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           Introduction 

 X-ray imaging plays a central role in image-guided interven-
tions. Traditionally, the use of X-ray imaging is compart-
mentalized into three modalities: radiography and 
fl uoroscopy (R&F), C-arm angiography, and multi-detector 
computed tomography (MDCT). All these modalities have a 
common core: they all have an X-ray source, an X-ray detec-
tor, and a gantry to house both the source and the detector 
with their associated control circuitry. Radiologists have 
devised ingenious ways to extend each modality beyond its 
realm on a given machine. For example, we can now perform 
tomosynthesis using planar digital X-ray detectors or 3D 
spin angiography using a standard C-arm to supplement pro-
jection imaging with tomographic information. Conversely, 
from the data acquired on a CT machine, one can generate 
collapsed maximum intensity projections (MIPs) to simulate 
planar visualization of contrast-enhanced vasculature. 
However, these three X-ray modalities still remain separate 
and distinct in the day-to-day radiologic practice. Each of 
these X-ray-based modalities uses a different mechanical 
gantry, room setup, and detector assemblies. They also pro-
vide different, and often complementary, information about a 
disease process. 

 This distinction between different X-ray modalities is pri-
marily rooted in the detector technology used by them. 
Historically, planar radiography was accomplished using a 
fi lm-screen combination that provided an excellent portable 

medium, but the image data were not digital. C-arm systems 
use image intensifi ers for image capture at the video frame 
rate of 25–30 frames/s. This allows fast, real-time image cap-
ture, but the dynamic range of the data is limited to 8–10 bits/
pixel. Consequently, only high-contrast structures such as 
opacifi ed vessels and bones can be visualized. If the projec-
tion data from an image intensifi er were used for tomo-
graphic reconstruction—as was done in the 3D Morphometer 
[ 1 ]—the resulting images would not have enough dynamic 
range to provide soft tissue discrimination. The detectors 
used in MDCT scanners have very high dynamic range; 
however, they are not available in large area arrays needed 
for radiography or angiography. The MDCT detector arrays 
also have relatively coarse and anisotropic detector elements 
that are not suitable for these applications (e.g., the scout 
images acquired by MDCT as a replacement for a chest 
X-ray). These fundamental differences in the X-ray detectors 
have kept these modalities distinct, each specialized in their 
own application domain. 

 Of these three X-ray-based modalities, computed tomog-
raphy (CT) is the main workhorse of all interventional proce-
dures that require cross-sectional imaging. For example, 
CT-guided biopsy, fi rst reported for the lung in 1976 [ 2 ], is 
the gold standard for diagnosing most types of cancers [ 3 ]. It 
provides direct histological confi rmation as well as informa-
tion about the type of cancer. This procedure involves incre-
mental insertion of a needle along a planned trajectory to 
retrieve tissue for diagnosis at a desired target, enabling ear-
lier and more effective intervention for the patient [ 4 ]. More 
recently, a host of other procedures such as tumor ablation, 
drainages, and hardware placement have been added to the 
list of image-guided interventions that use CT guidance. CT 
is preferred over fl uoroscopy, magnetic resonance imaging 
(MRI), and ultrasound imaging because of its wide availabil-
ity, essentially no hard contraindications, ease of use, and 
superior visualization. Various new approaches that enable 
more accurate and effi cient image-guided interventions as 
well as signifi cantly lower procedure time and X-ray dose 
are under development. These range from simple  passive 
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guidance devices for aligning and maintaining the needle at 
the desired approach angle to automated telerobotic systems 
that allow the radiologist to simply click on the lesion loca-
tion and subsequently perform the procedure from the con-
trol room. 

 This chapter describes the basic technique used by all 
CT-guided interventional procedures. The description is 
generic and does not go into details of any specifi c proce-
dure. It discusses the techniques and issues that are com-
mon to all procedures that use CT guidance. Since X-ray 
dose can be a concern in these interventions, it is dis-
cussed separately. The fi nal section is devoted to current 
and future innovations. Topics include C-arm CT, fl at-
panel CT, robot-assisted interventions, and 4D image 
guidance.  

    CT-Guided Interventions: The Technique 

 CT guidance is used in a variety of procedures that include 
biopsy, drainage, catheter placement, RF ablation, and many 
orthopedic procedures. While most procedures are currently 

performed on a 64-channel multi-detector row helical CT, a 
4-channel or 16-channel scanner is quite adequate for many 
interventions. This section describes the general paradigm 
used by all these procedures. 

 All CT-guided procedures involve iterative, incremental 
advancement of a needle or probe. The patient is positioned 
on the CT bed and scanned from the control room. The 
interventional access instrument (e.g., a needle, radiofre-
quency (RF) ablation probe, or drainage catheter) is intro-
duced and oriented with respect to the lesion in the CT 
image. The procedure consists of reaching a desired target 
position in the body, with CT image as the only feedback for 
confi rming the position. This process is schematically 
shown in Fig.  12.1 .

   Any CT-guided procedure (e.g., a biopsy or RF ablation) 
can be divided into four steps as shown in Fig.  12.2 . In the 
trajectory planning stage, the access route for the instrument 
is decided based on prior imaging and a current scan. A nee-
dle or a probe is then placed on the patient. In the third step, 
the needle/probe is oriented and inserted towards the lesion. 
Finally, a sample is taken; the lesion is sampled or ablated, or 
a catheter is deployed depending on the procedure being 

  Fig. 12.1    The overall setup for a CT-guided interventional procedure. The patient is positioned on the CT table ( left ) and scanned from the 
radiation- shielded control room ( middle ). The probe is aligned with respect to the lesion ( right ) and advanced under CT guidance       

  Fig. 12.2    Four steps in a CT-guided procedure       
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conducted. These steps are further detailed in the following 
paragraphs.

   For trajectory planning, the patient is positioned either 
prone or supine depending on the location of the lesion and the 
preferred route of access. A single anteroposterior localizer 
radiograph is typically acquired to plan the scan in the region 
of interest. Typical scan parameters are 120 kVp, effective 
mAs of 90–300, 0.5 s gantry rotation time, 20 × 1.2 mm detec-
tor confi guration, 1:1 pitch, 2.4 mm reconstructed slice thick-
ness, 2.4 mm inter-slice interval, and reconstruction kernel 
(sharp vs. smooth) depending on the anatomy being visualized 
(effective mAs is defi ned as the product of tube current (mA) 
and time (s), divided by the pitch). Generally, the initial scan 
series is acquired at high dose, and with an extended scan 
length, to properly visualize and localize the lesion. Subsequent 
scan series are limited to the region of interest for the proce-
dure being performed and are acquired at a reduced effective 
mAs to limit the radiation dose. 

 Intravenous conscious sedation is administered as 
required. The skin is aseptically prepared and draped, and 
1 % lidocaine (Xylocaine; Astra, Wilmington, DE, USA) is 
administered locally to induce local anesthesia. Many times, 
a coaxial system composed of 19-gauge introducer needle 
(e.g., Chiba, Cook, Bloomington, IN, USA) and a 22-gauge 
aspiration needle (Cook) is used to gain access. 

 After a scout scan, a CT scan is performed with a radi-
opaque grid (e.g., E-Z-EM Fast Find Grid, E-Z-EM Inc., 
Westbury, NY, USA) placed on the patient to determine the 
access trajectory and skin insertion point. Then, a small 
incision is made at the insertion point to facilitate the nee-
dle, probe, or catheter entry. The shortest and most direct 
path is preferred, when feasible. Often the CT gantry is 
tilted so as to aid in negotiating through the structures along 
the way and to provide a clear path to the lesion. Most often, 
a hypodermic needle is fi rst placed at the desired skin inser-
tion point and a subsequent scan is performed to confi rm the 
selected insertion point and the approach angle. Sometimes, 
multiple scans of the hypodermic needle are performed 
when the location/orientation of the hypodermic needle is 
changed or the CT gantry is tilted to optimize the access 
trajectory. 

 Once acceptable access trajectory and insertion site are 
selected, the hypodermic needle is replaced by the actual 
biopsy needle, the interventional probe, or any other instru-
ment that is needed to be advanced under CT guidance. The 
desired needle or probe is advanced incrementally with inter-
mittent CT scanning to assess the trajectory with small angu-
lar corrections performed when necessary. Once the target is 
reached, the action performed is procedure specifi c. For 
example, it may consist of fi ne needle aspiration,  deployment 
of RF ablation probe, or placement of a drainage catheter. A 
fi nal CT scan is typically performed after removal of the 
instrument to verify the appearance of the lesion and to check 

for any additional complications such as hemorrhage or 
pneumothorax.  

    Factors Affecting Procedure Complexity 

 In one study of CT-guided lung biopsy, it was shown that 
the needle orientation and insertion step accounts for over 
50 % of the acquired CT scan series, illustrating that this is 
the most challenging part of the procedure [ 5 ]. The analy-
sis also showed that the majority of scan series (and hence 
needle manipulations) were performed when the needle was 
outside the lung, illustrating that the strategy has the correct 
needle alignment before puncture of the pleura. Overall this 
study highlighted the sensitivity of targeting small, deeply 
situated lesions associated with a larger number of acquired 
CT scan series. This is due to the fact that small angular 
alignment errors result in large lateral displacements of the 
distal needle tip. As an example, an angular error of only 3° 
will result in a radiologist missing a 1-cm lesion at a 10-cm 
depth when aiming at its center. 

 Needle alignment for these procedures consists of align-
ing the needle in two angles. As was mentioned, the radiolo-
gist typically fi rst aligns the CT scanner gantry so that a clear 
path to the target can be visualized, followed by alignment of 
the needle within the resulting scan plane. Selecting the cor-
rect gantry angle is diffi cult, because the radiologist has to 
mentally determine the correct needle angle in the craniocau-
dal direction in order to make the lesion, the skin insertion 
site, and the needle coplanar. As a result, the radiologist is 
often forced to adjust the gantry angle repeatedly and rescan 
in order to settle on a clear, non-vertical path to the target [ 5 ]. 
Once the correct gantry angle has been selected, precisely 
aligning the needle along the desired trajectory is diffi cult 
due to the effects of limited operator precision, gravity, tissue 
tension, and respiratory motion. Often this diffi culty is exac-
erbated of limited subcutaneous soft tissue to adequately 
support the needle, and a number of clinical techniques are 
employed to support the needle (e.g., towels placed between 
needle and patient). Further, the needle has to be adjusted 
about a pivot point at the skin surface that may be several 
centimeters away from the lesion, making it diffi cult to accu-
rately predict how manipulations of the needle outside the 
body will change the needle tip position inside. Apart from 
angular alignment errors, another potential source of error is 
the defl ection of the needle due to the reaction force of the 
tissue acting on the asymmetric beveled tip as the needle is 
being inserted. Overall, these errors result in the inability of 
the radiologist to place the distal tip of the needle to the 
desired target within even an order of magnitude of the sub-
millimeter and sub-degree measurements from the CT dis-
play. Figure  12.3  illustrates how alignment errors and needle 
bending result in the needle not hitting the desired target.
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   During a CT-guided needle insertion, a radiologist may 
end up with the needle inserted deep into the body and then 
want to reposition the tip of the needle to a nearby point. For 
example, based on the aforementioned diffi culties during 
needle insertion, there is a need for physicians to be able to 
correct for target errors in order to accurately sample tissue 
or treat disease. Another reason why a physician would want 
to reposition the distal tip of the needle would be to target a 
number of adjacent points in a tumor. This could be used to 
ablate multiple adjacent points in a tumor when treating a 
large or irregularly shaped tumor, or to sample a number of 
points in a tumor as a result of inconclusive diagnosis when 
examined by cytology or pathology because of the sampling 
regions of necrotic tissue. However, accurate reorientation of 
the needle inside the body is diffi cult, if not impossible, as 
there are forces from the tissue that resist the needle motion. 
Radiologists currently have two options; they can try and 
overcompensate when realigning the needle, or they can 
retract the needle and attempt to reinsert it along the correct 
trajectory.  

    CT Dosimetry 

 For interventional CT-guided procedures, the entire ion-
ization effect is concentrated in a few slices (e.g., a small 
segment of the thorax for the lung biopsy). Therefore, it is 
important to consider both stochastic and deterministic 
effects of this mode of dose delivery. Historical data sug-
gests that the stochastic risk associated with radiation 
exposure (e.g., tumor induction and hereditary effects) has 
no threshold for cancer occurrence: the risk increases lin-
early with patient dose. However, deterministic effects 
(direct damage to organs or tissue) have a threshold below 
which no direct radiation-induced damage to the body will 

occur; for skin 2 Gy or higher is required for local skin 
damage (acute skin reactions like erythema and epilation) 
to occur [ 6 ,  7 ]. 

 The effective dose (E) is typically used to quantify the 
stochastic dose because it takes into account the doses 
received by all radiosensitive organs weighted according to 
their individual radiosensitivity [ 8 ]. The entrance skin dose 
(ESD) is the metric chosen to represent the deterministic 
dose to the skin of the patient [ 8 ]. 

 Multiple tools for patient dose calculations are available. 
The ImPACT CT Patient Dosimetry Calculator 
(CTDosimetry.xls,   www.impactscan.org    ) is a commonly 
used tool. This program contains the CTDI values normal-
ized per 100 mAs for air ( n CTDI air ) and for the center ( n CT-
DI c ) and periphery ( n CTDI p ) of both body and head phantoms 
for a variety of scanners. To obtain the effective dose (E), the 
corresponding anatomic region scanned on a patient is noted 
from the CT images and prescribed on the mathematic phan-
tom included in the program. The entrance skin dose can 
then be estimated using the CTDI p  value that refers to the 
dose at 1 cm below the surface of a standard 32-cm body 
phantom. The anatomic location of the maximum entrance 
skin dose (ESD M ) can be calculated by determining the over-
lap of all scans and their respective entrance skin dose. 

 There have been a number of recent studies that quantify 
the contributions of the CT scanning to the entrance skin 
dose and effective dose received by the patient [ 5 ,  8 ]. During 
interventional CT-guided procedures, the amount of 
acquired CT scan series is directly correlated with the maxi-
mum entrance skin dose. However, the effective dose is 
most largely infl uenced by the fi rst planning scan since it 
covers such a large area of the body, and the subsequent 
more localized scans have less of an effect. For each proce-
dure, it is essential that the above calculations are performed 
for typical parameter settings and scan lengths. One can also 
perform the dose calculations for any prior CT-guided pro-
cedure as all parameters needed for the calculation are read-
ily available from the archived image data (provided all 
scans acquired during the procedure are saved and pushed to 
the PACS). This exercise is essential to ensure that the dose 
is below the required level for induction of erythema, epila-
tion, and other deterministic and stochastic effects of 
radiation.  

    Recent Trends and Advanced Applications 

    C-Arm CT for Interventional Procedures 

 As mentioned earlier, radiography and fl uoroscopy (R&F), 
C-arm angiography, and CT are the three main modalities used 
for interventional guidance. Traditionally, these modalities 

  Fig. 12.3    Sources of targeting errors in image-guided, percutaneous 
interventions       
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have remained separate and are available in separate inter-
ventional suites. Recently introduced digital fl at-panel detec-
tors could potentially satisfy the disparate demands of these 
three different modalities, making a combined 3-in-1 
“omniscanning” machine possible. Early results demonstrate 
that C-arm CT using an area detector mounted on a C-arm 
gantry can deliver the image quality required for intraopera-
tive workup of vascular and musculoskeletal questions 
encountered in routine neuro-interventions [ 9 ]. The clinical 
utility of this new modality is currently evolving, and the 
indications for its use, and the associated protocols, are still 
being developed. 

 This section will discuss the applications of fl at-panel 
detector-based C-arm CT in image-guided interventions. 
After a brief description of the fl at-panel detector technol-
ogy and its integration with the C-arm gantry, we will 
review examples that highlight the effi cacy of this modality 
as an intraoperative problem-solving tool during 
interventions. 

    Digital Flat-Panel Detectors 
 A digital fl at-panel detector uses a scintillator fi lm, typically 
evaporated cesium iodide (CsI), to convert incident X-ray 
energy into visible light. The generated light is sensed by a 
photosensitive imaging array fabricated on a 2D amorphous 
silicon fl at-panel which replaces the photographic fi lm of 
conventional radiography. The scintillator is deposited 
directly on the photosensitive elements to ensure intimate 
optical contact which, when combined with the novel 
columnar structure of the CsI, serves to signifi cantly 
enhance the effi cacy with which the information in the 
X-ray image is preserved in the electronic image. Each pixel 
in these imagers contains a photosensitive diode, which 
generates and stores a signal charge, and a thin-fi lm fi eld 
effect transistor to transfer the collected charge to external 
circuits [ 10 ]. 

 With the advent of such amorphous silicon-based digital 
X-ray fl at-panel detectors, it is possible to capture video 
frame rate, two-dimensional digital X-ray images that pre-
serve high image contrast. Remarkably, this lightweight, 
compact profi le detector can deliver a matrix of square detec-
tor elements, with 200 μm pitch, over an area as large as 
41 × 41 cm 2 . As a result of this detector technology, the tech-
nological gap that existed between various X-ray modalities, 
and the prime reason for their separation, can now be fi lled 
potentially [ 11 ]. Both C-arm gantries and standard CT gan-
tries have been used to house this detector assembly to make 
tomographic images available.  

    C-Arm Gantries Employing Flat-Panel Detectors 
 All major imaging equipment vendors now provide C-arm 
scanners that employ digital fl at-panel detectors integrated 

with a C-arm gantry. The C-arm platform offers open archi-
tecture and easy patient access. As usual, one can use the 
C-arm for fl uoroscopy and angiography. However, by put-
ting the C-arm in a fast-spin mode while acquiring images, 
one can obtain projection data that can be converted into 
high-quality CT images. Therefore, it is now feasible to per-
form angiography, fl uoroscopy, and volumetric CT imaging 
on the same platform, enabling a seamless integration of 
these heretofore-separate modalities. 

 For volumetric CT, the projection data is acquired using a 
detector pitch of 200 μm in the transverse direction and 
200 μm in the vertical slice direction. Typically, 600–900 
views are collected during a single rotation of the gantry. The 
fl at-panel detector acquires data in real-time at the rate of 30 
frames per second for full-panel readout at the native resolu-
tion of the panel [ 12 ]. Since approximately 600–900 projec-
tion views are required for adequate reconstruction, the 
volumetric image acquisition has to be carried out over 
20–30 s. The projection data are corrected for gantry motion 
and beam hardening and are reconstructed with the Feldkamp 
cone-beam algorithm. 

 The native resolution of the fl at-panel is typically 200 μm. 
After accounting for magnifi cation and X-ray focal spot size, 
this yields an isotropic voxel resolution of approximately 
150 μm. Generally, the fl at-panel is operated in a 2 × 2 bin-
ning mode (i.e., the neighboring 4 pixels are averaged to 
increase the signal to noise ratio), and the resolution is of the 
order of 200 μm isotropic [ 13 ]. Therefore, compared to con-
ventional MDCT scanners, these fl at-panel-based C-arm CT 
improve the spatial resolution almost by a factor of 12 on a 
voxel-by-voxel basis. 

 Flat-panel-based C-arm CT also provides volumetric 
coverage: the entire head or neck can be scanned with an 
isotropic resolution of 200 μm (both in-plane and along 
the slice direction) in one rotation of the gantry. For the fi rst 
time, this scanner opens the possibility of visualizing 
 path ology as a resolution close to what is amenable 
histologically. 

 Imaging protocols that enable use of all three modes of a 
C-arm (fl uoroscopy, angiography, and CT) interchangeably 
in the same procedure are currently being developed. 
Synchronization details between these three modes and the 
use interface are currently being investigated. When these 
modes are fully developed, complex scanning scenarios will 
be feasible [ 14 ]. For example, using the tomography mode, 
one will be able to compute a slice through the anatomy of 
interest. During the fl uoroscopy mode, one will be able to 
view the location of a point prescribed on the tomographic 
slice. Such a facility will be useful in drilling or guiding a 
needle to a particular location on the CT slice, while expos-
ing the patient to markedly reduced radiation from a fl uoro-
scopic examination. The following features make these 
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gantries an ideal imaging machine for image-guided 
interventions:
•    Ultrahigh, isometric resolution that is ideally suited for 

various pathologies  
•   Open gantry design, enabling quick access to acutely sick 

patients. The C-arm gantry design also lends itself for 
full-body survey.  

•   The machine combines features and functions of three 
types of imagers: standard R and F machine, computed 
tomography, and interventional angiography. The capa-
bility of the  omniscanner  eliminates the imaging dilemma 
that is often faced by interventionists when capabilities of 
another modality are required intraoperatively.    
 These advantages lead themselves to many interventional 

applications. A partial list is given below:  

    Vascular Applications 
 C-arms are routinely used for vascular procedures. The inte-
gration of different modalities in a single system enables a 
completely new spectrum of applications. For example, one 
can advance a catheter under fl uoroscopic guidance. The 
position of the tip of the catheter can then be confi rmed using 
high-resolution CT. If the catheter tip is found to be in the 
correct position, one can then inject contrast, embolic agents, 
or drugs and follow their distribution using dynamic CT 
scanning. Availability of C-arm CT enables many newer 
imaging modes such as intraoperative 3D vessel mapping 
and 3D surface mapping for better demonstration of aneu-
rysm sac morphology [ 15 ]. C-arm CT has superior metal 
artifact profi le as compared with conventional CT. This can 
be used in the advantage of intravascular stent deployment.  

    Intraoperative Applications 
 Neurosurgery and orthopedics suites are often equipped 
with C-arm imagers to assist in evaluation of the relative 
position of the instruments compared to the anatomy in 
question. Fluoroscopic guidance is often suffi cient; how-
ever, additional information attainable from CT images 
would at times be extremely useful. The  omniscanning  
capability of the newer C-arm system can therefore signifi -
cantly enhance the accuracy and effi ciency of the procedure. 
For example, C-arm CT is currently being used for transpe-
dicular placement of orthopedic screws and other interven-
tions. In fact, dedicated machines such as the O-arm 
(Medtronic Inc., St Paul, MN) are being developed to make 
convenient, portable intraoperative tomographic imaging 
attainable.  

   MSK Applications 
 Traditionally, vertebral augmentation procedures such as 
vertebroplasty or kyphoplasty are performed under fl uo-
roscopic guidance. Through a transpedicular or a para- 
pedicular approach, percutaneous access is gained into the 
desired vertebral body. This may be done unilaterally, or 
via both pedicles. Bone cement is then deposited at appro-
priate location to augment the osteoporotic or fractured 
vertebral body. With the advent of C-arm CT, one can con-
fi rm the placement of the needle tip using tomographic 
imaging in addition to the standard fl uoroscopic projec-
tions. Figures  12.4  and  12.5  show multiple views from two 
different  vertebroplasty procedures. C-arm CT (DynaCT, 
Siemen  fi gures Medical Solutions, Erlangen, Germany) 
was employed for intraoperative 3D imaging.

a b

  Fig. 12.4    ( a ) A sagittal section 
through the 3D stack obtained from 
DynaCT (Siemens Medical Solutions, 
Erlangen, Germany). Note the degree 
of osteoporosis in the upper and the 
lower vertebral body surrounding the 
one with bone cement. ( b ) An axial 
section through the vertebral body 
showing the distribution of bone 
cement       
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       Other Procedures 
 Integrated scanning modes that combine R&F, angiogra-
phy, and CT may also be useful in other interventional 
 procedures such as TIPS and chemoembolization of tumors. 
Performance of percutaneous biopsy will also be enhanced 
by this  technique. While many interventional procedures 
can be easily performed in a plain fl uoroscopic mode, the 
integrated mode provides additional fl exibility: in those 
patients where cross- sectional imaging is necessary, it will 
be available intraoperatively. Potentially, with the omnis-
canning systems currently being developed, a procedure 
could start in conventional fl uoroscopic mode and, if neces-
sary, switch to CT.  

   Current Limitations and Future Directions 
 Currently the projection data has to be transferred from one 
computer system to another for 3D reconstruction. This is 
less than ideal. A new software environment needs to be 
developed that allows angiography, fl uoroscopy, and 
ultrahigh- resolution CT scanning in a unifi ed user interface. 
Using this interface, one can seamlessly interchange from 
one mode to another without moving the patient.   

    Ultrahigh-Resolution Flat-Panel CT 

 Digital fl at-panel-based volume CT (fpVCT) represents a 
variation of the C-arm-based CT concept described earlier. 
In these, scanners use a standard CT gantry capable of 
continuous rotation by virtue of its slip rings. The usual 
arc of detector rows is replaced by a fl at-panel detector to 
enable cone-beam CT in a standard setup. Because of the 
stability of the gantry and its ability to acquire data con-
tinuously as it rotates around the patient, this unique design 

is capable of ultrahigh spatial resolution and dynamic CT 
scanning [ 16 ]. 

 This innovation, when fully developed, has the promise of 
opening a unique window on human anatomy and physiol-
ogy. For example, one can directly visualize the trabecular 
structure of bone using fpVCT, enabling assessment of tra-
becular architecture [ 17 ]. It is possible to tomographically 
observe the perfusion of an organ (e.g., after transplant or an 
ischemic event). Our early ex vivo experiments have shown 
the ability of fpVCT to assess diverse phenomena such as 
microcirculation of cardiac muscle, internal composition of 
vulnerable plaque, stone fragmentation after lithotripsy, hair-
line fractures through carpal bones, integrity of middle ear 
prostheses, and placement of individual electrodes of a 
cochlear implant. 

 The key advantages and disadvantages of fpVCT vis-à- 
vis MDCT are summarized below in Table  12.1 .

   These relative advantages and disadvantages of fpVCT 
can guide the selection of applications for which fpVCT may 
provide superior imaging or newer solutions not amenable 
to MDCT 

   3D and 4D CT Angiography 
 Volumetric acquisition and complete organ coverage of 
fpVCT    are ideal for CT angiography. One can extend the 
concept of static angiography with 4D dynamic angiography 
by continuously acquiring 3D data over time. Such imaging 
can be used to assess any time-evolving process. Our initial 
experiments reveal that fpVCT has great potential for very 
high- resolution CT angiography and subtraction angiogra-
phy applications combined with real-time fl uoroscopy from 
any arbitrary angle in space. 

 fpVCT enables visualization of the trabecular structure 
leading to high-defi nition images of bones and joints. For 
example, it is possible to see subchondral compaction of tra-
beculae in the areas of cartilage loss (Fig.  12.6 ). Excellent 
detail is visualized in the imaging of the hand and ankle.

   Given the fi delity of trabecular structure in fpVCT images, 
in the future, it may be possible to assess bone healing using 
this modality. Such image is also ideal for musculoskeletal 
interventions such as CT arthrograms because a joint can be 
injected using the fl uoroscopic imaging and can be imaged 
using high-resolution CT. 

  Fig. 12.5    An oblique section through the 3D stack obtained from 
DynaCT (Siemens Medical Solutions, Erlangen, Germany). Note the 
access track and the degree of osteoporotic compression fracture in the 
vertebral body       

   Table 12.1    Advantages and disadvantages of fpVCT in comparison to 
MDCT   

 +  − 

 High spatial resolution  Lower contrast resolution 
 Volume coverage  Slowness of Csl 
 Fluoroscopy possible  Long scan time (20 s) 
 Flexible compared to C-arm  Low photon fl ux 

 

12 CT-Guided Interventions: Current Practice and Future Directions



180

 With multi-detector CT scanners, evaluation of middle 
and inner ear implants is compromised by metal artifacts 
and partial volume averaging. FpVCT is also useful in 
assessing the fi ne structures in the temporal bone. We eval-
uated the performance fpVCT for this purpose. A cochlear 
implant (Nucleus, Cochlear Corp, Sydney) and stapes 
prosthesis were imaged after a stapedectomy was per-
formed. FpVCT allowed the display of individual elec-
trodes of the cochlear implant while MSCT yielded only 
an “averaged” line for the cochlea implant. The integrity 
of the stapes prosthesis in terms of its articulation within 
the oval window and its fi xation to the long process of 
incus could be evaluated with fpVCT (Fig.  12.7 ). In con-

clusion, fpVCT can assess temporal bone hardware more 
accurately than MDCT, and it may be useful in postopera-
tive evaluation of these structures.

   Higher resolution of fpVCT also results in better metal 
artifact profi le. Thus metallic stents can be visualized, and 
their lumen can be interrogated. Figure  12.8a  illustrates 
the fi delity in which the structure of a stent can be  captured 
using fpVCT. Figure  12.8b, c  shows longitudinal and 
axial cross sections through an LAD stent. The visualiza-
tion of the lumen in Fig.  12.8b  is good enough to demon-
strate neo- intimal hyperplasia inside the stent. This was 
verifi ed by intravascular ultrasound (IVUS), as shown in 
Fig.  12.8c .

a b

  Fig. 12.6    A 3D picture of a hand ( a ) and a slab through the carpal bones ( b ). Detailed imaging such as this may help predict progression towards 
nonunion and avascular necrosis during fracture healing in scaphoid or any other carpal bone. They may also be used for joint injection       

a b c

  Fig. 12.7    ( a ) An fpVCT slice through a temporal bone. ( b ) A section through a temporal bone after stapedectomy and placement of stapes pros-
thesis ( left image ) and ( c ) an fpVCT imaging showing placement of a cochlear implant       
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         Portable CT for Bedside Interventions 

 The recent advent of portable CT scanners has revolution-
ized imaging of critically ill patients in intensive care units. 
Initially, they are only available for head and neck imaging; 
this paradigm has been extended to abdominal and 
 whole- body imaging. Availability of high-quality imaging 
at bedside has reduced, and sometimes eliminated, the need 
for transporting critically ill patients to fi xed scanners in 
the radiology department. Critically ill patients are often on 
ventilators, IV infusions, and other life support systems. 
Before these portable scanners became available, the entire 
care team had to be mobilized to bring the patient to a fi xed 
scanner making them unavailable for other patients in the 
ward. This is no longer the case. Similarly, with the porta-
ble CT scanner, the respiratory therapists no longer have to 
be tied up with patient transport, which in itself is risky and 
prone to events such as hypoxia, inadvertent extubation, 
and disconnection of life support lines. These scanners, 
therefore, have improved both the safety and effi ciency of 
care in ICU. 

 Besides the expected benefi ts such as faster response to 
imaging requests and increased productivity of the care 
team, these scanners also enable interventions at the bed-
side. The CereTom portable CT scanner (Neurologica, 
Danvers, MA) can be coupled with a radiolucent skull 
clamp to provide a reliable head fi xation and fast, high-
quality intraoperative imaging capabilities for a variety of 
neurosurgical procedures. In addition, the CereTom images 
are compatible with all surgical navigation systems proce-
dures via the standard DICOM format of the images. As 

these scanners do not require the patient to be transferred to 
the CT table, just by using a simple headrest system, images 
are readily taken with a sterile cover slipped over the 
patient’s head. As such, there is minimal disruption to the 
surgical procedure. 

 Many bedside procedures are amenable to a portable 
scanner such as the CereTom. For example, a CT scan 
obtained when placing a shunt catheter can be invaluable in 
guiding the catheter tip to its correct location. Similarly, 
using the radiolucent skull clamp, scans can be obtained 
intraoperatively and integrated to various navigation systems 
during tumor resection or similar procedure. Such imaging 
can better defi ne surgical margins with respect to other sys-
tems. Figure  12.9  shows the setup and the quality of a post- 
intervention CT.

   Our experience reveals that portability does not nega-
tively impact diagnostic image quality. Figure  12.10  shows 
the case of a 43-year-old female, who was found down by 
EMS in asystole. EMS achieved a complex perfusing rhythm 
following epinephrine and atropine in the fi eld. The patient 
was noted to be hyperkalemic (K in the range of 6.1–7.2). In 
the neuro ICU, the patient was too unstable to be transported 
for a regular head CT or MRI, and a portable CT scan using 
the CereTom was performed.

   Figure  12.10  shows two axial slices through the brain 
without contrast. There was diffuse loss of gray-white dif-
ferentiation and sulcal effacement compatible with cerebral 
edema. 

 Additionally, there was complete effacement of the 
third and fourth ventricles, the suprasellar cistern, the 
quadrigeminal plate cistern, and the ambient cistern with 

a b c

  Fig. 12.8    ( a ) 3D visualization of a cardiac stent (Crossfl ex 3 × 18 mm) 
via fpVCT at a spatial resolution of 150 μm-cube. Axial cross sections 
through an LAD stent as demonstrated by intravascular ultrasound 
(IVUS) ( c ) and by fpVCT ( b ). Note the fi delity of the endoluminal view 

in fpVCT images ( b ) as compared with MDCT images ( c ). Neo-intimal 
hyperplasia seen on the fpVCT images can also be appreciated on the 
more invasive IVUS images ( arrows ) (Image courtesy of Jennifer 
Lisauskas, Fabian Moselewski & Ray Chan)       
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bilateral uncal herniation (all these fi ndings are not visible 
in the two slices provided here). Hypoattenuation was seen 
in bilateral caudate bodies, lentiform nuclei, thalami, bilat-
eral hippocampal formations, and patchy areas in bilateral 
posterior parietal lobes. These fi ndings are compatible 
with diffuse hypoxemic ischemic injury with effacement 
of the ventricular system and concomitant uncal 
herniation.  

    Robot-Assisted, Image-Guided Interventions 

 Various new approaches that can improve accuracy and sig-
nifi cantly lower the procedure time and X-ray dose for 
smaller lesions are under development. One passive needle 
holder that can support a needle at a desired angle is shown 
in Fig.  12.11a . While such a system offers needle support, 
it is not linked to the medical imaging data; therefore, 

  Fig. 12.9    Post-intervention CT scan directly in the operating room using the CereTom portable CT scanner (Courtesy of Neurologica, Danvers, 
MA)       

  Fig. 12.10    Two axial slices from a patient after head trauma and prolonged asystole       
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a  physician is still required to do the mental co-registration 
between the medical images and the needle. A similar approach 
consists of a passive laser guidance system that uses a laser 
beam (aligned at the correct compound angle) as a guide for the 
radiologist [ 18 ]. The laser is mounted on a wheeled stand as 
seen in Fig.  12.11b . In the normal planning steps leading to the 
needle insertion, the device is positioned over the patient out-
side the scanner bore, and the beam is set to the correct com-
pound entry angle aiming at the desired insertion point; then 
the needle is inserted by hand using the beam as a guide.

   Image-guided robot systems offer the potential for auto-
mating instrument placement, alignment, and insertion via a 
direct coupling to the 3D positioning data from the CT 
images. The fi rst recorded medical robotics application 
occurred in 1988 for CT-guided stereotactic brain surgery 
[ 19 ]. More recent examples include the Innomotion system 
(Innomedic Inc., Herxheim, Germany), which is mounted on 

a large frame that extends over the patient [ 20 ]. With this 
system, needle alignment was performed by the robot using 
pneumatic actuators, and the needle is then inserted manu-
ally. Another CT scanner bed-mounted approach is the 
AcuBot system from Johns Hopkins, as seen in Fig.  12.12a . 
The system consists of a combination of one degree-of- 
freedom radiolucent needle (insertion) driver, a 2-DOF 
remote center of motion (RCM) system, a passive position-
ing arm, and a 3-DOF X-Y-Z stage mounted to a bridge 
structure over the patient [ 21 ]. The articulating arm is used to 
position the end effector near the desired insertion point and 
the positioning is fi ne-tuned with the stage before the needle 
is aligned and inserted by the robot.

   A team in Strasburg has developed a 7-DOF patient- 
mounted device called the CT-Bot (Fig.  12.13 ) that straps to 
a patient and operates within the CT scanner bore [ 22 ]. The 
device can position a needle tip within an X-Y plane, tilt it in 

a b

  Fig. 12.11    ( a ) Simplify needle support device that provides a similar function but with a different mechanism. ( b ) SimpliCT portable laser guid-
ance system (  http://www.neorad.no    )       

  Fig. 12.12    CT scanner and fl oor-mounted robot systems.  Left ; the AcuBot from Johns Hopkins University [ 21 ].  Middle ; Innomotion pneumatic 
robot from Innomedic [ 20 ].  Right ; PIGA fl oor-mounted robot from Perfi nt in India (  http://www.perfi nttech.com    )       
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two angles, and fi nally rotate it as it is being inserted. This 
system weighs approximately 3 kg, employs ultrasonic 
motors with encoders coupled to harmonic drives, and fi rmly 
grips the needle throughout the procedure. A similar approach 
is the light puncture robot (LPR) (Fig.  12.13 ) being devel-
oped in Grenoble. It is pneumatically actuated and is both 
CT and MRI compatible and weighs approximately 1 kg. 
The 3-DOF end effector orients and inserts a needle without 
releasing it. It sits directly upon the patient and the end effec-
tor is connected to a surrounding frame by straps that are 
actuated in order to translate the device [ 23 ].

   Another simple patient-mounted device provides needle 
orientation, needle insertion, and needle gripping/release 
with a compact, lightweight package as shown in Fig.  12.14  

[ 25 ]. With this approach, the radiologist selects the skin inser-
tion point as they would when performing the procedure man-
ually and places the robot over this point. Apart from the 
simplicity in the design, a major advantage of the robot is that 
it is attached to the patient; therefore, any sudden movements 
of the patient are inherently compensated for. The robot has a 
central metal free zone to not cause artifacts in the medical 
images. Initial testing of the device has indicated that it has 
the potential to improve the accuracy of probe placement and 
reduce the procedure radiation dose and time [ 26 ,  27 ].

   Along the same lines, another device of similar scale has 
been developed for repositioning the distal tip of a medical 
instrument to adjacent points within tissue after a single nee-
dle insertion into the body [ 28 ]. This device is shown in 

a b

  Fig. 12.14     Left ; Robopsy device mounted on a pig during an in vivo 
experiment. Concentric nested hoops allow for orientation of the needle 
in two compound angles. The hoops are actuated using micro gearmo-
tors. The carriage riding in the two hoops performs the needle gripping 

and insertion.  Right ; prototype of the robotically steerable needle 
shown attached to an access cannula via a standard medical luer lock. 
The stylet is shown in its deployed position and the cannula is protrud-
ing about 1 cm from the distal tip of the access cannula       

  Fig. 12.13    Image-guided robots that mount on the patient, over the patient, or on the CT bed next to the patient.  Left ; the electromechanically 
driven CT-Bot [ 22 ].  Right ; the light puncture robot (LPR) that is attached to a frame that rests over the patient as they lie on the scanner bed [ 24 ]       

 

 

R. Gupta et al.



185

Fig.  12.14 . The steering mechanism was based on the con-
cept of substantially straightening a pre-curved Nitinol stylet 
by retracting it into a concentric outer cannula and redeploy-
ing it at different axial and rotational cannula positions. A 
three degrees-of-freedom mechanism with a compact and 
nested structure was used to automate the cannula and stylet 
motions. A CT scan of the device showed that it did not 
appreciably distort the medical images and its lightweight 
(<200 g) enables it to be supported on a patient’s chest or 
attached to standard stereotactic frames. 

 Overall, the use of surgical robots to perform key tasks 
such as biopsy, drainage, or tumor ablation—with the aid of 
images acquired intraoperatively—holds great potential. 
This new paradigm not only can increase the accuracy of 
each intervention but also can decrease the morbidity and 
mortality associated with open procedures.  

    Intra-Procedural 4D Visualization 

 Current intervention guidance using X-rays can be divided 
into two different methodologies. The fi rst methodology is a 
continuous, real-time imaging using X-ray fl uoroscopy that 
provides 3D (two spatial dimensions plus time dimension) 
imaging capability. This modality is routinely used in cathe-
ter angiography in the interventional suites and in some sur-
gical procedures. The second methodology uses standard CT 
scanner systems for guidance; repeat scanning during the 
procedure is performed as the intervention proceeds. This 
approach provides 3D data (three spatial dimensions but 
only in a discontinuous, manipulate-and-rescan fashion). As 
of today, the real-time 4D imaging plays no role in interven-
tion guidance. If feasible, the real-time 4D imaging (3 spatial 
dimensions plus time) would be able to provide many desir-
able advantages.
    1.    The position of instruments and catheters would always 

be resolvable at any time using tomographic imaging.   
   2.    Probing approaches, based on trial and error, have been 

heavily relied upon in the past due to visual limitation. 
They could be replaced by a more purposeful and goal- 
oriented advancement of catheters and other instruments.   

   3.    Fully 3D road maps can be constructed intraoperatively.   
   4.    Instead of using projective X-ray contrast, the surround-

ing structures, anatomy, and unexpected pathologies (e.g., 
bleeding) could be imaged “on the fl y” and with CT-like 
soft tissue.   

   5.    Interventions could become safer and faster.   
   6.    New interventions that are currently not feasible could be 

developed.     
 The concept of real-time 4D image guidance (4D CATH 

or 4D  C atheter  A dvancement with  T omographic  H elp) 
should not be confused with methods that employ registra-
tion between 3D still images and 2D continuous fl uoroscopy 

[ 29 ,  30 ]. Navigation-based approaches are also different 
from real-time 4D image guidance. Both concepts might 
provide advantages over simple fl uoroscopic solutions but 
are still limited in comparison to the real-time 4D image 
guidance. 

 The real-time 4D CATH requires continuous 3D data 
acquisition and continuous X-ray radiation. This concept 
was named CT fl uoroscopy [ 11 ], and it has never really been 
applied for complex interventions due to exceedingly high- 
dose levels. Therefore, continuous use of 3D CT as a pro-
longed examination will always be limited because of 
radiation dose limits. Two facts may alter this situation:
    1.    Novel CT reconstruction algorithms based on informa-

tion theory may allow massive under-sampling of projec-
tion data while maintaining reconstruction fi delity.   

   2.    4D imaging for guidance allows certain latitude, which is 
quite different from traditional CT imaging; these include:
•    There are only small changes from one time epoch to 

the next.  
•   Visualization is targeted mostly to high-contrast struc-

tures (such as catheters, stents, and contrast media- 
fi lled vessels).  

•   Relative, rather than exact CT values, are suffi cient in 
the reconstructed images.  

•   Certain types of artifacts, as long as they do not 
obscure visualization, are tolerable.       

  These facts have the potential to enable continuous 4D 
image guidance while keeping the radiation dose approxi-
mately equal to the current fl uoroscopic image guidance. 
Our lab has developed a prototype 4D CATH described here. 

    Requisites of a 4D Image Guidance System 
(4D CATH) 

 A 4D image guidance system needs to have the following 
three components. 

  Data acquisition : 4D image guidance requires continuous 
3D data acquisition. CT reconstruction theory requires minimal 
amount of projections from various angular positions for ade-
quate image quality. These projections, however, do not have to 
be acquired in a continuous and (semi)circular fashion. Other 
sampling trajectories of the projection space, like parallel shifts, 
limited angel, and planar-circular trajectories, are possible. To 
assure a suffi cient temporal resolution of the data acquisition, 
the change of angular positions has to be suffi ciently fast. 

 Suffi cient patient access and safety constraints within the 
intervention suite also play a role. CT gantry-based systems 
with continuous data acquisition over a circular trajectory 
may be an option in neuro- and cardiac interventions where 
access to the anatomic region of intervention is seldom nec-
essary. This is different in body interventions where percuta-
neous access to the site of the intervention via needles or 
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other instruments is needed. This may require C-arm-based 
scanning systems with more complex scanning trajectories. 

  High performance reconstruction : Fast data reconstruc-
tion is essential in real-time 4D image guidance to avoid any 
unnecessary delay in the interventional procedure. The 
reconstruction of large datasets, including iterative recon-
struction algorithms, is now feasible due to availability of 
inexpensive computational hardware [ 31 ]. In addition, most 
of the reconstruction problems can be parallelized. Moreover, 
off-the-shelf parallel computational platforms are now avail-
able, thanks to the video gaming industry. However, engi-
neering and software optimization still needs to be performed 
for realization of the 4D CATH concept [ 32 ]. 

  Display : A large amount of temporal evolving 3D data 
has to be provided to the radiologists in a supportive and 
comprehensive fashion. The basic graphic post-processing 
concepts like the real-time volume rendering, surface render-
ing, and shaded display concepts should be available. Total 
X-ray concepts would allow the computation of simulated 
projective X-rays from arbitrary angular positions [ 33 ]. 
More advanced image display concepts should be developed 
in order to provide meaningful data representation to the 
interventionist. Automatic selection of the imaging perspec-
tive and smart tracking of instruments should be developed.  

    Effective Demonstration of Real-Time 4D 
Intervention Guidance 

 In 4D CATH, the radiation dose is the foremost concern. 
From this perspective, development of 4D image guidance is 
a radiation dosage optimization problem. The special con-
straints in 3D imaging for intervention guidance and the 
novel reconstruction algorithms are essential in making the 
real-time intervention guidance possible. 

 We have successfully demonstrated the fundamental 
concept of 4D intervention guidance using novel, com-
pressed sensing, and prior knowledge-based reconstruc-
tion algorithms. Phantom and animal studies were used to 
evaluate and demonstrate our new approach. A fl at-panel 
detector- based imaging chain resembling current angio-
graphic setups was used to acquire 3D datasets continu-
ously. No real-time guidance functionality was reached in 
this development stage, but impressive 4D time series of 
intervention instruments within phantoms as well as ani-
mals were generated. The dose levels were of the same 
order of magnitude as in the standard fl uoroscopic guid-
ance. Therefore, these high promising results denote that 
the continuous 4D image guidance with acceptable dose 
levels might become reality in the future. 

  Fig. 12.15    A novel compressed 
sensing algorithm dedicated to 
intervention guidance (PriDICT, 
prior image dynamic interven-
tional CT). A regular dose of the 
CT scan (prior) is combined with 
continuously low-dose, 
under-sampled scans (temporal 
update) during intervention 
guidance (patent pending)       
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 Intervention guidance was limited to non-moving body 
parts. The reconstructive algorithm development was based 
on the compressed sensing theory (Fig.  12.15 ). Prior knowl-
edge was incorporated into the algorithm via a high- resolution 
standard dose scan of the volume of interest (prior scan).

   During the interventional guidance, only very sparsely 
sampled, low-dose scans (update scans) of the volume of 
interest were acquired [ 8 ]. The radiation dosage of the update 
scans was approximately the same as that of the standard 
fl uoroscopy (Fig.  12.16 ).

   Datasets were acquired using a fl at-panel detector-based 
imaging chain that resembles the imaging chain of current 
C-arm-based angiography system [ 34 ]. The striking differ-
ence was that the gantry-based setup allows fast continuous 
rotation. Datasets were acquired (100 kV, 50 mA, 30–100 fps, 
72–180°/s); various radiation dosages were simulated by the 
different under-sampling patterns and the additional noise. 
While the comparison of the radiation dosage between the 2D 

and 3D modalities are not straightforward, we used a modi-
fi ed CTDI head phantom for the initial dose assessment. 

 An exact 4D tracking of the guide wire and other inter-
ventional instruments with respect to their surroundings 
was possible (Figs.  12.17 ,  12.18 , and  12.19 ). True 3D 
angiographic road mapping was realized. Reconstruction 
with as little as 17 low-dose projections from update scans 
was suffi cient. Dose for 4D imaging did not exceed the 
range of conventional biplane imaging: 130 μGy/s ± 10 % 
were determined for the low-dose 4D CT scans while 
144 μGy/s ± 10 % were measured in a biplane fl uoroscopy 
system. However, the assessment of dose depends on sev-
eral factors, such as the temporal resolution, and future 
optimization of dose reduction. Nevertheless, the neces-
sary radiation dosages are in the same order of magnitude 
as conventional fl uoroscopy—which is a very positive 
result for this early stage assessment of the feasibility of 
4D intervention guidance.

a b c

  Fig. 12.16    Demonstration    of the principal capability of compressed-
sensing-based algorithm and prior knowledge for 4D intervention guid-
ance. A novel compressed-sensing-based algorithm incorporates a 
normal dose prior ( a ) with a very low dose temporal update ( b ) to gen-
erate images of suffi cient quality ( c ). Notice the guide wire in (c) 
( arrow ) that was not present in the prior scan ( a ). With standard CT 
image reconstruction, temporal update images would not be suffi cient 

for image guidance ( b ) since the guide wire and the surrounding anat-
omy cannot be localized. Continuous scanning at normal dose levels 
would exceed acceptable radiation dose levels easily, making the com-
bination of prior knowledge and compressed-sensing-based reconstruc-
tion a promising approach towards feasible 4D real-time intervention 
guidance       

 

12 CT-Guided Interventions: Current Practice and Future Directions



188

Multiplanar Reformation 4D time series

  Fig. 12.17    4D time series of a guide wire within a vessel phantom. The position of the guide wire can be assessed in 3D reformations, while the 
time series depict the movement of the guide wire in various branches in volume rendering       
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  Fig. 12.18    Realistic outlook for real-time 4D image guidance. These 
four images show the 4D imaging of an interventional guide wire 
within the carotid artery of a standard, adult pig. Through earlier con-

trast media injections, the vessels including the carotid are enhanced. 
The position of the guide wire ( arrow ) can be depicted in all three 
dimensions in multi-planar reformation and in volume rendering          
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