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Abstract— Several robotic systems have been proposed for
removing blood from the brain in patients who have undergone
a hemorrhagic stroke. In this paper we explore the use of image-
based feedback to address tissue deformation when aspirating
a hemorrhage in a phantom model. This is the first time
intraoperative image feedback has been used with a concentric
tube robot in this application. We describe a layer by layer
approach to motion planning. Computed tomography (CT)
images are collected periodically during hemorrhage removal.
After each CT scan, the robot’s tip path is re-planned to
account for the tissue deformation that has occurred since the
previous scan. We compare open loop hemorrhage removal to
our sequential imaging-replanning approach, illustrating that
the latter has the potential to enhance the safety and efficacy
of the procedure.

I. INTRODUCTION

Intracerebral hemorrhage (ICH), or bleeding in the brain,

is a life-threatening condition which occurs with a fre-

quency of 24.6 per 100,000 person-years [1]. This means

that approximately 1 in 50 people are likely to have an

ICH in their lifetime, given current life expectancy1. The

high incidence, 40% mortality rate, and high frequency

of debilitating complications even in patients who survive,

makes ICH a compelling public health challenge [2]. An ICH

occurs when a cerebral blood vessel ruptures, causing blood

to escape into the brain and pool, forming a hematoma (a

collection of semi-clotted blood outside the blood vessels)

which compresses surrounding brain tissue.

ICH is typically treated with medication and observation.

In some cases, open surgery is attempted to remove the

hematoma. This is because it is commonly believed by

neurosurgeons that there is an at-risk volume of brain tissue

that can be saved, provided it can be decompressed [3]–

[6]. This provides strong motivation for surgical intervention,

yet traditional surgical approaches have not been effective in
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1This is based on the assumption that risk is consistent at all ages, and
neglects the possibility of some people having more than one in their lives.
Thus, it is a rough approximation, but useful for tangibly understanding the
magnitude of the public health challenge posed by ICH.

reducing overall mortality rates to date, and there remains

no treatment of proven clinical benefit for the majority of

ICH patients [7]. One potential reason for this is the invasive

nature of surgical interventions, which disrupt a substantial

volume of healthy tissue to enable access to the site of the

hemorrhage. Indeed, less invasive, endoscopic methods of

ICH evacuation have shown benefit for some specific groups

of patients [8]. Goradia et al. first explored robotic assistance

in endoscopic ICH evacuation using a straight morcellator

to debulk the hemorrhage, concluding that robotic assistance

may help prevent damage to healthy brain tissue during the

procedure [9]. We have previously proposed that a steerable

needle-based approach may benefit patients [10], and other

steerable robots are under development for neurotargeting

applications [11] such as ICH.

Needle-based neurosurgery itself has long been of interest

in surgical robotics [12]–[14]. Most prior systems use straight

needle paths to hit specific targets in the brain. ICH debulking

poses a different challenge, since it requires dexterous motion

of the needle tip within the hematoma. This challenge was an

early motivation for the development of bevel-steered needles

[15], [16], but ICH removal has yet to be achieved with

them, likely due to challenges achieving tight curvatures and

integrating lumens or other interventional tools. Concentric

tube robots have been previously explored in benchtop,

animal, or cadaver experiments for a variety of neursurgical

applications [17]–[19] requiring steering of a needle-sized

curved device.

One way to debulk a hematoma less invasively – through

a needle-sized entry path – was introduced by the authors

previously [10]. The system uses an image-guided concentric

tube robot to debulk an ICH from within, in a minimally

invasive manner. We use the same robot (described in Section

II) in this work. See [20], [21] for a description of the

general mechanics-based model that describes these robots.

In this paper we use a special case of concentric tube robot

that does not require the solution to a beam mechanics

problem to compute forward kinematics, the same special

case considered in [10].

Our contribution in this paper is the integration of intra-

operative computed tomography (CT) imaging, as well as a

description of one way to plan the tip path of the robot within

the hematoma. We use a layer-by-layer motion planning

approach that decomposes the 3D planning problem into a

series of 2D planning problems. Some prior research has

focused on motion planning for concentric tube robots (see

e.g. [22]–[24].) However, prior motion planning research has
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typically focused on obstacle avoidance rather than coverage

of a volume in space. Additionally, prior results generally

assume a single robot (i.e. a fixed set of several tubes)

which is unchanged throughout the task. This is in contrast

to our approach for ICH, in which only two tubes are used

at any given time, but one of them can be removed and

replaced with a new tube of a different curvature whenever

desired. The experiments in Section IV demonstrate that

the use of imaging feedback and periodic replanning can

prevent damage to surrounding healthy brain tissue due to

deformation of the tissue during hemorrhage evacuation.

II. SYSTEM OVERVIEW AND WORKFLOW

Figure 1 shows the robotic intracerebral hemorrhage evac-

uation system. The actuation unit for the concentric tube

robot (which was previously described in [10]) is mounted

on a lockable articulated arm, which holds it in place above

the patient’s head. The actuation unit delivers a concentric

tube robot into the patient’s brain. We use a special case

concentric tube robot that has only two tubes, with the

outer tube being straight and stiff, relative to the superelastic

curved inner cannula (see Fig. 2). The kinematics of this

robot are given in [10]. The robot is able to insert-retract

both its outer and inner tubes, and also axially rotate its inner

cannula. By doing this, the robot can articulate its tip inside

the hemorrhage (the interested reader can find information

on the workspace of concentric tube robots like this in [25]).

Suction is attached to the back of the inner tube, enabling

the robot to aspirate material.

In [10] we described a potential interventional workflow

based on preoperative CT images with intraoperative optical

tracking. Here, we propose use of intraoperative CT imaging,

which can enable a more aggressive removal of hemorrhage

material. We will discuss the pros and cons of both ap-

proaches in Section V. Both may be clinically feasible, and

each has advantages and disadvantages.

The workflow we propose in this paper is as follows.

First the patient and the robot will be placed in the scanner

as shown in Fig. 1. A preoperative scan will be collected,

and the robot will contain fiducial markers that enable its

six degree-of-freedom pose to be determined in relation

to patient anatomy (see e.g. [26] for one way to perform

registration of a robot to image space in a CT scanner). The

robot will then be repositioned to aim its insertion direction

according to the physician’s desired insertion trajectory. A

second scan may now be collected to verify alignment.

Next, planning software similar to that used for tube

optimization in [10] will be used to select curved tubes to be

used sequentially to aspirate the hematoma from an existing

set available in the operating room (in [10] we showed that

a small number of options is sufficient to capture anatomical

variability across a patient dataset). The path for each tube

will then be planned as described in Section III. After the

surgeon approves the plan, the robot will insert its outer tube

into the patient to the hematoma, the first curved tube will

be installed, and aspiration initiated, likely starting at the

centroid of the hematoma. At any time during aspiration,

lockable

articulated arm

CT scanner

needle

robot

actuation unit

Fig. 1: Illustration of robotic ICH evacuation system concept.

Fig. 2: (a) An illustration of a two-tube concentric tube robot inserted into
a simulated hemorrhage. (b) An overlay of several configurations that can
be achieved by inserting and retracting both tubes and axially rotating the
precurved, superelastic inner cannula.

the physician may stop the robot, and obtain a new CT

scan. Then software will replan the sequence of tubes and

the paths of each, the surgeon will approve the plan, and

the robot will again commence aspiration. We imagine this

being done iteratively until the physician determines that a

sufficient volume of hemorrhage material has been removed.

III. MOTION PLANNING

In [10], motion planning was left to future work. Exper-

iments were conducted by manually entering a sequence of

coordinates for the needle tip, as the experimenter visually

observed the procedure through semi-transparent gelatin. In a

clinical scenario, automated motion planning is desirable. We

employ a layer-by-layer motion planning approach, which

decomposes the tip motion planning problem into a series of

2D problems.

We begin by segmenting the hematoma volume from

the images, an then slice it into two-dimensional layers

perpendicular to the axis of the needle. For each layer, a

spiral tip path is then generated as shown in Fig. 3, which

begins at the centroid of the layer and spirals outward, taking

on the shape of the boundary of the hematoma within that

layer as it approaches the edges. We note that a safety margin

can be intentionally left around the periphery of the lesion,
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Fig. 3: Illustration of the spiral trajectory generated by the motion planning
algorithm for an example layer of the targeted hemorrhage volume.

and this is likely to be desirable in a clinical implementation.

The entire trajectory of the tip is completed by sequentially

moving from the ending point of the path in one layer to

the starting point of the path in the next layer, until all the

layers have been traversed.

As blood is removed by the robot and pressure is relieved

from the surrounding brain tissue, the size and shape of

the hematoma and surrounding brain tissue will change due

to brain deformation. Hence, we expect multiple iterations

of imaging and motion planning to typically be useful in

maximizing the volume of hemorrhage that can be removed

safely without damaging the surrounding brain tissue.

IV. IN-SCANNER EXPERIMENTS

We conducted a series of experiments in a CT scanner

to explore the benefits of iterative scanning and re-planning

during hemorrhage aspiration. These experiments used the

phantom shown in Fig. 4, and the experimental setup shown

in Fig. 5.

A. Phantom Brain and Hematoma Preparation

The complete brain phantom is shown in Fig. 4. The brain

phantom (see Fig. 4). was made of 5% by weight Knox™

gelatin, formed in a brain mold. This concentration has been

shown to provide some mechanical properties similar to

mouse brain tissue, particularly in terms of shear modulus

[27]. The hemorrhage was also composed of Knox™ gelatin

but with a 2% by weight concentration to represent the semi-

coagulated blood in a hematoma. The hematoma was molded

first, and embedded in the brain gel before it was fully

solidified. The hematoma was shaped in a 45 mm diameter

spherical mold with Barium Sulfate added for CT contrast

enhancement (0.5% by weight).

After casting, the complete brain phantom was placed

inside a life size plastic human skull model (see Fig. 4). A

layer of foam was placed under the gelatin brain in the skull

to support the brain at the proper level (i.e., with its surface

touching the inside surface of the skull cap).

B. Experimental Procedure

The brain phantom, robot, and CT scanner were arranged

as shown in Fig. 5. The head phantom was held securely in

place on a wooden platform with elastic VELCRO™ bands.

C

D B

A

Fig. 4: The anatomical model used in the experiments consists of (A) a
gelatin brain phantom, (B) an embedded hematoma model (Note that the
hematoma model is spherical, although refraction from the brain surface
may make it appear otherwise in the image), (C) a rigid plastic skull, and
(D) a foam cushion to support the brain and hold it against the skull cap.

A

B

F

D

E

C

Fig. 5: Our experimental setup: (A) the robot inserted through a burr hole
on top of the skull, (B) the lockable positioning arm holding the robot,
(C) the brain phantom from Fig. 4), (D) the Xoran XCAT CT scanner, (E)
Simulink™ Realtime system, and (F) the vacuum pump.

The tip of the outer tube was aimed toward the hematoma

and inserted a short distance into the brain through a small

opening created in the skull to simulate a burr hole. A CT

scan was collected and the location of the hemorrhage with

respect to the needle tip was identified via segmenting in 3D

Slicer [28]. The resulting stereo lithography (STL) file was

imported into Matlab for motion planning. The joint-space

coordinates corresponding to the desired spiral path were

generated using the inverse kinematic model [10]. During

robot motion, the robot was controlled using the Matlab™

Simulink™ environment under the Simulink Real-Time sys-

tem setup. The software transitions between the joint-space

reference trajectory points via linear interpolation.

In the experiments in this paper, the path planner described

in Section III was employed, with a 2.5 mm layer spacing

and 2.5 mm maximum spiral pitch at a speed of 2 mms−1

at the tip. A 5 mm safety margin was left at the periphery of

the hematoma in the planning process. Suction was applied

using a Gomco model 300 medical grade suction pump.
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Fig. 6: CT scan images from the open loop debulking experiment. The
left image shows the pre-operative scan and the right image shows the
postoperative scan, where (A) illustrates damage to brain tissue and (B)
shows the remainder of the hematoma.

(a)

~5mm

(b)

Fig. 7: An illustration of the hematoma before and after the open loop
experiment. The left image shows the preoperative CT scan with residual
hematoma overlaid in green. The right image shows a closeup of the
hematoma.

C. Open Loop Experiment

This experiment was designed to evaluate whether the

hematoma could be safely aspirated without iterative imaging

and re-planning. The initial hematoma volume was measured

at 40.8 mL. Upon completion of the procedure, a CT

scan was taken and is shown in Fig. 6. Segmenting the

postoperative scan data, we find that 7.16 mL of hematoma

was left behind accounting for 82% removal (see Fig. 7a).

Upon close inspection of the CT images, it is evident that

the aspiration process damaged healthy brain tissue due to

tissue deformation, despite the planned 5 mm safety margin

(Fig. 7b).

This damage is visible in Fig. 8 which compares the

extent of tissue damage within the brain tissue region of the

phantom model with respect to the final estimated hematoma

volume. The concentric tube tip trajectories in different

aspiration layers and tearing of the brain model are visible in

the image. This indicates that brain deformation during the

aspiration process results in significant hematoma geometry

changes, and motivates a desire for intraprocedural imaging

feedback.

D. Intraoperative Imaging and Replanning Experiment

In this experiment we used iterative CT imaging with re-

planning with the goal of improving safety and accuracy. The

preoperative CT is shown in Fig. 9a. The initial hematoma

volume was 42.49 mL. The procedure was divided into 3

iterations, with a CT image volume collected at the start

Fig. 8: Visualization of damage to the brain tissue (red volume) with respect
to the final hematoma volume (blue sphere).

A

B

(a) (b)

(c) (d)

Fig. 9: CT image feedback from the closed loop debulking experiment
(a) pre-operative, (b) first intra-operative image, (c) second intra-operative
image, and (d) final CT image of the completed aspiration procedure.

of each. The first iteration lasted approximately 1/4 of the

duration that would have been required for a full open-loop

experiment (as was done in Section IV-C). The CT image

taken at the start of the second iteration is shown in Fig. 9b

which shows partial removal of the hematoma.

The remaining hematoma volume at the start of the second

iteration was 35.0 mL, and a new motion plan was generated

for the second iteration based on the new image volume.

The motion plan was then implemented until approximately

1/2 of the aspiration of the remaining hematoma material

had been completed. The image shown in Fig. 9c was then

collected which showed 18.7 mL of hematoma remaining.

While the 5 mm margin was impinged upon, the tip of the

cannula did not damage brain tissue.

The third and final iteration then commenced, resulting

in the postoperative CT image shown in Fig. 9d, illustrating

that the expected hematoma volume has been removed with

no appreciable damage to surrounding brain tissue. Figure
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(a)

~2mm

(b)

Fig. 10: An illustration of the hematoma before and after the iterative
imaging-replanning experiment. The left image shows the preoperative ct
scan with residual hematoma overlaid in brown. The right image shows a
closeup of the hematoma. One can observe that while the planned 5 mm
margin was not maintained, it served its purpose in preventing brain tissue
from being damaged.

10 compares the initial and final volumes of the hematoma

illustrating the 85% aspiration achieved (final volume 6.54

mL). Comparing Fig. 10 to Fig. 7, one can see that the use

of intraoperative imaging made the procedure safer.

V. DISCUSSION AND CONCLUSIONS

The experimental results presented in this paper demon-

strate the potential usefulness of intra-operative imaging

during hemorrhage aspiration. If one were to use preoperative

images alone, one would have to be much more conservative

in removing only the center of the hematoma, and leaving a

large safety margin to account for tissue deformation. While

this may still lead to clinical benefit (physicians do not

know how much hematoma material must be removed for

clinical benefit to begin, but estimate that even as little as

25% removal may be clinically useful), it may sometimes

be desirable to be more aggressive in removing hematoma

material. Intraoperative CT imaging enables one to observe

tissue deformation and compensate for it in the motion plan.

Of course, the price to be paid for this is additional radiation

to the patient from additional scans. This may be deemed a

price worth paying, since an ICH is a life or death situation

with 40% mortality.

There is substantial opportunity for optimization within

the framework described in this paper. While we began our

aspiration at the edge of the hematoma, it would probably be

preferable to begin at the center (or in another statistically

optimal location, based on a brain deformation model) in a

clinical implementation. The trajectory planning/replanning

algorithm could also be optimized to work directly in 3D

rather than using the layer-by-layer approach we employed

here which would be particularly useful for hematoma shapes

with more complex geometry [29].

We have not reported procedure durations in this paper,

because we have not yet optimized the system to minimize

procedure time. Our complete aspirations (all iterations, not

including imaging time) in this paper took approximately 50

minutes each, which is not much different than the 20-40

minutes it typically takes a surgeon to resect a hematoma

once he/she has opened the brain and reached the hematoma

surface. In future work, we plan to optimize both path

planning and the speed with which the robot’s tip moves

within the hematoma to minimize procedure time. Suction

pressure can also be optimized to control the volume locally

aspirated at the cannula tip, at a given position. While it

is desirable to remove the hematoma as fast as is safely

possible, we believe that procedure durations of roughly an

hour will be easily tolerated clinically. Another open question

we plan to study in the future is how coagulated the blood can

be and still be aspirated through tubes of various diameters.

Our hypothesis is that there will be a period of time in

which the hematoma is sufficiently soft that it can be locally

aspirated.

Intraoperative image feedback appears useful for account-

ing for brain shift and increasing the portion of hematoma

targeted. However radiation dose is a concern, and so it will

be useful in future work to optimize the percentage of the

plan targeted at each iteration to minimize the number of

scans required. Toward the same objective, it would also be

useful in future work to introduce brain deformation models,

to predict the deformation of the brain as hematoma material

is aspirated [30]. Burr hole ultrasound imaging is another

possibility for image feedback that eliminates the radiation

issue. A benefit of ultrasound would be real-time feedback

[31], [32]. A drawback would be the lower quality images

provided, and the probable need to create a second opening

in the skull to place the ultrasound transducer on the brain

surface.

VI. CONCLUSIONS

This paper compared the initial experimental results for

minimally invasive robotic intracerebral hemorrhage evac-

uation with and without intraoperative CT feedback. The

experiments were carried out on phantom brain-hematoma

models. A simple, 2D-layer-based aspiration path planner

was employed. Both experiments produced comparable re-

sults in hematoma removal and aspiration efficiency but

the procedure with feedback significantly reduced the brain

tissue damage. Analysis of CT image data of the experiments

showed that the hematoma-brain boundary changes during

aspiration, necessitating image feedback. This is as expected

based on prior literature describing substantial brain shift

during neurosurgical interventions. Future research will in-

vestigate optimizing imaging frequency, optimizing motion

planning algorithms, and potentially employing ultrasound

for real-time feedback. We believe that the basic approach

described in this paper holds great promise for testing

the hypothesis that surgical outcomes today are not better

because of the drawback of disrupting a substantial volume

of healthy brain tissue. If this hypothesis proves correct, a

future robotic system of the type we describe in this paper

may save many lives, by providing a minimally invasive

intervention for ICH.
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