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Abstract—This paper presents the design, development
and preliminary test of a new active microendoscope for
neuroendoscopy and therapy of the spinal cord. Endoscopy of
the spinal sub-arachnoid space is useful for some pathologies,
but it is a very challenging task for several reasons: the
navigation space is very narrow, there are many blood
vessels and delicate structures which could be damaged
by manoeuvres and large forces and, finally, the Cerebro-
Spinal Fluid (CSF) is a peculiar environment which must be
preserved. An innovative method for active safe navigation in

the sub-arachnoid space has been devised, based on hydrojets

sustentation of the endoscope. The hydrojets, if appropriately
tuned and oriented, allow the tip of the endoscope to avoid
the delicate structures of the spinal cord and could also
assist propulsion. A MATLAB simulation of the hydrojets
is illustrated and a digital controller for the regulation of
the hydrojets is demonstrated. The pressure ripple is about
5%, as tested experimentally on a 2D simulator. A prototype
of steerable microendoscope whose tip is equipped with
hydrojets has been fabricated and tested in an artificial path
simulating the sub-arachnoid space. Performance are quite
interesting.

I. INTRODUCTION

This paper illustrates the design and fabrication of
first prototype of steerable endoscope for the navigati
within the meningeal (or sub-arachnoid) space of the spi
cord. The main applications of such a device are: 1)
allow direct vision of the anatomy; 2) to perform som
therapeutic treatment, like laser coagulation, local electr
timulation, local injection of drugs and cleaning procedu
of arachnoidal fibrosis.

Il. DESCRIPTION OF THE WORKING ENVIRONMENT

Our catheter is designed to navigate inside the spi
subarachnoid space in order to reach the target sites.

The boundaries and dimensions of this space vary wid
along the length of the spinal cord, and the inter@&F
possesses a variable dynamics. A schematic represent:
of the structure of the subarachnoid space is illustrated
fig.1.

The spinal cord is held in position by laterally oriente
denticulate ligaments, 31 pairs of nerve roots (avere
diameter of 4 mm) and the filum terminale. The spinal car
can be approximated by 3 channels: the anterior, poste

There are many different pathological diseases affectinggnd the lateral channels, in relation to the cord (see fig.

the spinal cord. In addition to traumas, which represent

Generally, the ventral channel is narrower (1-3 mm) th

the major part, there are aneurysms, tumours, infectionsthe dorsal one (2-6 mm) [5]. The catheter should navig
degenerative processes and late surgical complications [1fhrough the 3 available channels. Studies on corps h
Medical imaging is a non invasive diagnostic techniquedemonstrated that a catheter with an external diame
very often exploited. On the other hand, the resolutionof 2.2 mm can advance without causing any injury
of the images, with or without contrast media, is still the upper thoracic levels. While the dorsal and late
not comparable with the direct vision of the anatomical channels allowed its passage in the thoracic region, a str
structures [2]. Often MRI or CT images are not able to resistance was encountered at the ventral channel in

provide sufficient useful information for diagnoses [3].

Concerning interventions, traditional open surgery proce-
dures have major drawbacks in case of traumatic lesions
of the spinal cord. In fact these procedures, which always

cause important reactioms situ, only allow restoration of

the mechanical functions and decompression of the spinal
cord. It is quite impossible to intervene on the lesion itself,
mainly because of the difficulty to reach the region where
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the lesions or traumas are located [4]. A safe and minimally
invasive access to these areas would be a very important

step in spine surgery.
0-7803-7736-2/03/$17.00 ©2003 IEEE

Fig. 1. Schematic representation of the spinal membranes.
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Fig. 3. Schematic representation of the catheter.

presence of many delicate structures (blood vessels
Rierve roots). Thus many constraints have to be conside
in the development of the endoscopic system.

The overall system includes a catheter, a sustental

upper thoracic region [6]. Endoscopes of external diametefYyStem, a steering system, a visualization system, and ¢
up to 1.5mm have visualized the entire spinal cord [7]. of instruments for local intervention on the spine.
The cerebrospinal fluid in a human body ranges betweery  The catheter
100 ml and 160 ml: 35 ml is in the brain, 25 ml around
it, and 75 ml flowing in the spinal canal. Being secreted . - .
. . . low vision, cleaning and drug delivery capabilities to tt
continuously at the rate of 0.35 ml/min, the total volume is . . .
system. According to the anatomical constraints of t

replaced every 6-8 hours (about 3.7 times a day) [8]. Thesubarachnoid space and to the needed features of

normal CSF pressure ranges frqm 4.5 t.o 13.5 mm of chatheter, the total diameter of the catheter must be |

(average 9.0 mm Hg) [9]. The fluid contains very few cells than 3 mm

and .pro_teins, its pH ranges from 7.31 to .7'35’ .its ;pecific We use é commercially available co-extruded Polyimi

gra_\wty IS approxm_1ately 1.005 and_ the viscosity is 0.01 catheter; it has an external diameter of 2.7 mm, a

poise [10], resembling plasma; thus it can be replaced by ar internéll lumen. The inner structure of the cathe:[er

electrolytic solution, as long as the concentration, volume eported in fig.3 '

and pressure are maintained in the space. Such “Artificial pLumen nogz' 4 6 were closed at the tip: holes wha

CSF” is commercially ayailable (ALZET osmotic pumps, diameter is 03 rr,lm were produced in radiciil direction

DURECT Corp., Cupertino, CA). L mm from the tip, by means of a miniature end-mill.
CSF flow has features of both Poiseuille flow and The central lumen is dedicated to the endoscope:

pulsatile flow, and is primarily attributed to the pressure endoscope used in the system has an external diamét(

waves generated by pulsatile arterial blood flow and brainO 6 mm and a resolution of 3000 pixels, kindly provide

expansion. Along the spinal cord, the hydraulic diameterb' KARL STORZ GmbH & Co.. Tuttlin e’n German

varies from 5 to 15 mm. Peak velocities are smaller than"" v gen. y.

7 cm/s; the mean maximum caudal velocity is around 2.91B. The sustentation system

cm/s corresponding to a mean maximum flow rate of 4.13 |n order not to touch the delicate structures of ti

mi/s. The instantaneous Reynolds number at peak flowsybarachnoid space with the tip of the catheter, a hydra

rate ranges from 170 to 450; the blunt velocity profile systentation system has been developed. From the hole

and the peaks located near the boundaries of the canghe lumen no. 2, 4 and 6, a liquid similar to CSF is eject

rather than at the midpoint between them show that inertiakadially with respect to the catheter.

forces dominate over viscous forces [11], thus indicating @ Contacts between vessels or nerve roots and the catt

recirculant behaviour of the fluid. body are much less dangerous, according to medical
The peak wall shear stress due to the CSF CirCUlatiorberts_ For this reason, hydrojets have been put 0n|y on

in the spinal canal is typically less than 1.0 Pa with tip in the preliminary version of the device.

mean wall shear stress values close to zero [11]. The A precise control of the shape and the speed of the |

endoscope must be designed to minimize its contact withs essential in order not to damage the tissues.

the walls, and in particular with the blood vessels on the pia .

membrane, which can be easily damaged. This objectivé>: 1n€ Steering system

Fig. 2. The spinal subarachnoid space showing the boundaries and th
channels (1-ventral, 2-lateral and 3-dorsal channel).

Several internal working channels are required, to

can be achieved by the novel use of hydrojets. The same hydrojets system used for sustentation allc
also the bending of the tip of the catheter, by varying t
HI. THE SYSTEM flow exiting from the hydrojets.

The above considerations indicate that the working field Literature reports many different ways for actuating tt
is very critical due to its small dimensions and to the tip of a catheter ([12], [13], [14], [15]): in this paper a ne\
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Pressure Tank Elagtic, external ducts
‘:/ for pulsation reduction p

= FC _ % (4)
- Equation (1) is the relation between volume expansion
an elastic chambeW({ and internal pressureg). Assuming
——- the complianceC constant, it is correct to consider lov

Onoff valves driven deformations of the tank (less than 10%), in order to resti
in pulsed mode operation to linear domain for the elastic tank. Equati
| (2) is the flow balanceE; is the flow from the first tract;

1

F. is the flow inside the second tract. Equations (3) a
(4) express the hydraulic resistance of the ducts, cons
Fig. 4. Sketch of the system. because the flow is laminar (maximum Reynolds numb
in the ducts are in the order of 500).

. . L A discrete parameters model can be acceptable if
solution based on hydrodynamic sustentation is presenteqjucts are much rigid and resistive with respect to the ta

whose essential features are high spatial resolution angis ondition is easily achievable with appropriate tubin

stability. From the expressions above, tank pressure can be deri
D. The damping system

The architecture of the device is shown in fig.4. B b

; ; ; P={Po—5 P )€ "¢+

Instead of using three different pumps, an architecture ( 0 R, +Re '>
with one pump (regulating the pressure of an expansion Re (5)
chamber) and three valves, one for each duct, has been +mpi on
adopted. This solution was selected for two main reasons: 11 R +Re
pumps reaching the needed values of flow are extremely p=pee © Fifc t off

expensive. Moreover, the pressure inside the thecal sac has . N . .
where p, is the initial condition for tank pressure while

to be kept approximately constant (see section Il): thisis """~ :

easier to be obtained if the source of pressurized liquid isEW;:Ch.mg ;/?rllveﬂ statq. Tdha?#s tothﬂl's ;esm:lt_the \:thf[:

only one, instead of three. In this way a safety condition ehavior ot the Tlows inside the catheter ducls IS predict
and it has been numerically simulated inMatlab en-

can be directly implemented: the flow injected inside the . :
ironment. In particular three parameters have been !

subarachnoid space can be easily kept constant over time,

Proportional valves with the needed features in termst'm'zed: low pressure ripple, for avoiding any vibratio

of flow rate, pressure range and linearity are not on thedurlng catheter operation; bandwidth, in order to have fi

market; thus on-off valves (SIRAI V165) were used. r%s{ppni(_a ing_f;eal time b_ehawor of ths ,:,\Xlsteméhdyne_imlct:_s
The basic idea is to produce three independent jets b;? alr?‘ hlg inerences in pressltjrﬁ © eh?nh e E' uarl:
means of ON-OFF valves driven in Pulse Width Mod- :n Wd'c a slquzr(_e Wavﬁ S|gr|1a gvmhg igh rether t,
ulation (PWM) mode. More precisely, referring to fig.5, t())w uty ijct:)e rves t ef valve. suc o-pgl\?\;iﬂatlor%-c;;
each valve exits in a first tract of duct characterized by € dpgrsue |§3?:thgdon l_our par?met;rs. dh dpe 'I‘Q
hydraulic resistanc®,, followed by a pressure tank whose ana utygc » Nydraulic compliance, and hydraulic
compliance i< (volume increase / pressure); then a second'€SIStaNCceR;.
duct follows, in the catheter itself, with resistanig. E. Matlab Simulation
e e 0 i b, Eauaton (9 was rumericaly sohe by usi
. o P . software. It was also analytically investigated in order
(p) can be obtained, energizing the catheter ducts Wh||ef. . - .
. . . ind the expression of the rippl® with T, and DC as
having the same input pressure in the systgm). (The - X
- . . ) v\ 7" parameters, thus obtaining (6):
equations modeling this architecture are the following:

p=C-V (1) fistduet  pressure tank catheter

t C
V= / (Fy —Fo)dt 2 L m ey
0 B S S
v
p—p /‘Dﬂ- F Fe
1= LA on valve
Ry ®3)
|:1 — 0 off Fig. 5. Discrete parameters model of the PWM hydraulic circuit.
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? User Input

_ 1 _
R(T,,DC) = 1—e ok "1 °9 (6)

Pressue zensor

Fig. 6 reports the simulation result for a system having | [ 7
1 m long catheter ducts of 0.5 mm in diameter, and 0.3
m long resistive duct®,; with diameter equal to 0.5 mm. Pump: Expansion
Pressure tank consists of a 60 cm long, 2.4 mm diameter Charrber
duct having a 0.7 mm thick wall (see fig. 5 as reference);
it is made out of Tygo® R-3603 polymer.

Catheter

IV. CONTROL SYSTEM DESCRIPTION Fig. 7. Schematic representation of the control system.

The decision of using only one pump imposes the

introduction of an “expansion chamber” between the pumpsarting from alS, S position of the joystick, a combina-

and the valves, in order to keep the input pressure of thgjgp [Fs, Fg, F] of the three flows has to be computed (s

valves constant, also for different opening and closing timesjg g),

of the valves. The relation between the bagesy] and[A, B,C] is given
The main control loop of the system keeps the pressurgyy the following equations:

inside the expansion chamber to a value set by the doctor.

The surgeon drives the duty cycles of the three valves S, = é(F “F) )
by means of a joystick, thus causing the steering action of - 2 VCc 'B
the tip. a1

The control board is completely digital. The pro- S = A+ 2(FB+FC) (®)

grammable device used for the algorithm is a Microchip A third relation is necessary to make the system |

P|C_16F877' . versible. We decided to keep constant the total liquid fl¢
Fig.7 shows a representation of the system, from &piected into the subarachnoid space. This decision |
control point of view. been defined to make easier the control algorithm of
A. The joystick fluid extraction system: in fact, the pressure of B8F
d’nside the thecal sac must be kept constant. A too h
joystick. pressure in the subarach_noid space has several drawb:
A calibration procedure has been implemented in orderfrom a simple postoperative headache, to macular haenl
to allow the use of different types of joysticks, and to rhage and (_jetachmenf[ of the retina ([11)' Thus a subsys
precisely compensate the gravity effect when the cathetepOr e\_/acuatl_ng ?XCGSS“@SF has to be implemented.
is kept in horizontal position. This relation is
In oro_ler to avoid any adhesions or contacts, in no case FotFat+Feo=k 9)
a hydrojet can be turned completely off.
In order to implement the control of the tip by means where k is constant.
of the joystick, a preliminary change of base is necessary: If we defineDy = S — S« Dy =S/ — Sy, the displace-
ments from a calibration positiof§,,S,], the formulas

The surgeon drives the tip of the catheter by means of

N o used to obtairF,, Fz, R from Dy andDy are:
Duty Cycle 90% 2
6t LA F, = k— éDy (20)
Dy D
5 F, = k——+2 (11)
= B
Fo = k+—2+- (12)
g C
£ s J V3 3
2 4
Duty Cycle 10% b
1 1 H 120 ‘
% 1 2 3 4 5 6 7 8 9 10 "
Time (s)
Fig. 6. Numerical simulation of the pressure ripple. Fig. 8. Relation betweefx,y] and[A, B,C| bases.
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B. Valves

As explained in the previous section, one on-off valve is
used for each channel. The strategy exploited to vary the 100
flow through this kind of valves consists of driving them %0
in PWM mode. The valve is turned on and off by a square .
wave of frequencyfy, whose duty cycle is proportional to
the flow ¢ through the valve itself.

The choice of the frequency is rather delicate. In fact
this driving method produces a rippR in the flow ¢, < 8
whose amplitude increases with the period of the square 40
wave Ty. Equation (6) relates the rippl to the periodTy. 2

On the other hand, mechanical constraints of the valve 2
impose a minimum switch on timg,,_,,, and a minimum
switch off timet,;;_.i,: thus, a minimum in the applicable e
TV is vamin — tonfmin+toff—min' In this case the duty Cyc|e 0 100 200 300 400 500 600 700 800 900 1000
(DC) can have only a precise value: Feriod T, (1ms)

t .
DC,. =_—°o=mn 100 (13)

min — t Lt . .
on—min " ‘of f—min Fig. 9. Plots ofM(Ty) andR(Ty,P).
For our valves, this value is 50%, being thgt ., =
of f_min = 2MSs the modulation of théC is impossible.
If we defineDC modulation factorthe ratio:

M)

Exploitable frequency range

t

T —tormin—tor_mi
M(TV): V™ ton m_llr_1v of f mm-lOO:

T
:(1_ V}mln).lool
v

(14)

the optimal situation, from the modulation capability point
of view, would be to have a very low,.

The choice offy is a trade off between modulation and
ripple requirements.

In fig.9 the plots oM(Ty) andR(Ty,D,,,). are reported:
in fact, whenD =D, ., the ripple has its highest value. In

) min?
this case (6) becomes:
Nv—"Ty_min
RM)=1-e ‘R (15)

] ) Fig. 10. Test set-up used for the 1-hydrojet catheter.
From the plot, in order to keep ripple lower than 15%

for every value ofD and modulation factorgreater than
85%, the optimal range of, goes from 6 Hz to 14 Hz.

In any case the frequencf;, can be set at any value,
from 3.8 Hz up to 70 Hz, to allow the use of different
types of valves.

V. TESTS

The performances of the sustentation and steering system : = ol ST
were tested by using a specifically conceived test set-up 5 25 25 27 25 29 3088 aa b 27 20 293008
(see fig.10), consisting of a transparent tank filled with i —
water. The top of the tank has several insertion channels
at different angles, to simulate different situations in ap- (@) Equilibrium condition. In- (b) Condition with input pres-
proaching the spinal canal. put pressure=0bar. sure=4bar.

By actuating only one hydrojet of a 30 cm long immersed
catheter portion, an input liquid pressure of 4 bar produced:ig- 11, Quantitative test of the bending performances of the 1-hydrc

. . . . catheter, under an input pressure of 4 bar.
a lateral tip displacement of 1 cm (see fig.11). Setting the
pressure to 6.6 bar, a displacement of 3 cm was measured.
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(2]

(3]

(4]

Fig. 12. Qualitative visualization of a hydrojet approaching a wall.

The 3 hydrojets catheter has been tested in a larger tank[5]
filled with water, on an artificial path. With a pressure in
the expansion chamber of 6.6 bar, a lateral displacement of
2.5 cm from the central equilibrium position was achieved.

VI. CONCLUSIONS AND FUTURE WORK (6]

We proposed a new catheter system for spinal sub-
arachnoid endoscopy, optimized for safe navigation in
liquid environments. A novel use of hydraulic control has [7]
been presented. The catheter proposed is a fine active
bending catheter using three lateral hydrojets at the tip,
driven by means of a joystick.

The bending performance of the proposed catheter is[ 1
largely sufficient for avoiding the collisions with the most [9]
delicate structures in the subarachnoid space.

In fig.12 the shape of the hydrojet near the tank wall
is visible. A deep study of the interactions of the hydrojet
with the arachnoidand pia materis necessary, in order to
maximize the steering action while minimizing the pressure
on these structures. The shape of the hydrojet will be
optimized by using appropriate microfluidic simulations
(CoventorWare).

A model of the spine is being developed including the
structures in the subarachnoid space: nerve roots, bIoo?ll]
vessels, pulsating liquid, walls, fibrous tissue [7]; the
physical properties of these structures must be as close as
possible to the real ones.

A quantitative set of in-vitro tests has to be performed by
using the new model of the spine. The steering capabilitie:s[lz]
of the catheter have to be tested in more complex paths.
Finally, a set of ex-vivo and in-vivo experiments are being
planned.

[10]
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