Photoacoustics 30 (2023) 100485

Contents lists available at ScienceDirect

Ll L
PHOTOACOQUSTICS

Photoacoustics

journal homepage: www.elsevier.com/locate/pacs

ELSEVIER

In vivo photoacoustic monitoring of vasoconstriction induced by
acute hyperglycemia

Joongho Ahn®"', Jin Woo Baik®', Donggyu Kim“, Karam Choi ", Seunghyun Lee ?,
Sung-Min Park?, Jin Young Kim %, Sung Hyun Nam ", Chulhong Kim ®"
2 Departments of Electrical Engineering, Convergence IT Engineering, Mechanical Engineering, and Medical Science and Engineering, and Medical Device Innovation

Center, Pohang University of Science and Technology, Pohang 37673, Republic of Korea
b Samsung Advanced Institute of Technology, Samsung Electronics Co. Ltd., Suwon 16678, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Acute hyperglycemia

Endothelial dysfunction
Vasoconstriction

Intraperitoneal glucose tolerance test
Photoacoustic imaging

Postprandial hyperglycemia, blood glucose spikes, induces endothelial dysfunction, increasing cardiovascular
risks. Endothelial dysfunction leads to vasoconstriction, and observation of this phenomenon is important for
understanding acute hyperglycemia. However, high-resolution imaging of microvessels during acute hypergly-
cemia has not been fully developed. Here, we demonstrate that photoacoustic microscopy can noninvasively
monitor morphological changes in blood vessels of live animals’ extremities when blood glucose rises rapidly. As
blood glucose level rose from 100 to 400 mg/dL following intraperitoneal glucose injection, heart/breath rate,
and body temperature remained constant, but arterioles constricted by approximately -5.7 + 1.1% within 20
min, and gradually recovered for another 40 min. In contrast, venular diameters remained within about 0.6 +
1.5% during arteriolar constriction. Our results experimentally and statistically demonstrate that acute hyper-
glycemia produces transitory vasoconstriction in arterioles, with an opposite trend of change in blood glucose.
These findings could help understanding vascular glucose homeostasis and the relationship between diabetes and

cardiovascular diseases.

1. Introduction

Diabetes mellitus and cardiovascular diseases (CVDs) are patholog-
ically linked [1,2]. CVDs, the most prevalent causes of death in diabetic
patients due to secondary physiological disorders resulting from hy-
perglycemia, a condition of abnormally high glucose level in blood [3].
Recent studies have consistently found that postprandial hyperglycemia
(PPH) — acute hyperglycemia following a meal — better predicts CVD
events than fasting hyperglycemia [4,5]. Acute hyperglycemia causes
such cardiovascular problems as high blood pressure, prolonged heart
rate-adjusted QT in electrocardiograms, vascular damage, and platelet
hyperaggregability [6-10]. In PPH, blood glucose spikes following a
meal induce oxidative stress, endothelial dysfunction, and inflammatory
reactions, leading to increased risk for cardiovascular events [4].
Further, an oscillating blood glucose level, with repeated spikes and
crashes, has deleterious effects on endothelial function and causes
oxidative stress [11]. Because cardiovascular risks increase with blood
glucose variability, research has sought not only the mechanism by
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which PPH causes cardiovascular risk but also ways to predict PPH and
determine the timing of insulin administration.

Vascular endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs) are endocrine regulators of blood flow and vascular homeo-
stasis [12]. ECs form layers on the inner wall of blood vessels and
selectively deliver molecules and hormones from blood to tissues.
VSMCs modulate vascular diameters by competing vasodilation and
vasoconstriction. The vascular diameters are regulated by the interac-
tion between nitric oxide (NO) and endothelin-1 (ET-1), which are
secreted on ECs and act as vasodilators and vasoconstrictors, respec-
tively [13]. By lowering blood glucose in hyperglycemic conditions,
insulin can promote either NO-mediated vasodilation or ET-1-mediated
vasoconstriction [14,15]. Insulin resistance and hyperinsulinemia,
however, induce endothelial dysfunction that contributes to increase NO
degradation and enhanced ET-1 release, thus leading to vasoconstriction
[16]. Additionally, accentuated ET-1 secretion caused by hyperglycemia
and hyperinsulinemia can cause insulin resistance, which disrupts
vascular glucose homeostasis, potentially damaging vascular walls and
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increasing cardiovascular risks [17,18].

To observe the short-term changes in blood vessels during acute
hyperglycemia, fast techniques are needed to capture blood vessel im-
ages. Fundus photography has been used to monitor the changes in
retinal blood vessel diameters during acute hyperglycemia. After
infusing dextrose and rapidly acting insulin sequentially with a certain
timer interval, Bucca et al., monitored retinal vessel diameters in type-1
diabetes at 30-minute intervals, mapping the relationship between
changes in blood glucose and arteriolar diameters [19]. However, neu-
roretinal and endothelial effects were not separated in their results, and
no statistical measurements were provided. Kappelgaard et al., reported
that retinal vessel dilation in type-2 diabetes was impaired on dark
adaptation in the hyperglycemic state by oral glucose intake [20]. In
addition, using optical coherence tomography angiography (OCTA),
Kwan et al., monitored retinal blood vessel density changes in healthy
subjects during acute hyperglycemia, during dark to light transition
[21]. However, the use of OCTA images for quantitative studies is
limited because stochastic analyses of blood vessels based on the vari-
ation of the OCTA signals are affected by blood flow, motion artifacts,
and/or imaging parameters [22,23]. More importantly, although optical
imaging of eyes is a good way to observe vascular response, the light
exposure for the optical imaging itself may neurologically affect retinal
vessel diameters. Therefore, it is difficult to distinguish between neu-
roretinal and endothelial effects [24]. As an another example of fast
vessel imaging, laser speckle imaging (LSI) was used to monitor the
change in cerebral blood flow in rats’ brains during acute hyperglycemia
[25]. However, it is difficult to directly visualize blood vessels and
observe their morphological changes with LSI, because it represents the
spatiotemporal dynamics of blood flow and tissue perfusion by
capturing intensity variations among moving scattering particles. Still
another fast imaging approach, flow-mediated vasodilation (FMD)
assessment, measures changes in the lumen diameter of the brachial
artery during reactive hyperemia. FMD is based on ultrasound (US)
Doppler imaging and is clinically wused to evaluate
endothelial-dependent responses [26]. However, FMD’s relatively poor
imaging resolution and low sensitivity to blood flow changes make it
useful for only large blood vessels with temporary arterial occlusion.

In comparison, photoacoustic (PA) imaging (PAI) is a good alterna-
tive for fast, high-resolution vascular imaging. The PA imaging is based
on PA effect that optically irradiated target generates US waves through
multiple energy conversions by light absorption, temperature rise,
thermal expansion, and vibration [27-29]. This modality basically col-
lects the US waves generated when targeted materials absorb pulsed
light energy, then reconstructs them in image forms [30-32]. Fortu-
nately, hemoglobin, an endogenous chromophore in the body, signifi-
cantly absorbs light in the visible and near-infrared optical regions,
enabling the PA imaging to non-invasively visualize blood vessels
without any ionizing radiation or exogenous contrast agent [33-37]. PAI
has been widely used in various preclinical and clinical applications
[38-44]. Krumholz e. al., monitored the blood vessels in
streptozotocin-induced diabetic mice weekly for 6 weeks [45]. Howev-
er, they reported that the decreased vascular diameter in the chronic
hyperglycemia was related to possible occlusion due to vascular damage
and polyuria, not to physiological changes related to the acute hyper-
glycemia and its vascular responses.

Our study sought to determine whether vasoconstriction in rats in
controlled experimental environments is caused by acute hyperglyce-
mia, and further, to investigate how much and for how long the blood
vessels constrict. To catch small vascular changes, we used high-
resolution, high-speed PA microscopy (PAM), chosen for its high
spatial and temporal resolutions [46-52]. To control other physiological
parameters, devices to measure the heart rate, breath rate, and body
temperature were integrated with the PAM system. To induce acute
hyperglycemia, 10 normal rats were intraperitoneally injected with
glucose solution. Then, for 2.5 h, the blood glucose level, vascular
diameter, heart rate, breath rate, and body temperature were monitored
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every 5 min. Blood glucose levels were increased from 100 to 400
mg/dL, and then decreased to 300 mg/dL. The arterioles had sponta-
neously constricted by approximately 5.7 + 1.1% by 20 min after in-
jection, and then gradually recovered for another 40 min, but the
venules did not change. As a control, 10 normal rats were injected with
phosphate-buffered saline (PBS), and no constrictions in arterioles were
observed. Further, there was good statistical agreement between the
changes in arteriolar diameters and blood glucose. Our results present
the amount and time of constriction in arterioles, which can potentially
help in understanding vascular glucose homeostasis and the relationship
between vascular dysfunction and cardiovascular risks.

2. Materials and methods
2.1. High-resolution and high-speed photoacoustic microscopy system

For vascular imaging of the rat’s ear, we used a commercial high-
speed PAM (OptichoM, Opticho, Republic of Korea) with a water-
immersible micro-electro-mechanical systems (MEMS) scanner
(Fig. 1a), which provided a lateral resolution of 5 um and an imaging
depth to approximately 1 mm [53]. In operation, 10-nanosecond pulses
of light from a 532 nm pulsed laser (AWAVE532-1 W-10 K, Advanced
Optowave, NY, USA) were delivered to the PAM through a
low-insertion-loss single-mode patch cable (P1-460 P-FC-1, Thorlabs,
NJ, USA). On the PAM, a hot mirror (FMO2R, Thorlabs, NJ, USA) passed
90% of the light, which was focused on targets to create the PA effect.
The generated US waves were returned to the system, detected by a
50-MHz US transducer (V214-BB-RM, Olympus NDT, MA, USA), and
acquired by a waveform digitizer card (ATS9350, Alazar Technologies,
QC, Canada) with a sampling rate of 500 MHz. Meanwhile, to
compensate the acquired PA signals, the 10% of the light reflected by the
hot mirror was measured by a photodetector (PDA36A-EC, Thorlabs, NJ,
USA), using the waveform digitizer card. The MEMS scanner (Opti-
choM-MS, Opticho, Republic of Korea) achieved high-speed PA imaging
by steering the light and US waves, and two motorized linear stages
(L-509, Physik Instrumente, Germany) extended the imaging area. The
components were operated and synchronized using a multi-functional
data acquisition (DAQ) board (PCle-6321, National Instruments, TX,
USA), and their functionalities were programmed in LabVIEW (National
Instruments, TX, USA).

The PAM system provided images of vascular networks in a volume
of 4 x 6 x 1 mm® (along the X, Y, and Z axes, respectively) within
2 min. The measured optical energy was less than 8 mJ/cm?, below the
20 mJ/cm? maximum permissible exposure (MPE) value for skin set by
the American National Standards Institute (ANSI). From the 3D data of
the vascular networks, top-view blood vessel images, so called PA
maximum amplitude projection (MAP) images, were obtained by pro-
jecting the maximum value of the PA signals along the depth direction.
The processing and visualization were performed in MATLAB (Math-
Works, MA, USA) with the help of 3D Photoacoustic Visualization Studio
(PHOVIS) including a scan converter for optical scanning photoacoustic
microscopy [54].

2.2. Measurement of heart and breath rates

A custom-made printed circuit board (PCB) for photo-
plethysmography (PPG) was used to measure the heart and breath rates
(Fig. 1a). The PCB consists of a light emitting diode (LED, LVMTG1400,
Vishay Semiconductors, PA, USA) and a photodiode (PD, SFH2716.
Osram Opto Semiconductors, Germany), and the PPG signals obtained
from the PD were collected on the DAQ board at a sampling rate of
100 Hz. The PPG signal acquisition was programmed on the PAM soft-
ware system, and thus the PPG signals were acquired during each PAM
imaging experiment with the PCB installed under the rat’s heart. Finally,
the heart and breath rates were obtained by extracting the PPG wave-
form’s two fundamental frequencies from its frequency response
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Fig. 1. (a) Graphical representation of the
whole system, including photoacoustic micro-
scopy (PAM), photoplethysmography (PPG),
thermometry (TH), blood glucose (BG) mea-
surement, and intraperitoneal injection (IPI).
(b) Experimental protocol and (c) Time
sequence for each measurement. MS, micro-
electro-mechanical systems (MEMS) scanner;
OL, objective lens; OUC, opto-ultrasound beam
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combiner; UST, ultrasound transducer; LED,
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measurement only.
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obtained via a fast Fourier transform, which was performed in MATLAB.
The faster of the two fundamental frequencies is the heart rate, and the
slower is the breath rate.

2.3. Measurement of body temperature

A thermocouple (DH-1-24-K-12, Omega Engineering, CT, USA) was
placed in the rat’s rectum (Fig. la). The rectal temperature was
measured using a thermocouple module (NI 9213, National Instruments,
TX, USA) and a DAQ chassis (cDAQ-9174, National Instruments, TX,
USA) at a sampling rate of 100 Hz. The body temperature measurement
was integrated on the PAM software system, and the body temperature
was continuously measured during the PA imaging and PPG sensing
measurements. Finally, the measured body temperature values were
averaged to reduce sensing variance.

2.4. Control and measurement of blood glucose

After the PA vascular image, heart rate, breath rate, and body tem-
perature had been obtained, the rat’s tail vein was punctured using a
needle and allowed to bleed slightly, then blood glucose levels were
measured with a blood glucose meter (Accu-Chek Guide, Roche Diabetes
Care, Switzerland) and its strips (Fig. 1a). To increase the fasting blood

+4 +5

[min]

glucose level, a 20% glucose solution was prepared by mixing dextrose
powder (Dextrose, Sigma-Aldrich, MO, USA) and PBS in a ratio of 1:4,
using a precision balance (FX-200i, A&D Company, South Korea). Then,
1.5 mL of glucose solution was intraperitoneally injected using a 31-
gauge insulin syringe (Ultra-Fine II, Becton, Dickinson and Company,
NJ, USA) (Fig. 1a). It had been previously reported that an intraperi-
toneal injection of 1.5 mL glucose solution commonly raises 6-week-old
rats’ blood glucose level from 100 mg/dL to 350 mg/dL. The 1.5 mL of
20% glucose solution injected in our experiments is equivalent to 2 g of
glucose/kg body weight in the previously reported studies of the intra-
peritoneal glucose tolerance test (IPGTT) [55,56]. As a control, 1.5 mL
of PBS was prepared and injected.

2.5. Experimental procedures

All experimental procedures were performed following a protocol
approved by the Institutional Animal Care and Use Committee (IACUC)
of the Pohang University of Science and Technology (POSTECH).
Twenty Sprague-Dawley rats (6 weeks, ~150 g) were prepared, ten for
an experimental group and ten for a control group. The experimental
steps and their timing are shown in Fig. 1b. The rat was fasted for 24 h
(supplied with water only) and then was anesthetized with a flow of
0.5 L/min Oy and 2% isoflurane, using a vaporized anesthesia system
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(VIP 3000 Veterinary Vaporizer, Midmark, OH, USA). The experiments
were conducted only when the rats’ blood glucose levels were suffi-
ciently low, about 100 mg/dL. Under respiratory anesthesia, the
following parameters were collected every 5 min for 150 min, a total of
30 measurement instances: blood glucose at the tail, vascular images of
the ear, heart and respiration rates at the chest, and body temperature in
the rectum (Fig. 1b-c). These five parameters were measured 3 times
before and 27 times after the intraperitoneal injection of glucose or PBS,
respectively. An infrared lamp (Infralux-300A, Daekyung Electro Med-
ical, South Korea) was used to maintain the body temperature during the
experiments.
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2.6. Postprocessing to measure vascular diameters

To extract the vascular diameters in the PA images, blood vessel
segmentation and vascular diameter calculations were sequentially
performed in MATLAB (Supplementary Fig. S1). First, blood vessels
were enhanced and binarized using a Frangi filter and adaptive
thresholding [57]. Then, to exclude tiny blood vessels and
salt-and-pepper noise, connected blood vessels were numerically labeled
using connected-component labeling, and those components with a
small number of pixels were removed. Second, the blood vessels’ cen-
terlines were found through image skeletonization, and points where the
lines overlapped were removed in advance to avoid possible errors in
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Fig. 2. High-resolution photoacoustic (PA) monitoring of vascular networks during intraperitoneal glucose tolerance testing for 150 min, measured at 5-min in-
tervals. (a) PA maximum amplitude projection (MAP) vascular images, and (b) their diameter-mapped vascular images in the 3rd, 7th, 15th, 30th measurements.
Magnified images of (c) 3 arterioles (A1-A3) and (d) 3 venules (V1-V3) in the region of the white boxes in (b). Changes in (e) arteriolar and (f) venular diameters
(mean =+ standard error). The individual changes in (e-f) are represented in Supplementary Fig. S3. Scale bar: 1 pym.



J. Ahn et al.

calculating the diameters. Next, the specific region of interest (e.g.,
20 %20 pixels) for one point was selected, and the minimum distance
between this point and the nearest point in non-vascular areas was
calculated. The calculated distance corresponds to the blood vessel’s
radius at the point. By repeating the above calculation for all points on
the centerlines, diameter-mapped lines were obtained. Finally,
diameter-mapped vascular image was generated in an image form by
dilating the diameter-mapped lines and masking it using the segmented
blood vessels. The obtained diameters were used only change in diam-
eter with unit of percentage (%) due to an expected error with actual
diameters, although subjectivity was excluded by minimizing user
interventions.
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3. Results

3.1. Time-dependent PA vascular images and serial monitoring of blood
glucose level, arteriolar and venular diameters, heart rate, breath rate, and
body temperature

After 24-hour fasting, a typical experimental rat’s initial blood
glucose level was about 100 mg/dL, which remained unchanged until
injection. After an intraperitoneal injection of 1.5 mL of glucose solution
with a 20% concentration, the blood glucose level rapidly increased,
reaching ~400 mg/dL in 40 min, and then gradually decreased to
~300 mg/dL (Supplementary Fig. S2a). In contrast, in the PBS-injected
group the blood glucose level remained under 140 mg/dL (Supple-
mentary Fig S2b). The changes in blood glucose levels after injections of
glucose and PBS solutions were clearly distinct between the two groups.

During PA imaging for 2.5 h, 30 PA vascular images were acquired
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Fig. 3. Time-dependent measurements of (a) blood glucose, (b) arteriolar diameter, (c) venular diameter, (d) heart rate, (e) breath rate, and (f) body temperature
(n = 10 for the glucose-injected group, and n = 10 for the PBS-injected group). Each data point and its error bar represent the mean and standard error, respectively.
The baselines for each data series are determined by calculating the average of the first three data points before injection.
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(Supplementary Movie 1). Among the 30 images, Fig. 2a—b represent the
3rd, 7th, 15th, and 30th PA MAP vascular images and the corresponding
diameter-mapped vascular images from one case in the glucose-injected
group, and the corresponding blood glucose levels are 138, 325, 353,
and 257 mg/dL, respectively. It can be seen that the arterioles constrict
in the 7th images and then recover (A1-A3), while the venules exhibit
no changes in their diameters (V1-V3). The vasoconstriction and re-
vasodilation in the arterioles are more clearly seen in the magnified
diameter-mapped vascular images with a narrow colormap range
(Fig. 2c¢—d). To quantify the changes in vascular diameters, three arte-
rioles and three venules were manually selected in the PA vascular im-
ages based on the arteriole-venule pair’s characteristics that arterioles
and venules are arranged side by side in pairs and one venule is rela-
tively larger than the paired arteriole. The baseline of each measurement
was calculated by averaging the first, second, and third measurements
before injection. The dynamic changes in diameters of single arterioles
and venules by normalizing all values of 30 measurements for each
blood vessel using its baseline value (Supplementary Fig. S3). Then, the
means and standard deviations of arteriolar and venular diameters
numerically represented (Fig. 2e-f).

Along with monitoring the blood glucose level and vascular di-
ameters, we also measured other metabolic parameters (e.g., heart rate,
breath rate, and body temperature) at the same time point. Fig. 3 shows
statistical time-series measurements of those parameters (n = 10 for the
glucose-injected group, and n = 10 for the PBS-injected group). The
average blood glucose levels for each group are shown in Fig. 3a, where
each data point and its error bar represent the mean and standard error,
respectively. As soon as the glucose solution is intraperitoneally injec-
ted, the blood glucose level rapidly increases, becomes saturated near
393 + 17 mg/dL within 60 min, and then gradually decreases to 315
+ 27 mg/dL in 135 min. This rising pattern of the blood glucose level
indicates acute hyperglycemia and is clearly distinct from the pattern for
PBS injection. Fig. 3b—c show the changes in the arteriolar and venular
diameters, which were obtained by calculating the mean and standard
error of the arteriolar and venular diameters of 10 rats. The changes in
arteriolar and venular diameters are obviously different in the glucose-
and PBS-injected groups. In the glucose-injected group, the arterioles
quickly constrict by about 4.4 + 0.98% with 20 min after the glucose
injection and then gradually recovers. Interestingly, it shows that arte-
rioles constrict when blood glucose rises sharply. On the other hand, in
the PBS-injected group, the arterioles do not constrict. The diameters of
the venules do not change significantly in either group. Fig. 3d—f show
the changes in heart rate, breath rate, and body temperature. The de-
viations of these metabolic parameters from their baselines are within
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10% for the heart rate, 10% for the breath rate, and 0.2 °C for the body
temperature (Fig. 3d-f). This maintained metabolism indirectly in-
dicates that there are no short-term adverse effects during the rapid rise
in blood glucose. Thus, we deduce that these vascular changes are
caused by the rapidly rising blood glucose, and not by changes in other
metabolic parameters.

The arteriolar diameters become smaller in nine of the ten glucose-
injected cases, whereas positive and negative changes were evenly
observed in the PBS-injected cases (Supplementary Fig. S4). For the
venular diameters, positive and negative changes were evenly distrib-
uted in both the glucose and PBS groups (Supplementary Fig. S4). To
quantify the changes in the arteriolar and venular diameters, the
maximum changes within 30 min after injection of glucose and PBS (red
boxes in Supplementary Fig. S4) were quantified, and are represented as
the scattered boxplots in Fig. 4a-b. Further, the values of the mean and
standard error for the maximum changes in arteriolar diameters are
-5.7 + 1.1% and 1.5 + 2.3% for glucose and PBS groups, respectively.
The p value for the arterioles from Welch’s t-test is 0.015, which shows a
significant difference between the two groups. However, the maximum
changes in venular diameters are 0.6 + 1.5% and 0.71 + 1.3% for the
glucose and PBS groups, respectively, and the calculated p value of 0.96
indicates no significant difference. These statistics support the inference
that the arterioles were constricted when the blood glucose level rose
rapidly.

4. Discussion

4.1. Photoacoustic observation of arteriolar vasoconstriction in acute
hyperglycemia

The IPGTT created an acute hyperglycemic situation in which blood
glucose rapidly rose from 100 to 400 mg/dL. During the 2.5-hour
duration of the IPGTT, vascular images and metabolic parameters,
including the heart rate, respiration rate, and body temperature, were
monitored at 5-min intervals. This diverse biometric information could
be simultaneously obtained by adding functions to measure PPG signals
and temperature in the PA microscope’s software, thus enabling long-
term monitoring experiments to be conducted seamlessly.

In the monitoring experiments, acute vasoconstriction was observed
only in arterioles when blood glucose rapidly rose. Blood vessels, whose
walls consist of layers of vascular smooth muscle, change their diameters
in response to different physiological changes, regulating blood flow to
appropriately circulate blood to organs [58]. It is widely known that this
dynamic changes in vascular diameter occurs are greater in arterioles

(b) p=0.96
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Glucose PBS

Fig. 4. Maximum vasoconstriction changes in arterioles and venules during rising blood glucose levels for (a) the glucose- and (b) PBS-injected groups. The p values

were calculated from the Welch’s unequal variance t-test.
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compared to venules, because arterioles have more vascular smooth
muscle than venules [12]. Thanks to the high-speed and high-resolution
of PAM, we could capture acute and small morphological changes in
blood vessels and verify the constriction of the arterioles only. Further,
our results present the timing and degree of vasoconstriction, whereas a
previous study indirectly inferred vasoconstriction from changes in
blood flow [59].

4.2. Acute hyperglycemia and endothelial dysfunction

The pancreas maintains the blood glucose level by timely releasing
glucagon and insulin [60]. When blood glucose is low, glucagon is
released to raise it; conversely, when blood glucose is high, insulin is
secreted to lower it. The maintenance of blood glucose level through
negative feedback is referred to as glucose homeostasis. When glucose
solution is intraperitoneally injected, as in our study, insulin is secreted
because glucose is absorbed into blood and raises blood glucose level
[61]. However, during acute rapid hyperglycemia, the amount of insulin
secreted follows the increase in blood glucose, which may cause
momentary hyperinsulinemia [62]. In hyperinsulinemia, insulin acts as
a vasoconstrictor by causing endothelial dysfunction [16]. This vaso-
constrictive action of insulin from hyperinsulinemia following acute
hyperglycemia is consistent with our results (Figs. 2 and 3). Interest-
ingly, the vasoconstriction and the change in blood glucose have similar
patterns, with a 15-minute delay (Fig. 5). The physiological link may be
that the dynamic insulin secretion rate is controlled by the change in
blood glucose [63]. In addition, it has been recently reported that a
reinforcement learning-based artificial intelligence (AI) also secreted
insulin in response to dynamic changes in blood glucose, but not to static
blood glucose [64]. These interconnected results from multiple studies
support our opinion that excessive secretion of insulin induced by acute
hyperglycemia induces vasoconstriction.

4.3. Limitations of this study

Although our results clearly demonstrate vasoconstriction in acute
hyperglycemia, there are limitations. Our experiments were conducted
under anesthesia and blood was sampled every 5 min, conditions that
may cause physiological changes. The experimental preparation, such as
handling and cage transportation, as well as the process of blood sam-
pling can stress the rats and raise their blood glucose level [65]. Those
issues could be managed in the near future by continuously monitoring
glucose levels [66]. It is inevitable that anesthesia for stable PA imaging
affects the results. A previously published study reported that both
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Fig. 5. Relationship between changes in blood glucose and the diameter
of arterioles.
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arteries and veins dilate when isoflurane anesthesia begins [67]. The
diameters of arterioles in our results also tended to increase, whereas the
venules with no vascular smooth muscles kept almost constant. Even
while the arterioles slightly dilate during anesthesia, they constricted at
the moment of the acute elevation of blood glucose, indicating the effect
on the endothelium by increased blood glucose is greater than by
anesthesia. However, because anesthesia affects cardiovascular and
respiratory functions [68,69], we excluded the non-injected control
group because it did not meet the hypothesis to maintain their heart and
breath rates. The 10 rats not supplied with water under prolonged
anesthesia became dehydrated due to the lack of water, resulting in 10%
drops in their heart rate and breath rate, even though hypothermia was
prevented (Supplementary Fig. S5). Due to the unstable heart rate, un-
expected changes in arteriolar diameters could be observed, although
venules maintained their diameters.

To obtain more meaningful results, it is required to measure an in-
sulin level and analyze the trend of insulin secretion together, although
it is a well-known scientific fact that insulin is secreted when blood
glucose level rises. In our experimental protocol, it was difficult to
measure the insulin level due to temporal and spatial constraints: With
the water tank, PPG PCB, and temperature sensor installed, the PA im-
aging and PPG/temperature/glucose measurements had to be per-
formed within 5 min. In follow-up studies, experiments would be
redesigned considering the insulin measurement. In addition, this
experiment should be performed on awake rats. However, the ~5%
vasoconstriction observed under anesthesia may be too small to capture,
due to motion artifacts from the un-anesthetized rats.

4.4. Significance in clinical perspectives

As evidence has been reported that acute rise in blood glucose after a
meal increases cardiovascular risks, interest in the management of
glucose variability is increasing [70,71]. Accordingly, for the purpose of
preventing diabetes, clinical study on PPH in healthy persons has been
reported [72]. The study presented that acute hyperglycemia causes
endothelial dysfunction even in healthy population. Our results suggest
vasoconstriction as another evidence of endothelial dysfunction
following acute hyperglycemia in healthy animals. These finding sug-
gest that non-diabetics could also pay attention on consuming too much
sugar.

The intuitive presentation of vasoconstriction following PPH shows
the potential of PA technique to be used in medical devices and
healthcare. However, further technological advances are required for
use with humans. Especially, microvascular imaging is vulnerable to
motion because high resolution should be provided to visualize small
blood vessels. A skin-attachable patch-type PA imaging module could be
a solution [73]. If such a device would be developed, it is expected that it
could be widely used for various studies on vascular responses.

5. Conclusions

We have monitored vascular diameters in rats during acute hyper-
glycemia and observed vasoconstriction in arterioles when the blood
glucose level rapidly increased after intraperitoneal glucose injection.
To the best of our knowledge, and for the first time, high-resolution PA
imaging visually captured and quantified vasoconstriction caused by an
intrinsic reaction to a rapid increase in blood glucose. The arterioles
constricted by about -5.7 & 1.1% when the blood glucose level rapidly
increased from 100 to 350 mg/dL. They recovered as the level saturated
at 400 mg/dL and then gradually decreased. During this period, venules,
heart rate, breath rate, and body temperature were maintained. These
results demonstrated the opposite trends in changes in arteriolar
constriction and blood glucose level from transient vasoconstriction
produced by acute hyperglycemia. Further, it has been discussed about
acute hyperglycemia, hyperinsulinemia, insulin response, and their
connections. These results and discussion would help understanding
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vascular glucose homeostasis and the relationship between diabetes and
cardiovascular diseases.
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