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Abstract

In neural tissues, the coupling between neural activity and blood flow is a physiological key principle in blood flow regulation.
We used optical coherence tomography angiography to investigate stimulus-evoked hemodynamic responses in different micro-
vascular layers of the human retina. Twenty-two healthy subjects were included. Vessel density before and during light stimula-
tion was measured using optical coherence tomography angiography and assessed for the superficial, intermediate, and deep
capillary plexus of the retinal circulation. Volumetric blood flow was measured using a custom-built Doppler optical coherence
tomography system. Our results show that flicker stimulation induced a significant increase in the vessel density of þ9.9 ± 6.7%
in the superficial capillary plexus, þ6.6 ± 1.7% in the intermediate capillary plexus, and þ4.9 ± 2.3% in the deep capillary plexus.
The hyperemic response of the superficial capillary plexus was significantly higher compared to the intermediate capillary plexus
(P = 0.02) and deep capillary plexus (P = 0.002). Volumetric retinal blood flow increased by þ 39.9 ± 34.9% in arteries and by
þ29.8 ± 16.8% in veins. In conclusion, we showed a strong increase in the retinal microvascular density in response to light stim-
ulation, with the most pronounced effect in the superficial capillary plexus. This is compatible with the hypothesis that the micro-
vasculature exerts an important function in mediating functional hyperemia in humans.

NEW & NOTEWORTHY We present vessel density alterations in response to flicker stimulation using optical coherence tomogra-
phy angiography and identified the superficial capillary plexus as the layer with the most pronounced effect. This points out the
physiological importance of the microvasculature in mediating functional hyperemia and suggests a fine-tuned plexus-specific
mechanism to meet cellular metabolic demands.

healthy subjects; neurovascular coupling; optical coherence tomography angiography; retinal blood flow

INTRODUCTION

Neurovascular coupling (NVC), also referred to as func-
tional hyperemia, is a highly sophisticated mechanism that
links functional activity and blood flow in neural tissues (1).
First described for the brain (2), NVC allows to spatiotempor-
ally adapt the local blood flow to changing metabolic
demands caused by firing neurons (1, 3). Although the
brain has been extensively used to investigate functional

hyperemia (4), the currently available imaging technologies
set limits in terms of spatial and temporal resolution particu-
larly when it comes to in vivo investigation of brainmicrocir-
culation in humans (5).

As the eye and the brain share similar embryological ori-
gins with comparable structural and physiological character-
istics, the retina may offer considerable advantages for the
in vivo investigation of functional hyperemia. Moreover, the
retina contains a dense microvascular network organized in
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distinct layers (6, 7), which can be easily stimulated by
photic stimulation (8).

The current study takes advantage of recently introduced
noninvasive imaging techniques to investigate NVC of reti-
nal vessels in different vascular layers and compares the
response of the microcirculation with the response of larger
retinal arteries and veins. This is of particular importance
because it is currently unclear to what extent the microcircu-
lation, in particular the capillaries and small arterioles, con-
tributes to the hyperemic response. Moreover, given that
there is evidence that under pathological conditions, such as
diabetes, capillary nonperfusion is more pronounced in
some retinal plexuses than in others (9), further investigation
of the depth-resolved regulation of vascular tone is warranted.
Here, we use optical coherence tomography angiography
(OCTA) to assess flicker-induced vascular hyperemia in differ-
ent vascular layers of the retina and Doppler OCT (DOCT) to
measure blood flow in major retinal vessels. A characteriza-
tion of this response in the smallest retinal vessels of human
circulation may add to our understanding of the neurovascu-
lar response and how changes in the microvasculature relate
to the blood flow increase inmajor retinal vessels.

MATERIAL AND METHODS

Subjects

Twenty-two healthy subjects (12 females and 10 males)
were included in this study. The study protocol was
approved by the Ethics Committee of the Medical University
of Vienna, and the study was performed in adherence to the
guidelines of the Declaration of Helsinki as well as Good
Clinical Practice Guidelines. Written informed consent was
obtained from all study participants.

Experimental Paradigm

A screening visit was performed which included the
assessment of systemic hemodynamic parameters and a full
ophthalmic examination.

The inclusion criteria were as follows: men and women
over 18yr of age, nonsmokers, insignificant medical history
and ophthalmic examination, and ametropia <6 diopters.
Exclusion criteria comprised untreated arterial hyperten-
sion, history or family history of epilepsy, best corrected vis-
ual acuity <0.5 Snellen, alcoholism, or substance abuse.
Pupils were dilated by one drop of 0.5% tropicamide. After a
20-min resting period, OCTA and DOCTmeasurements were
performed. Intraocular pressure (IOP) and systemic hemody-
namics were taken before and after the measurements.

Optical Coherence Tomography Angiography

A commercially available spectral domain OCT device with
OCTA module (Spectralis OCT, Heidelberg Engineering,
Heidelberg, Germany) was used to perform the OCTA meas-
urements. A square wave flicker-light pattern was applied
using a 12-light-emitting diode ring placed around the front
lens of the OCT device using a flicker frequency of 7Hz, a
brightness of �450 lx, and a modulation depth of 100%.
Macula-centered, high-resolution (512 B-scans, 512A-scans/B-
scan) 10� � 10� OCTA scans were performed at baseline and
during flicker stimulation, respectively. A total of four

different OCTA slabs were generated per timepoint and sub-
ject using the standard slab settings of the built-in Heidelberg
OCTA software (v 1.10.2.0). These settings closely adhere to
the plexus architecture suggested by Campbell et al. (6). The
raw enface scans (Figs. 1A and 3) of the superficial capillary
plexus (SCP), intermediate capillary plexus (ICP), deep capil-
lary plexus (DCP), and full retina (FR) were exported using
MATLAB (v 2018b, MathWorks, MA). To account for varying
scan centration at the different timepoints, recordings were
registered by matching geometric features on SCP/FR images
(Fig. 1B) and the transformationmatrix was applied to the cor-
responding ICP and DCP images. A fovea-centered annulus
with an inner diameter of 1mm and outer diameter of 2.5mm
was created (Fig. 1C). On SCP/FR scans, large vessels were iso-
lated using a thresholding method (intensity >130) (10). This
step selectively removed arterioles and venules preserving the
capillary portion of the SCP (Fig. 1E). Projection artifacts from
superficial vessels were removed from ICP and DCP by apply-
ing the large vessel mask from the previous step to the ICP
and DCP scans. Finally, a “Frangi filter,” which is a Hessian
filter vessel enhancement algorithm (11), was applied to opti-
mize capillary visibility (Fig. 1F). Each image was binarized by
mean values to obtain its corresponding vessel density values
(Fig. 1G).

Dual-Beam Bidirectional Doppler Fourier Domain OCT

Flicker-induced hyperemia in major retinal vessels was
measured using a prototype dual-beam bidirectional Doppler
Fourier domain OCT (DOCT) device, which has been previ-
ously described (12). To analyze blood flow changes during
flicker, one temporal arteriovenous (AV) pair around 1 to 2
disk diameters from the optic disk was selected and DOCT
data before and during flicker stimulation were acquired at
this position.

Statistical Analysis

All statistical analyses were done using IBM SPSS Statistics
(v 26, IBM, Armonk, NY). Outcome parameters were checked
for normality using the Shapiro–Wilk test. Vessel density and
ocular hemodynamics are expressed as absolute baseline
and flicker values, respectively, and as percentage change
over baseline. Two-tailed paired t tests were used to assess
the differences between measurements obtained before and
during flicker stimulations. All results are presented as
means ± standard deviation. A P < 0.05 was considered as
significant.

RESULTS

Twenty-two healthy subjects were included, mean age was
27±4yr, and 12 were female, aged between 23 and 39yr
(Table 1). Blood pressure and IOP were in the normal range.

Macrovasculature as Assessed with DOCT

As expected, a significant increase in diameters of major
retinal vessels was observed during flicker stimulation.
Diameters in retinal arteries increased by 3.7±3.1% from
118.0± 17.6 to 122.3± 17.6mm (P < 0.001) and in veins by
4.5±3.0% from 147.9±21.5 to 154.4±22.2mm (P < 0.001,
Fig. 2). Similarly, a significant increase in retinal blood flow

EFFECT OF FLICKER-LIGHT ON RETINAL MICROVASCULATURE IN OCTA

H24 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00495.2020 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (128.131.052.022) on March 3, 2021.

http://www.ajpheart.org


was observed in arteries as well as in veins during flicker.
Retinal arterial blood flow as measured with DOCT increased
from 7.1±3.7 to 9.4±4.5mL/min (þ 39.9±34.9%, P < 0.001)
and blood flow in retinal veins from 10.2±4.1 to 13.2±5.5mL/
min (þ 29.8± 16.8%, P< 0.001, Fig. 2).

Microvasculature as Assessed with OCTA

As shown in Fig. 3, stimulation with flicker light induced
an increase in vascular density in all layers. A significant
increase in FR vessel density from 39.7 ± 1.7 to 41.2 ± 1.6%
(þ 3.8± 2.7%, P < 0.001) was observed. When looking at the
different layers separately, vessel density increased from
23.0±2.3 to 25.2± 2.4% (þ9.9±6.7%, P < 0.001) in the SCP,
from 34.8± 1.4 to 37.0± 1.4% (þ6.6± 1.7%, P < 0.001) in the
ICP, and from 34.6± 2.1 to 36.2±2.2% (þ4.9± 2.3%, P <
0.001) in the DCP, respectively. Thus, the increase in retinal
vascular density was significantly higher in the SCP com-
pared to the ICP (P = 0.02) and DCP (P = .002). Also, when

comparing the amount of increase in vessel density during
stimulation with flicker light in the ICP and DCP, a signifi-
cantly higher effect was found in the ICP (P < 0.001). A sig-
nificant correlation was found between SCP and ICP at
baseline (P < 0.001, r=0.697) and during flicker stimulation
(P = 0.002, r=0.625).

Figure. 1. Framework of OCTA image postprocessing. A: raw images extracted from the OCTA machine. B: overlaid image from baseline and flicker
recordings. C: the FAZ was roughly delineated automatically, and the center was computed (white cross). D: an annulus centered at FAZ center with
inner diameter of 1mm and outer diameter 2.5mmwas generated as a mask to the 3� 3 mm image. E: large vessels were isolated and excluded. F: ves-
sel enhancement algorithm (Frangi filter) was applied to image E, and then, it was binarized to achieve image G. Blue: baseline; red: flicker. FAZ, foveal
avascular zone; OCTA, optical coherence tomography angiography.

Table 1. Baseline characteristics of the study population

Age, yr 27 ± 4
SBP, mmHg 117 ± 13
DBP, mmHg 72 ± 7
MAP, mmHg 89 ±9
HR, beats/min 66 ±9
IOP, mmHg 13 ± 2
OPP, mmHg 47 ±6

Values are means ± SD. DBP, diastolic blood pressure; HR, heart
rate; IOP, intraocular pressure; MAP, mean arterial pressure; OPP,
ocular perfusion pressure; SBP, systolic blood pressure.

Figure. 2. Relative change from baseline during stimulation with flicker
light in diameters in retinal arteries (Dart) and veins (Dvein) and in blood flow
in retinal arteries (Qart) and veins (Qvein). Data are presented as individual
values (left) and as boxplots. *significant vs. baseline.
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DISCUSSION

Here, we show using OCTA that there is a significant
increase of vessel density in the parafoveal microcirculation
during stimulation with flicker light in healthy subjects. Our
data also demonstrate a more pronounced flicker-induced
hyperemic response in the superficial layer compared to the
deeper vascular layers of the retina. The present study is the
first to apply hemodynamic measurements during flicker
stimulation in both the microvasculature and the larger reti-
nal vessels.

By the means of OCTA, we observed a statistically signifi-
cant increase in parafoveal vessel density of �5%–10%. As a
major advantage, OCTA allows for noninvasive and depth-
resolved imaging of the microcirculation. Comparative stud-
ies between OCTA and postmortem histological samples
show that this technique is capable of reliably visualizing
vessels down to a size of 8mm (13). As we were mainly inter-
ested in the precapillary and capillary vasculature in this
study, larger vessels in the size of �30mm or more were
removed during image processing. These larger vessels
would contribute disproportionally to the signal and there-
fore reduce the performance in detecting changes in the
microcirculation. Interestingly, our data show that the SCP
shows a higher variance compared to the deeper plexus. The
reason for this effect is not entirely clear. However, as the
highest response was observed in the SCP and considering
the high variability observed in the flicker-induced hypere-
mia in healthy subjects (14), it is reasonable to suggest that
this variability mainly reflects the interindividual variability
of the flicker response per se.

Our data are compatible with the current hypothesis that
in the human retina the microvasculature, most importantly
small vessels in the size of 30mm or less, significantly con-
tributes to the large blood flow response seen in the

upstream vessels and is therefore in good agreement with
our previous modeling of retinal blood flow during flicker
stimulation (15). It is also in agreement with our previous
vessel analysis data showing that the flicker-induced vasodi-
lation is inversely proportional to the absolute vessel diame-
ter (16). During flicker stimulation, retinal arterial blood flow
in large vessels increased by �40% and was accompanied by
a vasodilatation of �4% only. Given that the microcircula-
tion is the major site of resistance to flow, the proportional
dilatation in the microcirculation may have a much greater
effect on the upstream vessels. Consequently, relatively
small alterations in particular in the small resistance vessels
can translate to large changes in blood flow. The same was
reflected in larger veins, where blood flow increased by
�30% and diameters by 4.5%. Our data in larger retinal ves-
sels are well compatible with previously published data (14,
17, 18) that show a vasodilation of retinal arterial and venous
calibers in the range of 3%–4% together with an increase of
40%–60% in retinal blood flow.

Using OCTA, a recently published study investigated the
effect of light and dark transitions as well as flicker stimula-
tion in different layers of the human retina (19). The study
shows that capillary recruitment was higher in the deeper
capillary layer during photic stimulation, which is in con-
trast to the findings of the present study (19). However, as
the study of Nesper et al. used a mixture of dark-light transi-
tions and flicker stimulation, the data are difficult to com-
pare with previously published studies and our current
work, which studied light-adapted eyes. Previous studies
have shown that light adaptation in itself is associated with a
retinal vascular response (20). In addition, in the experiment
of Nesper et al., measurements were done not during but af-
ter flicker stimulation. This makes it difficult to fully appre-
ciate the results, because it has been shown that cessation of
the flicker stimulation is followed by a decrease in retinal
vessel diameters indicating for a transient reduction of reti-
nal blood flow (21, 22).

Furthermore, using adaptive optics, a previous report in
humans indicates that vessels of a diameter of 8 μm or less
showed the greatest proportional diameter change, sup-
porting the hypothesis that mainly the small vessels are re-
sponsible for the blood flow increase (23). This study was,
however, limited to three subjects, and the field of obser-
vation was very small. Hence, it is unclear to which degree
these results can be extrapolated to the entire retinal
microvasculature.

Animal and ex vivo studies suggest that small and preca-
pillary arterioles play an important role in regulating blood
flow and mediating functional hyperemia (24–26). Using a
confocal microscopy-based technique, studies in the rat ret-
ina show a fast and pronounced flow increase in small
arteries caused by photic stimulation (27). Furthermore, this
study indicates a considerable difference in the hyperemic
response depending on the retinal layers, among which the
intermediate layer showed the most pronounced flicker-
evoked vasodilatation. In contrast, deeper and superficial
layers showed only minor reactions (27). Studies using OCTA
to investigate rat and mice retinas also show large vascular
changes in the microcirculation (28–30). In the mouse, again
the intermediate and deep layers showed the most pro-
nounced response (28, 29). This is in contrast to our results

Figure. 3. Relative change from baseline during stimulation with flicker
light retinal vessel density in the three assessed layers (SCP, ICP, and
DCP). Data are presented as individual values (left) and as boxplots. *sig-
nificant vs. baseline, #significant vs. SCP, §significant vs. ICP. DCP, deep
capillary plexus; ICP, intermediate capillary plexus; SCP, superficial capil-
lary plexus.
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in humans that show the most pronounced vascular
responses in the SCP. Species differences as well as unknown
effects of the anesthesia in the animal models may account
for this difference. For example, using invasive measure-
ment of retinal oxygen tension it has been shown that even
small differences in anatomical properties result in consider-
ably different retinal oxygen profiles (31).

Our data indicate that flicker-induced hyperemia is
most pronounced in the superficial layer, which is sup-
ported by other experiments. In humans, the superficial
layer consists of a dense network of precapillary arterioles,
which accordingly plays a key role in retinal vascular re-
sistance. Furthermore, anatomically speaking, the struc-
tures supplied by the SCP mainly consist of the nerve fiber
layer, the ganglion cell layer, and the inner plexiform layer
(6). Although the relative contribution in energy demand
of different neural cells is currently unknown, our results
are in keeping with the previous hypothesis that activated
ganglion cells and amacrine cells of the inner retina are a
major component of increased metabolic demand media-
ting functional hyperemia (8). This is supported by the
comparable response of blood flow and retinal ganglion
cell activity to flicker stimulation with regard to temporal
frequency, modulation depth, and relative chromaticity
(32, 33). Moreover, it has been shown that adaption to tem-
poral contrast is, at least in part, a retinal function and is
reflected by a modulation of retinal ganglion cell firing
rate (34, 35). Finally, the second harmonic of the hetero-
chromatic red-green flicker, which contains a significant
contribution from the retinal ganglion cells (36), is signifi-
cantly correlated to the blood flow response to flicker
under different experimental conditions (37, 38).

Several limitations need to be considered when interpret-
ing our findings. First, because of the limited scanning speed
of the OCTA instruments currently available, our OCTA
scanning pattern covers only the 10� of the central retina.
Thus, we cannot fully exclude that the vascular responses
are different in other regions of the retina. Moreover, DOCT
measurements were performed in only one major temporal
AV pair, whereas OCTA measurements were done macula
centered. Thus, given that temporal vessels not solely supply
the macular region, our DOCT data also contain information
regarding blood flow of the more peripheral parts of the ret-
ina. Measurements with larger acquisition frames including
wide-field OCTA instruments will be able to overcome these
limitations in the near future. Finally, OCTA vascular data
itself require careful interpretation. As the OCTA parameter
vascular density is based on decorrelation analysis, an
increase in vessel density may be caused by either capillary
recruitment, an increase in retinal vessel diameter in small
arterioles or an increase in blood velocity. However, the cur-
rent OCTA technology is not capable of distinguishing
between these options, and further studies usingmultimodal
imaging approaches are required.

In summary, our data show that OCTA is an appropriate
approach for the in vivo investigation of flicker-induced
hyperemia of the retinal microcirculation in humans.
Furthermore, we demonstrate that the SCP shows a more
pronounced vasodilator response than the deeper layers of
the retinal vasculature indicating an important role that gan-
glion cells play in NVC in the human retina. Our results

strengthen the concept that microvascular changes play a
major role in the flicker light-induced hyperemic response of
the retina.
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