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a b s t r a c t 

In the past decade, medical robotics has gained significant traction within the surgical field. While the 

introduction of fully autonomous robotic systems for surgical procedures still remains a challenge, robotic 

assisted interventions have become increasingly more interesting for the scientific and clinical commu- 

nity. This happens especially when difficulties associated with complex surgical manoeuvres under re- 

duced field of view are involved, as encountered in minimally invasive surgeries. Various imaging modal- 

ities can be used to support these procedures, by re-creating a virtual, enhanced view of the interven- 

tion site. Among them, ultrasound imaging showed several advantages, such as cost effectiveness, non- 

invasiveness and real-time volumetric imaging. In this review we comprehensively report about the inter- 

ventional applications where ultrasound imaging has been used to provide guidance for the intervention 

tools, allowing the surgeon to visualize intra-operatively the soft tissue configuration in real-time and to 

compensate for possible anatomical changes. Future directions are also discussed, in particular how the 

recent developments in 3D/4D ultrasound imaging and the introduction of advanced imaging capabili- 

ties (such as elastography) in commercially available systems may fulfil the unmet needs towards fully 

autonomous robotic interventions. 

© 2019 Published by Elsevier B.V. 
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. Introduction 

Minimally invasive surgery (MIS) is usually associated with a

ong learning curve due to technical limitations faced by surgeons

n dealing with limited field of view and complete lack of depth

erception ( Vitiello et al., 2013; Elgezua et al., 2013 ). Introduc-
Abbreviations: 2D/3D/4D, 2/3/4 Dimensional; BPH, Benign Prostate Hypertrophy; 

EUS, Contrast-Enhanced Ultrasound; CPB, Cardiopulmonary Bypass; CPU, Central 

rocessing Unit; EM, Electromagnetic; FOV, Field of view; GPU, Graphics Processing 

nit; HCC, Hepatocellular Carcinoma; HT, Hough Transform; ICP, Iterative Closest 

oint Algorithm; LLS, Left Lateral Sectionectomy; MIS, Minimally Invasive Surgery; 

RI, Magnetic Resonance Imaging; MW, Microwave; NVB, Neurovascular Bundle; 

NET, Pancreatic Neuroendocrine Tumor; RALRP, Robotic-Assisted Laparoscopic Rad- 

cal Prostatectomy; RANSAC, Random Simple Consensus; RF, Radio Frequency; SAA, 

plenic Artery Aneurysms; SURF, Speeded Up Robust Features; TEE, Transesophageal 

chocardiography; TPS, Treatment Planning System; TRUS, Transrectal Ultrasound; 

RUSE, Transrectal Ultrasound Elastography; US, Ultrasound; LUS, Laparoscopic Ul- 

rasound; USE, Ultrasound Elastography. 
� Conflicts of interest: No actual or potential conflicts of interest exist. 
∗ Corresponding author at: Gardens Point Campus, 2 George St, Brisbane, Queens- 

and 40 0 0, Australia. 

E-mail address: davide.fontanarosa@maastro.nl (D. Fontanarosa). 
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ion of robotic technology to MIS has been proposed to bring ac-

uracy and precision and the early clinical adoption of robots in

urgery dates back to 1980s. By 1994 voice controlled camera hold-

ng robots were demonstrated to work in symbiosis with surgeons

erforming complex laparoscopic surgery (Sackier & Wang, 1994).

he major breakthrough came in early 1997 when Intuitive Surgi-

al introduced a multi arm robot named da Vinci that became very

elpful in enhancing dexterity and manoeuvrability. Since then de-

elopments of robotic systems in clinical applications has led to

nnovative changes in medical procedures and demand for mini-

ally invasive healthcare ( Leven et al., 2005; Elgezua et al., 2013 )

as significantly increased. Compared to the purely mechanical and

anually manipulated instruments, the robotic instruments have

etter manoeuvrability, as more degrees of freedom can be actu-

ted simultaneously than what could be directly handled by hu-

an hands. They are also more intelligent since more sensors

an be integrated and processed during the operation to moni-

or the process and assist in decision making (Wu et al., 2018).

edical robots are now equipped with imaging systems that can

reate an enhanced view of the interventional site and real-time

https://doi.org/10.1016/j.media.2019.01.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/media
http://crossmark.crossref.org/dialog/?doi=10.1016/j.media.2019.01.002&domain=pdf
mailto:davide.fontanarosa@maastro.nl
https://doi.org/10.1016/j.media.2019.01.002
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navigation tracking of surgical tools for effective synchronization

with pre-operative plans has now become reality ( Lee et al., 2010;

Leven et al., 2005; Ho et al., 2011 ). MIS patients now benefit from

faster recovery times owing to small incisions required to access

the area of surgical interest and development of patient specific

digital models. In orthopaedics, medical robotic platforms such

as MAKO (Stryker, Kalamazoo, Michigan, U.S.A.) has proven to be

very successful in knee and hip arthroplasty where registration of

rigid-bones with robotic tools has resulted in better patient out-

comes (van der List, Chawla, & Pearle, 2016). On the other hand,

the use of the Cyberknife System (Accuray, Sunnyvale, CA, USA)

has proven to be equally beneficial in dealing with patient spe-

cific radiation therapy outcomes (Wang et al., 2015). Recently, re-

searchers from the University of Oxford have completed the first

successful trail of robot-assisted retinal surgery using PRECEYES

Surgical System (Edwards et al., 2018). However, further develop-

ment of the robotic-assistant technology is required before medi-

cal robots can overcome some of the challenging aspects in dealing

with soft tissue deformation and real time volumetric represen-

tations required for MIS. There is an apparent lack of volumetric

imaging technology that would assign real time situational aware-

ness to medical robots. One of the most common imaging modal-

ities for these applications is ultrasound imaging (US), employed

either as sole image-guidance or in combination with other imag-

ing modalities, such as magnetic resonance imaging (MRI) or 2D

laparoscopic cameras ( Ukimura et al., 2015; Azizian et al., 2014 ).

The major advantages of US are that is cost-effective, non-invasive,

and allows real-time volumetric imaging, making it particularly

useful for applications where the anatomical structures could move

and/or deform during the intervention due to contact with tools or

physiological factors ( Fenster and Downey, 2001 ). Advanced US

modalities such as colour-Doppler and shear-wave elastography

can potentially be used as an additional source of information to

differentiate tissues ( Schneider et al., 2011; Deshmukh et al., 2014 )

or to track tools inside the patients’ anatomy ( Adebar and Oka-

mura, 2013; Schneider et al., 2011 ). 

In this work, we start with reviewing the developments in US-

guided robotic procedures linked to MIS in the last decade (2007–

2017) and then make the case of how increased adoption of US

as a stand-alone or secondary imaging modality would benefit

Medical Robotics. For a comprehensive discussion we performed a

systematic search in Pubmed including original research articles,

clinical trials, experimental studies, reviews and conference pro-

ceedings. The search was conducted by combining the keywords

“ultrasound”, “guidance”, “computer-assisted” or ”robotic”, “min-

imally invasive” and “procedure” or “surgery” or “intervention”

(including Mesh terms automatically provided by PubMed). The

search was then further expanded using the relevant references

found in the publications obtained with the aforementioned in-

clusion criteria. We also highlight the existing literature in this

area where authors have already reviewed use of robotic US for

some specific medical applications (for example (Kaye, Stoianovici,

2014)and (Mahmoud, Aslam, Alsaadi, Fagiri, & Alonazi, 2018)) or

proposed general overviews of the use of US in medical robotic

procedures (Priester, Natarajan, & Culjat, 2013).To the best of our

knowledge there is no comprehensive and specific review on the

use of US to guide robotic procedures in MIS, including all the

image processing techniques (for example segmentation and track-

ing). 

For a focused presentation, the review is divided into two main

parts: robotic percutaneous needle procedures ( Section 2 ) and

robotic-assisted minimally invasive surgery ( Section 3 ). The first

category includes interventions such as biopsy, brachytherapy, per-

cutaneous ablation and anaesthetic injections. The second category

consists of laparoscopy and minimally invasive cardiac surgery. The

use of US to detect and track interventional tools is reported in
ection 4 . Further advancements in medical robots, such as robotic

utonomous systems, and the recent developments of 3D/4D US in

linical practice will be reviewed and discussed in Section 5 . 

. US-guided robotic percutaneous needle procedures 

.1. Breast and prostate biopsy 

Minimally invasive techniques such as US-guided needle biop-

ies are currently considered standard diagnostic techniques for

reast and prostate cancer ( Presti, 2008; Newell and Mahoney,

014 ). Robotic systems for these types of applications are partic-

larly advisable because of the specific requirements for manual

exterity and precision in “suspicious” tissue identification and ex-

raction, especially in case of small lesions (e.g. small breast le-

ions with diameters in the range 2–8 mm) ( Hruskaa and O’Connor,

008; Nelson et al., 2012 ). The possible motion and deformation of

rostate and breast during biopsy make the procedure even more

hallenging. Due to US probe pressure ( Baumann et al., 2007 ), tis-

ue deformations induced by needle insertion ( Mallapragada et al.,

007; Mallapragada et al., 2008; DiMaio and Salcudean, 2003 ) or

hysiological factors ( Chopra et al., 2006; Padhani et al., 1999 ), the

arget region might move from the original location. Breast lesions

an shift up to 1 cm from the original position due to needle inser-

ion deforming the surrounding tissues ( Mallapragada et al., 2008 ).

or the prostate, needle-induced deformation and motion ( De Silva

t al., 2011; Lagerburg et al., 2005; Stone et al., 2002 ) is estimated

o be as large as 1.5 cm; and physiological factors such as peri-

taltic motion and bladder filling may generate drifts larger than

 cm ( Padhani et al., 1999; Ghilezan et al., 2005 ). In these cases,

eal-time tracking and/or immobilization of the structure of inter-

st are crucial for the success of the operation ( Mallapragada et al.,

007 ). Even though in a standard biopsy the surgeon can typically

orrect the needle path in real-time when such shifts occur, it may

e challenging to re-centre the target and a new insertion could be

eeded ( Mallapragada et al., 2008; Ho et al., 2009 ), possibly caus-

ng unintended collateral morbidities. The introduction of a robotic

ystem can reduce invasiveness, operator dependence and duration

f the biopsy ( Nelson et al., 2012; Mallapragada et al., 2008 ). 

In the last decade, many US guided robotic systems for breast

nd prostate biopsy have been developed, mostly at an experimen-

al level ( Table 1 ). The systems designed for this type of procedure

re either autonomous or imply a minimum input action from the

urgeon (semi-autonomous systems). Typically, in these workflows,

 US probe attached to a robotic arm scans the area of interest.

he system, or the surgeon, then identifies the target in the US

mage and the target coordinates are translated to another robotic

rm holding the needle, in order to guide it to the insertion point

 Fig. 1 ) . The insertion is then either performed by direct actuation

f the robotic arm for autonomous systems or controlled by the

urgeon in semi-autonomous cases. 

.1.1. Autonomous systems 

An autonomous robotic system compensating for intra-

perative target motion was designed by Mallapragada et al. and

ested on a breast phantom ( Mallapragada et al., 2007; Mallapra-

ada et al., 2008; Mallapragada et al., 2009 ). The system made use

f image processing algorithms to identify and localize the target

ithin the phantom. They also implemented a manipulation de-

ice consisting of a set of actuators, which could apply an exter-

al force on the phantom surface in case of misalignment with

he needle path, thus allowing real-time alignment with the nee-

le trajectory during insertion. Liang et al. (2011) addressed in a

ore realistic way the target identification and localization tasks

roposing a new design of a robotic needle insertion system. In

heir work they tested a threshold algorithm (plus post processing
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Table 1 

US-guided robotic percutaneous needle applications. 

Study & year Robotic system Study type (CL/FS) A Anatomy Identification Limitations B Tool Identification Tracking system Probe type 

Breast biopsy Mallapragada et al. 

(20 07, 20 08, 20 09 ) 

Autonomous FS (phantom) Search algorithm to localize 

target in the volume & 

image processing to 

determine its coordinates 

Details about search 

algorithm NS & simulation 

on phantom 

Needle position with 

respect to the image is 

coded in the controller 

Potentiometer for 

probe localization 

2D US 

Liang et al. (2011) Autonomous FS (turkey breast) Threshold algorithm & post 

processing imaging to 

segment the breast 

calcification & cyst 

Not sophisticated algorithm 

plus specific only for 

calcification and cyst, no 

motion management 

Needle position controlled 

by the robotic frame 

Probe in a fixed 

known position 

with respect to the 

robot frame and 

needle tip 

3D US 

Nelson et al. (2012) Semi-autonomous FS (phantom) High image quality 

obtained through a 

developed scanner 

Target contoured by 

physician, no motion 

management 

Needle localization through 

sensor on robotic arm 

Probe localization 

through sensor on 

robotic arm 

NS C 

Prostate biopsy & 

Brachytherapy 

Bassan et al. (2007) Semi-autonomous FS (phantom) 3D US image reconstructed 

by automatic probe holder 

rotation, point of interest 

marked by clinician 

Target contoured by 

physician, no motion 

management 

Needle localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Yu et al. (2007) Autonomous/ 

Semi-autonomous 

mode 

FS (phantom) 3D US image reconstructed 

by automatic probe holder 

rotation, Manual 

segmentation of anatomical 

structures of interest 

Target superimposed to 3D 

model to highlight target 

shift to facilitate the 

surgeon in needle path 

correction, but no organ 

tracking 

TPS integrating seeds and 

needle position; Seeds 

segmentation NS 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Fichtinger et al. (2008) 

Autonomous/ 

Semi-autonomous 

mode 

FS (phantom) & CL 

( n = 5) 

3D US image reconstructed 

by manual probe holder 

translation; Manual 

segmentation of anatomical 

structure of interest & 

automatic model creation 

of the prostate; US probe 

moved manually to image 

the plane of the tool tip 

Target motion visualized by 

superimposition of TRUS 

live images on pre-op 3D 

model, but no organ 

tracking 

TPS integrating seeds and 

needle position (localized 

with optical tracking); 

Seeds segmentation 

performed by knowing 

expected location 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Kaicheng et al. (2010) 

Autonomous FS (turkey breast) Threshold algorithm for 

surface reconstruction to 

center probe field of view 

& calculate depth for tissue 

extraction 

Poor segmentation 

algorithm, no organ 

tracking 

Needle fixed to probe Probe localization 

through sensors on 

robotic arm 

3D US 

Ho et al. (2011) Semi-autonomous CL ( n = 20) 3D US image reconstructed 

by automatic probe holder 

translation along 

cranio-caudal direction, 

Manual segmentation of 

the prostate & automatic 

model creation 

No tracking of anatomical 

structure 

Needle localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Hungr et al. (2009) , 

Long et al., (2012) 

Autonomous FS (phantoms) Manual segmentation and 

tracking of prostate using 

image registration 

Phantom study considering 

only the prostate 

Needle localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

3D TRUS 

( continued on next page ) 
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Table 1 ( continued ) 

Study & year Robotic system Study type (CL/FS) A Anatomy Identification Limitations B Tool Identification Tracking system Probe type 

Zhang et al. (2016) Semi-autonomous FS (phantom &5 

patient images) 

MRI-TRUS fusion and 

automatic target detection 

using elastic registration, 

US probe moved 

automatically to image the 

plane of the tool tip 

Simulations performed on 

static patient images 

EM tracking for needle 

localization 

EM tracking for 

probe localization 

2D TRUS 

Lung Brachytherapy Trejos et al. (2007) 

(2007) & Lin et al., 

(2008) 

Tele-operation FS (surgical box 

containing a lung 

phantom) 

Navigation system allows 

to see 2D plane of interest 

Target contoured by 

physician, no motion 

management 

Ultrasound image 

information and EM 

tracking to recreate the 

needle image in the 

navigation system 

EM tracking for 

probe localization 

2D US 

Anaesthesia for 

saphenous nerve Hemmerling et al. (2013) 

Tele-operation CL ( n = 13) Interface showing external 

video and US image, target 

identified by visual 

inspection 

Only visual inspection for 

structure and needle 

recognition 

Visual inspection Probe manually 

held & no tracking 

(robot motion 

operated by 

surgeon based on 

direct vision and 

camera vision) 

2D US 

Anaesthesia for 

facet joint 

Esteban et al. 

(Esteban et al., 

2018) 

Semi-autonomous CL ( n = 2) 3D US volume acquired 

with automatic 2D sweep 

of probe, needle entry and 

final points manually 

selected from physician 

Target selected by visual 

inspection 

Needle fixed to probe Probe localization 

through sensors on 

robotic arm 

2D US 

Liver ablation Boctor et al.(Emad 

M. Boctor, Michael 

A. Choti, 2008) 

Semi-autonomous FS (bovine liver, 

live porcine model) 

3D US image reconstructed 

from 2D images, 

semi-automatic 

segmentation of tumour 

and vessels, registration 

with intra-operative images 

No real -time motion 

management, and 

registration computation 

time NS 

EM tracking or sensors on 

robotic arm for needle 

localization 

EM tracking for 

probe localization 

2D US 

Xu et al.(2010) Semi-autonomous FS (artificial 

phantom, bovine 

liver) 

3D US image reconstructed 

from 2D images, visual 

inspection to select target 

Target visually identified by 

surgeon, no motion 

management 

EM tracking or sensors on 

robotic arm for needle 

localization 

EM tracking for 

probe localization 

2D US 

Prostate ablation Faber et al.(2015) Semi-autonomous FS (canine model) Prostate individuated in 2 

perpendicular planes 

simultaneously 

Target contours selected by 

physician 

Probe localization through 

sensors on robotic arm 

NS TRUS 

Inclusion criteria: In the referenced studies ultrasound is used to guide robotic surgery at a clinical or feasibility study. 
A FS = Feasibility study; CL = Clinical study. 
B The limitations specified are only related to the identification, visualization and tracking the anatomy. 
C NS = Not specified. 
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Fig. 1. An example of robotic system, composed by: a robotic arm holding the nee- 

dle for the intervention and a robotic US probe holder with the transducer fixed at 

his end. The robotic components are shown schematically (a) and during an exper- 

imental study on animal model (b) ( Liang et al., 2011 ). 
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o eliminate noise and artefacts) for cyst and calcification identifi-

ation on turkey breast ( Whitman et al., 2007 ). Despite more elab-

rate segmentation algorithms having been proposed in literature

 Boukerroui et al., 2001; Horsch et al., 2002 ), a less sophisticated

lgorithm has been selected in this study to reduce computation

ime. For the system proposed by Nelson et al. (2012) motion man-

gement was not specified. 

For applications in prostate biopsy image guidance is per-

ormed using transrectal ultrasound (TRUS). Tumor masses within

he prostate are usually not visible with this imaging modality

 Sonn et al., 2014 ). Therefore a multiple-core biopsy is gener-

lly performed ( Matlaga et al., 2003 ) with the aim of collecting

niformly distributed tissue samples from the prostate volume.

lthough several authors proposed MRI-TRUS fusion ( Hadaschik

t al., 2011; Sonn et al., 2014; Xu et al., 2008; Ukimura et al., 2015 )

or prostate lesion detection, due to several factors, such as high

osts and extended biopsy duration ( Hadaschik et al., 2011 ), cur-

ently 12 core-biopsy represents the “gold standard” for prostate

umor diagnosis ( Presti, 2008 ). Bax et al. (2008) developed a sys-

em able to track the TRUS position and to enable needle biopsy

lanning. Starting from this work, several robotic platforms per-

orming multiple-core biopsies have been proposed in literature.

iang, Rogers, Light, von Allmenb and Smith (2010) simulated a 8-

ore biopsy on a turkey breast using an autonomous robotic sys-

em. The authors developed a threshold algorithm to reconstruct

he target surface that was then used to define the locations of the

issues to be sampled. During the simulations, the turkey phan-

om was fixed with pins to prevent motion and thus no correc-

ion mechanism has been developed to account for intra-operative

rostate motion. The turkey phantom, though, did not realistically

imic the prostate tissue and the segmentation algorithm imple-

ented resulted in some cases in poor surface reconstruction. 

.1.2. Semi-autonomous systems 

For breast biopsy applications a semi-autonomous systems was

roposed by Nelson et al. (2012) , implementing a high image qual-
ty US scanner ( Nelson et al., 2007 ) for lesions identification. In

his setup, the breast was scanned through an acrylic container

lled with water and coupled with the US probe using US gel. This

ay, tissue compression due to probe pressure was avoided and

he probe field of view was optimized. Before needle insertion, the

arget and the needle path were selected on a 3D US volume by

he clinician using a graphic interface. No target motion manage-

ent was implemented to correct for possible target shifts. 

A semi-autonomous robotic system (BioXbot) ( Ho et al., 2009 )

or prostate biopsy was implemented by Ho et al. (2011) and tested

n a clinical pilot study. The prostate was manually segmented

rom the 2D TRUS images and a 3D model was created. Based on

he prostate dimensions and position, the system planned the loca-

ion of the tissues to be sampled and the needles trajectories. The

obotic arm then automatically placed each needle in position to

e fired by the surgeon. Prior to needle insertion, the surgeon was

lso able to check the needle trajectories represented as dots on

he real-time TRUS images. Prostate motion could be detected by

he surgeon in the graphical interface as a misalignment between

he prostate model and the live images, but no automatic tracking

as implemented. 

.2. Prostate and lung brachytherapy 

Besides biopsy, US-guided robotic applications involving percu-

aneous needle insertions, with the same configuration of compo-

ents (as in Fig. 1 ), have also been developed for brachytherapy

nd more recently for focal therapy ( Nguyen and Jones, 2011 ) (also

eferred to as “ablation”) ( Table 1 ). 

Brachytherapy involves the implantation of radioactive seeds

o destroy locally the cancerous cells. Typically a total of 80–100

eeds are implanted in about 20 needle insertions ( Ding et al.,

006 ). Prior to implantation, a treatment planning system (TPS)

etermines the number of seeds and their position in order to gen-

rate the desired dose distribution in the tissues. To achieve correct

umour coverage and minimize toxicity, it is of paramount impor-

ance that the seeds are positioned as simulated. Therefore, as for

iopsy, motion management is important to ensure a successful in-

ervention. 

Brachytherapy is a procedure also used as treatment for

ung cancer, commonly for patients not eligible for surgical tu-

our resection. It plays an important role in endobronchial ob-

truction removal for palliative patients with bronchus cancer

 Skowronek, 2015 ). As for prostate brachytherapy, this treatment

odality presents many challenging aspects that can be mitigated

y combining US imaging and robotic systems, among which: ac-

urate needle placement, stable needle retraction and access to the

rea of interest due to the proximity of bones, vessels and nerves.

oreover, uncertainties in tumour location are generated by heart

eating and respiration ( Trejos et al., 2007 ). While a robotic sys-

em can improve accuracy and stability during needle placement

nd retraction, US imaging might be helpful to establish optimal

eedle insertion points and orientation as well as monitor organ

otion during the procedure. 

.2.1. Autonomous systems 

Long et al. (2012a ) proposed an autonomous system (Pros-

er) for prostate brachytherapy which could track and compen-

ate for the motion of the prostate in real time during the pro-

edure using 3D US. However, details about the registration algo-

ithm and computation times were not specified and the procedure

as only tested on a deformable phantom. Yu et al. (2007) and

ichtinger et al. (2008) proposed instead to monitor prostate mo-

ion during needle placement comparing it to a model of the gland

enerated prior to the intervention from 2D manual contouring.
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Fig. 2. Schematic representation of the procedure set-up for US-guided ablation 

robotic system. The robotic arm holding the MW ablation tool is operated form 

the surgical workstation, where the surgeon through a navigation interface can vi- 

sualize the live 2D US images. The US probe, EM tracked, is manually guided by an 

assistant surgeon ( Xu et al., 2010 ). 
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During intervention, for each seed the optimal position was recal-

culated based on the ones already placed to compensate for possi-

ble shifts or deformations in the prostate. 

2.2.2. Semi-autonomous systems 

Zhang et al. (2016) developed a semi-autonomous robotic sys-

tem for prostate brachytherapy implementing an MRI-TRUS au-

tomatic deformable registration platform. The brachytherapy plan

was created on a preoperative fusion between the two modalities,

and needle insertion was performed navigating on the live TRUS

images co-registered to the MRI volume using a maximum corre-

lation coefficient deformable registration method. 

Other studies ( Bassan et al., 2007; Yousef et al., 2007; Podder

et al., 2007 ) in the area of prostate brachytherapy focussed more

on developing sophisticated needle robotic manipulators or probe

holders than specifically on intra-operative US guidance. For exam-

ple, Bassan et al. (2007) developed a complete system integrating a

novel robotic manipulator for the seed injector and a probe holder

allowing for 3D image reconstruction through rotation of the US

probe. 

2.2.3. Teleoperated systems 

For lung brachytherapy, despite the clinical and scientific need,

only one system has been proposed in the past decade in litera-

ture, by Trejos et al. (2007) . Their solution consisted in two teleop-

erated surgical robotic systems (ZEUS and AESOP), used to control

an endoscope, an US probe, a tool for incision and a seed injec-

tor. The surgeon guided the intervention by means of a navigation

interface (InterNAV), showing position and orientation of the nee-

dle and of the US probe. The needle trajectory was projected onto

the US images, together with the target outlined by the surgeon.

The system was subsequently modified improving the robotic con-

troller and updating the graphical interface ( Lin et al., 2008 ). 

2.3. Liver and prostate ablation 

Ablation is a relatively new treatment option for hepatocellular

carcinoma (HCC), which covers 85–90% of all primary liver can-

cers ( El-Serag and Rudolph, 2007; Xu et al., 2010 ) and for endo-

scopic benign prostatic hyperplasia (BPH) dissection. Ablation con-

sists of destroying cancerous cells by means of chemical injections,

cryotherapy or thermal energy produced by radiofrequency, mi-

crowave (MW) or focused US ( Boctor et al., 2008 ). Among thermal

ablation techniques, percutaneous microwave and radiofrequency

ablation are currently considered the most effective to treat early

stage HCC ( Poulou et al., 2015 ). During these procedures, a needle-

like device (ablation tool) is inserted into the tumour under US

guidance and once in position the energy to eradicate the tumour

is released ( Boctor et al., 2008 ). 

Although the percutaneous access to the tumour limits the in-

vasiveness of the intervention, it increases the complexity of the

treatment procedure. In fact, it is often necessary to perform dif-

ficult manoeuvres and precise and accurate needle insertion with

limited field of view while compensating for possible organ mobil-

ity ( Xu et al., 2010; Eisele, 2016 ). 

2.3.1. Semi-autonomous systems 

Boctor et al. (2008) and Xu et al. (2010) implemented semi-

autonomous robotic systems for liver ablation, improving er-

gonomics, target visualization and guidance. The systems com-

prised the ablation tool, a robotic arm to guide it to the insertion

position, a 2D US probe and a navigation interface. In the work-

flow introduced, the needle trajectory was planned on a 3D US vol-

ume that had been manually scanned using a 2D US probe local-

ized with electromagnetic (EM) tracking ( Rohling et al., 1999 ). Dur-

ing the ablation procedure, the probe was manually held and the
ive 2D US image could be visualized in the navigation interface

ith the current position and the planned trajectory of the nee-

le. A schematic representation of the procedure set-up is shown

n Fig. 2 . 

In the work of Xu et al. (2010) , a microwave simulator was also

dded to the system, in order to plan the microwave power and

uration to generate necrosis in the whole tumour volume. To in-

rease precision and safety, Boctor et al. (2008) added a registra-

ion procedure to detect tumour position changes. The regions of

nterest (tumour and vessels) were semi-automatically segmented,

sing an adaptive-level set algorithm ( Xu et al., 2007 ). In order to

onfirm intra-operatively that the location of the regions of inter-

st was as simulated, an iterative closest point algorithm (ICP) was

sed to deform the vessels in the intra-operative images to the

orresponding structures in the pre-operative image ( Rusinkiewicz

nd Levoy, 2001; Besl and Neil D. McKay, 1992 ). In case of tumour

ocation change, the patient was asked to regulate breathing to re-

tore the original tumour position ( Sabo et al., 1999 ). The registra-

ion procedure was performed upon request by the surgeon. De-

ails about registration computation time were not specified. 

For prostate cancer, Faber et al. (2015) , instead, developed and

ested on a canine model a novel robotic device for managing

ymptomatic BPH with hydrodissection ablation, that uses a high

elocity saline stream for tumor resection. Prior to the ablation

rocedure, the device (PROSPECT Aquablation 

TM system, PROSPECT

ioRobotics, Redwood Shores, CA) scanned the prostate gland with

 TRUS probe (Model 8848; B and K Medical, Denmark) and com-

utes an ablation plan, based on the US images acquired. The sur-

eon can then adjust the settings pre-computed by the system. The

onsole can be used to precisely regulate the fluid pressure, the

ransducer motion and the laser output for cauterization after the

blation phase. 

.4. Anaesthetic injections 

US-guided nerve block is typically carried out by identifying

he saphenous nerve from US images followed by an anaesthetic

njection. The injection can be performed at the ankle, knee or

alleolus level, and it is generally used for postoperative analge-

ia ( Varitimidis et al., 2009 ). Recently, an US-guided robotic sys-
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Fig. 3. The Da Vinci robotic system ( Antoniou et al., 2015 ). 
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em has also been implemented for facet joint injections, to pro-

ide back and spinal pain relief (Esteban et al., 2018). 

.4.1. Semi-autonomous systems 

Esteban et al. (2018) implemented a robotic system, involving a

emi-autonomous US scan to reconstruct the ROI volume, by au-

omatically sweeping a 2D US probe between two points selected

y the surgeon. The US probe and the needle holder were fixed

o the end effector of a robotic arm. The acquired US volume was

sed to plan the needle insertion. The physician selected the nee-

le entry and final point and the system computed the optimal

eedle path and guided the needle to the initial position, with the

lanned needle inclination. 

.4.2. Teleoperated systems 

In order to guarantee stable incision and faster learning curve,

emmerling et al. (2013) and Morse et al. (2014) developed a

obotic system (Magellan) in which the needle was held and

uided by a robotic arm, remotely controlled by a joystick. To se-

ect the point for needle insertion, the combined information from

 camera and from a manually operated 2D US system was visual-

zed and used by the surgeon. 

. US guidance in robotic-assisted minimally invasive surgery 

MIS) 

.1. Teleoperated systems for laparoscopy 

Surgeons have used US to observe intraperitoneal, retroperi-

oneal and pelvic organs not only pre- and post- but also dur-

ng the surgery. In traditional open abdominal surgeries, the sur-

eons can see organs directly with their eyes, can palpate or-

ans directly with their fingers and, in addition, can put US

robes directly on the organs. Using the combination of all these

ources of information, they can detect foci of disease to treat

 Makuuchi et al., 1998 ). Since the German gynaecologist Kurt

emm performed the first laparoscopic appendix removal, though,

he advancement in this type of surgery has been so remark-

ble that various laparoscopic procedures became preferable to

pen approaches ( Antoniou et al., 2015 ). Laparoscopy produces

maller surgical wounds, which brings patients reduced postop-

rative pain, lower risk of wound infection, and shorter hospital

tay ( Schols et al., 2013 ). On the other hand, smaller wounds in-

rease the difficulty for surgeons to palpate organs and to posi-

ion the US transducer directly on the organs as in open surg-

ries. To reduce the impact of these disadvantages, intracorporeal

aparoscopic US (LUS) was developed and widely accepted among

urgeons ( Makuuchi et al., 1998 ). After the introduction of roboti-

ally assisted methods, such as the da Vinci robotic system (Intu-

tive Surgical, Sunnyvale, California) ( Fig. 3 ), several works in litera-

ure reported about the combination of the latter with US guidance

 Dwyer et al., 2018 ). 

Patriti et al. (2009) used intraoperative US on seven cases

f colorectal cancer with synchronous liver metastasis to define

iver vascular anatomy and the sites of metastasis, as well as to

uide radiofrequency ablation. Calin et al. (2016) focused on a syn-

hronous liver metastasis case, but with pancreatic neuroendocrine

umor (PNET) as primary ( Hill et al., 2009 ). These procedures con-

ist in identifying the vessels in the liver, the boundaries of pancre-

tic mass to determine the transection line, and the splenic ves-

els with intraoperative Doppler US. The same imaging modality

as adopted by Araujo et al. (2017) to detect hypervascular lesions

uring robotic laparoscopic liver resection (left lateral sectionec-

omy (LLS)) (Clavien, 2016) on two cirrhotic patients ( Nota et al.,

016 ). Liu et al. (2015) employed a diagnostic US machine to seek

ntraoperatively for previously undetected lesions and to determine
he accurate surgical resection margins on seven cases of spleen-

reserved distal pancreatectomy. Giulianotti et al. (2011) reported

n nine splenic artery aneurysms (SAA) cases for whom special

ade vascular micro-clamps were introduced into the aneurysms

y robotically assisted laparoscopic surgery. After the procedure,

lood flow was assessed with intraoperative Doppler US. 

In all the previously reported cases, the operator had to

nteract with the robotic and the US components separately

 Woo et al., 2014 ). But the integration of the two systems in a

ingle navigation platform has been the subject of several stud-

es. Walsh et al. (2013) proposed the TilePro TM multi-input dis-

lay software (Intuitive Surgical, Sunnyvale, California) to integrate

eal-time 2D transvaginal US and the operative FOV into a single

isplay, in a clinical case of abdominal cerclage placement, a pro-

edure aiming at surgically closing the cervix during pregnancy.

ang et al. (2014) created a navigation system for fetoscopic MIS

howing 2D fetoscopic images superimposed on a 3D model of the

lacenta surface created using 3D US. US was also used as a track-

ng system for the endoscope, and no external tracking systems,

uch as optical tracking or EM tracking, were necessary. While the

ntegration in Walsh et al. and Yang et al. was mainly achieved vi-

ually, Schneider et al. (2012 a) proposed a physical integration of

he systems. A 2D linear LUS transducer (Gore Tetrad, Englewood,

O) robotically manipulated with the EndoWrist TM (Intuitive Sur-

ical, Sunnyvale, California) instrument was inserted into the ab-

ominal cavity to scan the liver. US images were then displayed

n the stereo display of the robotic surgical console. The superior

erformance of this integrated system, compared to conventional

andheld intraoperative LUS, was demonstrated by tests on phan-

om livers. 

To compensate for the lack of haptic feedback, or palpation, that

s a fundamental intraoperative source of information for surgeons

n open abdominal surgeries, US elastography (USE) has been used

o provide tissue stiffness values to the surgeons ( Ophir et al.,

999 ). Several researchers reported their attempts to adopt USE for

his purpose. Schneider et al. (2012 b) used a robotically manipu-

ated custom designed 2D US probe (frequency range 7–10 MHz)

o create a 3D elastographic map of the surgical site. The probe

as positioned on the organ to map and localized mechanically

y the robotic system. Shear waves were created in the organ by

n external mechanical exciter (LDS Model V203, B&K, Denmark)

riven by a signal generator (Agilent 33220A), captured by the

robe as radio frequency (RF) data and then processed to gen-

rate a 2D elastogram. 3D full volume elastograms were finally

econstructed from the 2D spatially tracked images. The authors

emonstrated the accuracy of the system in a phantom model

nd the feasibility in an in vivo setting ( Schneider et al., 2012 a).

illings et al. (2012) equipped one arm of a robotically assisted MIS
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Fig. 4. Two lesions with different stiffness values shown on B-Mode (left top figure) 

and elastography (left bottom figure) images. On the right, the US probe held by 

one of the da Vinci robot arms and coupling gel ( Billings et al., 2012 ). 
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system with a linear array US transducer (Gore, Newark, DE, USA).

A non-clinical experimental “palpate controller” interface was in-

stalled onto the system to make the robot generate a sinusoidal

precise and consistent tissue compression. The US wave reflected

from the deformed tissue was captured by the transducer as RF

data and processed with graphics processing unit (GPU)-based USE

system. The authors evaluated this system with an elasticity phan-

tom model that contains two lesions of different known hardness.

While B-mode image showed no difference between the two le-

sions, USE clearly showed the difference in stiffness ( Fig. 4 ). 

Incremental to this work, Deshmukh et al. (2014) introduced

real-time US probe external localization using an EM tracking de-

vice to provide intraoperative real-time elastographic information

to the surgeons. A summary of the here mentioned procedures is

reported in Table 2 . 

3.2. Laparoscopic procedures in urology 

3.2.1. Teleoperated systems for prostatectomy 

Robotic–assisted laparoscopic radical prostatectomy (RALRP)

is a common surgical procedure, accounting for around 70%

of the prostate discectomies performed in the United States

( Sharma et al., 2009 ). Several solutions combining the stan-

dard laparoscopic camera of the Da Vinci system with real-time

TRUS have been proposed, aiming at reducing resection margins

( Table 2 ). Mohareri et al. (2014) proposed (and tested in a canine

study and a clinical trial with 20 patients) a sagittal/transverse bi-

plane TRUS transducer (Analogic Corporation, 8 Centennial Drive,

Peabody, MA 01960) with a robotic probe holder based on a

brachytherapy stepper (CIVCO Medical Solutions, Coralville, IO).

The system automatically tracked the tip of the da Vinci surgical

instrument by rotating the transducer ( Fig. 5 ). 

Han et al. developed a robotic TRUS probe manipulator (TRUS

robot), manually controlled by the surgeon with a joystick, com-

bined with a 3D reconstruction/navigation software ( Han et al.,

2012 ). The three major components of the TRUS robot were: a pas-

sive arm component attached to the operating table; a robotic ori-

entation Remote Centre of Motion (RCM) module, to control the

US probe angulation; and a driver module to rotate the US probe

around its axis. Once positioned, the 2D TRUS probe (EUP-U533;

HITACHI-Aloka Medical, Twins-burg, OH, USA) could scan the en-

tire prostate by rotating about its axis. The gathered images were

then segmented and a 3D US volume of the whole prostate gland

was reconstructed. A further development advancement was intro-

duced in the system by Stoianovici et al. (2014) .The robotic plat-

form, allowing for rotation and translation of the probe along its

axis, was tested on 46 RALRP clinical cases. . A similar concept was
ollowed by Long et al. (2012b ) who modified the ViKY endoscope

anipulator (EndoControl, Dover, DE) to hold a TRUS transducer

8818 Triplane side-fire transducer; BK Medical, Denmark). Five

ases were reported where the whole prostate gland was scanned,

he tip of the laparoscopic surgical instrument was identified and

he location of the neurovascular bundles (NVBs) was confirmed

ith colour Doppler. Hung et al. (2012) also used the ViKY sys-

em with a custom-made TRUS holder, a foot pedal controller and

 biplane TRUS probe (Type 8818 biplane TRUS probe; B-K Medi-

al, Copenhagen, Denmark). The resulting system was used on 10

rostate cancer patients. 

While some reports had already been published about trans-

ectal USE (TRUSE) for prostate biopsy ( König et al., 2005; Sumura

t al., 2007 ), Fleming et al. (2012) evaluated this imaging modal-

ty as a palpation equivalent tool in robotically assisted MIS. USE

as compared with 1) manual palpation and 2) MRI and pathol-

gy. In the study 1), synthetic phantoms made from Liquid Plastic

M-F Manufacturing Co., Inc., Haltom City, TX) and ex-vivo phan-

oms constructed from raw chicken breast were palpated by 25 re-

ruited local students. Then the same phantoms were scanned by

he USE and the tumour detection rates were compared. The pro-

otype laparoscopic US probe for robotic system was made with

ore Tetrad’s transducer (Gore Tetrad, Englewood, CO) and a US

canner (Analogic Corporation, 8 Centennial Drive, Peabody, MA

1960). USE showed higher sensitivity and specificity (84%, 71%)

han those of manual palpation (66%, 67%). Especially in cases with

he tumours located deeper than 20 mm, USE showed 66% of de-

ection whereas manual palpation showed 0%. In the study 2), ex-

ivo prostate specimen excised from patients were scanned with

 Siemens VF 10–5 linear array and a Siemens Antares US scan-

er (Siemens Medical Solutions USA, Inc. Ultrasound Division, Is-

aquah, WA) to evaluate the tumour properties and compare with

R imaging and pathological results. USE was proved to have pos-

ibility to identify the properties of tumours such as hard or soft,

alignant or benign, and central or peripheral ( Fleming et al.,

012 ). 

.2.2. Teleoperated systems for partial nephrectomy & adrenalectomy 

Partial nephrectomy and partial adrenalectomy refer to the sur-

ical removal of tumour in kidneys and in adrenal glands respec-

ively. Currently, laparoscopic surgery is considered the gold stan-

ard for benign adrenal tumours ( Kumar et al., 2009 ) and for small

o medium sized kidney tumours (less than 7 cm) ( Nadler et al.,

009 ). Many benefits can be associated with the introduction of

obotics in this type of surgery, such as enhanced dexterity and

ne movements control, enhanced magnification and shorter oper-

ting time ( Kumar et al., 2009; Aboumarzouk et al., 2012 ) ( Table 2 ).

urgical ablation ( Izquierdo-Luna et al., 2016 ) or a combination of

urgery and ablation (usually for tumoural masses smaller than

 cm) has also been proposed ( Nadler et al., 2009 ). 

Robotic-assisted partial nephrectomy ( Cabello et al., 2009; Gill

t al., 2011; Yakoubi et al., 2012; Papalia et al., 2012; Kaczmarek

t al., 2013; Bhayani and Snow, 2008; Rogers et al., 2009 ) or

drenalectomy ( Kumar et al., 2009; Asher et al., 2011 ) are per-

ormed using three or more laparoscopic or robotic ports. Gener-

lly, one port is reserved for a camera. Two other openings are

sed for the robotic trocars, typically guided from the console by

he surgeon. Extra ports may be used in case additional tools are

eeded such as, for example, a LUS probe ( Yakoubi et al., 2012 ),

sed to identify intra-operatively the tumour and its margins. From

he console, the surgeon can see both the camera view and the

eal-time US images from the laparoscopic probe, in two separate

nterfaces. . For partial nephrectomy several studies proposed aug-

ented reality imaging systems, fusing the camera and the LUS

iew. By localizing the anatomy viewed in the US images, it is

ossible to overlay the image with the laparoscope view. This en-
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Table 2 

US-guided robotic MIS. 

Study & year Study type 

(CL/FS) A 
Anatomy Identification Tool tracking Tracking system for 

probe 

Probe 

type 

Laparoscopy Patriti et al. (2009) CL ( n = 7) Visual inspection Probe localization through 

sensors on robotic arm 

– 2D LUS 

Giulianotti et al. (2011) CL ( n = 9) US Doppler to assess blood flow Probe localization through 

sensors on robotic arm 

– NS 

Schneider et al. (2012 a) FS (phantom 

livers) 

US Doppler and B mode for vessel 

localization and registration with CT 

Probe localization through 

sensors on robotic arm 

EM tracking 2D LUS 

Schneider et al. (2012 b) FS (phantom 

and in vivo ) 

3D reconstructed USE map – Probe localization 

through sensors on 

robotic arm 

2D US 

Billings et al. (2012) FS (phantom) USE to differentiate tissue hardness 

not identifiable from B mode images 

Probe localization through 

sensors on robotic arm 

– LUS 

Walsh et al. (2013) CL ( n = 1) US and camera view integrated in 

single display for abdominal cerclage 

placement 

Probe localization through 

sensors on robotic arm 

– 2D 

transvagi- 

nal 

US 

Deshmukh et al. (2014) FS (phantom 

and in vivo pig) 

USE with probe localization Probe localization through 

sensors on robotic arm 

EM tracking LUS 

Yang et al. (2014) FS (phantom) 2D images displayed within a 

US-based 3D placenta surface 

Probe localization through 

sensors on robotic arm 

– 3D US 

Liu et al. (2015) CL ( n = 7) Visual inspection for lesions and 

tumoural margins in the pancreas 

Probe localization through 

sensors on robotic arm 

– LUS 

Calin et al. (2016) CL ( n = 1) US Doppler to visualize pancreas and 

liver vessels 

Probe localization through 

sensors on robotic arm 

– NS 

Araujo et al. (2017) US Doppler to visualize 

hypervascular lesions in the liver 

Prostatectomy Mohareri et al. (2014) FS (canine 

model) 

CL ( n = 20) 

US images were tool tip present 

shown 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Han et al. (2012) 3D US volume of prostate 

reconstructed by rotation of 2D TRUS 

and manual segmentation 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Long et al. (2012b ) CL ( n = 5) Tool identification and US Doppler to 

visualize NVBs 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

2D TRUS 

Hung et al. ( Hung et al., 

2012 ) 

CL ( n = 10) Intra-operative visualization of 

prostate 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

TRUS 

Stoianovici et al. (2014) CL ( n = 46) B mode and US Doppler to visualize 

NVBs 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

LUS 

Nephrectomy ( Cabello et al., 2009 ) NS Visual inspection for tumour 

boundary detection, US and camera 

views separated in two displays 

– Probe localization 

through sensors on 

robotic arm 

NS 

Yakoubi et al., (2012) FS (pig model) Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

LUS 

Kaczmarek et al., (2013) CL ( n = 22) Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

LUS 

Rogers et al. (2009) CL ( n = 22) Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

LUS 

Bhayani and Snow (2008) CL ( n = 20) Visual inspection for tumour 

boundary detection, US and camera 

views integrated in one display 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

LUS 

Edgcumbe et al.(Edgcumbe 

et al., 2015) 

FS (phantom) Fusion of the LUS image with the 

laparoscope view 

Probe localization through 

sensors on robotic arm 

Real-time optical 

pattern tracking 

LUS 

Zhang et al. (Zhang et al., 

2017) 

FS (phantom 

and ex-vivo) 

Motion estimation from vision 

system prior to US scan, and used to 

move the probe intra-operatively, 

Segmentation of tumour (algorithm 

NS) 

Probe localization through 

sensors on robotic arm 

Real-time optical 

pattern tracking 

LUS 

Singla et al. (Singla et al., 

2017) 

FS (kidney 

phantom) 

Overlay the LUS image with the 

laparoscope view 

Probe localization through 

sensors on robotic arm 

Real-time optical 

pattern tracking 

LUS 

Schneider et al. (Schneider 

et al., 2016) 

FS (phantom, 5 

patients 

images) 

LUS to identify the blood vessels and 

register the US image to a 

preoperative CT 

Probe localization through 

sensors on robotic arm 

Real-time optical 

pattern tracking 

LUS 

Gill et al. (2011) , 

Papalia et al. (2012) 

CL ( n = 12) Visual inspection for intra-operative 

tumour boundary detection, US and 

camera in two separate displays, US 

Doppler to monitor blood flow 

Probe localization through 

sensors on robotic arm 

NS LUS 

( continued on next page ) 
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Table 2 ( continued ) 

Study & year Study type 

(CL/FS) A 
Anatomy Identification Tool tracking Tracking system for 

probe 

Probe 

type 

CL ( n = 60) Probe localization through 

sensors on robotic arm 

NS 

Rao et al. (2013) CL ( n = 5) CEUS to detect vascularization And 

CT angiogram to create a 3D model 

of ROI 

Probe localization through 

sensors on robotic arm 

Probe localization 

through sensors on 

robotic arm 

CEUS 

Adrenalectomy Kumar et al. (2009) , 

Asher et al. (2011) 

CL ( n = 1) Visual inspection for intra-operative 

tumour boundary detection 

Probe localization through 

sensors on robotic arm 

NS LUS 

CL ( n = 12) NS 

Cardiac 

surgery 

Wang et al. (2012) , (2013 ) CL ( n = 129) Visual inspection to detect cannulae Probe localization through 

sensors on robotic arm 

NS TEE 

Suematsu et al. (2007) FS ( n = 10 pig 

hearts) 

Target and tools identification by 

visual inspection 

Probe localization through 

sensors on robotic arm 

NS 3D TEE 

Inclusion criteria: In the referenced studies ultrasound is used to guide robotic surgery at a clinical or feasibility study. 
A FS = Feasibility study; CL = Clinical study 
C NS = Not specified. 

Fig. 5. TRUS rotation to automatically track da Vinci instrument tip ( Mohareri et al., 2014 ). 
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ables the surgeon to visualize the structures present behind those

that can be viewed from the camera in one single image. Differ-

ent strategies have been used to track the laparoscope and the

LUS. Cheung, Wedlake, Moore, Pautler, & Peters (2010) used EM

tracking for real-time localization of the images in the two modal-

ities. Hughes-Hallett et al. (2014), Zhang et al. (2017), Edgecumbe

and Singla et al. (2016), Singla, Edgcumbe, Pratt, Nguan, & Rohling

(2017) used real-time optical pattern tracking. To allow for image

fusion, the US probe should be in the laparoscope field of view

and can be tracked using a checkerboard pattern fixed on the LUS.

In the latter study an additional component with a checkerboard

pattern was placed near the tumour to track its location during

the dissection while the LUS was not in use and visual clues were

used to warn the surgeon about the tumour proximity. Another so-

lution for image augmentation using the checkerboard pattern was

proposed by Schneider, Nguan, Rohling, & Salcudean (2016) that

instead used LUS to identify the blood vessels and register the US

image to a preoperative CT. These studies evaluated the surgeon

performance simulating the robotic-assisted surgery on phantoms

and ex-vivo models. 

A common practice before kidney tumour removal is hilar

clamping, which involves clamping the main vessels surrounding

the kidney to interrupt blood flow to the organ, to create a blood-

less surgical site for intervention ( Cabello et al., 2009 ). However,

since this practice can impart severe ischemic injuries to the kid-

ney, several studies suggested alternative “zero-ischemia” meth-

ods. To this end, Gill et al. (2011) and Papalia et al. (2012) pro-

posed pharmaceutically-induced hypotension, monitoring blood

flow with colour-Doppler US. Rao et al. (2013) introduced the con-

cept of selective clamping, where the region to be devascularized

was defined using contrast-enhanced ultrasound (CEUS) ( Fig. 6 ). 
The major advantage of CEUS is that the image is not affected

y probe motion, which generates false-positives in colour-Doppler

ode. In this study, a preoperative CT angiogram was used as well

o create a 3D model of vessels, tumour and kidney for planning

nd to provide a navigation map of the vessel branches during

urgery, an approach which had been explored in previous stud-

es ( Lasser et al., 2012; Ukimura et al., 2012 ). 

.3. Teleoperated systems for cardiac surgery 

Also in cardiac robotic assisted surgery operations are typically

erformed using the Da Vinci surgical system ( Table 2 ). The proce-

ures are guided by an endoscopic camera and by intra-cardiac or

ransesophageal echocardiography (TEE), which plays an important

ole in monitoring and guiding several steps of the intervention, in

articular for mitral valve repair ( Vernick and Atluri, 2013 ) ( Fig. 7 ).

In this type of surgery, as for other intra-cardiac procedures,

he most common approach to guarantee endoscopic visualiza-

ion of the anatomical structures is to establish a cardiopulmonary

ypass (CPB), suspending temporarily heart and lung functions

 Wang et al., 2012; Wang et al., 2011; Suematsu et al., 2007 ).

 TEE US probe is inserted under general anaesthesia down the

sophagus placing the probe tip on the posterior heart wall. Before

roceeding with the intervention, CPB is performed via percuta-

eous, peripheral or central cannulation ( Vernick and Atluri, 2013;

khsan et al., 2018 ). The cannulae are guided in the vessels and

n the aorta by direct visualization of the wires on 2D US images,

here they appear as two parallel, hyperechoic lines ( Wang et al.,

012; Wang et al., 2013 ). However, since CPB has important re-

orted side-effects, such as microemboli formation, inflammation,

tc ( Suematsu et al., 2007; Yuen et al., 2008 ), several studies in-
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Fig. 6. US image changes pre/post US contrast injection. Each figure shows: on the left, 3D reconstruction based on CT with the respective probe position (green), in the 

middle CEUS mode image, on the right the US standard image. In each of the 3D anatomy reconstruction the perfused liver is shown in blue, whereas the nonperfused part, 

due to artery clamping (shown as two white lines) is represented as a grey region. Prior to the injection (Figure a), in the CEUS mode image, the entire kidney appears dark. 

After the injection (Figure b), in CEUS mode a contrast flare indicates the presence of the supplied blood vessels in the perfuse kidney part. Moving the US probe toward the 

nonperfused kidney part (Figure c and d) a clear distinction can be made between the two kidney parts, separated by a definite “watershed” ( Rao et al., 2013 ). 

Fig. 7. Robotic-assisted mitral valve repair with robotic arms in the surgical site 

( Vernick and Atluri, 2013 ). 
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estigated the possibility to use 3D US to visualize the surgical site

ithout removing blood flow and thus avoid CPB. 

Suematsu et al. (2007) performed closure of atrial septal de-

ect under 3D US sole guidance on 10 pig hearts using a cus-

omized visualization platform. Despite a limited spatial resolution,

he anatomical visualization was adequate to perform the surgi-

al task. Other studies focussed on monitoring heart beating mo-

ion using 3D US and compensating with a robotic instrument

 Yuen et al., 2008; Bowthorpe et al., 2014; Cheng et al., 2018 ) or

ith robotic catheters ( Kesner and Howe, 2011 b). With these tech-

iques, the surgeon could visualize and operate on the heart as if

t was static. 

Another clinical application for robotic cardiac surgery has been

xperimented as an alternative to open heart surgery for foreign

ody removal ( Thienphrapa et al., 2011; Thienphrapa et al., 2012 ).

n this study, a small steel ball was inserted in a heart phantom,

ith simulated cardiac motion. A robotic arm (LARS) ( LaRose et al.,

995 ) was successfully tracked and guided using 3D TEE towards
he moving ball, identified on the US images using 3D normalized

ross-correlation. 

. US for surgical tool detection 

A key component of US-guided autonomous robotic surgical

ystems is the capability of knowing in real-time the position and

rientation of the surgical tool with respect to the anatomy. In

hese systems, safe closed-loop control is enabled by US-based

avigation in the anatomy and tracking of the surgical tools. To

his end, specific calibration procedures ( Aalamifar et al., 2014 ) be-

ween the US and the robotic systems must be performed, typically

sing registration techniques (Maintz and Viergever, 1998). 

Surgical tools with straight rigid shafts are widely used in surg-

ries, as they are easy to manipulate and have good force trans-

ission ability. However, the rigidity of the tools drastically limits

heir range of access when being inserted into the human body.

o improve the reachability and dexterity, flexible surgical tools

ave been developed and are gaining increasing popularity. How-

ver, detection of these tools poses significant challenges due to

heir variable geometry. 

Typical examples include steerable needles ( Burdette et al.,

010 ), active cannulas ( Swaney et al., 2012 ), as shown in Fig. 8 . 

In the next sections, the techniques for detecting

traight/flexible surgical tools used in US-guided robotic surg-

ries are extensively reviewed. 

.1. Straight tools 

Detecting straight tools in US images is relatively easy due

o the simple geometry of the tools. A common solution is to

rst digitize the US image into a binary image using a thresh-

ld filter and then apply some line detection algorithms. Arte-

acts are not infrequent in US, though, possibly causing false de-

ection ( Hongliang et al., 2011 ). Therefore, only very robust al-

orithms should be considered for this task. The Hough Trans-

orm (HT) based line detection algorithm was proposed in litera-
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Fig. 8. Examples of flexible surgical tools used in minimally invasive surgery under US guidance. Top Figure: Example of robotic system for steerable needle actuation (on 

the Left) and steerable needle (on the Right) ( Burdette et al., 2010 ). Bottom Figure: Example of robotic system for active cannula actuation (on the Left) and active cannula 

(on the Right) ( Swaney et al., 2012 ). 
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ture ( Duda and Hart, 1972 ). The algorithm is simple but robust,

because it converts the complex detection problem in the image

space into an easier peak detection problem in the HT space. It is

particularly efficient in the case of discontinuous lines, that often

appear in US images typically because of artefacts such as shad-

owing and speckle. Zhou et al. (2008) and Qiu et al. (2013) devel-

oped a 3D Improved HT algorithm for automatic needle detection.

Volume cropping based on a priori knowledge of the needle in-

sertion pose and coarse-fine search strategy were used to improve

the computation efficiency. Water phantom experiments showed

a position deviation of less than 2 mm and an angular deviation

of less than 2 °, with a computational time of less than 2 s for a

(381 × 381 × 250) voxel image. Novotny et al. (2007) proposed a

3D Radon Transform (the continuous form of HT) based algorithm

which could calculate the direction and location of the axis of a

surgical tool. To further determine the rotational position of the

tool around its axis and the position of its tip, passive markers

( Stoll et al., 2012 ) were designed and attached to the distal end

of the tool. They reported a tool orientation error of 1.1 ° and a tip

position error of less than 1.8 mm in a water tank experiment. Par-

allel computing implementation on GPU helped the algorithm re-

duce detection time to 31 ms. A similar technique based on Parallel

Integration Transform (sometimes referred to as X-ray transform)

was used for straight electrodes localization ( Barva et al., 2008 ).

The localization accuracy was between 0.2 mm and 0.3 mm in sev-

eral experiments. However, the reported processing time was tens

of minutes, partially due to the MATLAB implementation, which

was sub-optimal for real-time applications. 

Uhe ̌círk et al. (2010) proposed a different approach based on

model-fitting and on an expanded version of the random sample

consensus (RANSAC) method. Experiments on synthetic and clin-

ical data showed an accuracy better than 1 mm and a MATLAB

implementation required less than 1 s in each processing, showing

promise for real-time implementation in a compiled language. 

Beigi et al. (2016) presented a novel approach to detect a hand-

held needle in US-guided interventions by analysing the motion

pattern of the needle caused by tremors. The method was evalu-

ated in vivo on porcine tissue with mean, SD, and RMS error of

2.83 °, 1.64 ° and 3.23 °, respectively. 

To enhance the robustness of needle-tip localisation, Mari et al.

(2014) integrated an optical fibre hydrophone into the needle

cannula and proposed a method to detect the ultrasound pulses

based on the maximum and the centroid of the optical fibre hy-

drophone signal. Xia et al. (2017) and (2016) applied this technol-

ogy to the US-guided needle tracking for fetal interventions, and

achieved an accuracy of 0.39 ± 0.19 mm in the axial dimension and
 w  
.85 ± 0.29 mm in the lateral dimension in a water phantom. Pre-

iminary tests were also performed in an in vivo fetal sheep model

Beigi et al., 2016). 

Recently, learning based techniques have also been used for

eedle detection. Beigi et al. (2017) developed a two-step frame-

ork for the detection of an invisible needle based on probabilis-

ic support vector machines and time-domain features. An average

ccuracy of (2.12 °, 1.69 mm) and 81% ± 4% for localisation and clas-

ification in in vivo tests was reported (Beigi et al., 2016). Pesteie

t al. (2018) proposed a hybrid machine learning system combining

 deep network architecture and a feature augmentation technique

or needle target localisation in US-guided epidural injections. Av-

rage lateral and vertical errors of 1 mm and 0.4 mm were achieved

n the planes of 3-D test data, while on 2-D test data, the average

ateral and vertical errors were 1.7 mm and 0.8 mm, respectively. 

.2. Steerable needles 

Among the advantages of thin percutaneous needles with re-

pect to straight tools are: less deformation of tissue, reduced

rauma to patients and larger steerability ( Abayazid et al., 2013 ).

he latter in particular is produced by the interaction between the

eedle and the tissue into which the needle is inserted. Due to

he asymmetric bevel-tip with which most needles are designed,

he forces exerted on the two sides of the tip are also asymmetric

hen the needle penetrates through the tissue, creating a curvi-

inear insertion path. By controlling the rotation angle of the nee-

le along the path, it is possible to reach a target position through

 tortuous trajectory and bypass some critical tissues or obstacles

 Adebar et al., 2014 ). Flexible needles have been widely used in

iopsies, brachytherapy, blood sampling, etc. ( Abolhassani et al.,

007 ). 

The previously mentioned HT based algorithms can also

e modified for flexible needle detection as long as the

hape of the needle can be appropriately parameterized.

kazawa et al. (2006) demonstrated that the standard HT com-

ined with a polynomial regression was suitable for mildly curved

eedle detection. For larger curvatures, they proposed to use a

et of coordinate transform to adjust the estimated trajectory and

hen use the HT with a new parameterization based on the as-

umption of constant radius trajectory. Tests on US images showed

 mean error of the tip detection smaller than 1 mm. Processing

ime was not reported. Neshat and Patel (2008) parameterized

he curved needle with a Bézier polynomial that is compatible

ith inconstant radius curves. A 2D laparoscopic US transducer

as attached to a robotic probe holder to generate 3D images by
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otating around the transducer axis. A GPU-based algorithm was

mplemented to speed up processing time up to about 20 times

aster than the CPU-based one. Aboofazeli et al. (2009) proposed

 two-step method for 3D curved needle detection. First, they

rojected the needle onto a 2D plane, and found the surface that

he projection of the needle formed in the 3D volume; then,

hey flattened the surface on which the needle was located and

etected the needle using a HT followed by polynomial curve

tting. The average error in needle tip detection was smaller than

.8 mm and the segmentation for a (256 × 256 × 125) voxel image

ook around 3 s. 

A research team from the University of Twente ( Abayazid et al.,

014, 2013; Moreira and Misra, 2015; Vrooijink et al., 2013 ) de-

eloped a real-time 3D flexible needle steering system where only

he tip position of the needle was tracked using a high-resolution

D US transducer, placed perpendicular to the needle insertion di-

ection. A HT based algorithm was then developed to determine

he location of the needle on the US image while cancelling the

omet tail artefact. A positioning device was used to move the

ransducer to keep tracking the needle tip while it traversed the

issue. A needle deflection model was integrated to assist steering,

nd a targeting accuracy of 0.42 mm was achieved in soft-tissue

hantom experiments. Neubach and Shoham (2010) also used a 2D

S transducer to track the needle tip; the location of the needle

ip was detected by image subtraction on consecutive frames. The

losed-loop experiment demonstrated a needle-tip tracking error

f around 1 mm. 

In contrast to the previously described approaches,

debar et al. (2014) and Housden et al. (2012) used Doppler

S for curved needle detection. An external actuator was imple-

ented to vibrate the needle with a low-amplitude high-frequency

otion. This could be detected by the (Duplex) Doppler system

hich showed position and shape of the needle, avoiding this way

omplex segmentation procedures. An average error of 1.57 mm in

teering a needle tip to a simulated target was reported with this

ethod. 

.3. Active cannulas 

Active cannulas, also called concentric tube robots, are another

lass of steerable tools developed recently for MIS applications

 Swaney et al., 2012 ). Different from flexible needles, whose de-

ormation relies on the interaction with their surrounding tissues,

ctive cannulas have the capability to actively change their mor-

hology and tip pose. These flexible tools usually consist of two

o three concentric tubes whose diameters range from sub-mm to

m. The tubes are nested one by one and independently held at

heir proximal ends. By rotating and translating each tube, abun-

ant variations of the entire shape of the tubes can be achieved.

s such, active cannulas have the capability to navigate along

omplex 3D paths inside the human body via small open orifices

r incisions, while avoiding collision with tissues along the slen-

er passage thanks to their relatively high rigidity. To date, dif-

erent procedures have been proposed for active cannulas such

s intra-cardiac procedures ( Nadeau et al., 2015 ), liver ablation

 Burdette et al., 2010 ), intraocular procedures ( Wu et al., 2015a ),

nd transnasal surgery ( Wu et al., 2016 ). 

Active cannulas share many similar characteristics with steer-

ble needles such as material and diameter. Therefore, many of

he introduced algorithms for detecting steerable needles on 3D

S are applicable to active cannulas as well. Nonetheless, there

re just a few works taking active cannulas as their focus ap-

lications. Nadeau et al. (2015) developed an intensity-based vi-

ual servoing framework for tracking active cannulas in 3D US vol-

mes. The direct use of image intensity information removed the

eed for primitive extraction or image segmentation and improved
he computational efficiency ( Nadeau et al., 2015 ). Experiments on

 porcine model during a robotic beating-heart Patent Foramen

vale closure procedure were conducted to demonstrate the fea-

ibility of the proposed framework. The image processing was able

o run at the real-time rate of 25 Hz; the accuracy, however, was

ot reported. 

Ren et al. (2011) proposed an approach similar to the one

boofazeli et al. (2009) used for curved line detection, but includ-

ng a five-step pipeline for pre-processing, a RANSAC algorithm

or plane detection, and a circle-fitting algorithm. In subsequent

ork, they introduced a tubular enhanced geodesic active contours

ethod ( Hongliang and Dupont, 2013; Ren and Dupont, 2011 )

ased on the multiscale vessel enhancement filtering technique de-

eloped in Frangi et al. (1998) to replace the pre-processing step.

ecently, Ren et al. (2017) demonstrated that by simply varying the

S power level, it is possible to identify high acoustic impedance

obotic instruments in low-quality US images. 

.4. Steerable catheters 

Steerable catheters are a third type of flexible tools widely used

n particular in cardiac surgery. These catheters usually have a

uilt-in cable-driven mechanism: the tip of the catheter can be

teered by connecting cables to the tip of the catheter and actuat-

ng the cables at the proximal end. Multiple bending sections that

nable S-shapes can be realised by increasing the number of in-

ependent controllable segments and associated actuating cables.

teerable catheters are usually long and thin, with a length from

ub-m to m and a diameter from sub-mm to mm. In a typical car-

iac catheterization, the catheter is inserted through a small in-

ision in the patient’s neck, arm, or groin into the vascular sys-

em to reach the heart for ablation, electrical activity measure-

ent or observation ( Wu et al., 2015b ). Due to the complexity

n steering the catheters during the surgery, robotic catheter sys-

ems have been developed that can improve the efficiency, com-

ensate for the heartbeat motion, and protect surgeons from radi-

tion ( Kesner and Howe, 2011 a). 

Since steerable catheters can be in both straight and curved

hapes during a procedure, algorithms that are capable of de-

ecting both shapes are preferable. Kesner et al. ( Kesner, 2014;

esner and Howe, 2011 a) developed a robotic catheter system for

DUS-guided cardiac ablation. The system included active motion

ompensation in one degree of freedom and force control on the

atheter tip. The system used US only to track the tip section of

he catheter during the procedure, assuming that this section was

lways straight. A GPU-based Radon Transform algorithm tracked

he catheter axis ( Novotny et al., 2007 ). Reddy et al. (2008) demon-

trated that colour Doppler US could provide image guidance for

ardiac catheters. 

Wu et al. (2015b) pointed out that TEE, although providing

ich soft tissue information, has a limited FOV that prevents de-

ection of the entire catheter. They therefore proposed to com-

ine the modality with X-ray fluoroscopy for catheter segmen-

ation. A framework consisting of four modules was developed:

) catheter extraction from the initial X-ray frame; 2) catheter

racking on the following X-ray frames; 3) X-ray and US registra-

ion; and 4) catheter extraction from US. Particularly, search space

traightening and speeded up robust features (SURF) extraction

ere used in the last module to first determine the 2D plane of

he catheter and then localize the catheter in that plane, similarly

s ( Aboofazeli et al., 2009 ). Tests on both porcine data and patient

ata showed that they were able to track the catheter at 1.3 s per

rame, with an error smaller than 2 mm. However, the algorithm

till needed further development for real-time clinical applications.
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5. Discussion 

Two main groups of applications, at either clinical or experi-

mental level, in the past decade have been identified in US-guided

minimally invasive robotic interventions: percutaneous needle pro-

cedures and robotic-assisted MIS. The latter group consists mainly

in tele-operated robotic applications, as a direct evolution of MIS

( Lanfranco et al., 2004 ). For these types of applications, the surgi-

cal procedure does not change, but the surgeons operate on the

patient using robotic arms, that can correct for instabilities and

can produce highly precise motion ( Leven et al., 2005 ). All the

most recent improvements introduced in this field aimed at pro-

viding extra-feedback to the surgeon, rather than introducing au-

tomation. For example, the use of elastography to transfer haptic

feedback to the surgeon in order to sense tumoural masses, as in

open surgery ( Schneider et al., 2012 a; Deshmukh et al., 2014 ); or

the introduction of enhanced visualization interfaces, such as in

partial nephrectomy ( Rao et al., 2013 ). This is due to the complex-

ity of these procedures in terms of decision making and actions to

be performed ( Lanfranco et al., 2004 ), which still require human

interaction and make dexterity and accuracy enhancement a pri-

ority over automation. But it is also due to the limited real-time

quantitative anatomical information provided to the system by the

available imaging modalities implemented. This information could

possibly enable autonomous operation. 

For percutaneous needle procedures, instead, almost every sys-

tem developed in the past ten years was either autonomous or

semi-autonomous ( Table 1 ). It must be noted though that only

a few semi-autonomous systems were tested in clinical studies.

The enhanced degree of automation for these systems was facil-

itated by the limited number of systematic steps in these types

of procedure, by the absence of complex decisions and by the

ease in reaching the surgical site. For example, once the target

and the entry point for the biopsy needle are defined, the nee-

dle will follow a straight path, reach the target and exit along the

same path. It must be noted, though, that in the works reviewed

the intra-operative motility of the organs was generally underes-

timated. In semi-autonomous systems, in fact, target tracking was

usually not taken into account under the main assumption that,

whenever organ motion would occur, the clinician would detect

the motion using real-time imaging and would compensate for it.

Even among the autonomous systems developed, only few works

considered organ motion for needle path correction ( Mallapragada

et al., 2008; Hungr et al., 2009; Long et al., 2012a ). Moreover, in

these studies the systems were tested on phantoms, hence not

accounting for tissue inhomogeneity and possible complex defor-

mations present in human tissues, thus oversimplifying the iden-

tification and the tracking task of the structure of interest. Al-

though many algorithms for US automatic segmentations and reg-

istration have been developed, accurate soft tissue tracking is still

challenging, mostly due to the limited FOV of US images and to

their sensitivity to probe orientation/position. In order to provide

the robot with a larger, more consistent FOV, several studies de-

veloped tracking algorithms combining MRI and US, either imple-

menting rigid/deformable registration ( Sonn et al., 2014; Ukimura

et al., 2015; Zhang et al., 2016 ) or, more recently, trying to simu-

late real-time MRI based navigation using the information from the

US datasets ( Preiswerk et al., 2016 ). In general, intraoperative nav-

igation in US volumes is still a challenging objective, in particular

in robot-assisted laparoscopic surgery which is currently the only

clinical operating modality where vision systems (endoscopic cam-

eras) are combined with US. Intuitive visualization of structures

in US images, and easily interpretable fusion with the endoscopic

video are complex tasks. The endoscopic view is a 2D surface in

a 3D space which needs to be localized with respect to US. But

the two modalities are typically not tracked in the same coordi-
ate system, so it is necessary to apply advanced image processing

echniques to identify the same structures in the two modalities

nd overlap them (Ukimura & Gill, 2009). Moreover, laparoscopic

pplications often use internal US probes, with limited FOV espe-

ially if compared to open surgery (Edgcumbe et al., 2016). Sev-

ral authors suggest augmented reality might be a possible solu-

ion to overcome these limitations and improve operating condi-

ions (Singla et al., 2017). It must be noted that most clinical ap-

lications presently implement 2D US, which only shows one plane

hich must be aligned manually with the anatomy to visualize.

f there are significant anatomical changes off plane, with these

echnologies it is really difficult to take the deformations into ac-

ount. In some cases, volumes can be reconstructed sweeping the

D US across the region of interest. But it is a relatively slow pro-

ess which might produce important geometric aberrations in case

eformations happen whilst sweeping. Recently, though, 3D/4D

S has become a standard in diagnostic imaging. In particular,

hased array probes scan full volumes with large FOV and with

ast refresh rates (up to 6 Hz full volumetric refresh or even more)

hat can reliably show possible anatomical deformations in real

ime. 

From the studies reported here it is clear that US, despite it be-

ng a very mature technology for diagnostic and radiological appli-

ations, for quantitative localization or tissue characterization pur-

oses still needs much development. In particular, autonomous ap-

lications require automatic interpretation of images, which is a

elatively novel field of research, especially for US (Camps et al.,

.d.). Most innovative works implement relatively new technolo-

ies and are at the proof-of-concept stage mainly on phantoms,

here algorithms perform well. But translation into clinic is very

omplex, and validation of algorithms on real cases require impor-

ant efforts and time. Among the technologies reviewed, only the

eleoperated ones have made their way into the clinics, because

he workflow followed is the same as in standard procedures, so

doption was easier. In particular, it is difficult to accept for clin-

cians to completely give up control on some or even every step

f the procedures. Autonomous and semi-autonomous systems, are

ot widespread because they require as previously stated very high

evels of automation, especially in image processing, which are not

et available. In this review, the main focus was on the imaging

spects, but also other components in these complex systems may

mpose severe limitations: for example, it is difficult to estimate

he final tracking accuracy in a chain where possibly robotic com-

onents, localization devices and imaging aberrations need to be

ombined. Moreover, time delays among the different sub-systems,

ommunication consistency and, above all, safety of operation also

eed to be managed properly. Also quality assurance for the whole

rocedure is complex to envision. 

Applications using machine learning have been proposed to in-

rease the degree of automation in these procedures, by auto-

atically identifying and tracking anatomical structures, for ex-

mple the left ventricle endocardium ( Venkates et al., 2015 ).

achine learning approaches are particularly promising as they

an recognize similar patterns in images with significant vari-

tions in quality and appearance ( Noble, 2010 ). They also hold

romise for automatic US image interpretation, for diagnos-

ic applications ( Lempitsky et al., 2009; Venkates et al., 2015;

arneiro et al., 2008 ) but also for autonomous identification of

umoural tissues for guidance in surgical and/or ablative robotic

esections. 

Another interesting area where the tissue typing/tissue charac-

erization capabilities of US (in particular for soft tissues like mus-

les, tendons, vessels, nerves and internal organs ( Carovac et al.,

011 )), in combination with robotics, could potentially be ben-

ficial is “keyhole” surgery in orthopaedics (e.g. arthroscopy)

 Zheng and Nolte, 2015 ). The currently existing robotic technol-
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gy for orthopaedic surgical assistance is restricted to those proce-

ures (such as total knee arthroplasty) where navigation informa-

ion is limited to bony structure ( Picard et al., 2016 ). Accurate soft-

issue tracking might expand the use of robots in this field, possi-

ly reducing human errors, side-effects, interventional time, oper-

tor dependence and surgeon learning curve and fatigue ( Reigstad

nd Grimsgaard, 2006; de Steiger et al., 2015 ). For more complex

nd/or deep anatomical structures, such as shoulders or hips, 2D

S spatial limitations (information is provided only on a plane)

ight make this imaging modality insufficient. In these cases, vol-

metric imaging, possibly in real-time (4D imaging), might be nec-

ssary to effectively monitor organ deformations in response to

ool penetration in the anatomy and/or to avoid critical anatom-

cal structures (e.g. vessels, nerves) in the surgical site. It should

e noted that presently, to our knowledge, no volumetric real-time

maging other than US, recently introduced in clinical practice, can

e implemented for these procedures, because of the operating

heatre requirements. 

Apart from tracking the anatomy during the intervention, the

obotic system should also be aware of the position of the surgi-

al tool. In the clinical applications analysed, the surgical instru-

ent used (needles and shafts) were usually rigid, and thus easy

o track. However, flexible/continuum robots might be used to en-

ance the tool manoeuvrability. In these cases, tracking can be-

ome challenging and many sensors might be needed to provide

etailed information about the location of the entire tool. US holds

otential also to detect the shape of the tool and, by providing this

nformation to the tracking system, help localize it. 

. Conclusions 

US is widely used in several robotic applications in MIS to iden-

ify, localize, segment and track regions of interest and operating

ools. This imaging modality has real time capabilities, is compat-

ble with operating theatres and is harmless for the patient, all

nique characteristics making it an important component in future

dvancements of robotic systems, possibly fulfilling the require-

ents for autonomous systems implementation. Among the re-

iewed studies, the majority of the systems where a higher level of

utomation was implemented were at the proof-of-concept level,

nd significant developments are still necessary before they can

e translated into the clinic. 3D/4D US technology, combined with

racking techniques such as image registration, image-fusion and

achine learning, is very promising and should be further ex-

lored. The final aim to provide a detailed dynamic map of the

urgical site to make autonomous robots a possible and safe inter-

entional option seems to be within reach, but it is paramount to

ake US interpretation automatic. 
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