 41.72+6.47 37.91+9.33 0.026°
DCP, %
Center 19.15+7.30 15.42+5.62 0.025"
Superior 36.94+8.90 32.27+9.88 0.030°
Nasal 40.98+5.74 37.55+8.57 0.042°
Inferior 37.36+7.44 34.18+8.36 0.072°
Temporal 39.23+6.58 36.74+8.05 0.084°
CC, %
Center 43.34+2.86 41.49+4.61 0.056"
Superior 42.85+2.94 40.75+4.80 0.033°
Nasal 42.90+3.62 41.66+3.63 0.171°
Inferior 42.50+5.29 41.66+4.83 0.468"
Temporal 44.08+3.26 41.97+4.89 0.033"

SCP: Superficial capillary plexus; DCP: Deep capillary plexus; CC:

Choriocapillaris. "Paired t-test.

Table 6 Blood flow density in the optic disk

Control group Smoker group

Flow density n=36 n=36 P
SCP, %
Center 42.65+7.31 38.1148.57 0.030°
Superior 49.11+6.05 47.17+6.38 0.189°
Nasal 50.52+5.22 47.33+6.88 0.031°
Inferior 50.21+4.43 46.88+6.13 0.026"
Temporal 46.54+4.93 44.89+6.83 0.246°
DCP, %
Center 30.09+9.48 25.87+7.95 0.061°
Superior 29.95+6.43 26.74+8.27 0.109°
Nasal 31.19+8.40 28.42+8.05 0.159°
Inferior 32.0448.98 28.7247.16 0.083°
Temporal 43.44+5.44 39.89+8.61 0.053°
CC, %
Center 20.09+7.42 16.61+7.06 0.056°
Superior 28.9046.63 26.51+6.99 0.107°
Nasal 33.9548.04 32.21#5.59 0.354°
Inferior 31.4046.98 30.2945.63 0.507°
Temporal 40.19+5.52 37.72+4.98 0.046°
RPC, %
Center 42.95+4.94 39.45+6.80 0.011°
Superior 47.606.39 45.13+6.35 0.121°
Nasal 47.96+5.82 44.31+7.75 0.032°
Inferior 49.66+4.29 45.60+7.43 0.012°
Temporal 46.33+5.00 44.09+7.57 0.152°

SCP: Superficial capillary plexus; DCP: Deep capillary plexus; CC:
Choriocapillaris; RPC: Radial peripapillary capillaries. "Paired t-test.
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DISCUSSION

Al advances open new avenues for solving the complicated
noise problem on OCTA images. There were 72 healthy
subjects in our study, divided into groups of smokers and non-
smokers. Both groups were matched based on age and sex.
While conducting the current research, implementing deep
learning denoising techniques effectively reduced background
noise. Additionally, microvascular density parameters exhibited
notable changes throughout the denoising process, indicating
enhanced image quality. Using the novel OCTA, we compared
fundus blood flow density and retinal thickness in smokers
and non-smokers. According to the study, the smoker and non-
smoker groups showed variable degrees of differences in blood
flow density in the macula and optic disk, except for the retinal
thickness. Moreover, the degree and range of the reduction
in blood flow density were more marked in the macula than
in the optic disk. The results indicated that Al-based OCTA
could offer non-invasive diagnostic benefits for patients with
fundus vascular diseases, enhancing diagnostic efficiency,
especially for smokers. Fundus blood flow is evaluated by
the Al-based OCTA, including retinal vasculature, CC, and
RPC. The retinal vasculature is divided into SCP and DCP.
Vertical vessels connect the capillary plexus, which provides
oxygen and nutrients, removes retinal metabolic byproducts,
and is affected by retinal vascular disease’™’. According to
our study, smokers had lower fundus blood flow density than
non-smokers. This finding is similar to previous studies on

»#3% 1t may be due to chronic smoking causing

smokers'
irreversible damage to the vasculature, which increases resistance
to blood flow"'**. Several mechanisms are involved, including
direct damage to the endothelium of fundus vasculature,
structural damage, and vasculature dysfunction®**. Smoking
is a risky environmental factor in diseases of the fundus, such
as AMD and polypoidal choroidal vasculopathy (PCV)P**.
Lois et al®” have demonstrated that smoking poses a two to
four times greater risk of developing AMD than non-smokers.
Myers et al** have observed an association between smoking
and the development of AMD. Cackett et al” have found that
PCV is more prevalent among smokers. We speculate that our
study’s abnormal fundus blood flow could help elucidate why
smokers are more susceptible to these ocular conditions and
offer early diagnostic indicators. Nevertheless, some research
holds contradictory conclusions that smoking affects fundus
vascular without statistical significance compared with non-
smokers*”*'!. The differences in sample size and participants’
gender could explain these inconsistencies. We need to
conduct further research to validate our findings. In addition,
we found that the macula showed a more tremendous change
in blood flow than the optic disk, which is the same as other
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researches'” ™. There is a discrepancy in the autoregulation
systems of the macula and optic disk vessels, which could
account for the varying blood flow responses.

The current investigation revealed no statistically significant
disparities in retinal thickness between smokers and non-
smokers. Differently, in a study conducted on the Greek
population who had smoked for more than 25y, it was found
that chronic smoking resulted in thinner retinal thickness
than non-smokers*”. An additional study of elderly Chinese
found that smoking cigarettes was associated with a lower
macular fovea thickness compared with non-smokers'*’. Our
distinctive result may be due to the relatively short smoking
history and the focus of the sample on young and middle-aged
people. Moreover, the retinal layer (SCP and DCP) showed
more significant and extensive blood flow density decreases
than the choroidal layer. Changes in the choroidal vasculature

may occur later than in the retinal vasculature!**"

, which may
interpret our results.
Our study applied Al-based noise reduction techniques to
improve the quality of OCTA images, focusing on changes
in fundus blood flow in smokers, which may provide early
indications of fundus vascular disease. Despite this, it is
essential to acknowledge the limitations of our research.
First, since the study was cross-sectional, causal relationships
between variables are impossible to establish. Addressing this
question could conduct a longitudinal study over an extended
period, providing more convincing evidence of the association
between smoking and blood flow density. Second, our study
only included participants from Huashan Hospital affiliated
with Fudan University, which limits their generalizability.
Other populations should also be studied to determine the
effects of smoking on fundus blood flow. Finally, changes in
fundus blood flow with a longer smoking history should be
studied to comprehensively observe the impact of tobacco on
fundus blood flow and retinal thickness.
The present study revealed a decline in fundus blood flow
density among smokers. These findings strongly suggest that
OCTA examination with Al denoising holds promise as an
efficient and non-invasive diagnostic tool for fundus vascular
diseases.
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