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ABSTRACT

Purpose: To clarify the continuous changes of the retinal vessels' and choroid's
microcirculation during hemorrhagic shock and resuscitation in a rabbit model.
Methods: Hemorrhagic shock by the removal of blood (30 ml) and resuscitation
by a blood-return technique was induced in anesthetized male New Zealand
White rabbits (n=10). We evaluated the retinal vessel blood flow (relative flow
volume: RFV) and choroidal blood flow (mean blur rate in the choroid area:
MBR-CH) by laser speckle flowgraphy (LSFG), with simultaneous
measurements of systemic hemodynamics and laboratory parameters.

Results: RFV and MBR-CH showed significant decreases immediately after the
initiation of blood removal and recovered by blood return. The lactate
concentration tended to increase from baseline by the blood-removal operation,
and it was significantly higher at the end of observation period. The %RFV

and %MBR-CH each showed a significant positive correlation with mean arterial
blood pressure, cardiac output, carotid blood flow, and central venous

pressure. %RFV showed a significant positive correlation with %central venous
oxygen saturation and negatively correlated with %Lactate. The %hemoglobin
did not show a significant correlation with %RFV or %MBR-CH.

Conclusion: This rabbit hemorrhagic shock model confirmed that ocular
microcirculation measurements by LSFG feasibly reflect variations of systemic

hemodynamics during hemorrhagic shock and recovery.
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Abbreviations

bpm: beats per minute

CF: carotid artery blood flow

CO: cardiac output

CV: coefficient of variation

CVP: central venous pressure

Hb: hemoglobin

HR: heart rate

ICC: intraclass correlation coefficient
IOP: intraocular pressure

Lac: lactic acid

LSFG: laser speckle flowgraphy
MAP: mean arterial blood pressure
MBR: mean blur rate

RFV: relative flow volume

ScvOz2: central venous oxygen saturation
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INTRODUCTION

Shock is a status in which the blood flow to important organs cannot be
maintained, resulting in cytological tissue metabolism disorder and organ
damage."? Shock-induced organ damage occurs in hemorrhagic shock and
cardiogenic shock, and it can also be caused by a defect in mitochondrial
oxygen utilization, as occurs in septic shock. Hemorrhagic shock presents as a
decrease in the intravascular blood volume, which makes it difficult for the blood
flow to adequately perfuse organs due to severe blood loss. Methods for directly
evaluating the organ damage that is due to a critical microcirculation status
have not been established, and thus systemic clinical signs (e.g., the cardiac
output, blood pressure, and heart rate) and laboratory values (e.g., the lactate
concentration) are used as surrogates for the monitoring of tissue perfusion.3#

The development of novel microcirculation evaluation methods, especially
for the ocular microcirculation, may be very useful for gaining a better
understanding of organ tissue perfusion during shock. An optical coherence
tomography angiography study of a hemorrhagic shock sheep model (the only
relevant published study) clarified that the retinal vessel density was
significantly decreased in shock and recovered after fluid resuscitation therapy.®

Laser speckle flowgraphy (LSFG), a noninvasive quantitative method for
determining the ocular blood flow,%7 is based on the changes in the speckle
pattern of laser light reflected from the fundus of the eye.® LSFG is dependent
on the movement of erythrocytes in the retina, the choroid, and the optic nerve
head, and it can be used to determine the mean blur rate (MBR), which is an

indicator of the ocular blood flow.?'° |t was reported that the MBR correlates
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linearly with the capillary blood flow volume.®'" The relative flow volume (RFV)
derived from LSFG reflects the blood flow velocity and volume in the retinal
vessels.'>13 LSFG has also been used to investigate the ocular microcirculation
in a rabbit model.® 111415

In the present study, we used LSFG to clarify continuous variations of the
microcirculation in the retinal vessels and choroid during hemorrhagic shock
that occurred with continuous blood removal and blood return in an
experimental rabbit model, with the simultaneous measurement of systemic

hemodynamics.

MATERIALS AND METHODS

Ten male New Zealand White rabbits (16—18 weeks old, weight 2.84-3.44 kg,
median 3.16 kg) housed in the same environment were evaluated. All animal
experiments were approved by Toho University Laboratory Animal Research
(#19-53-358) and performed in accordance with the Guiding Principles for the
Care and Use of Laboratory Animals approved by The Japanese
Pharmacological Society. The experiments were performed under general
anesthesia: induction of anesthesia with ketamine (35 mg/kg, i.m., Ketalar®,
Daiichi Sankyo Propharma, Tokyo) and xylazine (5 mg/kg, i.m., Selactar 2%®,
Bayer Japan, Osaka, Japan) and maintenance with isoflurane (end-tidal
concentration of 1.5%, Isoflurane®, Pfizer Japan, Tokyo). After a tracheostomy,
the rabbit was mechanically ventilated (FiO2=1.0, tidal volume=6 ml/kg, 40
strokes/min; SN-480-5, Shinano, Tokyo). The rabbit's body temperature was

maintained at 37°C with a heating pad. Saline (15 ml/h) and rocuronium (0.6 mg
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/kg/h; Rocuronium bromide®, Fuji Pharma, Toyama, Japan) were continuously

administered via a left ear vein.

Experimental protocol

After the confirmation that the rabbit's systemic hemodynamics and ocular
circulation state were stable for 230 min, the experiment was started. First, for
the induction of hemorrhagic shock, blood was continuously removed from the
central venous catheter (4-Fr. ga.) at the rate of 1 ml/min for 30 min. At the end
of the 30-min blood removal period, an observation period was conducted for 20
min, and then heparinized blood (2 ml/min) was returned via the left auricular
vein for 15 min. After the completion of the return of all 30 ml of blood, another
observation period was conducted for 15 min. The scheme of the experimental

protocol is shown in Figure 1.

Systemic hemodynamics evaluation

Figure 2 illustrates the apparatus used to measure the rabbit's systemic
hemodynamics and ocular microcirculation. A heparinized catheter was inserted
at the right brachial artery for the continuous measurement of the mean arterial
blood pressure (MAP, mmHg) using transducers. For the blood removal route
and central venous pressure measurement, a catheter was inserted into the
femoral vein, and the tip of the catheter was placed in the inferior vena cava.
The MAP, heart rate (HR, beats per minute: bpm), and central venous pressure
(CVP, mmHg) were recorded using a PowerlLab system® (AD Instruments, Bella

Vista, New South Wales, Australia).
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For the measurements of cardiac output (CO, ml/min), the origin of the
aorta was exposed through a median sternotomy incision. After a blood flow
meter was attached to the origin of the aorta, the inside of the thoracic cavity
was simply made into a closed space using plastic paraffin film. For the
measurements of carotid artery blood flow (CF, ml/min), the left common carotid
artery was exposed. The CO and CF were measured with an ultrasonic blood
flowmeter (TS420®, Transonic Systems, Ithaca, NY). Systemic hemodynamic
parameters were measured simultaneously every 2 min during the observation

periods and every 1 min during the blood removal and return periods.

Laboratory examinations

Hemoglobin (Hb, mg/dl), lactic acid (Lac, mmol/l), and the central venous
oxygen saturation (ScvOz2, %) were measured by a blood analyzer (i-STAT 1
Analyzer®, Abbott, Chicago, IL). Blood samples (0.5 ml/time) of Hb, Lac, and

ScvO2 were collected as shown in Figure 1, at six time points.

LSFG evaluation

The MBR images were obtained with an LSFG-MRC™ device (Softcare Ltd.,
lizuka, Japan), and the RFV in the retinal vessels and the mean MBR in the
choroid area were calculated by LSFG Analyzer software (Softcare). The LSFG-
MRC consists of a fundus camera equipped with a diode laser (wavelength 830
nm) and a CCD image sensor (750 x 360 pixels). The principle and application
of this method have been described.®%16 Rectangular bands were placed at a

retinal vessel and at the choroid area avoiding retinal vessels (Fig. 3A). Within a
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5-sec period tuned to the cardiac cycle, MBR images were recorded from the
rectangular area, and the average MBR was displayed on a computer screen
(Fig. 3B). The MBR in the choroid (MBR-CH) is also displayed on the screen.

The scheme for the measurement of the RFV in the retinal vessel is
shown in Figure 4. The MBR-threshold is the threshold between the MBR
values in the retinal vessels and the background choroid; f(x) is the distribution
function of the MBR in a cross-sectional area of the blood vessel, and the width
of the function at the MBR-threshold is represented by m and n. The RFV in the
retinal vessel was calculated by subtracting the choroidal MBR value from the
overall MBR value. %1213

The RFV and the MBR-CH were measured simultaneously every 2 min
during the observation periods and every 1 min during the blood removal and
return periods; the values were recorded three times at each time point, and the
mean value was then calculated. In each experiment, the rectangular bands
were stored in the software program, and the same rectangular bands were
used for all analyses. The LSFG-MRC has undergone appropriate calibrations,
and it has been confirmed that the MBR increases linearly with the blood flow
velocity. Mydriasis was induced by topical tropicamide (Mydrin M® ophthalmic
solution 0.4%, Santen Pharmaceutical Co., Osaka, Japan). Only the left eye

was used in all of the experiments.

Intraocular pressure (IOP) control

To keep the intraocular pressure (IOP) stable during each experiment, a 25-ga.

infusion cannula was inserted into the vitreous cavity of the rabbit through the
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pars plana. This infusion cannula was connected to a bottle of intraocular
irrigating solution (BSS Plus®; Alcon Japan, Tokyo) for the stabilization of the
IOP during the experiment. The IOP was set at 10 mmHg by changing the
height of the bottle. The IOP was confirmed by an ICARE Tonolab Tonometer®

(Revenio Group, Helsinki, Finland) at the start and end of the experiment.

Statistical analyses

The data of the continuous variables are presented as the mean + standard
error. The measurement repeatability of the RFV and MBR-CH was determined
based on the coefficient of variation (CV, in %) defined as the ratio of the mean
standard deviation of repeated measurements to the overall mean. The
intraclass correlation coefficient (ICC) for the five consecutive measurements of
RFV and MBR-CH were calculated using a using a two-way analysis of
variance for repeated measurements (ANOVA). The RFV and MBR-CH were
also evaluated by the rate of change from the baseline value before the blood
removal (% MBR, %RFV). The time courses of the changes in BP, HR, CO, CF,
Hb, Lac, ScvO2, %YMBR-CH, and %RFV were analyzed using a repeated
measurements ANOVA and the Dunnett test as a post hoc test. During the
experiment, correlation coefficients between the change rate (%) of systemic
hemodynamics, the % laboratory parameters, and the ocular microcirculation
parameters (%RFV and %MBR-CH) were analyzed by a univariate regression.
P-values <0.05 were accepted as significant. The JMP-10.0 program (SAS,

Cary, NC) was used for the statistical analyses.
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RESULTS

The calculated repeatability indices, i.e., the CV and ICC, for the RFV and
MBR-CH obtained by LSFG revealed the following. RFV: 4.21% CV and 0.97
ICC. MBR-CH: 2.04% CV and 0.97 ICC.

The time courses of changes in the HR, BP, CO, CF, CVP, LSFG
parameters (%RFV and %MBR-CH), Hb, ScvOz2, and Lac during the experiment
are shown in Figure 5. No significant change was detected in the HR, whereas
the MAP, CO, CF, CVP, %RFV and %MBR-CH showed significant decreases
with the blood removal. These significant differences did not disappear during
the observation period, and these values were recovered to near the basic
value with the blood return.

The variations from the start to the end of the blood removal phase were
as follows: MAP (37.2 + 2.0 mmHg vs. 24.1 £ 1.2 mmHg, the MAP value pre-
sternotomy was 40.1+£7.0 mmHg), CO (168.2 £ 15.7 ml/min vs. 105.1 £11.5
mil/min), CF (10.4 £ 1.5 ml/min vs. 5.8 £0.7 ml/min) and CVP (3.7 £ 0.2 mmHg
vs. 2.9 £ 0.3 mmHg). The decline rate (%) of the RFV and MBR-CH from the
start to the end of the blood removal phase reached 52.6 +5.8% and
35.8 £6.8%, respectively. The Hb was significantly decreased at the end of the
blood removal phase (from 9.8 £ 0.3 g/dl to 7.4 £ 0.3 g/dl), and the significant
decrease continued until the end of the experiment. The ScvO2 was significantly
decreased by the blood removal operation (from 54 £ 4% to 39 + 3%) and had
recovered at the end of observation period. The Lac value tended to increase
from 3.3 £ 0.3 mmol/l (baseline) by the blood removal and was significantly

increased by the end of the observation period. The increase in Lac continued

Watanabe et al. 11



until the end of the blood return phase (7.6 £ 0.8 mmol/l), and the increase was
significant by the end of the experiment. HR was not significantly increased by
the blood removal operation, but was on an upward trend (from 229 + 18 bpm to
238 + 18 bpm).

Figure 6 shows a representative case of the RV and MBR-CH at the
baseline, the end of the blood removal, and the blood return phase. The
correlation coefficients between %RFV, %MBR-CH, and the %systemic
hemodynamics and laboratory parameters are shown in Table 1. The %RFV
and %MBR-CH each showed a significant positive correlation with all of
the %systemic hemodynamics parameters.

Among the parameters, %MAP had the strongest correlation with %RFV
and %MBR-CH (r=0.77). Regarding the relationships with the %laboratory
parameters, the %RFV showed a significant positive correlation with %ScvO2
and a significant negative correlation with %Lac (r= 0.32 and -0.27,
respectively). The %Hb did not show a significant correlation with RFV

or %MBR-CH.

DISCUSSION

Hemorrhagic shock can involve excessive blood loss leading to decreased
cardiac output, which results in decreased tissue perfusion with tissue dysoxia,
organ damage, and finally death. In rare cases of hemorrhagic shock, shock-
induced anterior ischemic optic neuropathy due to acute severe blood loss has
been described.'”-20 It was reported that 88% of shock-induced anterior

ischemic optic neuropathy occurred in both eyes, and in most cases the visual
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deficit did not resolve.' In any case, the development of novel microcirculation
evaluation methods, especially for assessing ocular microcirculation, may be
useful for understanding the organ tissue perfusion during shock.

There is an only a single prior report about the relationships between
ocular microvascular perfusion and critically ill statuses of hemorrhagic shock,®
and the variations of ocular microcirculation in hemorrhagic shock and the
relationships among ocular microcirculation and systemic hemodynamics in
hemorrhagic shock are not fully understood. LSFG is a noninvasive quantitative
method for determining the ocular microcirculation, and it can detect the blood
flow in the retinal vessels, choroid, and optic nerve head continuously.®7%10 Our
goal in the present study was thus to clarify the continuous changes of
microcirculation in the retinal vessels and choroid during hemorrhagic shock
and blood return in an experimental rabbit model examined with LSFG, while
monitoring systemic hemodynamics and laboratory parameters.

The CVs and ICCs of the RFV and MBR-CH were favorable. Our present
results suggest that the reproducibility of these parameters is sufficient for
measuring the microcirculation in the retinal vessels and choroid of New
Zealand White rabbits.

It was reported that a nearly 20% blood loss was necessary to establish a
rabbit model of hemorrhagic shock.2'-22 In the present study, a total blood loss
of 30 ml was needed to achieve a 20% total hemorrhage calculated from the
weight of the rabbits. The blood was removed continuously at the rate 1 ml/min
from the central venous catheter for 30 min. As a result, the MAP, Hb, and CO

were significantly decreased (by 35%, 25%, and 37%, respectively). The mean
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MAP and Lac values at the start of the blood removal phase were <40 mmHg
and >2 mmol/l, respectively. All 10 of the rabbits received a median sternotomy
incision for the direct evaluation of the CO before the experiment. Although the
effects of a sternotomy cannot be completely ruled out, the mean MAP before
the sternotomy was 40.1 mmHg, which was not significantly different between
before and after the sternotomy. The rabbits' MAP levels before the experiment
were the almost same as in our previous investigation using the same method
without a sternotomy incision.?* In addition, the ScvO2 was significantly
decreased and Lac was significantly increased as a result of the blood removal.
Earlier studies established that the ScvO2 and Lac are informative parameters
even in rabbit hemorrhagic shock.?>-?” Since the standard value of HR was high
at the start of the experiment, no significant increase was observed by the blood
removal , but it showed an increasing tendency. We thus consider our present
effort to create a hemorrhagic shock state successful.

Under the conditions used herein, we observed that the retinal vessel
circulation represented by the RFV and MBR-CH were significantly decreased
immediately after the start of the blood removal and were recovered by the
return of the blood. These variations of ocular microcirculation are similar to the
variations observed in the MAP, CO, CF and CVP of rabbits. It has been
clarified that the human retinal blood flow has myogenic-dominant
autoregulation to maintain the tissue blood flow against an acute rise in blood
pressure,?®2° and the human retina is capable of efficiently autoregulating its
blood flow in the setting of acute systemic hypertension until there is an

increase in the mean systemic blood pressure of approx. 40% above resting
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levels.?® Autoregulation has also been confirmed in the human choroidal blood
flow, although it is weaker than that of the retinal blood flow.3°

There is evidence of myogenic autoregulatory properties in the rabbit
ophthalmic artery and/or choroid.3'-33 In studies of the rabbit choroidal blood
flow using laser Doppler flowmetry, autoregulation was activated against an
increase in the MAP, whereas a decrease in the MAP led to a decrease in the
choroidal blood flow in a linear manner.323% Considering these prior findings and
our present results, it appears that the autoregulation of the retinal vessels and
choroid under acute hemorrhagic shock is poor, and that the blood flow of both
is decreasing rapidly. However, in the rabbit model used herein, the blood
return operation recovered the retinal-vessel and choroidal blood flow in parallel
with the recovery of the systemic hemodynamics state (Figs. 5, 6). These
findings may provide important clues to the pathophysiology and prevention of
shock-related ocular dysfunction such as shock-induced anterior ischemic optic
neuropathy.

We next determined the correlation coefficients between the change rate
(%) of systemic hemodynamics, the %laboratory parameters, and the ocular
microcirculation parameters %RFV and %MBR-CH over the time course of the
experiment. We observed that all of the %systemic hemodynamic parameters
were significantly correlated with the %RFV and %MBR-CH, whereas the %Hb
did not show a significant correlation. The %MAP had the strongest correlations
with %RFV and %MBR-CH (r=0.77). These results suggest that the variations
of microcirculation in the rabbit retinal vessels and choroid under critical

conditions are more strongly influenced by the blood pressure than the red
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blood cell count. The %ScvO2 and %Lac were significantly correlated

with %RFV but not %MBR-CH. This result may support the possibility that
compared to the choroid vessels the autoregulation of retinal vessels is
triggered more strongly in rabbits, as it is in humans.

In any case, our findings also indicate that the measurement of ocular
microcirculation, especially the RFV, by LSFG is highly reproducible and well
reflects the variations of systemic hemodynamics, Lac, and ScvOz2 during
hemorrhagic shock and the recovery status. In light of our present results, it is
apparent that the measurement of ocular microcirculation by LSFG could be a
novel informative method for evaluations of the physiological changes during
hemorrhagic shock.

There are some study limitations to address. First, the experiments were
conducted with the rabbits in the supine position, and because this position is
not a normal posture for rabbits, postural effects might have had an impact on
the systemic and ocular hemodynamic measurements. Second, the study lacks
the histological data after the animals were sacrificed. Novel and informative
ocular histological data may have been missed. Third, the microcirculation in
critically ill patients has been evaluated in the splanchnic region, skin, muscles,
and the sublingual area.®** We did not compare the LSFG measurements with
data obtained by these methods. Finally, we used heparinized blood for the
blood return phase, whereas some experimental animal models used a
balanced hydroxyethyl starch solution,® Ringer's lactate solution,® or normal
saline®® for the resuscitation state. In the present study, we did not compare the

effects on ocular and systemic hemodynamics based on the resuscitation fluid.
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In conclusion, our experimental rabbit hemorrhagic shock model
confirmed that the measurement of ocular microcirculation by LSFG is highly
reproducible and well reflects variations of systemic hemodynamics during

hemorrhagic shock and recovery.
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Figure legends

Fig. 1. The experimental protocol.

Fig. 2. The continuous monitoring by LSFG and the heart rate (HR), mean
arterial pressure (MAP), cardiac output (CO), carotid blood flow (CF), and
central venous pressure (CVP) in an anesthetized rabbit. bpm: beats per

minute, Hb: hemoglobin, Lac: lactate, ScvOz2: central venous oxygen saturation.

Fig. 3. The method for analyzing the mean blur rate in the choroid area (MBR-
CH) and relative flow volume (RFV) using the LSFG-MRC device. A: The color-
scale map of the total measurement area. The rectangular measurement areas
were placed at the retinal vessel (1) and choroid area (2). B: The pulse waves
show changes in the MBR (which is tuned to the cardiac cycle for 5 sec), and

the average MBR-CH is determined from this panel.

Fig. 4. The relative flow volume (RFV) in a rabbit retinal vessel. The mean blur
rate (MBR)-threshold is the threshold between the MBR values in the retinal
vessels and the background choroid; f(x) is the distribution function of the MBR
in a cross-sectional area of the blood vessel; the width of the function at the
MBR-threshold is represented by m and n. The RFV is calculated by subtracting

the choroidal MBR from the overall MBR.
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Fig. 5. Time courses of the effects of blood removal and blood return on the
heart rate (HR), mean arterial pressure (MAP), cardiac output (CO), carotid
blood flow (CF), central venous pressure (CVP), %RFV (relative flow

volume), %MBR-CH (mean blur rate in the choroid area), hemoglobin (Hb),
central venous oxygen saturation (ScvO2), and lactate (Lac) in the anesthetized
rabbits (n=10). Closed symbols: A significant differences from the corresponding

control value of each parameter by p<0.05.

Fig. 6. A representative case showing the RFV and MBR-CH at the baseline (A:

RFV =218.4, MBR-CH = 4.5), at the end of blood removal (B: RFV = 81.2, MBR-

CH = 2.8), and at the blood return phase (C: RFV = 182.6, MBR-CH = 4.9).

Watanabe et al. 24



Table 1. Correlation coefficients between

the %RFV, %MBR-CH, and %systemic hemodynamics

and laboratory parameters

Objective variable: RFV %MBR-CH
Explanatory variable: r r
%HR 0.14* 0.18*
%MAP 0.77* 0.77*
%CO 0.53* 0.57*
%CF 0.61* 0.57*
%CVP 0.35* 0.51*
%Hb 0.19 0.04
%ScvO, 0.32* 0.27
%Lac -0.27* 0.01

*p<0.05. bpm: beats per minute, CF: carotid blood flow, CO:

cardiac output, CVP: central venous pressure, Hb: hemoglobin,

HR: heart rate, Lac: lactate, MAP: mean arterial pressure, MBR-

CH: mean blur rate in the choroid area, RFV: relative flow

volume, ScvOs: central venous oxygen saturation.
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