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Abstract. In this paper, we describe a rigid endoscope that transmits
a laser beam coaxially to arbitrary points in the endoscopic view, mainly
for treatment of twin-to-twin transfusion syndrome. The endoscope con-
sists of a hotmirror for coaxial transmission of visible light and a Nd:YAG
laser beam, and galvanometers for controlling the beam irradiation an-
gle. We evaluated the transmission efficiency of the laser power, the spot
size through the endoscope and accuracy in positioning the beam. The
maximum laser transmission efficiency was 39% and the spot diameter
was 2.2–3.2 mm at a distance of 10–20 mm. The positioning accuracy
was mostly within 1.0 mm in the endoscopic view at the distance. The
average laser power density on the spot was estimated to be 170–370
W/cm2, and a chicken liver was successfully coagulated by changing the
laser beam irradiation angle.

1 Introduction

Twin-to-twin transfusion syndrome (TTTS) occurs in about 15% of monochori-
onic twins, caused by imbalance in the net flow of blood between them across the
placental communicating vessels [1,2]. The mortality rate of these twins exceeds
80%, and the risk of disability in the survivors is estimated to be 15–50% if un-
treated [3]. As a treatment for TTTS, fetoscopic laser photocoagulation (FLP)
of the communicating vessels is widely accepted and the outcome showed that
at least one survivor rate reaches 80 %.

During surgery, surgeons operate a fetoscope and a laser fiber in a sheath to
navigate the laser guide-light to the communicating vessels. The laser is fired
with a distance of 10 mm between the laser fiber tip and the vessels [5]. The
operation requires skill, as it is necessary to avoid contact with the vessels or the
placenta, which bleeds easily. Bleeding disrupts clear fetoscopic view, resulting
in termination of the surgery. Surgeons have to stop bleeding as soon as possible.
There exist other difficulties in this system. The distance is not precisely known
from the fetoscopic image, and the vessels move as the mother breathes. In
addition, the orientation between the fetoscopic image and the laser fiber is not
easily identified.
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In related studies, a composite-type optical fiberscope with a laser fiber coaxi-
ally coupled with optical image fibers has been developed. This fiberscope makes
it easier to navigate the beam to the vessels because a laser beam is transmit-
ted to the center of the view [6]. However, surgeons have to manipulate the
fiberscope. The movement of the fiberscope must be small to avoid injuring
the chorion and amniotic membranes, that possibly causing preterm rupture of
the membranes. A safe treatment requires a technique for steering a laser beam
on arbitrary targets without moving an endoscope. Furthermore, a thin fiber-
scope has a limited resolution and a narrow viewing angle and requires high
illumination because light transmittance of the optical fiber is small. Surgeons
are concerned that high illumination will affect premature fetal eyes.

Another related study stated a laser-pointing endoscope system that can ac-
quire intraoperative 3D geometric information using two endoscopes, one projects
a laser beam and the other captures the endoscopic image [7]. The projection
point of the laser beam can be controlled using galvanometers. The laser source
is a red diode which is easy to handle because its collimated beam is thin and
the laser power is small. However, the system requires two endoscopes, which in-
creases the invasion and the risk of complications. Furthermore, the low-powered
laser doesn’t suit photocoagulation. Therefore, development of an endoscope in-
tegrated with a high-powered laser irradiation function for arbitrary targets is
important for treatment of TTTS.

We suggest a rigid endoscope that can transmit a laser beam to arbitrary
points within the view without moving the endoscope itself. The rigid endoscope
ensures a wide viewing angle and high transmittance of visible light.

2 Materials and Methods

2.1 Concept of Laser Endoscope

A rigid endoscope transmits a near-infrared laser beam for FLP, as shown in
Fig. 1. Therefore, each lens of the endoscope has an anti-reflective (AR) coating
for better transmission of visible and near-infrared light (VIS-NIR coating). For
coaxial transmission of the laser beam, a hot mirror, which reflects near-infrared
light and transmits visible light, is set between the endoscope and a camera. The
beam and guide light from a laser fiber are reflected by galvano mirrors toward
the hotmirror, which further directs this beam into the endoscope. The galvano
mirrors control the direction of the beam at the entrance to the endoscope,
then the beam is transmitted in a zigzag path around the optical axis of the
endoscope and finally projected from the endoscope tip to some direction. The
galvano mirrors and the camera are placed at optically symmetric points, which
are equal to the eye point of the endoscope, with respect to the hot mirror to
ensure a large range of the projection angle.

In clinical use, a surgeon selects a target point on the endoscopic image. the
direction from the endoscope tip to the target is calculated, and the galvano
mirrors rotate to appropriate angles to navigate the laser beam to the target.
After confirming the guide-light spot on the image, the surgeon fires the laser.
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Fig. 1. Concept of the endoscope which provides an endoscopic image and transmits
a laser beam coaxially to arbitrary target vessels in the endoscopic view

2.2 Design of the Laser Endoscope

To achieve a high laser power density in the spot, the laser spot should be
small. A small spot can be achieved when the laser fiber has a small core and a
small numerical aperture (NA) and the endoscope has object lenses with a small
viewing angle and relay lenses with a large NA.

We used a Nd:YAG laser and a laser fiber (Fibertom 5100 / E-4070-B, Dornier
MedTech) whose core diameter of 400 μm. The endoscope had relay lenses with
an NA of about 0.12 and object lenses with a viewing angle of over 60 degrees.
This design produced a spot as small as 2–3 mm in diameter at a distance of
10–20 mm from the endoscope tip with a changeable angle of the laser beam
of about ±15 degrees. The prototype endoscope consisted of concave or convex
lenses with a diameter of 6 mm. The endoscope had an outer diameter of 7 mm,
a viewing angle of about 70 degrees and an effective length of about 150 mm
(Fig. 2). Handling was easy because its controlling unit was small and weighed
as light as 450 g. The laser fiber tip was cooled by circulating water to protect
it from damage by heat.

Endoscope; 7 mm

Hot mirror
Camera

Laser fiberGalvanometer

150 mm

Fig. 2. Developed endoscope
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2.3 Positioning the Laser Spot

For controlling the laser spot to target points indicated by the surgeon on the
endoscopic image, it is necessary to calibrate the coordinates of the camera (or
image) and the galvano mirrors. We acquired the relationship of their coordinates
to the endoscope tip.

Camera Calibration. The relationship between a point q in the coordinates
of the image and a point p in the coordinates of the endoscope tip is represented
by a camera model with rotation R, translation t, scale factors λ and α, and
principal points uo and vo.
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We took fifty different postures of a checker pattern whose pitch was known,
and calculated the coordinates and the distortion parameters by a flexible view
technique [8]. The technique also provided the coordinates of the checker pattern
to the camera. In addition, we used an optical tracking system (Micron Tracker
2, Claron Technology Inc.) to acquire the relationship between the camera and
the endoscope tip. The optical tracker obtained the marker coordinates at the
endoscope tip and the sheet where the checker pattern was written. The rela-
tionship between the checker pattern and the marker was known. Therefore, the
relationship between the camera and the endoscope tip was calculated.

Galvano Mirror Calibration. The two galvano mirrors were located at differ-
ent distances from the endoscope. We used a model, similar to the camera model,
to calibrate each coordinate of the X- and Y-axes independently. The relation-
ship between optical angle θ of the mirror and laser spot p in the coordinates of
the endoscope tip is represented as below.
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A data-set of relations between the optical angles of the galvano mirrors and
the position of laser spots was required to calculate the parameters. We ab-
lated sheets fixed at some distances from the endoscope tip by rotating the
galvano mirrors. We used the tracking system and acquired the coordinates of
the markers on the sheets and the endoscope tip. The sheets were scanned and
the relations of the ablated spots and the marker were recorded. Then, the po-
sitions of the spots were transformed into the coordinate of the endoscope tip.
The transformation matrix from the target point to the angle of the mirrors was
calculated by a technique similar to the direct linear transformation method
after normalization of the data set [9,10].
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3 Experiments and Results

We evaluated the transmission efficiency of laser power, the spot size, positioning
accuracy of the spot and irradiated a chicken liver to test feasibility of the
system.

3.1 Transmission Efficiency of Laser Power

We measured the power of the laser beam on the optical axis through the en-
doscope using a power meter (30(150)A-HE/NOVA, OPHIR) to evaluate the
transmission efficiency. The laser power was set as 10–50 W at source. During
measurement, the cooling water flowed at a speed of 6 ml/s. We didn’t mea-
sure the power from the laser fiber directly at a source laser power of over 30
W because of the danger of breaking the fiber tip. Therefore, the transmission
efficiency was calculated with the source power over 30 W.

The maximum efficiency was 39.1% at a source power of 10 W (Table 1). The
efficiency decreased as the power increased. The maximum laser power from the
endoscope was 16.1 W at a source power of 50 W.

Table 1. Transmission efficiency of the laser endoscope

Source Laser fiber Endoscope Efficiency

10 W 10.9±0.1 W 4.3±0.2 W 39.1 %
20 W 20.5±0.1 W 7.9±0.1 W 38.6 %
30 W - 11.1±0.1 W 36.9 %
40 W - 13.6±0.1 W 34.1 %
50 W - 16.1±0.1 W 32.2 %
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Fig. 3. Knife-edge method for measuring laser beam radius. Left: Laser power with
blade displacement at a distance of 15 mm. Right: Laser beam radius from the endo-
scope tip.
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Fig. 4. Laser irradiation of a chicken liver. a) Changing irradiation angle; b) coagulated
points on the liver.

3.2 Laser Spot Size

We evaluated the laser beam radius on the optical axis through the endoscope
by the knife-edge method. A knife was set to cut the laser beam at a right angle
and moved in 0.1 mm steps. The power meter behind the knife measured the
portion of the laser not obstructed by the knife, and we captured the power shift
from the displacement of the knife. The laser beam radius d/2 was calculated
from displacement xh, xl at 90 and 10% of the maximum power (Fig. 3-left)[11].

d/2 = 1.561 × |xh − xl| /2 (4)

At a distance of 10–20 mm from the endoscope, the radius was about 1.1–1.6
mm, which equals 2.2–3.2 mm in diameter, as shown in the right side of Fig. 3.

3.3 Positioning Accuracy

We evaluated accuracy in positioning the laser spot. Sheets which have a grid
with a pitch of 5 mm were placed at a distance of 10–20 mm from the endoscope
tip. We pointed to the grid points on the endoscopic image and fired the laser.
After irradiation, we scanned the sheet and measured the distance between the
target and the actually irradiated points. The errors were 0.4±0.3 mm at a 10
mm distance, 0.5±0.4 mm at a 15 mm distance, and 0.5±0.6 mm at a 20 mm
distance from the endoscope tip. The errors were mostly smaller than 1.0 mm
in the view except on the upper side.

3.4 In Vitro Irradiation to Phantom

We irradiated a chicken liver with the laser to evaluate the laser endoscope for
photocoagulation. A chicken liver is similar to a placenta in terms of the amount
of blood. The liver was fixed at a distance of 10–15 mm from the endoscope and
the laser source power was set as 50 W. We irradiated some points on the liver
for 3 sec by changing the irradiation angle (Fig. 4-a). All the irradiated points
were coagulated and the depths of coagulation were about 1 mm (Fig. 4-b).
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4 Discussion

The maximum efficiency was nearly equal to the ideal value of 41% based on
the transmission and reflection rates of the optical elements. Reduction in the
transmission efficiency from the ideal value was due to dirt on the elements and
power loss from the small galvano mirrors that could not use the full power
of laser beam. At higher power, bubbles were generated around the laser fiber
tip due to the cooling water, which diffused the beam. This resulted in loss of
efficiency.

The laser spot diameter at a distance of 10–20 mm was 2.2–3.2 mm, which
was suitable for coagulating placental vessels 1–2 mm in diameter. The distance
is further than that of conventional treatment, which reduces the risk of contact
with the placenta.

The laser endoscope achieved sufficiently high accuracy in positioning the laser
spot because most of the errors were smaller than the diameter of the placental
vessels in the target period for the surgery. In ordinary surgery, accuracy depends
on the surgeon’s skill, and there is risk in manipulating a fiberscope and a laser
fiber. This risk is eliminated in the laser endoscope because the laser spot position
can be controlled without moving the endoscope itself. The surgeon simply points
to targets on the endoscopic image. This capability makes the surgery easier and
safer.

Photocoagulation within a few seconds requires the power density of 100–1000
W/cm2 [12,13]. The average power density of the spot was 170–370 W/cm2 from
16.1 W at the source power of 50 W, that meets the minimum requirement. Fur-
thermore, the endoscope successfully performed photocoagulation of a chicken
liver.

For clinical use, we plan to miniaturize the endoscope by using smaller lens.
A small laser spot can be achieved by an appropriate design. For higher trans-
mittance, we optimize the selection of a laser and an AR coating and reduce
the amount of lenses because the main cause of the transmission reduction is
reflection of the laser beam on the surface of lenses.

5 Conclusion

We developed a prototype of a rigid endoscope that steers a laser beam on any
point in the endoscopic view without moving the endoscope itself, mainly for
treatment of TTTS. The maximum laser transmission efficiency was 39%. The
spot diameter was 2.2–3.2 mm at a distance of 10–20 mm, which reduces the
risk of contact with placenta. The positioning accuracy was mostly within 1.0
mm in the endoscopic view at the distance. The average laser power density at
a spot was estimated to be 170–370 W/cm2, and we successfully coagulated a
chicken liver by changing the irradiation angle.
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