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Abstract:

Background:

Little is known about the diurnal variation in choroidal circulatory dynamics in healthy eyes.

Objective:

This  study  aimed  to  clarify  the  diurnal  variation  in  choroidal  circulatory  hemodynamic  changes  in  healthy  participants  using  laser  speckle
flowgraphy.

Methods:
This prospective study included the left eye of 14 healthy young adults (21.9 ± 4.0 years). The mean blur rate, a quantitative index of the relative
blood flow velocity, was measured by laser speckle flowgraphy. The macular mean blur rate of choroidal blood flow velocity, subfoveal choroidal
thickness,  intraocular  pressure,  systolic  blood  pressure,  diastolic  blood  pressure,  mean  blood  pressure,  and  ocular  perfusion  pressure  were
evaluated at eight points every 3 h over a 24-h period. In addition, differences in each parameter between daytime and night were also investigated.

Results:
Intraocular pressure, systolic blood pressure, diastolic blood pressure, mean blood pressure, ocular perfusion pressure, and macular mean blur rate
were highest at 6 PM, and subfoveal choroidal thickness was thinnest at 6 PM. There was a significant positive correlation between mean blur rate
and intraocular pressure, diastolic blood pressure, and mean blood pressure. Furthermore, intraocular pressure, systolic blood pressure, diastolic
blood pressure, mean blood pressure, ocular perfusion pressure, and mean blur rate were significantly higher and choroidal thickness significantly
lower during daytime than at night.

Conclusion:
These results suggest that choroidal circulation hemodynamics change with diurnal variations in systemic circulation involving the autonomic
nervous system in healthy eyes.

Keywords: Diurnal variation, Laser speckle flowgraphy, Mean blur rate, Subfoveal choroidal thickness, Systemic circulation, Autonomic nervous
system.
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1. INTRODUCTION
Although  autoregulatory  function  varies  by  vascular

system,  choroidal  vessels  are  poorly  autoregulated,  and  the
choroid is mainly controlled by sympathetic innervation [1 - 3].
Cold  pressor  tests  assess  sympathetic  responses  in  systemic
circulatory  dynamics  [4].  Recently,  the  vascular  perfusion
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density in healthy subjects after a cold pressor test decreased in
the choroid but  remained unchanged in the retina in a  report
examining  the  vascular  reactivity  of  the  retina  and  choroid
using functional optical coherence tomography (OCT) [2]. The
choroidal morphology of young healthy participants in the cold
pressor test was quantitatively evaluated using enhanced depth
imaging  OCT  (EDI-OCT),  which  showed  a  significant
decrease in subfoveal choroidal thickness (SFCT) after the test
[5].  Furthermore,  in  the  normal  menstrual  cycle,  the
sympathetic nervous system is more hyperactive in the luteal
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phase  compared  with  the  follicular  phase,  suggesting  that
choroidal  blood  flow  velocity  increases  with  changes  in
systemic  circulatory  dynamics  [6].

Blood pressure (BP) increases during the daytime due to
increased sympathetic nervous system activity and decreases at
night due to increased parasympathetic nervous system activity
[7].  According  to  previous  reports  of  diurnal  variation  in
choroidal  morphology  using  swept-source  OCT  in  normal
subjects, SFCT decreases during the daytime and increases at
night. Mean SFCT was thinnest at 6 PM and thickest at 3 AM
[8].  In  addition,  there  was  a  statistically  significant  negative
correlation between the magnitude of diurnal change and age
[9].

Laser  speckle  flowgraphy  (LSFG)  measures  the  ocular
blood  flow  noninvasively  and  can  quantitatively  evaluate
circulatory  hemodynamics  using  the  mean  blur  rate  (MBR),
which is a relative value of the blood flow velocity [6, 10 - 13].
The  wavelength  of  the  measurement  light  is  830  nm.  The
macular MBR reflects choroidal blood flow due to the absence
of the inner retinal layer at the fovea [14]. The macular MBR
of  the  choroidal  circulatory  dynamic  was  found  to  be  most
elevated  at  6  PM,  and  the  macular  MBR  was  significantly
positively  correlated  with  diastolic  BP  (DBP),  mean  BP
(MBP), and ocular perfusion pressure (OPP), but no data were
measured at 3 AM [15].

In the present study, we investigated the diurnal variation
in the choroidal blood flow velocity at eight points every 3 h in
a 24-h period in healthy young adults using LSFG.

2. MATERIALS AND METHODS

2.1. Study Design

This was a prospective study. This study was approved by
the Ethics Committee of the Fukuoka International University
of  Health  and  Welfare  (approval  ID:  20-fiuhw-021)  and
adhered to  the  tenets  of  the  Declaration of  Helsinki.  Written
informed consent was obtained from all participants after the
nature and possible consequences of the study were explained
to them.

2.2. Participants

The  present  study  included  the  left  eye  of  14  healthy
volunteers  (five  men  and  nine  women)  with  no  ophthalmic,
cardiovascular, or systemic diseases. The mean age was 21.9 ±
4.0  (range,  20–36)  years.  All  participants  had  best-corrected
visual  acuity  (BCVA)  ≥  20/20.  Each  participant  underwent
ophthalmic  examination,  including  BCVA;  fundus
photography;  refractive  error,  axial  length,  and  intraocular
pressure (IOP), EDI-OCT, and LSFG. SBP and DBP were also
measured.

LSFG,  EDI-OCT,  IOP,  and  BP  were  measured  at  eight
points  every  3  h  over  a  24-h  period  from  12:00  PM  the
following day. The use of alcohol [16, 17], caffeine [18 - 21],
and  nicotine  [22,  23]  was  prohibited  from  the  previous  day
because of their effects on ocular and systemic hemodynamics.
The participants were restricted from eating for 2 h before the
test.  Each  participant  rested  for  10–15  min  in  a  quiet  room

before the test  [15].  All  examinations were performed in  the
seated position, and each session was completed within 20 min.
The examinations were conducted at room temperature (24°C ±
1°C), with a humidity of (47% ± 3%).

2.3. Choroidal Thickness Measurements

EDI-OCT  (RS-3000  Advance  2;  NIDEK,  Gamagori,
Japan)  measurements  were  obtained  every  3  h  over  a  24-h
period. Using a horizontal scan through the fovea (scan length,
12.0 mm), the SFCT was determined by manually measuring
the  distance  at  the  fovea  from  the  outer  border  of  the
hyperreflective  line,  corresponding  to  the  retinal  pigment
epithelium to the outer border of the choroid [5]. Two authors
(Y.H.  and  M.C.),  who  were  blinded  to  the  subjects’
information,  independently  examined  EDI-OCT  images.

2.4. Choroidal Circulation Measurements

LSFG  measurements  using  LSFG-NAVI  (Softcare  Ltd.,
Fukuoka, Japan) were performed to quantitatively examine the
choroidal  blood  flow velocity.  The  macular  MBR is  derived
from  the  choroidal  blood  flow  velocity  as  there  is  no  inner
retinal layer at the fovea; that is, it lacks retinal vessels. LSFG
was  examined  thrice  at  each  time  point  in  all  eyes.  The
positioning of the circles for analysis was determined manually
by comparing fundus photographs and LSFG color map images
at  baseline.  For  followed  up  after  baseline,  each  circle  was
automatically set using the LSFG Analyzer software (v 3.7.0.4;
Softcare Ltd., Fukuoka, Japan) at the same site where the circle
was set at baseline. To evaluate the changes in the mean MBR,
we utilized the rates of change in the mean MBR against the
initial baseline values (defined as 100%) [6, 10 - 13].

2.5. Hemodynamics

BP  and  IOP  were  measured  at  each  time  point  for  all
participants. OPP was calculated from IOP and BP. The MBP
was  calculated  from  SBP  and  DBP  using  the  following
equation:

MBP = DBP + 1/3 (SBP - DBP)

OPP was calculated as follows:

OPP = 2/3MBP - IOP

2.6. Statistical Analyses

All results are expressed as mean ± standard deviation. The
Wilcoxon signed-rank test was used to examine the differences
in  IOP,  SBP,  DBP,  MBP,  OPP,  SFCT,  and  MBR during  the
daytime from 12:00 PM to 9:00 PM and at night from 12:00
AM to 9:00 AM. Spearman’s rank correlation test was used to
determine  the  relationships  between  the  MBR  and  other
factors.  P-values  less  than  0.05  were  considered  statistically
significant for all tests.

3. RESULTS

3.1. Ocular and Systemic Factors

Table  1  shows  the  clinical  characteristics  of  the  healthy
participants included in this study. The changes in the diurnal
variations  of  the  ocular  and  systemic  factors  are  shown  in
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Table 2, and the daytime and night results are shown in Table
3.  IOP,  SBP,  DBP,  MBP,  and  OPP  values  had  the  highest
values  at  6  PM  during  the  course  of  this  study.  In  addition,

each  factor  was  significantly  higher  during  the  daytime than
that at night (P < 0.001, P < 0.001, P = 0.003, P < 0.001, and P
= 0.008, respectively).

Table 1. Demographic characteristics for each participant.

Case Age
(years)

RE
(D)

AL
(mm)

Total mean
IOP

(mmHg)

Total mean
SBP (mmHg)

Total mean
DBP

(mmHg)

Total mean
MBP

(mmHg)

Total mean
OPP

(mmHg)

Total mean
SFCT(μm)

Total mean
macular

MBR

Macular MBR
Max/min/max-min

1 21 +0.1 23.4 11.7±1.2 105.1±9.4 69.8±5.8 81.5±6.4 42.7±3.9 212.1±5.9 16.7±1.3 19.4/14.9/4.5
2 21 -2.6 24.9 10.8±1.0 94.0±5.0 53.6±4.2 67.1±3.7 34.0±2.4 205.3±6.6 7.3±0.6 8.0/5.9/2.1
3 20 -11.6 26.9 11.2±1.4 96.8±5.6 60.3±6.4 72.4±5.6 37.1±2.8 168.9±5.2 8.1±0.9 9.3/6.6/2.7
4 21 -5.1 24.9 12.0±1.4 100.5±6.1 61.9±5.0 74.8±4.8 37.8±3.4 269.5±8.7 21.4±1.9 24.4/18.3/6.1
5 21 -9.0 26.5 10.8±0.5 102.9±6.7 66.8±4.5 78.8±4.9 41.8±3.5 149.5±3.7 19.8±1.9 22.7/17.3/5.4
6 36 -1.0 24.4 13.4±2.0 121.3±4.1 77.0±6.1 91.8±5.1 47.8±3.0 483.9±11.3 8.7±0.5 9.3/8.0/1.3
7 20 +0.1 24.7 8.6±0.9 114.8±3.7 66.3±4.1 82.4±2.8 46.3±1.8 283.0±6.7 11.6±0.6 12.4/10.7/1.7
8 21 -1.8 24.1 11.3±0.8 119.6±7.9 70.4±6.9 86.8±6.6 46.5±3.8 383.5±6.4 15.7±1.1 17.6/13.7/3.9
9 21 -2.3 25.2 10.8±0.9 121.4±6.5 71.8±5.4 88.3±5.5 48.1±3.0 372.8±10.3 11.4±0.5 12.0/10.2/1.8

10 21 -2.8 25.9 10.7±1.1 105.5±5.0 61.1±4.3 75.9±2.7 39.9±1.5 159.5±4.0 10.8±0.7 12.1/10.1/2.0
11 21 +0.1 23.8 10.0±0.8 99.6±8.7 61.8±4.0 74.4±5.2 39.6±3.3 267.8±10.4 6.4±0.4 7.0/5.7/1.3
12 21 -0.7 23.1 9.7±1.0 102.9±3.1 62.8±3.4 76.1±3.0 41.1±1.8 316.0±6.3 5.3±0.5 5.8/4.4/1.4
13 21 -1.3 24.3 10.7±0.9 111.8±5.7 72.1±4.9 85.3±4.6 46.2±3.2 361.3±9.0 7.3±0.4 8.2/6.8/1.4
14 21 -3.6 23.9 11.6±1.9 105.3±4.9 63.1±2.3 77.2±2.6 39.9±2.9 334.9±10.5 12.8±0.6 13.6/11.8/1.8

Mean
±

SD

21.9
±

4.0

-2.9
±

3.4

24.7
±

1.1

10.9
±

1.1

107.2
±

9.0

65.6
±

6.1

79.5
±

6.9

42.1
±

4.4

283.4
±

98.4

11.7
±

5.0

12.3/
11.0/
1.3

Abbreviations:SD, standard deviation; RE, refractive error; D, diopter; AL, axial length; IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood
pressure; MBP, mean blood pressure; OPP, ocular perfusion pressure; SFCT, subfoveal choroidal thickness; MBR, mean blur rate OPP was calculated as:

Table 2. Diurnal changes in ocular and systemic factors.

Examination Noon 3 PM 6 PM 9 PM Midnight 3 AM 6 AM 9 AM
IOP (mmHg) 11.9±1.9 11.2±1.2 11.9±1.6 10.4±1.5 10.0±1.2 10.5±1.6 11.1±1.3 10.6±1.4
SBP (mmHg) 110.0±9.8 107.3±12.0 113.1±10.8 109.1±8.8 106.1±11.3 103.9±9.4 103.6±10.7 104.7±9.6
DBP (mmHg) 68.0±7.6 65.7±6.7 69.4±8.4 65.0±8.2 63.9±7.0 65.1±7.1 64.5±8.0 63.2±7.0
MBP (mmHg) 82.0±7.8 79.6±8.1 83.9±8.6 79.7±7.9 78.0±7.7 78.1±7.1 77.5±8.4 77.0±7.5
OPP (mmHg) 42.8±5.3 41.9±5.3 44.1±5.3 42.7±5.4 42.1±5.2 41.6±4.0 40.6±5.5 40.8±4.9
SFCT (μm) 281.9±98.0 281.8±98.0 276.1±96.6 278.6±98.9 283.5±96.7 290.4±101.9 288.6±100.0 286.4±98.8
Macular MBR 12.0±5.5 12.0±5.3 12.3±5.5 11.5±4.6 11.3±4.5 11.6±5.4 11.7±5.5 11.0±4.6
Abbreviations:(Mean±SD)
SD, standard deviation; IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; OPP, ocular perfusion pressure;
SFCT, subfoveal choroidal thickness; MBR, mean blur rate

Table 3. Comparison of daytime and night for each factor.

- Daytime Night P value
IOP (mmHg)    11.3±1.6    10.5±1.3    <0.001
SBP (mmHg)    109.9±10.3    104.6±10.0    <0.001
DBP (mmHg)    67.0±7.7    64.2±7.1       0.003
MBP (mmHg)    81.3±8.0    77.7±7.5    <0.001
OPP (mmHg)    42.9±5.2    41.2±4.8       0.008
SFCT (μm)    279.6±95.1    287.2±96.6    <0.001
Macular MBR    12.0±5.1    11.4±4.8       0.001
Abbreviations:(Mean±SD)
SD, standard deviation; IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; ocular perfusion pressure;
SFCT, subfoveal choroidal thickness; MBR, mean blur rate
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Table 4. Relationship between MBR and other factors.

-
Macular MBR

Coefficient P value
IOP 0.325 <0.001
SBP 0.164 0.083
DBP 0.199 0.035
MBP 0.202 0.032
OPP 0.122 0.199

SFCT -0.142 0.134
Abbreviations: MBR, mean blur rate; IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; OPP, ocular
perfusion pressure; SFCT, subfoveal choroidal thickness.

3.2. Choroidal Thickness Changes

SFCT  changes  in  the  participants  are  shown  in  Table  2,
and the daytime and night  results  are shown in Table 3.  The
mean SFCT values during the course of this study were 281.9 ±
98.0, 281.8 ± 98.0, 276.1 ± 96.6, 278.6 ± 98.9, 283.5 ± 96.7,
290.4  ±  101.9,  288.6  ±  100.0,  and  286.4  ±  98.8  μm  in  the
healthy eyes. The SFCT values were most reduced at 6 PM and
most  elevated  at  3  AM.  In  addition,  SFCT was  significantly
lower during the daytime than at night (P < 0.001).

3.3. Macular MBR Changes

MBR changes in the participants are shown in Table 2, and
the daytime and night results are shown in Table 3. The mean
macular MBR values during the course of this study were 12.0
± 5.5, 12.0 ± 5.3, 12.3 ± 5.5, 11.5 ± 4.6, 11.3 ± 4.5, 11.6 ± 5.4,
11.7 ± 5.5, and 11.0 ± 4.6 in the healthy eyes. The MBR values
were  highest  at  6  PM  and  lowest  at  9  AM.  MBR  was
significantly  higher  during  the  daytime  than  at  night  (P  =
0.001).

3.4. Correlation between MBR and other Factors

The  correlation  between  the  differences  in  the  macular
MBR and other factors is shown in Table 4. The MBR value
showed a statistically significant positive correlation for IOP,
DBP, and MBP (R = 0.325, P < 0.001; R = 0.199, P = 0.035;
and R = 0.202, P = 0.032, respectively). In contrast, there was
no  significant  correlation  between  MBR  and  SBP,  OPP,  or
SFCT (R  = 0.164, P  = 0.083; R  = 0.122, P  = 0.199; and R  =
–0.142, P = 0.134, respectively).

4. DISCUSSION

To  the  best  of  our  knowledge,  this  is  the  first  study  to
examine the diurnal variation of the macular MBR in healthy
young  adults  at  eight  points  every  3  h  using  LSFG.  In  the
present study, IOP, SBP, DBP, MBP, and OPP were highest at
6  PM.  Macular  MBR was  most  increased  at  6  PM and  most
decreased at 9 AM. In contrast, the SFCT was thinnest at 6 PM
and  thickest  at  3  AM.  There  was  a  significant  positive
correlation  between  the  MBR  and  IOP,  DBP,  or  MBP.
Furthermore, IOP, SBP, DBP, MBP, OPP, and macular MBR
were significantly higher during the daytime compared with at
night; however, it was significantly decreased for SFCT.

Cold pressor tests assess sympathetic responses in systemic
circulatory dynamics [4]. SBP, DBP, MBP, and OPP increased
significantly, but SFCT decreased significantly after the cold

pressor  test  in  young  healthy  participants  [5].  BP  increases
during  the  daytime  due  to  increased  sympathetic  nervous
system  activity  and  decreases  at  night  due  to  increased
parasympathetic nervous system activity [7]. Previous reports
of  diurnal  variations  in  choroidal  morphology  in  healthy
subjects  have  shown  that  BP  increases  and  SFCT  decreases
during  the  daytime  when  the  sympathetic  nervous  system  is
active. In contrast, BP decreases and SFCT increases at night
when the parasympathetic nervous system is active [8, 15]. The
SFCT  was  thickest  between  3  AM  and  9  AM  and  thinnest
between 3 PM and 9 PM [8].

The diurnal variations of the macular MBR had significant
diurnal variations with a peak at 6 PM, and macular MBR was
significantly positively correlated with DBP, MBP, and OPP
[15].  In  addition,  previous  studies  showing  a  significant
increase in choroidal blood flow velocity with increasing IOP,
BP,  and  OPP  after  isometric  exercise  in  healthy  individuals
have  indicated  that  choroidal  circulatory  dynamics  are
dependent  on  systemic  circulatory  dynamics  [3,  24,  25].
Recently, in a report examining the vascular reactivity of the
retina  and  choroid  using  functional  OCT,  the  vascular
perfusion density in healthy subjects after a cold pressor test
decreased in the choroid but remained unchanged in the retina.
Furthermore,  the  choroidal  vascular  perfusion  density  has  a
strong  inverse  correlation  with  the  integrated  muscle
sympathetic nerve activity [2]. In young healthy women with
normal  menstrual  cycles,  the  sympathetic  nervous  system  is
more active during the luteal phase compared with during the
follicular phase, suggesting that choroidal blood flow velocity
increases in response to increased systemic hemodynamics, and
the  MBR  exhibited  a  significant  positive  correlation  with
changes  in  DBP  and  MBP  [6].

In  this  study,  IOP,  SBP,  MBP,  OPP,  and  macular  MBR
were  highest  at  6  PM.  These  values  were  also  significantly
higher  during  the  daytime,  when  the  sympathetic  nervous
system was dominant than at night when the parasympathetic
nervous system was dominant. In contrast, the SFCT showed
the  most  decrease  at  6  PM,  which  was  significantly  lower
during daytime than at night. Notably, there was a significant
positive correlation between macular MBR and IOP, DBP, and
MBP. In contrast, MBR and SFCT did not show a significant
correlation,  but  the  results  of  this  study  support  previous
reports  that  have  found  no  significant  correlation  between
SFCT and choroidal blood flow or velocity [15, 26]. Thus, it is
suggested that a variety of factors are associated with choroidal
changes. In addition, since it has been reported that the diurnal
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variation  in  SFCT  is  negatively  correlated  with  age  [9],  the
diurnal variation in choroidal circulatory dynamics should also
be examined in  a  larger  number  of  participants  with  a  wider
age range in the future.

CONCLUSION

In  conclusion,  these  results  suggest  that  choroidal
circulatory dynamics change with diurnal changes in systemic
circulation  in  healthy  eyes.  Therefore,  when  taking  these
measurements  in  clinical  practice,  it  may  be  necessary  to
consider the interpretation of the data depending on the time of
the measurement.

LIST OF ABBREVIATIONS

BCVA = Best-corrected Visual Acuity

BP = Blood Pressure

EDI-OCT = Enhanced  Depth  Imaging  Optical  Coherence
Tomography

DBP = Diastolic Blood Pressure

IOP = Intraocular Pressure

LSFG = Laser Speckle Flowgraphy

MBP = Mean Blood Pressure

MBR = Mean Blur Rate

OPP = Ocular Perfusion Pressure

SBP = Systolic Blood Pressure

SFCT = Subfoveal Choroid Thickness
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