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ABSTRACT

We studied the protective effects of low power He-Ne laser irradiation on erythrocytes
against the damage caused by experimental artificial heart-lung machines.

The erythrocyte suspension in a closed circuit was perfused with a roller pump. One of two
circuits was used for laser treatment and the other for control. The laser group demonstrated
significantly higher erythrocyte deformability and erythrocyte ATP levels, and lower free he-
moglobin and lipid peroxide levels. A laser output power of 8.5 mW was most effective in
protecting the erythrocytes. A further morphological finding using a scanning electron micro-
scope showed fewer echinocytes and more discocytes in the laser group. This finding was
consistent with the results of physiological and biochemical tests.

Low power He-Ne laser irradiation was shown to protect human erythrocytes from the dam-
age caused by an experimental artificial heart-lung machine, raising the possibility of the
clinical application of low power He-Ne laser treatment during extracorporeal circulation in
cardiovascular surgery.
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Extracorporeal circulation (ECC) by means of
an artificial heart-lung machine, which is the
main measure for providing circulatory assistance
in cardiovascular surgery, has markedly improved
recently. However, by its nature it is a non-physi-
ological process and affects the body in various
manners®%20, Direct contact with the materials
of ECC by means of an artificial heart-lung ma-
chine significantly damages the patient’s blood,
which in turn affects the patient’s entire body via
the circulatory system®. Thus, reducing the he-
matologic damage has been one of the most seri-
ous concerns in open heart surgery. Notably,
hemolysis remains an especially serious unsolved
problem during ECC, although improvements in
the structure and composition of ECC with an
artificial heart-lung machine as well as protection
through the administration of various drugs have
been attempted. Protection of the erythrocytes
during ECC should contribute to the alleviation
of the invasiveness of cardiovascular surgery.

The field of laser medicine has progressed
markedly in recent years. Various low power la-
sers, such as the He-Ne laser, have been devel-
oped and applied clinically in both analgesia and
wound healing. Although the precise mechanism
by which low power laser facilitates treatment is

not yet understood, low power laser irradiation is
thought to activate the cellular function?. At
present, drug administration is the general
means used for protection againsts the effects of
ECC. However, it sometimes causes host reac-
tions and side effects. Therefore, the application
of a low power laser instead of administering
drugs was studied as a novel means of protecting
erythrocytes from the damage caused by ECC us-
ing an artificial heart-lung machine.

MATERIALS AND METHODS
Preparation of leukocyte-excluded human
erythrocyte suspension

In this experiment, only the damage to erythro-
cytes caused by the experimental artificial heart-
lung machine was evaluated. Leukocytes,
platelets and plasma were excluded, because
these might cause a complex reaction to ECC.
From six units of conserved or concentrated red
cell (supplied by Japan Red Cross Society, 21 to
25 days after collection), leukocytes were ex-
cluded by a leukocyte removal filter (Sepacell®
R-500 A, Asahi Medical Co. Ltd., Tokyo, Japan).
The concentrated red cell was then rinsed with
saline and centrifuged (1000xg, 5 min at 4°C).
The supernatant was discarded, and 300 ml of
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saline was again added for re-centrifugation. This
process was repeated three times to exclude the
plasma components. The precipitated erythro-
cytes were finally re-suspended in saline at a con-
centration equivalent to the physiological
hematocrit. The suspension was inspected micro-
scopically to confirm the absence of leukocytes
and platelets in every field, and was stored at
4°C for 48 hours until the experiment to damage
the erythrocytes.

Preparation of the experimental circuit

A hollow-fiber, membranous-type oxygenator
made of polypropylene (type 30 EC, Senko Medi-
cal Instrument Manufacturing Company Limited,
Tokyo, Japan) was connected to a tube made of
vinyl chloride (diameter 4.5 mm, Senko Medical)
including a reservoir in the circuit. A thermome-
ter (diameter 4.5 mm, Senko Medical), and an
OxySAT® cell (OTC—-0250, Baxter Limited, Tokyo,
Japan) were connected serially between the res-
ervoir and pump and between the pump and oxy-
genator, respectively. Two sets of this closed
circuit were set in position at the upper and low-
er deck of a double roller pump (MBP-107, Senko
Medical). Oxygen and nitrogen were introduced
through a roter flow meter and a gas mixture
into the oxygenator, out of which the gas was
ventilated to outside the room. The entire circuit,
except for the pump, was maintained in an incu-
bator to exclude the effects of temperature
changes. (Fig. 1)

Filling the circuit with erythrocyte suspen-
sion and heating

Nitrogen was used to flush the circuit before
filling, to producing an unaerobic situation. After
100% nitrogen was introduced into the two sets
of circuits at the flow rate of 3 L/min for three
minutes, the circuits were filled with 350 ml of
the erythrocyte suspension, followed by de-airing.
Under the nitrogen flow, the incubator was
heated for 30 min to warm the blood to 37°C, and
this temperature was maintained throughout the
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Fig. 1. Schematic illustration of a closed circuit ex-
perimental artificial heart-lung machine

experiment. In order to keep the distribution and
temperature of the blood uniform, the blood
pump was driven in advance at a low rate. The
gas was then switched to 100% oxygen, with a
flow rate of 3 L/min, and the blood pump was
driven to maintain a flow rate of 330 ml/min for
240 min (228 cycles).

Laser irradiation to the circuit

The low power He-Ne laser used in this experi-
ment was set at 632.8 nm wavelength, 8.6 mW
output power and 1.96 eV quantum energy
(MERA COLD LASER PDT, Senko Medical). The
laser beam was irradiated to the object from 22
mm above the OxySAT cell, perpendicularly to
the blood flow. The diameter of the laser beam
was maintained at 4 mm. Laser output of three
different intensities was evaluated: 4.25 mW
(group I, n=7), 8.5 mW (group II, n=7), 17.0 mW
(group III, n=8). The lower deck of the double
roller pump was used for the laser group, and the
upper deck without laser irradiation was used for
the control group. The pumps for both groups
were driven concomitantly, and both groups were
tested simultaneously.

Sampling and measurement of the specimens

Samples were collected after 0 (pre-initiation
value), 60 min (57 cycles), 120 min (114 cycles)
and 240 min (228 cycles) from a region preceding
the entrance to the oxygenator. Before the sam-
ples were centrifuged, erythrocyte ATP, which is
a regulatory factor of erythrocyte deformabil-
ity!416) was measured by the firefly luciferase
assayl®, and was expressed as a percentage of
the pre-initiation value. The partial oxygen pres-
sure of the pre-centrifuged samples was also
measured, by an electrode method (ABL510, Ra-
diometer A/S, Copenhagen, Denmark), and was
expressed as mmHg. After centrifugation, the
free hemoglobin and lipid peroxide levels were
measured in the supernatant by the hemoglobin-
cyanide method®, and Yagi method?D), respective-
ly. These values were expressed as the rate of the
increased fraction divided by the pre-initiation
value to minimize the influence of individual
variations, and were used as an index of hemoly-
sis and erythrocyte membrane damage!®. Follow-
ing sedimentation, erythrocyte deformability was
measured by the modified Reid method!?22), and
expressed as the RFR (Red cell filtration rate: ul/
sec), an index of stress on the erythrocyte.

Morphologic observations

The erythrocytes in the control group and laser
group (Output 8.5 mW) were examined. The oxy-
genator was removed immediately after termina-
tion of the experiment, and rinsed with 200 ml of
saline with a hydrostatic pressure of 20 cm. It
was then fixed by perfusing 200 ml of 1.25% glu-
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taraldehyde (in a 0.1 M phosphate buffer, pH
7.4). The polypropylene hollow fibers inside the
oxygenator were then extracted and fixed by
1.25% - glutaraldehyde for one day. Then they
were lightly washed in a 0.1 M phosphate buffer,
postfixed for 30 min in a 1% solution of OgOy4
dissolved in a 0.1 M phosphate buffer, and dehy-
drated through a graded series of ethanol. Next
they were immersed in isoamyl acetate, and criti-
cal pointdried using liquid COg. The specimens
were evaporation-coated with gold-palladium and
viewed in a field-emission type of scanning elec-
tron microscope (SEM: S-430, Hitachi, Tokyo, Ja-
pan)!?). Three fields were randomly selected at
% 1000 magnification and 1000 erythrocytes per
each field were morphologically observed. The ra-
tio of erythrocytes presenting a normal morpholo-
gy (discocytes) was compared in both groups.

Statistical analysis

All values are expressed as mean += S.E.. The
values at each point were compared between the
laser and control group by the Mann-Whitney U-
test. A P-value less than 0.05 in the non-para-
metric test was considered to be statistically
significant. The effect of laser output on each pa-
rameter was evaluated by an analysis of variance
using a general linear model of SAS® (Statistical
Analysis System). This model included the speci-
men factor, passage period and laser output pow-
er, and the effect of each factor was estimated
quantitatively. Each value was calculated as a
mean of Estimate + S.E., and a P-value less
than 0.05 was considered significant.

RESULTS
Erythrocyte deformability (Fig. 2)

Group I. Erythrocyte deformability of the laser
group was significantly higher at 60 min (75.9 =
5.0 vs. 59.5 = 3.4 ul/sec). No significant differ-
ences between the two groups were observed at
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Fig. 2. Changes in erythrocyte deformability
O—0: Control Group, @ - @: Laser Group (mean
+ S.E)

* p < 0.056 Mann-Whitney U-test)

the other two time points.

Group II: Erythrocyte deformability of the laser
group was significantly higher at all three time
points after 60 min when compared to the respec-
tive control group (89.1 = 3.8 vs. 65.1 = 7.4 ul/
sec at 60 min, 71.1 = 4.9 vs. 51.8 = 6.3 ul/sec at
120 min, 66.5 + 6.2 vs. 45,9 = 5.1 ul/sec at 240
min).

Group III: Erythrocyte deformability of the la-
ser group was significantly higher at all three
time points after 60 min when compared to the
respective control group (65.2 = 6.7 vs. 36.0 =
4.4 ul/sec at 60 min, 41.0 = 4.9 vs. 24,1 = 3.6
ul/sec at 120 min, 23.5 * 4.1 vs. 14.1 = 0.9 ul/
sec at 240 min).

Erythrocyte ATP levels (Fig. 3)

Group I. No significant differences of values
were observed between the two groups at any of
the three time points after 60 min.

Group II: Erythrocyte ATP levels were signifi-
cantly higher in the laser group when compared
to the control group at all three time points after
60 min (81.8 = 2.9 vs. 67.5 = 2.7% at 60 min,
71.8 = 3.7 vs. 56.3 = 3.2% at 120 min, 42.9 =
3.7 vs. 29.9 = 2.9% at 240 min).

Group III: Erythrocyte ATP levels were signifi-
cantly higher in the laser group when compared
to the control group at all three time points after
60 min (76.9 = 4.2 vs. 65.8 = 2.8% at 60 min,
65.9 = 5.4 vs. 479 = 3.9% at 120 min, 42.1 =
3.7 vs. 30.0 = 2.8% at 240 min).

Free hemoglobin levels (Fig. 4)

Group I: No significant differences of values
were observed between the two groups at any of
the three time points after 60 min.

Group II: Free hemoglobin levels were signifi-
cantly lower in the laser group when compared to
the control group at all three time points after 60
min (6.8 £ 2.1 vs. 11.7 = 2.4% at 60 min, 11.5
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Fig. 3. Changes in the erythrocyte ATP level
O—0: Control Group, @ --@®: Laser Group (mean
+ S.E)

. p < 0.01, *! p < 0.06 (Mann-Whitney U-test)
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Fig. 4. Changes in the free hemoglobin level
O—0O: Control Group, @---@®: Laser Group (mean
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* p < 0.05 (Mann-Whitney U-test)
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Fig. 5. Changes in the TBA level

TBA: Thiobarbituric acid reactive substance
O—0O: Control Group, @ - @®: Laser Group (mean
*+ SE)

* p < 0.05 (Mann-Whitney U-test)

+ 3.6 vs. 20.2 = 3.4% at 120 min, 22.9 + 3.3 vs.
42.7= 7.1% at 240 min).

Group IIl: Free hemoglobin levels were signifi-
cantly lower in the laser group when compared to
the control group at 60 and 120 min, but no sta-
tistical difference was detected at 240 min (2.4 =+
0.8 vs. 6.1 = 1.0% at 60 min, 5.0 = 2.0 vs. 11.0
+ 3.0% at 120 min).

Lipid peroxide levels (Fig. 5)

Group I: No significant differences of values
were observed between the two groups at any of
the three time points after 60 min.

Group II: Lipid peroxide levels were significant-
ly lower in the laser group when compared to the
control group at all three time points after 60
min (5.4 = 2.5 vs. 19.3 =+ 7.8% at 60 min, 13.1
+ 5.2 vs. 33.2 = 9.6% at 120 min, 28.5 = 5.3 vs.
53.0 = 12.4% at 240 min).

Group III: Lipid peroxide levels were signifi-
cantly lower in the laser group when compared to
the control group at 60 and 120 min, but no sta-
tistical difference was detected at 240 min (0.9 =
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Fig. 6. Changes in the Pog level

O—0: Control Group, @--@®: Laser Group (mean
+ S.E)
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Fig. 7. The effects of Laser output on each parame-
ter

p <0.0001 (General Linear Model of SAS)

Results are expressed as Estimate = S.E.

0.5vs. 54 = 2.1% at 60 min, 3.7 £ 2.1 vs. 11.2
+ 3.7% at 120 min).

Partial oxygen pressure (Fig. 6)

Groups I, II and III: No significant differences
of values were observed between the two groups
at all three time points.

The effects of laser output on each param-
eter (Fig. 7)

Erythrocyte deformability (Fig. 7 A): The effect
of 0 mW output was determined to represent 0
u1l/sec and was used as a standard for calculating
the general linear model of SAS. The calculated
values were 5.78 = 2.97 ul/sec, 15.51 = 2.56 ul/
sec, and 10.82 + 2.46 ul/sec, for 4.25 mW, 8.5
mW, and 17.0 mW, respectively. This value was
maximized with a laser output of 8.5 mW.
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Fig. 8. Scanning electron micrographs of erythro-
cytes in hollow-fiber

(A) x210

(B) x1800: Control Group; the data of this sample
are Deformability 4.76 ul/sec, free-Hb 205.9% (1.11
g/dl) and TBA 57.1% (1.10 nmol/ml)

(C) x1800: Laser Group of output 8.5 mW; the data
of this sample are Deformability 10.42 ul/sec, free-
Hb 97.1% (0.63 g/dl) and TBA 10.7% (0.78 nmol/ml)

Erythrocyte ATP levels (Fig. 7 B): Similarly, the
effect of 0 mW output was determined to repre-
sent 0% and was used as a standard. The calcu-
lated values were 0.06 = 0.02%, 0.11 = 0.02%,
and 0.08 = 0.02%, for 4.25 mW, 8.5 mW, and
17.0 mW, respectively. This value was also maxi-
mized with a laser output of 8.5 mW.

Free hemoglobin (Fig. 7 C): Similarly, the effect
of 0 mW output was determined to represent 0%
and was used as a standard. The calculated val-
ues were —0.03 = 0.02%, —~0.08 = 0.02%, and
-0.05 = 0.02%, for 4.25 mW, 8.5 mW, and 17.0
mW, respectively. This value was lowest with a
laser output of 8.5 mW (a negative value indi-
cates an inhibitory effect).

Lipid peroxide levels (Fig. 7 D): Similarly, the
effect of 0 mW output was determined to repre-
sent 0% and was used as a standard. The calcu-
lated values were —0.03 = 0.04%, —-0.15 = 0.03%,
and -0.04 += 0.03%, for 4.25 mW, 8.5 mW, and
17.0 mW, respectively. This value was lowest with
a laser output of 8.5 mW (a negative value indi-
cates an inhibitory effect).

The correlation coefficient between the data and
the value calculated according to the general lin-
ear model was as high as 0.84-0.96. This model
was considered to accurately reflect the charac-
teristics of the data. Based on this model, a laser
output of 85 mW was significantly effective
(p<0.0001) in the protection of erythrocytes, and
was the most effective of the three different laser
intensities evaluated.

Morphologic observations

The erythrocytes within the hollow-fiber matrix
of the oxygenator from both the laser (output 8.5
mW) and control groups could be categorized as
either morphologically normal cells (discocytes) or
as abnormal spinous erythrocytes (echinocytes)
(Fig. 8). The percentage of discocytes was approx-
imately 25% and 45%, in the control and the 8.5
mW output laser groups, respectively. Thus, there
were fewer echinocytes and more discocytes in
the 8.5 mW output laser group, when compared
to the control group.

DISCUSSION

Many studies have reported the attenuation of
erythrocyte damage by ECC using an artificial
heart-lung machine in cardiovascular surgery.
However, most of these studies reported improve-
ments in the structure and composition of ECC
with an artificial heart-lung machine!®, or re-
ported protection of the erythrocyte membrane
following the administration of drugs, such as
PGE{2¥, PGI, derivativel), a-tocopherol!®,
urea?? and Poloxamer 18817. However, there
have been no studies reporting the prevention of
erythrocyte damage caused by ECC using an arti-
ficial heart-lung machine without changes to the
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apparatus or without drug administration.

LASER is an acronym for light amplification by
stimulated emission of radiation, which can be
defined as light energy having special qualities,
such as coherence, monochromaticity, photo-
orientation. The medical laser apparatus utilizes
both high and low power lasers. High power la-
sers have an output of several to 100 W. This
output level causes light-induced reactions in the
tissue such as perspiration, carbonization, coagu-
lation and protein degeneration, according to the
energy density of the laser beam. Low power la-
sers have an output of up to 100 mW, and induce
photochemical effects (biological activation and
stimulation), in addition to effects caused by pho-
tosensitization?. Other reports have shown that
the effects of low power laser are enhanced in
damaged tissues”2¥,

Although low power lasers are widely used in a
clinical setting, the mechanisms underlying their
clinical effects are not yet well understood.
Karu? reported that low power laser can stimu-
late the respiratory chain components of mito-
chondria and accelerate ATP production, while
Kubasovall) reported that the laser irradiation-
induced circumstances on cell surfaces can con-
tribute to the strength of cell-to-cell contacts.
Berki® reported the Arndt-Schultz rule: that cell
activation occurs at a well-defined energy level,
but that no effect occurs below this level and de-
struction occurs above it. Luckey!® also reported
a similar concept, that of radiation hormesis, not-
ing that although high dose radiation was biologi-
cally harmful, low dose radiation induced positive
effects. The photochemical effects of low power
laser may be attributable to the fact that radiant
energy and light are both properties of electro-
magnetic radiation. Molecular fission occurs
when the quantum energy of laser light is very
high?. However, when the quantum energy is
minimal as it is in low power lasers, it only
causes an expansion of the intracellular distance.
In accordance with the phenomena Karu and Ku-
basova reported, this expansion of the intramo-
lecular distance might allow more flexibility in
the erythrocyte membrane and thereby improve
erythrocyte deformability.

Based on these observations, we focused on the
use of low power laser for the protection of hu-
man erythrocytes during ECC with an artificial
heart-lung machine.

In our experiment, the only difference between
the laser and control groups was the presence of
laser irradiation. The samples were made from
the same supply of conserved blood. Moreover,
the circuit apparatus and the pump were precise-
ly matched, and the experiment was performed
simultaneously, in both groups. No significant dif-
ferences were observed between the upper and
lower decks of the double roller pump in a pre-

liminary experiment measuring free hemoglobin
levels. Furthermore, no significant difference was
observed in the partial oxygen pressure, between
the laser and control groups, indicating that ery-
throcyte oxygenation was maintained throughout
the experiment. The total irradiation time and
quantity were apparently appropriate since ery-
throcyte hemolysis, which would have occurred at
the beginning at the experiment if the low power
laser was damaging the erythrocytes, was not ob-
served.

The erythrocyte deformability and erythrocyte
ATP levels were significantly higher in the laser
treated group, when compared to the control
group. Clinically, tissue capillaries are thought to
be easily occluded by low pressure, non-pulsatile
flow perfusion of the ECC. Therefore, maintain-
ing erythrocyte deformability prevents thrombus
and embolism formation and improves microcir-
culation. There is a close correlation between he-
molysis and decreased erythrocyte deformability.
Preservation of erythrocyte deformability is
thought to prevent hemolysis?®. In the laser
group, the increase in free hemoglobin which rep-
resents the degree of hemolysis, was in fact in-
hibited. The inhibition of hemolysis should
contribute to the prevention of complications
associated with ECC, such as damage to the
kidney, lung, brain and liver, and a bleeding ten-
dency. Erythrocyte ATP levels are considered to
be the regulatory factor of erythrocyte deform-
ability, and the observation that erythrocyte ATP
levels also increased significantly in laser-treated
erythrocytes, is consistent with the theory. The
inhibited release of lipid peroxide, which was
noted in the laser group, is thought to decrease
the tissue damage caused by erythrocyte-derived
lipid peroxide. Morphologic observations confirm
that the number of echinocytes was smaller and
there were more discocytes in the 8.5 mW output
laser group, when compared to the control group.
These results are comsistent with those of the
physiological and biochemical tests. An energy
output level of 8.5 mW produced the best results
when the effects of three different laser output
levels were compared. This value is equivalent to
0.086-0.345 J/cm2, which is quite similar to
0.1-1.0 J/cm?, the energy level at which Berki
obtained the best results in his experiments us-
ing mouse macrophage. Therefore, a similarly low
output power level of laser irradiation would ap-
pear to be effective in different species. No signif-
icant differences were observed among the 4
parameters except partial oxygen pressure be-
tween the control and laser groups at 60 min in
group I (4.25 mW), with the exception of changes
in the erythrocyte deformability. This observation
suggests that an output level of 4.25 mW is below
the requisite intensity. On the other hand, an
output level of 17.0 mW is above the ideal energy
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range because no significant differences were
observed in the free hemoglobin and the lipid
peroxide levels at 240 min, although the
individuality of the samples should be taken into
consideration.

In this study, strict conditions were imposed,
compared with those used in clinical settings, in
order to obtain accurate data. A higher laser en-
ergy output power of irradiation for as long as 8
to 12 hours, which is equal to 0.690-1.035 J/cm?,
caused the sudden onset of massive hemolysis in
some cases, which is consistent with Berki’s
theory. Conversely, under more practical condi-
tions with the plasma component and dilution of
whole blood as in the ECC, results were improved
even after 12 hours of irradiation without the
sudden onset of massive hemolysis. Therefore,
beneficial effects of low power He-Ne laser treat-
ment with longer irradiation can be expected in
clinical settings.

Low power He-Ne laser irradiation significantly
protects the human erythrocyte from damage
caused by the experimental artificial heart-lung
machine during a 240 min (228 cycles) period of
irradiation using a leukocyte-excluded human er-
ythrocyte suspension within a closed circuit appa-
ratus. This effect was maximal at an energy
output level near 8.5 mW, and the clinical ap-
plication of laser treatment for ECC might be in-
dicated.

Further studies are anticipated to reveal the
underlying mechanism of laser-induced effects
and to develop methods suitable for clinical ap-
plication.
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