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Abstract

e AIM: To evaluate a high-resolution functional imaging
device that yields quantitative data regarding macular blood
flow and capillary network features in eyes with diabetic
retinopathy (DR).

e METHODS: Prospective, cross-sectional comparative
case-series in which blood flow velocities (BFVs) and non-
invasive capillary perfusion maps (nCPMs) in macular
vessels were measured in patients with DR and in healthy
controls using the Retinal Functional Imager (RFI) device.

e RESULTS: A total of 27 eyes of 21 subjects were studied
[9 eyes nonproliferative diabetic retinopathy (NPDR), 9 eyes
proliferative diabetic retinopathy (PDR) and 9 controls]. All
diabetic patients were type 2. All patients with NPDR and 5
eyes with PDR also had diabetic macular edema (DME). The
NPDR group included eyes with severe (n=3) and moderate
NPDR (n=6), and were symptomatic. A significant decrease
in venular BFVs was observed in the macular region of
PDR eyes when compared to controls (2.61+0.6 mm/s
and 2.92+0.72 mm/s in PDR and controls, respectively,
P=0.019) as well as PDR eyes with DME compared to NPDR
eyes (2.36+0.51 mm/s and 2.94+1.09 mm/s in PDR with
DME and NPDR, respectively, P=0.01).

e CONCLUSION: The RFI, a non-invasive imaging tool,
provides high-resolution functional imaging of the retinal
microvasculature and quantitative measurement of BFVs in
visually impaired DR patients. The isolated diminish venular
BFVs in PDR eyes compared to healthy eyes and PDR eyes
with DME in comparison to NPDR eyes may indicate the

possibility of more retinal vein compromise than suspected
in advanced DR.
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INTRODUCTION

iabetic retinopathy (DR) is the leading cause of

blindness in working-age adults'™”. Changes in retinal
hemodynamics are presumed to underlie its development and
progression. Even though several imaging modalities have
allowed improved monitoring of therapy and understanding
prognosis, further knowledge would optimize these goals.
Technologies to attempt blood flow quantification in diabetics
include video fluorescein angiography (FA)®, laser Doppler

velocimetry and flowmetry™"”

, and color Doppler ultrasound
imaging techniques"". However, quantitative measurement
of macular blood flow velocities (BFVs) is limited by the
need for precise eye fixation and alignment for relatively long
periods of time. In addition, only arbitrary units are yielded,
and small diameter retinal vessels cannot be assessed. While
en-face Doppler optical coherence tomography (OCT) has
been reported for measuring macular BFVs quantitatively in
DR eyes!*"”), only first degree vessels emanating from the
optic disc could be assessed.

The Retinal Function Imager (RFI, Optical Imaging Inc.,
Rehovot, Israel) provides fast, non-invasive functional imaging
of the macular microvasculature, including measurement of
macular BFVs in absolute values at secondary and tertiary
vessels. It also allows construction of high-resolution, non-
invasive capillary perfusion maps (nCPMs). Its use has been
reported for evaluation of a variety of posterior segment

14-19

diseases'*'”. The RFI uses a standard fundus camera coupled
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with a customized stroboscopic flash lamp and a fast (60 Hz)
high-resolution (1024x1024 pixels) digital camera system that
captures the moving hemoglobin-filled erythrocytes utilizing
green (“red-free”) light (wavelength centered at 548 nm at
a bandwidth of 17 nm) and digital subtraction processing
algorithms™™" to enable BFV measurements through the
generation of short movies (8 frames each) by the use of
the machine’s built-in software. Additionally, nCPMs are
generated by the digital enhancement of alignment of those
static frames. The present study investigates the BFV imaging
and capabilities of the RFI within DR severity subgroups and
in comparison to a healthy control group.

SUBJECTS AND METHODS

Ethical Approval This prospective study was approved by
the Internal Review Board of the University of Miami Miller
School of Medicine, and was conducted in accordance with
the Declaration of Helsinki. Written informed consent was
obtained from the patients.

Study and healthy control patients were evaluated at the
Bascom Palmer Eye Institute between September 1, 2014 and
April 30, 2015 using the RFI and OCT (Spectralis, Heidelberg
Engineering Inc., Heidelberg, Germany) or Cirrus (Carl Zeiss
Meditec, Dublin, CA, USA). Type 2 diabetic patients with
nonproliferative diabetic retinopathy (NPDR) and proliferative
diabetic retinopathy (PDR) with or without diabetic macular
edema (DME) were studied. Nondiabetic controls had normal
cardiac rhythm, normal intraocular pressure (IOP), and
otherwise normal ophthalmic exam, including best corrected
visual acuity (BCVA) 20/20. The RFI scanning method utilized
has been described elsewhere and the protocols were the same
as for a previous study we have published in a cohort of eyes
with retinal vein occlusions (RVOs)™?. Vessel segments in
the macular area that were straight enough to be evaluated
were imaged and BFV measured and, as reported in our
RVO study, analysis was predicated on sufficiently reliable
measurements as standarized by other investigators”".

A path-constrained cross-correlation technique was used for
BFV calculation giving separate BFV results for arteries and
veins, again as a standard established by other investigators”**.
Data Analysis Data analysis was made using STATA Statistics
software version 14.0 (StataCorp, College Station, Texas,
USA). To assess the differences in arteriolar and venular BFVs
between the DR study groups and controls we performed
linear mixed effects models with random intercepts. Data
from individual blood vessels were clustered within eyes, and
data from each eye were clustered within patients in order to
account for intra- and inter-eye correlations. Given the nature
of this small pilot study, no power analysis was performed. The
level of statistically significance (type-1 error) was defined as
P<0.05 (the 5% level).
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RESULTS

The current study evaluated 27 eyes of 21 study patients,
including 9 eyes diagnosed with NPDR, 9 eyes with PDR,
and 9 control eyes. All eyes with NPDR and 5 eyes with
PDR had coexisting DME confirmed by OCT examination.
Three eyes in the NPDR group were classified as severe; 6
eyes had moderate NPDR. Detailed demographic and clinical
information of the study patients with retinopathy are shown in
Table 1.

The mean age of the control group was 53y, ranging from
46 to 62y; none had known systemic or ocular morbidities.
Table 2 demonstrate BFVs and vessel segmentation subject’s
profile and Table 3 tabulates vessels segmentation and BFVs
statatistical information between the study groups.

Mean arteriolar BFV in control eyes was 4.19+0.76 mm/s and
venular BFV was 2.92+0.72 mm/s. Mean BFVs in the NPDR
group were 4.87+2.05 mm/s for arteriolar and 2.94+1.09 mm/s
for venular segments.

The mean BFV values for the PDR group included 4.48+2.63 mmy/s
and 2.61+0.6 mm/s for arteriolar and venules BFVs,
respectively. The lower number of segmented vessels
identified for study in the PDR group was due to marked
capillary drop out. The PDR group consisted of patients with
and without DME. When considering only the PDR subjects
without DME the velocity values were 4.40+2.07 mm/s
and 2.93+0.59 mm/s for arterioles and venules, respectively.
For PDR eyes with DME, the arteriolar and venular BFVs
were 4.5343.26 mm/s and 2.36+0.51 mm/s. The arteriolar
velocities did not statistically differ between the overall PDR
group when compared to the control (P=0.32) or the NPDR
(P=0.57) groups, as well as between the NPDR and the healthy
controls groups (P=0.69). The independent analysis of the
PDR subgroups also failed to yield statistically significant
different results for arteriolar or venular BFVs between the
small subgroups of PDR with DME vs PDR without DME
(P=0.48 and 0.16, respectively), as well as for arteriolar BFV
between PDR with DME or PDR without DME subgroups vs
the control (P=0.29 and 0.77, respectively) or vs the NPDR
(P=0.42 and 0.98, respectively) groups.

We found a decrease in venular BFV in the overall PDR
group when compared to the control group (P=0.019). No
difference in the venular BFV was seen between the NPDR
vs control groups (P=0.84) as well as between overall PDR vs
NPDR groups (P=0.069). However, a statistically significant
decrease in the venular BFV was noticed in the PDR with
DME subgroup when compared to the NPDR group (P=0.01)
while no statistical differences were found in the comparison
of venular BFV between the PDR without DME subgroup and
the NPDR group (P=0.49).
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Figure 1 Examples from the study subjects for the labeled fundus images (A, E, G) with the vessel segments, and the nCPMs (B, D, F,

H) A and B are from a healthy subject, C and D are from a subject with moderate NPDR and no macular edema, E and F from a subject with
severe NPDR and diabetic macular edema, whereas G and H are from a subject with proliferative retinopathy. C is an example of the contrast
map showing the movement of the single cells within the vessels, used for the measurement of blood flow velocity. Note the fine structure of the

foveal avascular zone imaged noninvasively and also the zones of capillary dropout in D, F, and H.

Table 1 Clinical characteristics of study subjects

. Age L Time of Past surgical Previous
Subject Dx ) Eye Gender HTN  Other systemic disease =~ DME Dx history DME Tx BCVA
)
1 NPDR 64 OD Male No None 1 NA IVBx7 20/200
2 NPDR 64 OS Male No None 1 NA IVBx6 20/20-2
3 NPDR 56 OD Female Yes None 2 NA IVRx6 20/30-2
4 NPDR 56 OS Female Yes None 2 NA IVR*6 20/40-2
5 NPDR 70 OS Female Yes HLD 10 CE/IOL, PPV/MP  Laser, IVTAX1, IVBx3  20/400
6 NPDR 67 OS Male Yes HLD, CAD 4 CE/IOL, PPV/MP IVTAXS, IVBXS5, 20/80
IVRX35, laser
7 NPDR 68 OD Male Yes None 1 CE/IOL IVTAx1 20/50-2
8 NPDR 68 OS Male Yes None 1 CE/IOL IVIx1, IVTAx1 20/40
9 NPDR 64 OD Male Yes HLD, kidney failure, CAD 1 CE/IOL IVTAx1 20/25-1
10 PDR-noDME 63 OD Male Yes CVA, kidney failure 8 CE/IOL, PPV/MP/EL IVTAX3, IVBx1 20/200
11 PDR-noDME 67 OD Male Yes Kidney failure 10 CE/IOL Laser 20/30
12 PDR-no DME 67 OS Male Yes Kidney failure 10 CE/IOL, PPV/MP/EL Laser, IVTAX2 20/400
13 PDR-no DME 73 OS Female Yes HLD, kidney failure 14 CE/IOL Laser, IVTAX1, IVBx1 6/200
14 PDR-DME 62 OS Male Yes None UK CE/IOL IVIx11, laser 20/50-1
15 PDR-DME 69 OS Male Yes None 1 CE/IOL, PPV/EL/MP IVBx7 20/80
16 PDR-DME 71  OD Female Yes None 13 CE/IOL Laser, IVTAx4,IVBx2  20/100
17 PDR-DME 57 OS Female Yes Liver cirrhosis 4 CE/IOL IVTAX5, IVBx8, 20/70
18 PDR-DME 57 OD Female Yes Liver cirrhosis 4 CE/IOL, PPV/MP/EL IVTAx4, IVBx9 20/80

UK: Unknown; Dx: Diagnosis; Tx: Treatment; DM: Diabetes mellitus; DR: Diabetic retinopathy; HTN: Systemic hypertension; HLD:
Hyperlipidemia; BCVA: Best-corrected visual acuity; NPDR: Nonproliferative diabetic retinopathy; PDR: Proliferative diabetic retinopathy;
DME: Diabetic macular edema; NA: Non-applicable; CAD: Coronary artery disease; CVA: Cerebrovascular accident; CE/IOL: Cataract
extraction/intraocular lens implant; PPV: Pars plana vitrectomy; MP: Membrane peeling; EL: Endolaser; IVB: Intravitreal bevacizumab; IVR:

Intravitreal ranibizumab; IVTA: Intravitreal triamcinolone; IVI: Intravitreal injection, unknown medicine; PRP: Panretinal photocoagulation.

The nCPMs provided high-resolution images of the retinal ~ subgroups showing the fine capillary changes of the macula
microvasculature in both the healthy, NPDR and PDR  non-invasively (Figure 1).
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Table 2 Subjects’ blood flow velocity profile

Subject Mean arterioles Total segmented Mean venules Total segmented BCVA at laiFI
velocity arterioles velocity venules testing
NPDR
1 7.95 6 4.23 23 20/400
2 5.16 9 3.74 16 20/30
3 5.06 8 435 12 20/30 (-2)
4 4.55 8 2.93 18 20/25 (-1)
5 4.23 9 2.59 19 20/400
6 2.79 17 1.57 22 20/60
7 8.27 3 3.51 14 20/60
8 2.77 15 1.54 17 20/50
9 3.05 13 2.01 23 20/40 (-2)
PDR no-DME
10 3.83 8 222 23 20/200
11 7.43 3 3.67 9 20/80 (-1)
12 2.75 2 2.93 4 3°/200”
13 3.61 10 291 9 20/300
PDR-DME
14 2.44 5 221 9 20/70
15 2.60 3 1.67 7 20/200
16 4.35 6 2.39 8 20/20
17 10.20 1 3.10 11 20/80 (-1)
18 3.08 4 2.44 13 20/200
Healthy
19 4.21 12 3.01 10 20/20
20 5.08 12 3.89 14 20/20
21 4.72 10 3.37 9 20/20
22 3.64 17 2.17 22 20/20
23 4.33 12 2.97 10 20/20
24 5.11 11 2.93 10 20/20
25 2.86 7 2.23 11 20/20
26 341 8 1.88 9 20/20
27 438 4 3.85 11 20/20

‘Snellen visual acuity. BCVA: Best corrected visual acuity; NPDR: Nonproliferative diabetic retinopathy; PDR: Proliferative diabetic

retinopathy; DME: Diabetic macular edema.

Table 3 Blood flow velocity results among groups mean (SD)
Group Arteripleds Venu.lesd Arterioles Venules Total arterioles  Total venules P
velocity velocity number number segmented segmented
NPDR 4.87 (2.05) 2.94 (1.09) 10 (4) 18 (4) 88 164 0.84°
Overall PDR 4.48 (2.63) 2.61 (0.60) 5(3) 10 (5) 42 93 0.019°
PDR-no DME 4.40 (2.07) 2.93(0.59) 6(4) 11 (8) 23 45 0.49°
PDR-DME 4.53(3.26) 2.36 (0.51) 4(2) 10 (2) 19 48 0.01°
Healthy 4.19 (0.76) 2.92(0.72) 10 (4) 12 (4) 93 106

“No stasitically significant difference was noted between arterioles velocities amongst groups; "Venular velocity compared to healthy; “Venular
velocity between PDR-DME and NPDR groups; ‘mm/s. NPDR: Nonproliferative diabetic retinopathy; PDR: Proliferative diabetic retinopathy;

DME: Diabetic macular edema.

DISCUSSION

The current study demonstrated reduced venular BFV in PDR

patients when compared to healthy subjects, and also decreased
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venular BFV in PDR with DME subjects in comparison to
NPDR with DME eyes. However, there were no demonstrable
differences in arteriolar BFV among these groups. This
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reduction of BFV in the venules but not the arterioles suggests
diabetic vascular compromise may be more important on the
venous rather than on the arteriolar vasculature. Whether this
finding was due to the small number of cases in this study, or
whether it offers insight into the pathogenesis of advanced DR
is uncertain.

RFI previously has demonstrated a capability to provide high-
resolution, noninvasive, functional, and quantitative retinal
vascular imaging in eyes with retinal vein occlusions, but
with a panvascular compromise, that is, a similar decrease
in both arteriolar and venular velocities”™. Previous studies
using various imaging techniques such as OCT angiography
to study blood flow have been limited to establishing patency
(blood vessel cross sectional area and dynamics information),

(25391 I contrast,

presuming that as a surrogate for blood flow
the RFI allows quantitative blood flow velocity measurement,
which is a step closer to quantitating blood flow. Previous
imaging studies (which did not measure absolute flow
velocities) showed mixed results in diabetic patients™ 7',
The wide range of retinal changes encompassed within
even the same category of DR severity degree, the likely
heterogeneity in vascular dynamics and dysregulation due to
multiple variables (degree of capillary closure, hypoxia levels,
glycemic state, blood viscosity), and the generally pilot study
nature of these reports might account for the lack of consensus.
Moreover, existing technologies evaluating blood flow are
constrained to evaluating first- or larger second-degree retinal
vessels, which might not mirror the changes at the level of
more distal macular microvasculature.

BFV is believed to decrease commensurate with increase in

(69361 ' A comparative evaluation by Burgansky-

DR severity
Eliash et al” including 51 healthy vs 58 moderate and severe
NPDR eyes utilizing the RFI found significant decrease in
both arteriolar and venular BFVs in the NPDR group, but no
significant BFV changes between eyes with (33 eyes) and
without (25 eyes) clinically-significant DME. Other previous
studies comparing NPDR vs healthy subjects BFV have also
showed decreased velocities in NPDR eyes'®**”. Landa et
al™ found a positive correlation between venular BFV by RFI
and central retinal thickening by OCT imaging evaluation;
given all our NPDR subjects presented DME. Landa et al™”
findings may justify the lack of velocity difference amongst the
current study’s NPDR and healthy controls groups. Konno et
al™" have also suggested a transition from decrease to increase
in arteriolar BFV in diabetic eyes depending upon the duration
and severity of retinopathy with increasing BFVs in more
advanced cases; they postulated this to be secondary to the
occurrence of anastomotic channels (shunts) traversing areas
of capillary closure deviating blood directly from the arterioles
to the venules. The present study corroborates statistically

significantly decreased venular BFV in more severe DR stages
(i.e. in the PDR group), but not in NPDR-DME eyes when
compared to healthy subjects.
The current study is limited by the sample size because
eyes with mild media opacities were excluded since the RFI
imaging requires clear media. Additionally, some patients
with other coexisting disease had to be eliminated from the
study since the RFI’s imaging acquisition is limited by a very
intense light which is not tolerated by some individuals. Hence
the current study cohort may have represented a selected
group. Also, we utilized a semi-automated (partially manual)
segmentation method to delineate the vasculature of interest
and several blood vessels did not meet the ideal coefficient
of variance levels. The RFI in new versions of the software,
which is currently under development, might allow inclusion
of a broader range of patients and vessels per patient once
the need for manual processing of the areas of interest can be
automated.

The RFI offers a quantitative assessment of blood flow

velocity, a step closer to measuring absolute blood flow

volume'*. The authors believe the RFI provide superior
macular microvasculature BFV measurements, which can
be important in understanding retinal diseases when in
conjunction with precise blood vessel dynamics information.

The current study in its pilot nature provided enough evidence

to suggest that DR, at least initially might be more of a venular

rather than arteriolar disease.
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