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PURPOSE. Vasomotion is spontaneous oscillations in the diameter of resistance vessels with
derived effects on blood flow, and it has been proposed that disturbances in vasomotion
may be involved in retinal vascular disease. The purpose of this study was to investi-
gate whether retinal vasomotion shows regional variation and is modified by activated
autoregulation.

METHODS. Video recordings of the diameter of retinal arterioles previously obtained from
55 normal persons were subjected to Fourier analysis to characterize the frequencies and
propagation of spontaneous diameter changes in retinal arterioles. The analyses were
performed on peripapillary temporal retinal arterioles, on arteriolar branches toward
the macular area and the retinal periphery, and were performed during rest, during
an increase in the arterial blood pressure induced by isometric exercise, and during
increased retinal metabolism induced by flickering light.

RESULTS. There was no propagation of diameter changes along the studied vascular
segments. Isometric exercise constricted the arterioles significantly by (mean ± SD) 1.76%
± 3.56% (P = 0.02) and increased the power of diameter oscillations at very low frequen-
cies (0.1–1.4 c/min). Flicker stimulation dilated the arterioles significantly by (mean ±
SD) 5.10% ± 2.91% (P < 0.0001) and reduced the power of diameter oscillations at all but
the very low frequencies (P < 0.006 for all comparisons). Flicker-induced dilation and
changes in hydraulic conductance were lower in peripheral than in macular arterioles.

CONCLUSIONS. Retinal vasomotion in normal persons increases during increased arterial
blood pressure and decreases during flicker stimulation. The findings may act as a basis
for the study of vasomotion in retinal vascular disease.

Keywords: retinal vasomotion, autoregulation, flicker stimulation, Fourier analysis, retinal
blood flow

Vasomotion is spontaneous oscillations in the diameter
of resistance vessels with derived effects on blood flow,

called flowmotion.1 Vasomotion has been described in multi-
ple vascular beds across different organs and species,2 and
in the retina, the phenomenon has been observed both
in vitro3,4 and in vivo.5,6 Theoretical studies suggest that
vasomotion is important for flow regulation, for tissue
oxygenation around microcirculatory units and for fluid
homeostasis,7,8 and it has been proposed that disturbances
in vasomotion may be involved in the development of reti-
nal vascular disease.9 However, an elucidation of the patho-
physiological role of retinal vasomotion requires that the
phenomenon be characterized under normal conditions. The
present study tested the working hypotheses that retinal
vasomotion is dominated by specific oscillatory frequencies,
that diameter changes are propagating along the resistance
vessels, that the phenomenon shows regional variation and
varies at different vascular branching levels, and that vaso-
motion is affected by other mechanisms for flow regulation
such as pressure and metabolic autoregulation.

Therefore video recordings of the diameter of retinal arte-
rioles previously obtained from 55 normal persons10–12 were

subjected to Fourier analysis to characterize the frequency
content and propagation of spontaneous diameter changes
in retinal arterioles. The analyses were performed on peri-
papillar temporal retinal arterioles, on arteriolar branches
toward the macular area, and toward the retinal periphery
and were performed during rest, during an increase in the
arterial blood pressure induced by isometric exercise, and
during an increase in retinal metabolism induced by flicker-
ing light.

MATERIAL AND METHODS

Test Persons

Video recordings of retinal vessels previously obtained in
55 normal persons (18 females, 37 males) aged 20 to 31
years without any known previous or present systemic or
ophthalmic diseases10–12 were used. Informed oral and writ-
ten consent for the analysis has previously been obtained,
and it was approved by the Regional Committee for Scien-
tific Ethics that the data could be re-analyzed for this
study.
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TABLE 1. The Background Data (Mean ± SD) for the Studied
Persons

Age (yr) 24.92 ± 4.64
BCVA (ETDRS letters) 95.02 ± 3.27
IOP (mm Hg) 14.13 ± 2.78
MAP (mm Hg) 85.90 ± 10.88

BCVA, best corrected visual acuity; ETDRS, Early Treatment
Diabetic Retinopathy Study; IOP, intraocular pressure; MAP, mean
arterial pressure calculated as 2/3*diastolic blood pressure +
1/3*systolic blood pressure.

The normal persons had undergone a standard ophthal-
mological examination with measurement of best corrected
visual acuity using Early Treatment Diabetic Retinopa-
thy Study charts, intraocular pressure (Tonoref II; Nidek,
Gamagori Aichi, Japan) and slit lamp examination. The
pupils were dilated using phenylephrine 10% (SAD; Amgros
I/S, Copenhagen, Denmark) and tropicamide 1% (Alcon,
Geneva, Switzerland) eye drops. The background data are
shown in Table 1.

The Dynamic Vessel Analyzer

Recordings of the diameter of retinal vessels were obtained
with the Dynamic Vessel Analyzer (Imedos, Jena, Germany),
which consists of a fundus camera connected to a video unit
that allows continuous recordings of the retinal fundus. The
participants were positioned with the left eye in front of
the camera and were instructed to fixate on the tip of a bar
inside the viewing system. This fixation bar was moved so
that the vessel of interest was in the center of the image that
was visualized on a computer screen.

Vessel Segments

All vessel segments were located within a zone between
one-half and three disc diameters from the optic disc and
had a minimum length of 200 μm. The selection of vascu-
lar segments had two steps. First, in all individuals the most
linear segment without any visible branches on either the
upper (n = 39) or lower (n = 16) temporal arteriole was
selected manually by the examiner and was used to study
propagation of diameter changes along the vessel (Fig. 1).
Second, in 27 of the cases the frame also contained one
or more branches toward, respectively, the macular area
and the periphery that were clearly separated from and not
crossed by other vessels (Fig. 1). Data collected from these
vessels were used to study regional differences in diameter
changes.

FIGURE 1. An image from a Dynamic Vessel Analyzer examination.
The selected vessel segments are marked with white lines on respec-
tively a peripapillar larger (L), a macular (M) and a peripheral (P)
arteriolar branching. The fixation bar is shown to the right.

Based on the contrast between the vessel segment and
the surrounding retina, the software measured the diame-
ter 25 times per second for every 10 μm along the vessel
segments, which were represented in arbitrary units (aU)
approximately corresponding to micrometers at the retinal
plane.13 The Dynamic Vessel Analyzer software automati-
cally adjusted the position of the vessel marker to compen-
sate for saccadic eye movements and interrupted the data
capture when the segment could not be identified in the
image because of blinking or larger eye movements. With
this technique, the diameter of retinal vessels of approxi-
mately 60 μm can be assessed with a precision of 1%.13,14

Each diameter recording lasted 14 minutes, consisting of
seven two-minute phases (Fig. 2): Phase 1 was an initial rest-
ing phase, and during phase 2 the test person lifted a hand
weight of 2 kg with the right arm (isometric exercise) to
increase the arterial blood pressure. Phase 3 was another
resting phase, and during phase 4 the retina was stimulated
with flickering light at 12.5 Hz generated by a shutter device
inside the camera. Phase 5 was a third resting phase, and
during phase 6 isometric exercise and flicker stimulation
were combined, which was followed by a final resting phase
7. The arterial blood pressure was measured at the end of
each period using an oscillometer (705IT; Omron Health-
care, Kyoto, Japan) with the cuff on the left non-lifting arm.
The durations of the resting phases were selected to ensure

FIGURE 2. The series of events during a Dynamic Vessel Analyzer examination.
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that the diameters would return to the level before the inter-
vention.15,16

Data Analysis

With a video speed of 25 images per second, each two-
minute recording consisted of up to 3000 single images, and
the diameter measurements from each vessel segment were
stored in a comma separated text file. The following analy-
ses of diameter changes were performed in a self-developed
software programmed in C++ (Code blocks, open-source,
version 20.03).

Frequency Analysis

The number of missing diameter values because of blink-
ing at the different positions in the selected segments in
each phase (mean = 664, range 218–882) were substi-
tuted with the average of the non-missing diameters over
time for that position. There were no significant differences
between the number of missing values during the record-
ings at rest, during isometric exercise and during flicker
stimulation (P > 0.053) for all comparisons. Subsequently,
for each position along the selected vascular segments, the
3000 diameter measurements were subjected to Fourier anal-
ysis with a calculation of the amplitude and phase shift
for harmonic frequencies in diameter oscillations between
1/min and 300/min. For each position the amplitude was
squared and summed to represent the power of oscillations
within the following frequency bands (in cycles/minute):
0.1–23.7 (all), 0.1–1.4 (very low frequency [VLF]), 1.4–2.8
(low frequency [LF]), 2.8–4.2 (high frequency [HF]), 4.2–5.6
(very high frequency), and 5.6–23.7 (ultra-high frequency).

Previous studies have shown that vasomotion in vivo may
occur at frequencies around 4–6/minutes but that oscilla-
tions may not be regularly periodic.5 To ensure that diame-
ter changes around these frequencies were not evened out
in non-periodic patterns of oscillation during the two-minute
recordings, the calculation was supplemented with wavelet
analysis. For each position on the vessel, time windows
consisting of 300 consecutive measurements were subjected
to Fourier analysis with the extraction of amplitudes and
phase shifts between 5/min and 20/min, and the average
amplitudes for each of these frequencies were calculated.
Subsequently, the time window was right shifted one posi-
tion until this procedure had been repeated 1500 times.
The average of the amplitudes for each frequency was
squared and summed to represent the power of the follow-
ing frequency bands (in cycles/minute): 2 (Low), 3–9 (Inter-
mediate), and 10-14 (High).

Propagation of Wave Pattern

For each position on the vessel, the diameter in the following
position was left shifted 20 times each by one step, and at
each shift the difference between the diameters at the shifted
and the non-shifted measurements along the segment was
squared, summed, and averaged. Subsequently, the mini-
mum of the average sum of squares among the shifts was
noted to represent the shift of the total diameter pattern
along the vascular segment. This parameter expressed how
many steps of 10 μm (position on the vessel) that the pattern
of diameter measurements had moved per time step of 1/25
second (image frame).

Hydraulic Conductance

A vessel with an oscillating diameter has a higher hydraulic
conductance than what should be expected from the aver-
age diameter.17 Therefore, to study the effect of interven-
tions on changes in the hydraulic conductance, each diame-
ter measurement obtained over time at each position on the
vessel was raised to the power of four, the powered values
were summed and averaged, and the fourth root of this aver-
age of summed values was calculated to represent the diam-
eter that a vessel with a uniform diameter with the same
hydraulic conductance would have had.

Statistical Analysis

The average propagation velocity was 0.58 ± 0.92 μm per
1/25 second (video frame interval), which is less than the
detection limit (10 μm per 1/25 second). Therefore a sign
test with the options 0 (no propagation) or 1 (propagation of
one or more steps) was used to test whether the propagation
rate differed significantly from zero.

Repeated-measures ANOVA was used to test for differ-
ences in propagation velocity for the different locations,
interventions and frequency bands. Repeated-measures
ANOVA was used to test differences in power of diameter
oscillations between larger, macular and peripheral arteri-
oles for each of the five frequency bands. The changes in
power values of diameter oscillations from rest to isomet-
ric exercise and flicker stimulation were used to test for
changes induced by these interventions. Tests for normal-
ity were performed using QQ-plots.

RESULTS

Table 2 shows the power of Fourier transformed oscillations
at the five frequency bands at rest in the peripapillar retinal
arteriole and in the macular and the peripheral arteriolar
branches. It appears that the powers of the LF (P = 0.003)
and HF (P = 0.005) bands were significantly higher in the
larger arterioles than in the macular and the peripheral arte-
riolar branches. The increase in the hydraulic conductance
induced by the oscillations at rest was (mean ± SD) 1.39%
± 0.24% in the larger arterioles, which was not different
from the increase in either the macular (1.52 ± 0.26%) or
the peripheral branches (1.50% ± 0.26%), P > 0.15 for both
comparisons.

Isometric exercise increased the arterial blood pressure
by (mean ± SD) 20.33 ± 2.1 mm Hg, which constricted the

TABLE 2. The Power of Fourier Transformed Oscillations (Mean ±
SD) in the Diameter of Peripapillar Temporal Retinal Arterioles and
in Macular and the Peripheral Arteriolar Branches at Rest

Peripapillar
(n = 27)

Macular
(n = 27)

Peripheral
(n = 27) P

VLF 1.28 ± 0.67 1.78 ± 1.65 1.11 ± 0.86 0.06
LF 2.87 ± 1.08 1.48 ± 0.81 1.32 ± 0.65 <0.0001
HF 2.43 ± 1.66 1.33 ± 0.72 1.33 ± 0.61 0.0001
VHF 5.23 ± 2.33 4.61 ± 2.05 4.53 ± 1.64 0.15
UHF 8.58 ± 3.46 7.86 ± 3.49 7.85 ± 2.47 0.46

VHF, very high frequency; UHF, ultra-high frequency.
P values refer to the testing of differences among the three

groups. Statistical significant P values are highlighted in bold.
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TABLE 3. The Change in Power of Fourier Transformed Oscillations (Mean ± SD) From Rest to Exercise

Difference From Rest Peripapillar (n = 27) P Macular (n = 27) P Peripheral (n = 27) P

VLF 2.32 ± 2.89 0.0003 0.97 ± 1.84 0.01 1.08 ± 1.95 0.008
LF 0.50 ± 1.51 0.10 0.13 ± 0.78 0.39 0.28 ± 1.41 0.31
HF 0.04 ± 0.98 0.82 0.21 ± 0.65 0.11 0.02 ± 0.70 0.88
VHF 0.85 ± 2.33 0.07 0.24 ± 1.78 0.50 −0.16 ± 2.33 0.72
UHF 1.06 ± 2.83 0.06 0.01 ± 3.10 0.99 −0.59 ± 3.16 0.34

VHF, very high frequency; UHF, ultra-high frequency.
P values refer to the testing of the null hypothesis of no significant change. Statistical significant P values are highlighted in bold.

TABLE 4. The Change in Power of Fourier Transformed Oscillations (Mean ± SD) From Rest to Flicker Stimulation

Difference From Rest Peripapillar (n = 27) P Macular (n = 27) P Peripheral (n = 27) P

VLF −0.25 ± 0.99 0.20 −0.76 ± 3.20 0.23 −1.16 ± 2.14 0.009
LF −1.58 ± 1.23 <0.0001 −0.81 ± 0.74 0.006 −0.90 ± 1.56 0.006
HF −1.83 ± 1.71 <0.0001 −0.82 ± 0.74 <0.0001 −0.66 ± 0.90 0.0007
VHF −2.72 ± 2.10 <0.0001 −2.34 ± 2.04 <0.0001 −1.60 ± 1.75 <0.0001
UHF −4.23 ± 2.93 <0.0001 −3.89 ± 3.40 <0.0001 −2.44 ± 2.79 0.0001

VHF, very high frequency; UHF, ultra-high frequency.
P values refer to the testing of the null hypothesis of no significant change. Statistical significant P values are highlighted in bold.

peripapillar arterioles significantly by (mean ± SD) 1.76%
± 3.56% (P = 0.02). This constriction was not significantly
different (P = 0.07) from the constriction in either macular
(2.31% ± 2.32%) or peripheral arteriolar branches (5.56% ±
8.20%).

Table 3 shows that in all three vessel types isometric exer-
cise significantly increased the power of diameter oscilla-
tions in the VLF band (P < 0.01), but not in any of the other
frequency bands (P> 0.06 for all comparisons). The increase
in hydraulic conductance induced by diameter oscillations
showed no significant differences among the larger (1.43%
± 0.21%), the macular (1.56% ± 0.21%) or the peripheral
(1.57% ± 0.17%) arterioles and no significant changes from
rest (P > 0.07 for all comparisons).

Flicker stimulation significantly increased the diameter of
the peripapillar arterioles of (mean ± SD) 5.10% ± 2.91% (P
< 0.0001), which was not significantly different (P = 0.86)
from the dilation of macular branches (4.09% ± 11.19%),
but significantly higher (p = 0.01) than the dilation in the
peripheral branches (0.39% ± 7.68%).

Table 4 shows that flicker stimulation significantly
reduced the power of diameter oscillations at all frequency
bands in the studied arterioles, except for the VLF bands
in the peripapillar and macular arterioles (P > 0.20 for
both comparisons). The increase in hydraulic conductance
induced by diameter oscillations was significantly lower in
both the larger (1.19% ± 0.17%) and the macular (1.23% ±
0.14%) arterioles, than in the peripheral (1.42% ± 0.25%)
arterioles and lower than in larger and macular arteri-
oles during rest (P < 0.0001 for all comparisons). The
significant changes in power of diameter oscillations at
the low, intermediate and high frequency bands induced
by isometric exercise and flicker stimulation obtained by
wavelet analyses were similar to those obtained by Fourier
analysis

Figure 3 shows traces with a similar pattern of diame-
ter variation at five different positions along a peripapillar
arterial segment with a length of 400 μm. There were no
significant right shifts in the pattern of diameter changes
along the peripapillar arterioles for any of the studied eyes
(P = 1.00, n = 55).

FIGURE 3. Diameter traces obtained simultaneously at four posi-
tions along a peripapillar arteriolar segment with a length of
400 μm. 0 = Most proximal location on the segment, and, respec-
tively, 1 = 100 μm, 2 = 200μm, and 3 = 400 μm along the segment.

DISCUSSION

The pattern of spontaneous diameter oscillations observed
in larger retinal vessels from normal persons in the present
study support previous data obtained both in the retinal
vascular system5 and outside the eye.18 In studies using
the Dynamic Vessel Analyzer, 17 persons are needed to
obtain a statistical power for the measurement of interven-
tion effects on the diameter of retinal vessels.19 Although the
number of observations included in the present study was
much higher, it cannot be excluded that some of the nega-
tive results of the frequency analyses may have been due
to underpowering because the preconditions for a power
analysis of oscillations of vessel diameters are different in
the frequency than in the time domain. Another potential
source of bias is that the diameter recordings were abrupted
during blinking and fixation losses. This resulted in missing
values that were replaced by the average of all non-missing
values in the recording. This would reduce the amplitudes of
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diameter oscillations with increasing effect on higher
frequencies and therefore cannot explain the observations
where effects were also observed on the amplitudes of the
lower frequencies.

The observed patterns of diameter variation over time
were unique for each vessel, which may be due to influences
from more central parts of the cardiovascular system.20–22

These patterns showed no significant changes along the
studied vascular segments, but it cannot be excluded that
the pattern may have changed at either a slower or a faster
rate than what could be detected within the duration and
the capture rate of the recordings obtained in the present
study. The vascular resistance is determined by the diame-
ter at the positions where constriction is most pronounced
with the consequent stress on the vascular smooth muscle
cells in these areas. The lack of observable short-term prop-
agation of diameter oscillations along the larger vessels
argues against a role of vasomotion for mass transport in
these vessels and implies that diameter changes at one loca-
tion are not counteracted by opposite diameter changes at
other locations. This highlights the importance of tempo-
ral changes in vessel diameters for the regulation of reti-
nal blood flow. The vasomotor activity can be considered
important for oxygenation, fluid homeostasis, and flow regu-
lation in the retinal vascular system.7,8 However, the alter-
nating constriction and dilation of the vessels also has the
consequence that periods of activity in the vascular smooth
muscle cells interchange with periods of rest, which may
prevent fatigue and maintain contractility of the vessels over
time. Additionally, vasomotion has derived effects on the
hydraulic conductance of the vessels. Changes in vessel
diameter translate to changes to the power of four in blood
flow. This implies that an increase in diameter above the
average in an oscillating vessel induces a higher increase in
flow than the decrease in flow induced by the correspond-
ing reduction in diameter below average. This effect on the
hydraulic conductance increases with the amplitude of the
diameter oscillations. Therefore, for a given hydraulic resis-
tance, oscillations in diameter can reduce the overall work-
load of the vascular smooth muscle cells. This effect may
contribute to a modification of other regulatory mechanisms
as found in the present study where the reduced vasomotion
amplitude during flicker stimulation tended to reduce the
effects of metabolic autoregulation on blood flow in larger
and macular arterioles. This feature may help understand-
ing how retinal blood flow is regulated under normal condi-
tions where a coupling to metabolism induced by neuronal
activity can be expected to be critical.18 The findings may
also act as a basis for understanding pathological responses
in the retinal vasculature. The observed effects of vasomo-
tion on hydraulic conductance are likely too small to play
a role for flow regulation but might be of importance in
physiological or pathophysiological conditions where the
amplitude of diameter oscillations are potentially increased.
Future studies should aim at characterizing the role of spon-
taneous diameter changes for the development of retinal
vascular disease and how these changes are affected by
treatment interventions.19 The finding that wavelet analyses
of the diameter oscillations resulted in similar conclusions
as Fourier analysis argues against the existence of hidden
patterns of transient diameter changes in the two-minute
recordings used for the frequency analyses.

The results of previous studies suggest that relative
changes in the diameter of retinal arterioles are similar
at different branching levels,23 and that absolute diameter

changes therefore decrease with increasing branching level.
This may explain the larger powers of oscillations in the
LF and the HF bands in the larger arterioles than in the
macular and peripheral arteriolar branches and confirm that
these frequencies of diameter changes between 1.4 to 4.2
cycles/minute (period lengths of 14–42 seconds) are physi-
ologically important for flow control.18 The increase in the
arterial blood pressure induced by isometric exercise broad-
ened the frequencies where the power of diameter oscilla-
tions was increased to include the VLF band. This may be
a response to the increased tension in cells in the vascu-
lar wall secondary to the increased intravascular pressure.24

Conversely, the power of all frequency bands at all three
arterial vessel types were reduced during flicker stimula-
tion, where the lack of significance of the responses in the
VLF band in peripapillary and macular arterioles may be the
result of higher variability of the measurements. A previous
study found a lack of effect of isometric exercise on diame-
ter oscillations of retinal arterioles in diabetic patients.5 This
may be related to loss of autoregulation and underlines the
significance of describing this phenomenon under normal
conditions.

The fact that peripheral arterioles showed less dilation
to flicker stimulation, more reduction in Fourier power, and
less reduction in hydraulic resistance than the macular arte-
rioles confirm previous studies of differences in autoregu-
lation,25 oxygen saturation,26 and ischemic conditioning12

among macular and peripheral arterioles in normal persons.
This argues that vasomotion may contribute to the differ-
ences in response potential of retinal vascular disease in
the macular area and the retinal periphery.5,27 However,
it remains to be investigated whether vasomotion and the
derived effects on the retinal microcirculation are affected
differently in the macular area and the retinal periphery in
retinal vascular disease.

Altogether, the study has shown a lack of short-term
propagation of diameter changes along peripapillar retinal
arterioles. Furthermore, the amplitudes of arteriolar vaso-
motion were found to increase when the vessels contracted
secondary to isometric exercise and to decrease when the
vessels dilated secondary to flicker stimulation, which also
reduced the hydraulic conductance in larger and macular
arterioles. The results confirm the complexity of the regu-
lation of retinal blood flow and can be used as a basis
for studying pathological vasomotion in retinal vascular
disease.
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