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Introduction

Cancer is among the leading causes of morbidity and 
mortality worldwide, with approximately 14 million new 
cases and 8.2 million cancer related deaths in 2012 (1). 
Surgical operation is one of the cornerstones of curative 
treatment of cancer. However, majority of surgeries were 
only conducted when surgical planning showed a reasonable 
chance of complete removal of cancer tissues. As tumors 
could bury deep inside the brain or near crucial vessel or 
organ which is hard to define, precise surgical planning and 
navigation system for tumor biopsy and resection play an 
important role in surgical processes.

Current imaging techniques such as fluoroscopy, 
computed tomography (CT), and magnetic resonance 
imaging (MRI), are used for preoperative surgical planning 
and/or intraoperative surgical guidance. Regardless, 
single modality imaging has certain limitations in clearly 

identifying the actual tumor margin which is crucial for 
surgeons to make correct intra-procedural decisions (2).  
Intense efforts  have therefore been given to the 
combination of multimodality imaging techniques, 
including functional imaging, for preoperative plan under 
a precise brain functional connectivity map. In addition, 
with the development of resting-state functional MRI, 
this non-task based functional imaging can be widely 
used in preoperative planning when patient is sleeping or 
unconsciousness (3-5). In addition to pre-surgical operation 
planning, the intra-surgical navigation technology also plays 
a crucial role in overcoming the limitations of human eye 
through intra-surgical visualization (6). The essence of all 
these pre-surgical and intra-surgical techniques are fused 
and results in the state-of-art Advanced Multimodal Image-
Guided Operation (AMIGO) suite (7), which unites the 
multi-model imaging with operation room and guides the 
future development of imaging technology.
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Moreover, three-dimensional (3D) printing and 
cloud computing technologies are fast growing areas of 
development in healthcare which worth further exploration 
of their usage in the surgical realm. Due to the fact that 
3D-printing can turn a 3D medical image dataset into a 
3D object in patient’s actual size, it can largely improve 
the precision of modern surgical planning by combining 
with other preoperative plan and intra-operative navigation 
techniques. In addition, it has been demonstrated that the 
utilization of cloud computing architecture can improve 
cost-efficiency, flexibility and clinical workflow (8,9).

To provide a better understanding of recent advanced 
technology in surgical planning and navigation, this review 
will focus on the innovative fields of multimodality imaging 
pre-operative planning, intra-operative imaging navigation 
and the application of 3D printing technique.

Multimodality imaging for precise surgical plan

Recently, increased attention has been given to the 
establishment of multimodality imaging techniques, 
especially functional imaging, for the application of precise 
preoperative plan. Functional magnetic resonance imaging 
(fMRI) and diffusion tensor imaging (DTI) can be used to 
determine the spatial relationships between tumor tissue 
and eloquent brain areas based on the structural MRI or 
CT image and this can be applied in the neurosurgery 
field for tumor resection planning (10). Mickleborough 
et al. (11) published a report concerning a patient with a 
large cavernous malformation, near the left basal ganglia, 
using pre-surgical planning fMRI localization, showing 
that both reading and attention-processing tasks revealed 
consistent activation of the left superior parietal lobule, 
part of the attentional control network, and the site of 
the planned surgical access. Surgical access was set to 
avoid interference with the attentional control network. 
In comparison with conventional MRI techniques which 
provide only anatomical information, DTI offers data on 
central nervous system (CNS) connectivity by enabling 
visualization of crucial white matter tracts in the brain 
and provide guidance on resection operation (12). Kleiser  
et al. (13) found that DTI results were more accurate 
than those using anatomical landmarks alone, in which 
fMRI results were used to localize start points for DTI 
tract reconstruction. Also, in previous studies of Romano  
et al. (14,15), they found that the utilization of DTI/fMRI 
in corticotomy led to a change of the surgical approach for 
resection in 16-21% of cases, furthermore, Rasmussen et al.  

found that this preoperative approach is more effective 
in all their cases examined (16). More recent studies by 
Cao et al. (17) found that in their retrospective analysis, 
preoperative planning using DTI enabled the surgeon to 
investigate individual patient specific surgical approach and 
can significantly improve the surgical outcome. Preoperative 
estimation of damage was shown to be possible using fMRI/
DTI data in a recent study (18). Moreover, DTI tractography 
can provide important information to reduce the visual field 
defects by visualizing Meyer’s loop (19). This information 
is crucial to the epilepsy surgery team during pre-operative 
counseling.

Nevertheless, task-based fMRI which has traditionally 
been used to locate the exact key regions of the brain may 
not suitable for the patient who is unconsciousness or 
under anesthesia. That limits the application of the real-
time surgical planning. Compared with this task-based 
method, resting state functional MRI (rsfMRI), which is 
a non-task based functional brain imaging technique, can 
be accustomed to evaluate the influence of brain tumor 
to brain function. Previous studies of predicting verbal 
fluency outcome following resective surgery for temporal 
lobe epilepsy had emphasized that the rsfMRI can detect 
the outcome following the lobectomy for the intractable 
temporal lobe epilepsy, and stated that this technique can 
be used effectively (20). In addition, this can be applied to 
locate specific brain resting state brain networks (RSNs) 
like sensorimotor regions using a seed-based approach for 
pre-operative planning (21). By comparing the pre- and 
post-tumor resection image it was shown that edema will 
affect the blood oxygenation level dependent (BOLD) 
signal response on ipsilateral side (22). The reliability and 
reproducibility of rsfMRI have been tested by previous 
studies, which suggest that RSNs can be detected reliably 
across imaging sessions (23,24) and across different 
subjects (24,25), though there may have some inter-subject 
variability (23).

Intraoperative imaging for surgery navigation

The aim of intra-operative imaging navigation is to develop 
high-precision interventions by improving current surgical 
and diagnostic techniques using intra-operative image 
guidance to facilitate successful lesion identification and 
resection. It is essential to establish a safe and optimal 
procedural workflow for combining image guidance with 
real-time surgery. It is also paramountly important to 
determine the pre-operative outcomes including successful 
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lesion localization and to complete excision of the lesion. 
Traditional intraoperative surgery guidance systems 
are usually based on ultrasound, fluoroscopic imaging, 
structural MR, or CT imaging, which are basically single 
modality or bi-modality imaging intra-surgical navigation. 
However, these kinds of image-guided therapy (IGT) 
possess a number of limitations in functional imaging.

The concept of modern IGT, which dedicates not only 
to improve the localization and targeting of diseased tissue 
but to monitor and control the operation through imaging, 
has been featured in recent researches. Besides advanced 
medical instruments, it also requires a multidisciplinary 
team to assist the clinical procedure. This team requires a 
variety of expertise such as surgeons, radiologists, physicists, 
imaging specialists, biomedical engineers and computer 
scientists to work together and deliver a safe and precise 
surgical operation to patients (26). One of the most broadly 
used IGT type for intra-operation guidance is X-ray 
hybrid modalities. Housden et al. (27) presented a real-time 
imaging guidance system combined with trans-esophageal 
echo volume registered to and overlaid on an X-ray 
projection image in real-time by using X-ray fluoroscopy 
and 3D ultrasound imaging. The average alignment error 
is 2.9 mm tested in 11 clinical data sets. More advanced 
imaging-guided techniques have been present by other 
research teams. Patil et al. (28) developed a bedside external 
ventricular drain imaging-guided system. A 3D patient 
specific geometry model from CT imaging has been 
reconstructed in 3D Slicer. Meanwhile, electromagnetic 
(EM) tracking system recorded the position data and 
obtained registration with the 3D model in the Smart Stylet 
Computer.

The AMIGO suite at Brigham and Women’s Hospital is 
a state of art in modern IGT and designed to offer real-time 
intra-procedural multimodality imaging during surgical 
operation. This modern IGT suite system combined cross-
sectional digital imaging like CT and 3.0T MRI, functional 
imaging like positron emission tomography (PET), and 
other real-time anatomical imaging like fluoroscopy and 
ultrasound together in a 3 sterile procedure rooms include 
an operating room (OR) (7). The intention of AMIGO is 
to provide a multimodality intra-procedural imaging during 
surgery for a precise definition of the tumor’s morphology 
and size to ensure the safety and accuracy of the operation 
of tumor biopsy, resection, or in situ destruction. Numbers 
of operations in different procedures have been done on 
this AMIGO suite, Golshan et al. (29) performed a pilot 
study on breast cancer surgery, and reported this advanced 

suite is feasible and able to reduce re-excision in therapy. 
Many more operations outcome have proven that there is a 
significant improvement in operation accuracy by using this 
modern IGT suite for neurosurgery and prostate cancer 
biopsy and resection (7,30-32).

Other imaging techniques have also been used in 
image guided therapy or intra-operative image-to-patient 
registration. Optical molecular imaging like fluorescence 
molecular imaging (FMI) has been used as a meticulous 
surgical guiding during the tumor resection (33-36). 
Unlike the IGT listed above, this FMI technique is using 
fluorescent dye to label the tumor tissue under an image-
guided navigation system (37). Surgeons, traditionally 
determine the mass margin for biopsy or resection only 
by experience on pathological anatomy, nowadays can 
distinguish the malignant tissue by the previous fluorescent 
marker and perform a precise operation. This FMI optical 
imaging technology highly relies on the performance 
of the intra-operative imaging navigation system due 
to the fact that it is crucial to obtain an accurate depth 
information inside the patient’s body (37). Compare to the 
single-modal imaging systems, the multi-modal imaging 
guided system (such as intraoperative CT, MRI and/or 3D 
ultrasonography) can provide more precise solution for the 
fluorescence procedure. Some preclinical results using the 
near infrared imaging (NIR) technique unite with other 
imaging methods like ultrasonography (38), MRI (39) and 
X-ray CT (40) compensate for the depth issues and have 
already demonstrated the possibility of using the FMI 
guided multi-modality method to precisely excise tumors. 
Still, the intra-operative guided system supplying 3D 
precise detection of tumor margin is not yet commercial 
available and requires future development efforts.

Patient-to-image intraoperative registration is an 
important bridge which connects imaging navigation with 
patient. This is a critical step to give surgeons precise 
guidance information. The traditional methods for patient-
to-image registration use marker based point-surface 
matching registration method (41-43). The limitation of 
this method is that it can only be used to registration a 
limited area near the point cloud center (44). One recent 
study by Fan et al. (45) uses portable 3D scanner to 
acquire a markerless patient-to-image registration. This 
lightweight, portable 3D scanner based intra-operative 
registration technique greatly facilitates the preoperative 
registration procedure. To unify this registration technique 
into modern IGT platform will be a promising future.
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3D-printing technology for patient specific 
surgical plan

Recently the technology of 3D-printing is spreading fast not 
only in the industry and business area, but also in clinical 
application. Due to this technology can turn a digital 3D 
model into a 3D replicated object; it has the capabilities to 
largely improve the precision of modern surgical plan by 
combining with other preoperative plan and intraoperative 
navigation techniques. The basic workflow of 3D printing is 
showed in Figure 1, indicating that this advanced technology 
has broad applications not only in clinical field, but also in 
biomedical engineering field.

Careful pre-operative planning

For the resection of tumor with an intricate anatomical 
pathology such as like pelvic bone tumor, it is indispensable 
to perform a preoperative pathological anatomy analysis 
and rehearsal before the real operation (46). The patient 
3D-printed replica can provide surgeons opportunities to 

optimize the approach during pre-operation meetings (47). 
Silberstein et al. (48) printed a patient specific 3D renal unit 
model with enhancing renal lesion identified on imaging. 
This 3D printed model solves the disadvantage of 3D 
imaging which is limited in depth appreciation displayed on 
2D screen.

Accurate intra-operative execution

As the 3D printing technology can produce a patient 
specific anatomical model, it also can be used to design 
a personalized surgical implant jig or prosthesis by using 
computer aided design (CAD) or Solidworks. It’s a “bridge” 
to link the preoperative plan to the intraoperative execution 
and quantify any corrections. Qiao et al. (49) combined 
3D printing with a computer-assisted reduction technique 
to design a patient specific external fixator of treating 
tibial fractures and limb function recovery. The results of 
reduction were obtained from three tibial fractures with an 
average lateral displacement of 2.04 mm (±1.53 mm) and an 

Figure 1 Workflow of applying 3D printing in the preoperative planning. To begin with, a 3D reconstructed image needs to be generated 
by patient specific CT/MR image. Then a 3D physical object can be manufactured by 3D printing using 3D reconstructed digitalized 
model. This 3D model can not only be used for precise surgical measurement and rehearsal, but also for developing customized implants or 
casts for surgical guidance or postoperative rehabilitation. PACS, picture archiving and communication system; MRI, magnetic resonance 
imaging; CT, computed tomography; 3D, three-dimensional; CAD, computer aided design; FEA, finite element analysis.
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angulation of 2.54° (±1.33°). Kusaka et al. (50) also reported 
that they adopted an inkjet 3D printer to produce a 3D 
organ model for the surgical planning and intra-operative 
guidance.

Cloud computing for fast surgical planning and 
navigation

As reviewed in the previous sections of this article, the 
advancement of surgical planning and navigation techniques 
comes with higher requirements on technical support, 
equipment and computational power. Cutting edge surgical 
techniques are therefore restricted to institutions with 
sophisticate equipment and specific technical supports. 
Previous studies of graphics processing unit (GPU)-based 
medical image computing techniques had emphasized that 
with the rapid development of GPU, the parallel GPU 
computation technique will greatly enhance the medical 
imaging processing performance (51). However, this parallel 
acceleration computation may largely rely on the hardware 
performance of the computing machine. Such limitations 
are solvable through employing cloud technologies. It 
is crucial to analyses the feasibility to migrate surgical 
planning and navigation techniques from traditional 
platforms to clouds with a cost-efficient and user-friendly 
yet secure fashion.

Comparing to other medical fields, cloud computing 
is relatively new in the field of surgical planning and 
navigation, only limited previous literatures are available 
related to the topic. The majority of them were pioneer 
studies without actual implementation discussing whether 
cloud-computing is advantageous in clinical uses (52,53). 
Two of the recent studies related to cloud surgical planning 
have been reviewed which contain relevant reference value 
to any computational-power-dependent surgery techniques.

Cloud-based preoperative digital templating

Maratt and colleagues performed a research against the 
accuracy, efficiency and compliance of cloud-based surgery 
planning in 2012 (54). They showed that preoperative 
planning for total hip arthroplasty on cloud-based software 
produce comparable result in terms of accuracy with 
traditional acetate overlay templating with more than 
2-fold efficiency. They further stated that cloud-based 
digital templating provide additional benefits of cost 
saving, efficiency and workflow improvement for total 
hip arthroplasty (54). In their specific case of total hip 

arthroplasty, digital surgical planning was a newly available, 
cloud-based system particularly for this purpose during the 
time. Knowing that, Maratt et al. stressed in their study 
that for other medical applications or research, regulatory 
changes must be made before the advantages of cloud 
technologies can be realized.

Cloud-based surgical planning architecture

Simi lar  e f for t  had  been  made  by  Schoenhagen , 
Zimmermann and Falkner who reported the application 
of cloud computing in clinical workflows of trans-catheter 
aortic valve replacement treatment in 2013 (8). They are 
motivated to deploy such system due to trans-catheter 
aortic valve planning require intensive 3D modeling and 
produce large volume of image data which results in limited 
sharing ability. This leads to the necessity to have a “reading 
room” that has more delicate workstations to handle the 
computation, not restricted to trans-catheter aortic valve, 
in majority of hospitals or clinics for clinicians to review 
the images. In attempts to resolve this counter-productive 
system, Schoenhagen et al. adopt a cloud architecture 
where processing work and data storing are centralized 
to powerful cloud server. The resultant image data can be 
accessed by multiple less expensive computer clients. Their 
model, however, was limited by network speed because of 
intense traffic between the clients and the central cloud 
server generated from image exchanges between clients and 
database (8).

The above discussed cases demonstrated how cloud 
architecture can assist in preoperative planning through 
centralizing computational steps to cloud servers. With 
increasingly computational-intense planning methodology 
being proposed and implemented, the importance of 
cloud computing will gradually emerge. It is believed that 
exploration in the direction of preoperative application of 
cloud computation can accelerate the process of surgical 
planning in individual hospitals.

Conclusions and perspectives

With the help of the development of multimodality 
imaging, especially the fusion of functional imaging in pre-
operative planning and modern image guided therapy in 
intra-operative navigating, surgeons are now able to operate 
a portion of extremely risky procedures with both high 
level of safety and accuracy. However, the current use of 
multimodal MRI imagining for tumor surgical planning 
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and navigation is largely restricted to a few institutions 
with strong technical support from physicists and imaging 
and image post processing specialists to maintain this 
entire preoperative planning system. As the development 
of medical imaging technology advanced, the increasing 
number of imaging processing systems and intra-operative 
imaging guided platforms became powerful but also 
complicated. Surgeons tend to like a reliable, stable, and 
user-friendly platform. Unfortunately, due to the fact 
that the commercial imaging platforms are closed source, 
standardization of surgical procedures can hardly be realized 
by surgeons. The advancement of automatic, robust and 
easy-to-use multimodal MRI/CT analysis and fusion tool 
for surgeons to perform the pre-operative plan and intra-
operative navigation is highly desirable.

Given that surgical planning and navigation of tumor 
biopsy and resection are highly dependent on digital 
imaging and registration, adopting cloud architecture can 
improve clinical workflow. Nevertheless, it is stressed that 
the aforesaid advantages are only the most obvious benefits 
of cloud computing, previous researchers focused mainly 
on hardware cost-efficiency improvements and yet to 
further explore other potential benefits brought by cloud 
technologies.

More importantly, cloud-computing can enable better 
collaboration among people because its usage is not 
restricted by the physical locations of the users and the 
server. For example, a cloud surgical planning application 
can be implemented such that multiple surgeons can work 
on the same case simultaneously and cross reference each 
other’s work and perfect the plan. Experienced individuals 
from all over the world can be invited to be involved in 
the planning and enable other surgeons to learn from their 
invaluable experience such as accurate identification of 
tumor mass region. Under suitable circumstances, surgeons 
can also allow the patients to receive updates of their 
surgical planning without much additional effort and hence, 
allowing them to gain better understanding of the risks and 
be able to make relevant decisions regarding the surgery.

Nonetheless, it is also necessary to recognize the 
limitation of cloud computation before deciding whether 
it is suitable for the intended applications. For any cloud-
base model in the medical field, the most challenges lies in 
security and privacy issues. Since researcher must pass the 
data to cloud server hosts in order to utilize the cloud, if 
such host is not within trusty domains, it posts a security 
threat to all the data being computed or processed on the 
server and, thus, violate privacy regulations. It is, however, 

quite expensive and time-consuming to host a private 
cloud for projects of smaller scale (55). Fortunately, we 
can expect this issue to be resolved in the near future with 
the maturation of fully homomorphic encryption schemes 
(9,56), which allows one to compute encrypted data directly 
and produce correct encrypted results without knowing the 
true content of the data itself, preventing third parties from 
accessing patients’ or subjects’ personal information yet 
allow research efforts to carry on.
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