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Abstract

Purpose To evaluate and compare the temporal changes in pulse waveform parameters of ocular blood flow (OBF) between non-
habitual and habitual groups due to caffeine intake.

Method This study was conducted on 19 healthy subjects (non-habitual 8; habitual 11), non-smoking and between 21 and 30 years
ofage. Using laser speckle flowgraphy (LSFG), three areas of optical nerve head were analyzed which are vessel, tissue, and overall,
each with ten pulse waveform parameters, namely mean blur rate (MBR), fluctuation, skew, blowout score (BOS), blowout time
(BOT), rising rate, falling rate, flow acceleration index (FAI), acceleration time index (ATI), and resistive index (RI). Two-way
mixed ANOVA was used to determine the difference between every two groups where p < 0.05 is considered significant.

Result There were significant differences between the two groups in several ocular pulse waveform parameters, namely MBR
(overall, vessel, tissue), BOT (overall), rising rate (overall), and falling rate (vessel), all with p < 0.05. In addition, the ocular pulse
waveform parameters, i.c., MBR (overall), skew (tissue), and BOT (tissue) showed significant temporal changes within the non-
habitual group, but not within the habitual group. The temporal changes in parameters MBR (vessel, tissue), skew (overall,
vessel), BOT (overall, vessel), rising rate (overall), falling rate (overall, vessel), and FAI (tissue) were significant for both groups
(habitual and non-habitual) in response to caffeine intake.

Conclusion The experiment results demonstrated caffeine does modulate OBF significantly and response differently in non-
habitual and habitual groups. Among all ten parameters, MBR and BOT were identified as the suitable biomarkers to differentiate
between the two groups.
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Introduction

Caffeine is associated to promote alertness, attention, and task-
switching [1]. It is estimated that an average cup of coffee con-
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Laser speckle flowgraphy (LSFG) is a non-invasive
method to quantify the velocity of blood flow in the
ONH without the need of using any pupil dilation agent
[5, 6]. The LSFG uses laser speckle phenomenon, an inter-
ference event where coherent light sources such as lasers
are scattered by a diffusing surface, thus producing speckle
pattern, which can be described statistically. In accordance
with the movement of blood cells in the tissue, the struc-
ture of the speckle pattern varies according to blood flow
velocity. The mean blur rate (MBR) represents the index of
the blood velocity. Hence, the greater the movement of red
blood cells, the higher rate of MBR. The LSFG device
captures MBR images at 30 frames per second for a period
of 4 s and its embedded software synchronizes the images
with cardiac cycles. The averaged MBR of a heartbeat are
displayed as heartbeat map and provides pulse waveform
parameters [5].

The aim of this study is to evaluate the effects of caf-
feine on OBF between non-habitual and habitual caffeine
consumers. Caffeine capsules were used to induce chang-
es of OBF. To our best knowledge, this is the first com-
parative study about how ocular blood flow pulse wave-
form parameters differ in time series between habitual and
non-habitual caffeine consumers.

Methods
Subjects

Healthy subjects (age 21-30) with no medical condition or
history were recruited. Habitual coffee consumption was de-
fined as daily coffee consumption, and non-habitual coffee
consumption was defined as non-daily coffee consumption
[7]. In this study, we defined habitual caffeine consumers as
those who consumed more than three cups of coffee per day
and non-habitual as those who do not take coffee or tea bev-
erages at all. Exclusion criteria include any physical, mental,
and eye diseases; intake of medications; smokers; obesity; and
known hypersensitivity to caffeine. In total, 19 subjects were
recruited; 8 subjects were classified as non-habitual con-
sumers and 11 subjects were classified as habitual consumers.
All subjects were briefed about the purpose, processes, and
risks before the start of the study.

Fig. 1 Time points of LSFG

measurements for 2 h with 20- attl

Caffeine capsule given

Study protocol

The subjects were instructed not to consume any alcohol, ener-
gy, and carbonated drinks 1 week before (for the habitual group)
and abstained from caffeinated beverages and vigorous physical
activities 24 h before the experiment. This is to ensure washout
period from previous caffeine consumption [8]. Next, subjects
were instructed to have at least 6 h of sleep and female subjects
confirmed not to be on a menstrual cycle. Subjects were allowed
to have breakfast but with only plain water 2 h before the ex-
periment. All experiments were carried out at the same time each
day to avoid diurnal variation effect. All laboratory sessions
started at 10 a.m. The session took place in a dark, quiet room
with an ambient temperature maintained at 24 °C. Upon arrival,
each subject was given 15-min rest in the room to maintain
normal blood pressure. Blood pressure and several LSFG read-
ings were taken 10 min before the experiment started. The ses-
sion then started by giving two capsules of caffeine, equivalent
in total to 180 mg of caffeine together with 200 ml of mineral
water and LSFG measurements were taken immediately
(marked as time point tl, 0 min). LSFG measurements were
taken every 20 min for 2 h as shown in Fig. 1.

Caffeine capsule

Caffeine capsule used in this study is 250 mg guarana seed extract
capsule (GNC Live Well Pharmacy, Malaysia)—vegetable cap-
sule contained 36% (90 mg) of caffeine per capsule. Guarana
capsule is a natural source of caffeine, which has the invigorating
properties to promote stamina and physical performance [9]. The
reason for using caffeine capsules is to avoid bias and to standard-
ize the actual amount of caffeine as brewed coffee does not have a
standardized amount of caffeine. Besides, the taste and add-ins
such as sugar and dairy may vary according to the subjects.

Laser speckle flowgraphy measurements

Each subject was sat comfortably with his/her head positioned
on a chin rest. The laser speckle flowgraphy system LSFG-
NAVI (Softcare Co., Ltd., Japan) was used to measure the ocular
blood flow. The LSFG-NAVI system was adjusted according to
eye position. The subject’s head was then covered over with a
lightweight dark scarf. LSFG measurements were taken in a dark
room and were performed only on the right eyes for all subjects.
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Full ONH was fit to be captured within the frame and the focus
was adjusted by looking at the live-capture image. The focus of
the image was adjusted during the real-time image to eliminate
any gap which otherwise appeared as horizontal dark lines [10].
Each LSFG measurement was taken over a period of 4 s and
three consecutive recordings were acquired at each time point.
LSFG analyzer software (LSFG analyzer Version 3.1.58;
Softcare Co., Ltd., Japan) automatically detected the beginning
and the end of each cardiac cycle which were recorded within the
4-s period and identical phases of cardiac cycle images were
normalized to one image sequence representing a complete car-
diac cycle. Average of signal intensity over the complete cardiac
cycle was calculated producing a composite map, which repre-
sented the distribution of mean blood flow in one complete
cardiac cycle in ONH [11]. An ellipse rubber band was manually
set on ONH regions of interest, and pulse waveform parameters
were extracted based on selected region of interest. Identical size
and position of rubber bands were set for all subsequent images
of'the same subject. Through vessel segmentation function, pulse
waveform parameters in vessel and tissue regions within the
ONH area were determined. These were performed through dig-
ital cross-section analysis where it differentiated between visible
vessels and tissue region within the ONH interest region. The
pulse waveform parameter values of three separate regions were
obtained: the overall (mean of all values), vessel, and tissue of
the ONH (Fig. 2). The description and the calculation of each
pulse waveform were described in detailed by Fukami [12].

Statistical analysis

Statistical analysis was performed using SPSS statistical software
version 23. The data were observed to follow normal distribution
and outliers were removed. Two-way mixed ANOVA was con-
ducted to determine the significant difference between groups at
different measuring time points. This was then confirmed with
one-way repeated measure (or Friedman’s test) when normality
is violated for each group of pulse waveform separately. Each

pulse waveform was compared based on (i) between-subject
factor (non-habitual and habitual groups) and (ii) within-subject
factor (time points). In this study, p <0.05 is considered to be
significantly different [13]. For the graph, all values were aver-
aged and normalized according to the baseline reading for each
group separately to permit comparisons between groups.

Result

The analyses were based on the average of three captured images
of 19 eyes (8 non-habitual and 11 habitual). The mean scores and
standard deviation of each pulse waveform parameters were
summarized for each region respectively (see supplementary ta-
ble (Table S1, overall region; Table S2, vessel region; and Table
S3, tissue region)). Graphs comparing two groups for each pulse
waveform and region are presented in Figs. 3, 4, 5, 6, and 7.

Difference between non-habitual and habitual groups

The ocular pulse waveforms were analyzed separately based on
the three defined regions and the following ten waveform pa-
rameters, namely mean blur rate (MBR), fluctuation, skew,
blowout score (BOS), blowout time (BOT), rising rate, falling
rate, flow acceleration index (FAI), acceleration time index
(ATI), and resistive index (RI). Among all, several parameters
that demonstrated significant difference between two groups are
MBR (overall, vessel, and tissue regions), BOT (overall region),
rising rate (overall region), and falling rate (vessel region), all
with p <0.05. All p values are summarized in Table 1.

Significant response to caffeine observed only
in the non-habitual group

We identified several pulse waveform parameters that showed
significant changes only in the non-habitual group in response to
caffeine intake, i.e., MBR (overall), skew (tissue), BOS (tissue),

;‘\v

Fig. 2 Definition of ONH region of interest. a ONH in the whole frame,
region of interest was selected using ellipse rubber band and extracted
out. b ONH region of interest, defined as overall ONH. ¢ Vessel

()

segmentation of ONH region into vessel area (white) and tissue area
(black) within rubber band. A set of 10 pulse waveform parameters
from each of three region (overall, vessel, and tissue) were extracted out
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Fig.3 MBR at a overall region, b

vessel region, and c tissue region.
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and BOT (tissue). MBR for overall region showed a significant
(p=0.001) response at t5, 80 min after caffeine consumption.
The skew in tissue region also showed significant difference (p =
0.013) between groups at multiple time points; the BOT in tissue
region showed significant decrease within group (p = 0.005), and
between groups at different time points (p = 0.007). Differences
in p value between the groups are summarized in Table 2.
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Significant response to caffeine intake regardless
of being habitual or non-habitual

The following are pulse waveform parameters which have
responded significantly to caffeine ingestion by both groups:
the MBR in vessel region (non-habitual group, p = 0.01; habit-
ual group, p =0.024) and tissue region (non-habitual, p =0.000
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Fig. 4 SKEW at a overall region,

b vessel region, and c tissue

region. Vertical bars represent the 1.25
standard deviation of means and

asterisks represent statistically 12
significant difference at the 1.15
respective time points (*p < 0.05

and **p < 0.01) 11
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at t4, p=0.05; t5, p=0.05; t6, p=0.027; and habitual, p=
0.001) shows significant difference; the skew in overall region
(non-habitual, p =0.0004; habitual, p = 0.002—Friedman, p =
0.01) and vessel region (non-habitual, p = 0.024; habitual, p =
0.015) both demonstrates significant increase; the BOT in over-
all (non-habitual, p =0.0005; habitual, p =0.015) and vessel

(a) Skew - Overall

2 t3 t4 t5 t6 t7

(Time point)
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(b) Skew - Vessel
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(c) Skew - Tissue
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(Time point)
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regions (non-habitual, p =0.004; habitual, p =0.025) demon-
strates significant decrease; the rising rate in overall region
showed significant increase (non-habitual, p = 0.0021; habitual,
p=0.001) and temporal response showed significant difference
between groups at time point t1, p = 0.000; t2, p = 0.002; and t3,
p=0.013; the falling rates in overall (non-habitual, p =0.025;
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Fig. 5 BOT at a overall region, b

vessel region, and c tissue region.

Vertical bars represent the 151
standard deviation of means and

asterisks represent statistically 1.05
significant difference at the :
respective time points (*p < 0.05
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habitual, p = 0.002) and vessel regions (non-habitual-vessel, p =
0.007; habitual vessel, p =0.007) both demonstrate significant
increase and temporal response showed significant difference in
mean at different time points, p = 0.000; the FAI in tissue region

@ Springer
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(non-habitual-tissue, p = 0.000; habitual, p =0.047) and tempo-
ral response showed significant difference in mean at different
time points, p = 0.000. p values reporting significant difference
within groups at each region are summarized in Table 3.
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Fig. 6 Rising rate at a overall
region, b vessel region, and ¢
tissue region. Vertical bars 1.15
represent the standard deviation
of means and asterisks represent
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Discussion

Our experimental results found that the pulse waveform pa-
rameters differing significantly between the two groups were

MBR in all three different regions, BOT in overall region,
rising rate in overall region, and falling rate in vessel region.
Primarily, in this study, the index of blood velocity (i.e., MBR)
demonstrated significant difference between these two groups
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Fig. 7 Falling rate at a overall
region, b vessel region, and ¢
tissue region. Vertical bars
represent the standard deviation
of means and asterisks represent
statistically significant difference
at the respective time points (*p <
0.05 and **p <0.01)
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in all three regions. Of overall region, the non-habitual group ~ observed in several pulse waveform parameters, namely
showed highly significant irregular temporal pattern of MBR, MBR (overall), skew (tissue), BOS (tissue), and BOT (tissue).
while no similar change was observed in the habitual group. In response to caffeine ingestion, several pulse waveform
Moreover, the non-habitual group had significant changes  parameters reacted significantly in both the groups. Some of
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Table 1 p value of the difference between groups at each region Table 3 p value that is significant in both groups
Parameter Overall Vessel Tissue Region Parameter Non-habitual Habitual
MBR 0.0210 0.0380 0.0400 Overall Skew 0.0004 0.0100
BOT 0.0180 - - BOT 0.0005 0.0150
Rising rate 0.0020 - - Rising rate 0.0210 0.0010
Falling rate - 0.0000 - Falling rate 0.0250 0.0020
Vessel MBR 0.0100 0.0240
Skew 0.0240 0.0150
them were more significant in the non-habitual group while BOT 0.0040 0.0250
the rest in the habitual group; the earlier include MBR (vessel Falling rate 0.0074 0.0071
and tissue regions), skew (overall), BOT (overall), and FAI ~ Tissue MBR 0.0000 0.0010
FAI 0.0000 0.0470

(tissue); the latter were rising rate and falling rate. We further
observed skew (overall and vessel regions) in both groups was
significantly increase in time; when examined closer, skew in
the non-habitual group was higher significantly compared to
the habitual group, indicating that blood flow would rise in
speed faster in the non-habitual than in the habitual group in
response to caffeine. When blood flow rises quickly, both the
rising rate and the falling rate also increase and descend
quickly.

BOT represents how long the MBR stays above the aver-
age value over its entire waveform. High BOT indicates that
the blood flow volume in the vasculature is at a high level for a
long time between heartbeats [14]. In this study, BOT (overall
and vessel regions) was observed to decrease over time in both
the groups. However, the non-habitual group showed highly
significant decrease when compared to the habitual group, and
the mean BOT graph of both groups as plotted in Fig. 5 shows
the BOT level of the habitual group is higher. These results
validate that vessel resistance in the habitual group is stronger
compared to that in the non-habitual group most likely as a
result of the adaptation to long-term caffeine consumption.
They also support the suggestion that the BOT can serve as
an important vascular resistance biomarker [15]. Vessel resis-
tances are essential in maintaining vascular homeostasis, en-
suring sufficient blood flow for nutrient delivery. In turn, im-
paired vessel resistance will provide important information on
retinal and cerebrovascular diseases [16].

Our experimental results are consistent with the exaggerat-
ed effect on cerebral blood flow due to caffeine as observed in
non-habitual consumers while no effect shown in habitual
consumers [17]. Cerebral blood flow was found to decrease

Table 2  p value that is significant in non-habitual but not significant in
habitual group

Region Parameter Non-habitual Habitual

Overall MBR 0.0010 0.2144

Tissue Skew 0.0127 0.4883
BOT 0.0050 0.3984

in low and moderate caffeine consumers compared to high
caffeine consumers. This can be explained where habitual
caffeine consumers are known to adapt or tolerate the effect
of caffeine on their bodies as long-term caffeine consumption
promotes the additional build-up of adenosine receptors [18]
to compensate the vasoconstriction effect due to caffeine in-
take [17]. Hence, it would take an extra dose of caffeine to
exert the same effect as the non-habitual consumers. The study
by Bell et al. [8] further showed that non-caffeine consumers
benefit more from caffeine supplementation. Our experiment
results demonstrated that the non-habitual group experienced
a greater effect on OBF pulse waveform in comparison to the
habitual group.

In this study, we excluded physiological factors such as
gender, age, and BMI although they might affect MBR [11,
19]. For instance, smaller size individuals might have a greater
effect of caffeine compared to larger size individuals.
Furthermore, caffeine normally starts to take effect 15 min
after ingestion; however, this varies depending on one’s indi-
vidual metabolism. Some response with an acute rise in blood
pressure, while some do not see increase in their blood pres-
sure [3, 20]. Besides, to avoid diurnal variation, this study was
conducted at the same time, i.e., 10 a.m., as several reports
showed significant diurnal variation in healthy subjects, from
9 a.m. to 12 p.m. [21-23]. This is because heart rate is strongly
correlated with LSFG pulse waveform as the number of
frames, 30 per seconds reflect the duration of heartbeat [5],
and heart rate is known to be low in the morning and high in
the evening [22]. Next, increase in sympathetic activity will
constrict blood vessels and the level of sympathetic activity is
usually high in the morning [12, 24].

Admittedly, this study presents several limitations. First, all
subject were university students and finding non-habitual caf-
feine subjects was challenging, leading to limited sample size.
As such, the sample size was too small for subdivision of
gender, for instance. Next, we did not compare the readings
between both eyes as we assumed them to experience the
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same effect. Moreover, there was no comparison with other
modalities to measure ocular blood flow and vascular changes
such as optical coherence tomography.

In conclusion, despite the presence of variability in physi-
ological factors such as gender, age, and BMI, this study dem-
onstrates a significant microcirculation changes in ONH in
terms of caffeine effects between habitual and non-habitual
consumers. In addition, our results indicated pulse waveform
parameters MBR and BOT might serve as important bio-
markers to differentiate between non-habitual and habitual
caffeine consumers.
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