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Abstract

Accuracy of multiparametric MRI has greatly improved

the ability of localizing tumor foci of prostate cancer. This

property can be used to perform a TRUS–MR image reg-

istration, new technological advance, which allows for an

overlay of anMRI onto a TRUS image to target a prostate

biopsy toward a suspicious area Three types of registration

have been developed: cognitive-based, sensor-based, and

organ-based registration. Cognitive registration consists of

aiming a suspicious area during biopsy with the knowledge

of the lesion location identified on multiparametric MRI.

Sensor-based registration consists of tracking in real time

the TRUS probe with amagnetic device, achieving a global

positioning system which overlays in real-time prostate

image on bothmodalities. Its main limitation is that it does

not take into account prostate and patient motion during

biopsy. Two systems (Artemis and Uronav) have been

developed to partially circumvent this drawback. Organ-

based registration (Koelis) does not aim to track the TRUS

probe, but the prostate itself to compute in a 3Dacquisition

the TRUS prostate shape, allowing for a registration with

the corresponding 3D MRI shape. This system is not lim-

ited by prostate/patient motion and allows for a deforma-

tion of the organ during registration. Pros and cons of each

techniqueand the rationale for a targetedbiopsyonlypolicy

are discussed.

Key words: Prostate cancer—Multiparametric

MRI—TRUS-MRI image fusion

Taking a prostate biopsy decision is guided by the will-

ingness to detect significant PCa in men with a reason-

ably long life expectancy and ideally harboring a still

curable tumor. It is thus admitted world wide that biopsy

and further staging investigations should be indicated

only if they affect the management of the patient.

The current biopsy decision making, based on PSA

level and/or DRE findings, has several drawbacks. Over-

diagnosis of insignificant tumors, potentially leading to

an unnecessary radical treatment, is now an established

finding [1]. Under-diagnosis of aggressive tumor has also

been well emphasized and fear for missing and/or

underestimate tumor aggressiveness [2] often leads to

repeat and saturation biopsies [3]. A substantial increase

in biopsy-induced morbidity has been thus observed,

mainly represented by prostatitis, especially in patients

with no cancer and those with repeat biopsies [4].

Therefore, it becomes legitimate to identify men with

potentially clinical significant PCa prior to biopsy and

avoid detection of insignificant tumors by unnecessary

biopsies. To achieve this goal, localisation of significant

tumors by imaging is a pre-required step to allow for a

targeted only biopsy strategy. Sensitivity of Trans Rectal

Ultrasound (TRUS) is limited by the high number of

isoechoic tumors originating in the peripheral zone (PZ)

and its inability to detect transition zone (TZ) tumors

due to the heterogenous pattern of benign prostatic

hyperplasia (BPH). Specificity is limited by the high

number of hypoechoic benign nodules. Accuracy of

technological ultrasound (US) developments, such as

microbubbles contrast injection [5], elastography [6], or

computer-aided TRUS (histoscanning) [7] has not been

validated yet, the main weakness of these techniquesCorrespondence to: F. Cornud; email: frcornud@imagerie-tourville.com

ª Springer Science+Business Media New York 2013

Abdominal
Imaging

Abdom Imaging (2013)

DOI: 10.1007/s00261-013-0018-4

Author's personal copy



being their limited ability to evaluate the anterior portion

of the gland related to the high frequency of TRUS

probes.

Conversely, MRI prostate magnetic resonance imag-

ing (MRI) has undergone substantial technical

improvements. In addition to morphological information

provided by T2 weighted images, MRI allows for an

estimation of physiological properties of tissues. Diffu-

sion-weighted MRI (DWI) is sensitive to restriction of

diffusion of water molecules [8], and dynamic contrast-

enhanced (DCE) MRI can help estimate tumor angio-

genesis [9]. As a result, multiparametric MRI has been

shown to be efficient to localize and detect significant

tumor foci within the prostate [10].

However, once a target has been identified on MRI,

the physician performing the biopsy must have this

information available at the time of biopsy to match as

accurately as possible the needle tract and the target,

hence the concept of TRUS–MRI image registration (or

image fusion) to plan and to guide the biopsy. However,

an accurate TRUS and MRI image registration requires

to take into account prostate deformation and motion

inherent to TRUS probe insertion and prostate scanning,

which have strong implications in the accuracy of the

registration process.

In this article, we review the different methods used

for TRUS–MRI image registration and the published

data which show how this technique can help to accu-

rately detect significant prostate cancer.

Methods of TRUS–MRI image
registration

One method is cognitive and does not require any specific

software. The other methods consist of co-registrating

pre-acquired MRI data with real-time US with the use of

software and computing of the probe location with a

magnetic device placed on the probe [11] or incorporated

in a robotic arm [12] defined as sensor-based registration.

An other method consists of co-registrating TRUS and

MRI images with an organ-based tracking system. A

major difference exists between sensor-based and organ-

based registration with regards to prostate deformation

of MRI to TRUS images during registration as well as

tracking prostate motion and deformation during biop-

sy. In this review, we describe and compare the accuracy

of each technique.

Cognitive registration

� MRI and TRUS images are superimposed by a

cognitive overlay of TRUS and MR images during

biopsy, using a printed document or by displaying MR

images on the screen of a workstation located in the

TRUS room, adjacent to the TRUS platform. Once

the target is localized on MRI, the physician uses this

knowledge to aim the biopsy needle at the prostate

area where the previewed MRI shows a lesion (Fig. 1).

Strictly speaking, the assimilation of visual overlay to

software co-registration may be questioned. Cognitive

overlay has been used during the last decade by

default, since no alternative was available to use MRI

findings for biopsy guidance. The extensive review by

Moore et al. [13] summarizes results of cognitive

registration obtained during this period. MRI proto-

col in most of these studies used either T2W-MRI

alone or in combination with MRI-spectroscopy to

perform targeted biopsies (TB). Overall results showed

a trend for a higher performance of TB over random

biopsies, in particular in case of anterior tumors [14].

In more recent studies, DCE and/or DW have become

the most widespread standard of reference and been

incorporated in the MRI protocol allowing for a more

valuable evaluation of multiparametric MRI across

studies, either before repeat or initial biopsy.

� Results of cognitive registration in protocols including

DCE and/or DW-MRI. The six reported studies

involved patients before initial biopsy.

– Four studies support the value of cognitive regis-

tration to target biopsies.

� Haffner et al. [15] (T2W + DCE-MRI protocol)

compared, in a retrospective study, results of TB

with those of 12 random biopsies in 555 patients. A

TB only strategy would have necessitated only a

mean of 3.8 cores per patient and avoid unnecessary

biopsies in 38% of patients with a normal MRI,

while avoiding the diagnosis of insignificant cancer

detected by random biopsies in 13% cases. In this

study, 13 significant cancers were missed with a

targeted approach alone and 12 significant cancers

were missed with a standard approach.

� Labaranis et al. [16], in a series of 70 patients,

showed that TB (T2W + DW + DCE-MRI pro-

tocol) allowed for an exact match of biopsy and

surgical Gleason score in 90% cases and concluded

that MRI should be performed before biopsy to

solve the 35% underestimation rate of Gleason on

random biopsies [17].

� Park et al. (T2 + DW + DCE-MRI protocol)

found a higher cancer detection rate (29.5%) in

a group of 44 patients undergoing biopsy after

MRI than in a group of 41 patients (9.8%) in a

group of 41 patients submitted to random

biopsies without MRI.

� Puech et al. (T2 + DW + DCE-MRI protocol)

found that MRI prior biopsy improved cancer

detection rate which raised from 59% by sextant

biopsies (SB) to 65% by TB under cognitive

guidance. With regard to significant cancer (Ca

length > 3 mm on any core and Gleason
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grade > 6), cancer detection rate was 67% for

TB and 52% for SB. Most of the 15 missed

significant cancers were in the anterior regions

of the prostate.

– Two other studies did not achieve a similar perfor-

mance, in comparison to random biopsies.

� Lattouf et al. [18], in a series of 26 patients (T2W

andDCE-MRI protocol), did not find a significant

difference in the detection rate between SB and TB

and concluded that cognitive registration was

insufficient to achieve an accurate overlay of

MRI findings andTRUS images and that improve-

ments in TRUS–MRI image registration was

necessary to allow for a more accurate targeting.

� Delonchamps et al. [19], in a series of 339 patients,

prospectively evaluated the performance of SB vs

three techniques of image registration TB and

found that cancer detection rate with TB with

cognitive image registration (42%) was not signif-

icantly higher than that of SB.

� Discrepancies across studies may be, at least in part,

related to several factors like the absence of DW-MRI

in the study by Lattouf et al. [18], or the absence of a

precise knowledge of the location of the targets across

studies. If only posterior lesions are considered,

cognitive registration may not perform better than

SB, whereas anterior lesions, whatever the zone of

origin, may probably be better sampled by TB with

cognitive registration in particular in large volume

glands (>45–50 mL) [20]. It can thus be admitted that

cognitive registration may add some value to SB. It

can, however, be intuitively predicted that differences

in slice orientation during acquisition between strictly

axial MRI slices and the oblique scanning of end-fire

TRUS probes (Fig. 2) explains why cognitive regis-

tration may fail to match with a sufficient accuracy the

needle tract and the target. Moreover, the accuracy of

cognitive registration also relies on the degree of

expertise in prostate imaging. As a result, efforts have

been deployed to develop image co-registration soft-

wares to improve the accuracy of MRI-targeted

TRUS-guided biopsies.

Sensor-based registration

� This technique consists of a rigid geometric registra-

tion performed after paired landmarks have been

Fig. 1. Cognitive image registration. 65-year-old man. Three series of negative biopsies. Raising PSA level (11 ng/mL). A–C

mp-MRI. Low signal intensity in the anterior part of the PZ with low ADC value and hypervascularisation (arrow). D The target is

not visible on TRUS (arrow). E, F Cross referencing image, allowing for a cognitive image registration before biopsy. Three out of

four positive TB, Gleason score 7, longest Ca length on one core: 8 mm.
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selected on both TRUS and MRI (planning phase).

State of the art rigid registration is done with a

navigation device (sensor), magnetic in most cases.

Once T2W-MRI datasets have been loaded into the

US software, the spatial coordinates of the US probe

are computed by the tracking device made of a

transmitter placed close to the patient and a receiver

placed on the TRUS probe (Fig. 3) .The planning

phase of registration requires to define anatomical

landmarks pairs between MRI and US by three points,

one plane, or internal markers (Fig. 4), selected on

MRI and then localized on TRUS during real-time

prostate scanning. To optimize the registration, obliq-

uity of the MR plane can be manually adjusted

according to the assumed obliquity of the TRUS

probe (Fig. 5). Once TRUS–MRI overlay is deemed

acceptable, the navigation system is activated (guiding

phase of the biopsy), allowing for a real-time TRUS

scanning and MR-guided navigation. Biopsies are

performed towards the registered image, assuming

that no patient movement and no displacement or

deformation of the prostate by the TRUS probe occur

(Figs. 6, 7).

� Limitations of sensor-based registrations systems have

been established. The prostate shape on TRUS and

MRI is usually different, with or without the use of an

endorectal coil. Images from MRI are thus simply

superimposed onto US images and prostate contour is

not deformed during registration [21]. Mismatches can

occur during attempts to match both prostate con-

tours and internal landmarks (Figs. 4, 5). Moreover,

sensor-based systems only track the TRUS probe and

not the prostate itself. They thus do not allow for an

organ-based registration as they do not take into

account the anterior displacement of the gland which

occurs during TRUS scanning, leading to a loss of

overlay between TRUS and MRI registrated images

[21]. Registration has thus to be repeated and is

subjected to the same caveats as those encountered

during the initial registration, and errors in targeting

can occur. As a result, the topographic precision of

this type of rigid registration may not exceed 5–10 mm

[22].

� Clinical results of sensor-based registration. The

accepted limitations of sensor-based image registration

probably explain why accuracy of this system varies

across studies when it is compared to SB and cognitive

registration TB.

– In the comparative study by Delongchamps et al.

[19] (initial biopsy) of different image registration

techniques, rigid registration-based TB (ESAOTE

navigation system) cancer detection rate of signif-

icant cancers was significantly higher than that of

SB and cognitive registration TB.

– Mouraviev et al. [23] in a small series of 32

consecutive patients with a raising PSA level and a

setting of repeat biopsy found a 46% cancer detec-

tion rate with rigid registration TB (ESAOTE

navigation system, Italy), significantly higher than

that of cognitive registration (33%).

– Puech et al. [20] found that sensor-based registration

TB, although performing better than SB, did not

provide a higher accuracy than that cognitive

registration TB (ESAOTE navigation system, Italy).

Sensor-based registration with computer-aided
planning phase

To improve the accuracy of sensor-based registration,

two systems have incorporated a software to increase the

accuracy of the planning phase of rigid registration.

� The first is the Artemis system [24].

– In this system, the TRUS probe is attached to a

robotic arm and sensors are incorporated in the

joints of the arm. During the planning phase, the

prostate is scanned in a 2D mode. Images are

captured by the Artemis device and assembled into

a 3D volume displayed on screen [12]. TRUS

prostate segmentation is then performed and the

prostate is then digitally reconstructed on screen in

real time. MRI segmentation and placement of a

ROI on the target are done prior to biopsy.

During the guiding phase, MRI data are loaded in

the Artemis device and registration begins by

manual selection of pair landmarks (base, apex…).

Once TRUS and MR images are aligned, a

surface-based registration algorithm, requiring a

prostate segmentation, is used to match MRI and

Fig. 2. Diagram showing differences in image acquisition

during TRUS (red lines, oblique plane) and MRI (green lines,

axial plane). This diagram shows how challenging can be

cognitive registration to overlay an MRI focus with its corre-

sponding location on TRUS.

F. Cornud et al.: TRUS–MRI image registration
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TRUS prostate contour, requiring total patient

immobility to achieve a reliable registration. The

biopsy is then performed like with navigation

systems. In the study by Natarajan et al. [12], the

precision of the device is reported to be

1.2 ± 1.1 mm, provided that total immobility of

the patient can be maintained.

– Clinical results have been reported in two studies by

the groupwhichperformed a clinical evaluation of the

original model developed by Bax et al. [24]. The first

study [25] included 171 men who underwent a repeat

biopsy in a setting of active surveillance or of a

negative first set of biopsies. Ca detection rate was

significantly higher (21%) in TB than in SB (7%). Of

the 40% ofmenwithGleason score 7 Ca, 40% of them

were detected by TB only. The second study [26]

involves 105 men with a previous set of negative

biopsies. Ca detection rate by TB was 34%. Of them,

72% were significant tumors. In both studies, the

degree of suspicion on MRI was the most powerful

predictor of significant cancer on multivariate anal-

ysis, as cancer detection ratewas 86%–95% in patients

with a highly suspicious MRI target (score 5).

� The second device is the Uronav system developed by

Philips (Philips Medical Systems, Bothell, WA, USA)

Fig. 3. Sensor-based image registration. 67-year-old man.

Raising PSA (7 ng/mL). a mp-MRI: low signal intensity focus

in the right PZ (arrow, A), with low ADC value and high

intensity signal on source DW images at high b-value (arrow

B, C) and increased vascularization (arrow D–F). b Sensor-

based navigation system with a magnetic device including a

receiver placed close to the patient (arrow A) and a receiver

placed on the TRUS probe (arrow B).

F. Cornud et al.: TRUS–MRI image registration
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in which spatial tracking of the TRUS probe is done

by sensors embedded in a needle guide.

– During the planning phase, a 2D-TRUS acquisition

is performed and, similarly to the Artemis system,

images are reconstructed into a 3D volume. Regis-

tration of the 3D TRUS volume with MRI is done

manually by in house software [27] at an adjacent

workstation by displaying on screen the three

orthogonal views of the 3D-TRUS and MRI

together with the MRI segmentation. Manual

mapping of the 3D-TRUS onto the MRI achieves

the equivalent of non-rigid registration but at the

expense of substantial interaction during the proce-

dure to align both internal landmarks and prostate

surface. During the guiding phase, the biopsy is

performed under real-time guidance, like with the

ESAOTE system. A software is incorporated in the

system which allows for small motion correction of

the prostate [28]. The targeting error of the system

has been evaluated on a phantom model and

estimated to 2.4 ± 1.2 mm [28].

– Clinical results of the Uronav platform have been

reported by the group which participated to the

development of the system.

� In a first study, Pinto et al. [29] reported the

cancer detection rate of sensor-based registra-

Fig. 4. Planning phase of

sensor-based registration:

Paired landmarks are

selected on both imaging

modalities. A Left BPH

nodule (arrow) and prostatic

urethra (arrowhead) are

aligned on both modalities.

B Glandular dilatation of the

anterior part of the left apex

(arrow) is aligned on both

modalities. However, the

posterior aspect of the

prostate on TRUS (blue line)

is not aligned on MRI

(yellow line).

Fig. 5. Planning phase of sensor-based registration. The

prostate volume has been oriented in an oblique plane (A) to

allow for a registration of the utricule (arrows B, C), but the

posterior aspect of the prostate on TRUS (blue line) is not

aligned on MRI (yellow line).

F. Cornud et al.: TRUS–MRI image registration
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tion in 101 patients including patients with no

prior biopsy, with a prior negative biopsy and

with a prior positive biopsy (approximately one-

third in each group). Cancer detection rate by

TB was calculated according to the level of

suspicion of cancer on mp-MRI: it was 28; 67%

Fig. 6. Sensor-based registration. Guiding phase of the

biopsy. Same patient as Fig. 3a. The needle tract (arrow),

visible on TRUS (A) can be seen on the overlayed MR image

(B). In this example, despite the prostate tilting during biopsy,

the posterior aspect of the prostate remains aligned on both

modalities (arrowheads).

Fig. 7. Sensor-based registration. 66-Year-old patient with

an elevated PSA level (12 ng/mL). No previous biopsy. a

planning phase of the biopsy (A–C). The pair landmark for

registration is the veru-montanum, well visible on both

modalities (arrow). Suspicious area on MRI in the anterior part

of the TZ (*), retrospectively detectable on TRUS. The pos-

terior aspect of the prostate is aligned (red line) b: guiding

phase of the biopsy. The needle tract (arrow), visible on

TRUS (A) can be seen on the overlayed MR image (B). In this

example, the posterior aspect of the prostate remains aligned

on both modalities (arrowheads) during biopsy.

F. Cornud et al.: TRUS–MRI image registration
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and 89%, in low, moderate, and high suspicion,

respectively. Overall, cancer detection rate was

twice that of SB.

� In a second study, Vourganti et al. [11] in a setting

of repeat biopsy found a 37% cancer detection rate

of combined SB and rigid registration TB. High

grade cancer was undetected by random biopsies

in 55% of cases. TB allowed for a pathological

upgrading in almost 40% cases. The authors

concluded that multiparametric magnetic reso-

nance imaging with a magnetic resonance imag-

ing/US fusion biopsy platform was an ideally

suited diagnostic tool for detecting prostate cancer

in patients with negative transrectal US biopsies

presenting with a persistent biological/clinical

suspicion for cancer.

Sensor-based registration: conclusion

Sensor-based image registration may improve the

accuracy of random biopsies, probably to detect ante-

rior tumors, but may not be superior to cognitive reg-

istration. Its main advantages are to be a real-time

technique and embarked in several commercially avail-

able US platforms. They may thus represent an

appealing technique for physicians involved in TRUS-

guided prostate biopsies. Nevertheless, sensor-based

registration with navigation systems does not represent

an organ-tracking technique, the sensors only allowing

for a TRUS probe-tracking which does not take into

account patient and/or prostate motion during the

procedure. Improvements incorporated in the Artemis

or the Uronav systems have been developed to cir-

cumvent this major limitation, but accuracy may still be

limited if patient and organ immobility, critical in sen-

sor-based registration, is not consistently obtained.

Moreover, a prostate deformation cannot be obtained

related to the fact that the probe only performs an

initial 3D acquisition during biopsy and the 2D scan-

ning during the tracking phase cannot be registered in

real time to the reference volume. This other limitation

explains why researchers have developed mathematical

models and softwares to provide tools to perform a

more consistent image registration accuracy.

Organ-based registration

The principle differs from that of sensor-based registra-

tion [22], because the computer tracks the organ itself, not

the TRUS probe. The planning phase of this technique

combines three steps in the registration process to obtain

the final overlay of 3D-TRUS (reference volume) and

MRI volumes. Two rigid registrations are first performed

to superimpose the 3D shapes, representing the organ

contour on both images. Then, an algorithm is used to

deform the MRI shape to match the TRUS shape to

obtain the final 3D deformable registration (Fig. 8). The

final guiding phase is an automatic TRUS–TRUS voxel-

based registration to accurately track the target [22].

� The planning phase of organ-based registration requires

a 3D acquisition of the prostate volume which is

performed with a motorized TRUS probe. Acquisition

is automatic and does not require to swap the prostate

to assemble 2D images in a 3D volume, thus avoiding

organ displacement. The 3D-TRUS prostate volume is

displayed on screen.

– The first step is a rigid landmark-based registration,

comparable to that performed during sensor-based

registration. It is obtained by the placement of three

anatomical landmarks on both imaging modalities

(Fig. 9). Similarly to sensor-based registration, this

approach is sensitive to landmark identification

errors and paired landmarks have to be placed at

the same anatomical location on both images.

– The second step is a multiple point-based rigid regis-

tration, which is not performed in pure sensor-based

registration. It utilizes a shape-statistics-based semi-

automatic prostate surface delineation (surface-

based registration) [30]. Statistics-driven semi-auto-

matic segmentation yields more reproducible results

than those of landmark-based registration with less

surface variability, which improves the final accuracy

of the registration. The segmentation uses shape

assumptions and properties to predict the 3D surface

of the prostate. The delineation process deforms the

statistical shape (composed of 3000 points), which

interpolates the ten to twenty points previously

selected by the operator. This approach allows for a

fast segmentation and avoids the discontinuities

commonly observed in multislice segmentation.With

this technique, the multiple point-based rigid regis-

tration is finally done with 3000 surface points

defining the 3D shape (prostate mesh) on each

imaging modality, which substantially increases the

accuracy of rigid overlay of both the shapes and the

reproducibility of the segmentation process.

– The third step consists of an elastic 3D organ-based

registration. The multiple point-based technique

keeps the same limitations than sensor-based regis-

tration. It does not compensate for the deformation of

the posterior aspect of the prostate induced by rectal

probe insertion and does not take into account

prostate displacement during TRUS scanning. To

circumvent these limitations, deformation of the

organ is necessary to minimize the distance between

each of the multiple points (prostate mesh) defining

the TRUS and the MRI shapes. An algorithm

achieves 3D elastic deformations that further mini-

mize the distances between each point of theMRI and

the TRUS shapes. The deformable registration is

F. Cornud et al.: TRUS–MRI image registration
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applied both at the surface and in the inner volume of

the shape and its corresponding structures.

– The accuracy of the planning phase of organ-based

registration has been evaluated on 49 patients (Brolis

et al., unpublished data). One hundred and twelve

TRUS and MRI landmarks were selected. The first

rigid step provided a mismatch of 3.6 ± 2.2 mm.

After the second rigid step with multiple point

registration, the mismatch fell to 2.1 ± 1.0 and to

1.7 ± 0.7 mm after elastic registration. The most

important failures are represented by the 10% highest

mismatches which showed a mean difference of

registration of 7.7 ± 2.8 mm after the first rigid

registration, falling to 4.6 ± 1.6 mm after surface-

based registration and to 3.5 ± 1.7 mm after elastic

registration. The worst case with an initial error of

Fig. 8. Diagram explaining differences between rigid (non

deformable) and elastic (deformable) registration. a Rigid

registration. A Three points have been placed on the MRI (1)

and on TRUS prostate contour (2). Differences in prostate

shape and deformation do not allow for an accurate prostate

overlay after rigid registration (3). B Elastic deformation with

surface-based registration and organ deformation. Multiple

points have been placed on MRI and TRUS prostate contour

(1, 2). This first step is a rigid registration which still lacks

accuracy owing to the differences in prostate shape (3). An

algorithm allows for a deformation of the MRI prostate shape to

allow for an accurate registration (4). b Demonstration of the

efficiency of elastic deformation. A The original shape of the

prostate with its correspondent 3D shape (red image, lower

row). B Induction with a mathematical model of a posterior

deformation of the prostate (10-mm-diameter sphere to sim-

ulate TRUS probe insertion). C After activation of the elastic

registration software, the original 3D shape has been rebuilt.

F. Cornud et al.: TRUS–MRI image registration
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15.1 mm after the first rigid registration decreased to

3.3 mm after surface-based registration, and finally to

2.6 mm after elastic registration, which divided the

initial error by five. Ukimura et al. [31] validated the

accuracy of the technique on a phantom model

containing low signal intensity lesions. Of the 27

biopsies donewith elastic registration, 89%of themhit

the lesion and the targeting error was estimated to

2.09 ± 1.28 mm (0 mm in 28% of cases, 1–2 mm in

39% of cases, 2–3 mm in 9% of cases and ‡3 mm in

24% of cases).

� The guiding phase of the biopsy. Once the target has

been delineated on the MRI image registered with the

reference TRUS image, a 3D-TRUS acquisition is

performed with the probe aiming the assumed location

of the target. This is followed by a TRUS–TRUS

monomodal image registration between the reference

TRUS image, previously obtained during TRUS–

MRI registration, and the 3D-TRUS volume acquired

just before biopsy.

– This registration process requires three steps

(Fig. 10), the first two consisting of a rigid regis-

tration. The final step is an elastic registration.

However, the principles of monomodal TRUS–

TRUS registration are entirely different from those

of geometric TRUS–MRI registration. It is a voxel-

based (iconic) tracking allowing for an automatic

registration of 3D-TRUS volumes. The algorithm

allows for a spatial transformation of one of the

volume until similarities with the other volume can

be obtained allowing for an overlay of the two

volumes. The first rigid registration uses a model

which computes the plausible position of the

prostate on the acquired volume which is then

registered with the reference volume. This first

estimate (Fig. 10A) is followed by a more general

rigid registration model with six degrees of freedom

which refine the initial estimation (Fig. 10B). These

two computations are done on the entire TRUS

volume overlay. In the final step of the registration

(Fig. 10C), an elasticity constraint is applied to

obtain thousands of local displacements in the

neighborhood of each voxel. The final result is an

accurate overlay of the acquired and the references

volumes. The required computational time does not

allow for a real-time registration, and it takes 4 s

after each acquisition, i.e., after each biopsy, for the

registered images to be displayed on screen.

– The accuracy of automatic monomodal 3D-TRUS

fusion has been evaluated [22] on 40 patients and

687 fiducials placed in the center of small structures

(calcifications, cysts). The two rigid steps achieve a

tenfold decrease of the targeting error. The obtained

1.4 ± 0.8 mm accuracy is still increased after elastic

deformation yielding 0.8 ± 0.5 mm. In the 10%

worst cases with a mean initial error of 17.9 mm,

the process reduces the mean distance to 2.0 mm

(89%).

� Performing the biopsy.

– If the target is visible on TRUS, the biopty gun is

activated and a TRUS 3D acquisition is performed,

needle left in place. After TRUS–TRUS image

registration, the displayed registrated image shows

if the needle track has run into the target. This can

be indifferently checked on the TRUS or MRI

image (Fig. 9f).

– If the target is not visible on TRUS, a virtual biopsy

is performed by aiming the presumed TRUS loca-

tion of the target without activating the biopty gun

to ensure that the virtual track is through the target

(Fig. 11). An adjustment may be necessary and the

virtual biopsy is repeated until matching of the

needle tract and the target is obtained. Then, one to

three cores are taken from the target. To limit the

number of cores to two or three, a virtual biopsy is

recommended before each real biopsy, in particular

in small size foci (<1 cm).

� Clinical results of TRUS–MRI organ-based registra-

tion. Currently, only few studies are available, related

to the ongoing validation of the accuracy of the

system.

– Portalez et al. [32], in a clinical setting of repeat

biopsies, showed that the overall positive biopsy

Fig. 9. Elastic registration. 69-year-old man with an ele-

vated PSA level (9 ng/mL). No previous biopsy. a mp-MRI.

Low signal intensity lesion in the anterior part of the TZ (ar-

rows, A) with hypervascularisation (arrows, B), low ADC va-

lue (arrows, C) and high intensity signal on DW-MRI at high

b-value (arrows, D). b Rigid registration including the first two

steps of the process. A pre-acquired 3D volume is displayed

on screen (A–C). Ten to twenty points have been placed

(second step) on the prostate contour (A) which refine the first

step of the registration performed by placement of three

landmark points at the apex, base, and posterior surface of

the prostate (colored points, B). The result of the multiple

points registration is displayed in D showing the prostate

mesh, corresponding to the 3000 points used for the rigid

registration. c The same procedure has been applied on the

3D-TRUS acquired volume (A–C). The prostate mesh is well

visible (D). d Placement of a ROI on the target (yellow circle),

visible on the axial and sagittal planes of T2W (A, B) and DW-

MRI (C, D). e The TRUS–MRI elastic fusion has been per-

formed. The target (yellow tag) is visible on both modalities

(A). A first biopsy is performed aiming at the abnormal area

(arrows, B). After TRUS–TRUS fusion, the needle tract

(green tag) is displayed within the target (C). f Three biopsies

are performed, all traversing the target (A–C). Gleason score

7 (4 + 3), confirmed at pathological examination of the

specimen, showing a TZ anterior tumor (arrows, D).

c
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rate of TB was 36.3% vs 4.9% in SB only

performed in sextants without MRI target. With

the use of the ESUR guidelines [41] and the five-

point scale Likert score, the positive biopsy rate

ranged from 3% (score 1) to 83% (score 5). TB

provided a significant longer Ca length than SB,

but no difference in Gleason score was observed

in this study.
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Fig. 9. continued
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– In the study by Delongchamps et al. [19], comparing

different registration techniques, the positive biopsy

rate of significant cancers by deformable registration

TB was significantly higher than those of SB and

cognitive TB, but not higher than that of sensor

registration TB (ESAOTE, Italy). However, the

number of taken cores to reach this comparable

result was significantly lower with the deformable

system (3 vs 4).

– Baco and co-workers [33], in a series of 90 patients

prior to initial biopsy with suspicion of prostate

cancer, reported a 97% biopsy success rate within

the target. Biopsy was positive in 52% of cases and the

positive biopsy rate was strongly correlated to the

MRI presumption of malignancy (91%, 27%, and 10%

in targets with a high, intermediate, and low risk of

malignancy, respectively). SB were negative in all

patients with a negative MRI.

Fig. 9. continued
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Rationale for a TRUS–MRI image
registration-based biopsy policy

TRUS–MRI image fusion is a technological advance

which requires a reevaluation of the use of MRI in

prostate cancer management, not only in patients with a

diagnosed PCa but also for men before prostate biopsy.

Multiparametric MRI is an established accurate tech-

nique to localize prostate cancer and may be thus used as

a test to detect significant tumors. This concept is gaining

more and more widespread acceptance, as there is

growing evidence that random biopsies in areas without

MRI abnormality show no cancer or insignificant tumors

[19, 32–34]. Nevertheless, there are still challenging issues

with regards to the potential role of MRI before biopsy.

� The first is currently gaining more and more wide-

spread clinical acceptance: MRI should be recom-

mended before a second set of biopsies in patients with

a persistent biological suspicion of prostate cancer. TB

should be performed to avoid to sample the prostate in

the same areas as during the initial biopsy and to

undersample unreachable areas (extreme apex and

base and anterior portion of the prostate). Currently, a

repeat second negative biopsy is falsely reassuring and

the fear to miss a significant tumor generated the

practice of template biopsy scheme (one transperineal

biopsy every 5 mm2 using a brachytherapy grid). This

prostate mapping under general anesthesia improves,

on computed models, the performance of repeat SB to

detect tumors >0.2–0.5 cc [3], but may have a more

limited value in vivo, because the prostate is a mobile

organ whose shape and overlay to a metal grid change

in real time with US probe and respiratory move-

ments. Mismatch between the targeted area on the grid

and the needle path can thus occur, as it has been

shown in patients treated by brachytherapy [35].

Moreover, template prostate mapping is a complex

procedure which entails a higher complication rate

than SB, in particular a urinary retention rate of

approximately 10% [36]. As a result, the accuracy of

template prostate mapping in patients undergoing

repeat biopsies needs further validation. Of note is the

fact that the same conclusion may be drawn in patients

under active surveillance which should benefit of MRI

to decide if repeat biopsy should be performed. In this

setting, a study has shown that the negative predictive

value of MRI for excluding significant cancer, defined

by the presence of Grade 4 on any core and a cancer

length >4 mm was 90% [37].

� The second challenge is whether the MRI should be

considered a triage test before initial biopsy to select

patients requiring immediate TB in case of a positive

MRI, while biopsy could be deferred if MRI shows no

suspicious area [15, 34]. This strategy relies on the

finding that PCa metastases within the same patient

originated from a single precursor tumor focus [34].

This generated the concept of the dominant (or index)

tumor which would be, despite the well-established

multifocality of PCa [36], the only tumor focus to

clone and lead to extraprostatic spread and metasta-

ses, would it be left untreated. Indolent secondary

tumor foci (tumor volume < 0.2–0.5 cc with no

Gleason 4–5 grade) are not prone to progression and

it had been shown years ago that these secondary

indolent foci had no relationship with PSA biochem-

ical failure in men undergoing radical retropubic

prostatectomy [38]. When these secondary tumor foci

are inapparent on MRI, 98% them are nonsignificant

[39]. To detect the dominant tumor, the organ should

thus be imaged with multiparametric MRI and the

accuracy of TRUS–MRI image registration should be

utilized to target suspicious areas, like for other organs

of the body. In this strategy, SB would be obviated [15,

34].

� The third challenge is thus how to define a target on

mp-MRI. Different scoring systems are currently used

[12, 37, 40, 41], all including an individual three- or

five-point scale T2/DW/DCE score and an overall

Fig. 10. TRUS–TRUS voxel-base registration. A Acquired

image (upper image, during biopsy) and reference image

(acquired during geometric elastic registration). B First step

after determination of the plausible position of the prostate

volume showing a poor registration. C Second step obtained

with rigid registration refining the first estimation. D Elastic

registration allowing for an accurate registration of the two

images.
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five-point scale Likert score with a trend to take into

account the dominant sequence according to the zone

of origin of the lesion (DWI-MRI for the PZ and

T2W-MRI for the TZ). ESUR guidelines have been

published for scoring MRI focal abnormalities accord-

ing to their presumption of malignity and are under

evaluation [41]. Crucially, a standardized report is

required to define what is benign or probably benign

(score 1–2), equivocal (score 3), and probably malig-

nant or malignant (scores 4–5). Follow-up of PSA

level would be performed in patients with scores 1–2,

because MRI can eliminate with a high accuracy the

presence of significant cancer [19, 32, 37, 39] and

would be thus a very effective tool to avoid over-

Fig. 11. Elastic registration with virtual biopsies. a Low sig-

nal intensity area, barely visible on T2W-MRI (arrow, A), with

a low ADC value (arrow, B) and high intensity signal on DW

source images, visible on b-1000 image (arrow, C), but much

more conspicuous on b2000 image (arrow, D). b Two virtual

biopsies (V) showing that the needle tract does not traverse

the target. c After adjustment, three cores were taken from

the lesion. The needle tracts (green tags) are visible within the

target (yellow tag) on coronal and sagittal views of T2W (A, B)

and DW-MRI (C, D). Gleason score 6 TZ cancer. Cancer

length: 9 mm on two of the three cores.
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diagnosis of prostate cancer. Repeat or initial TB

would be performed for scores 4–5. In the equivocal

group (score 3), PSA surveillance combined with

repeat MRI to update scoring or standard biopsies

could be recommended. Because the degree of suspi-

cion on MRI is a powerful predictor of significant

cancer [25, 26, 32, 42], establishment of a standardized

report becomes highly desirable.

� The fourth challenge is related to the growing evidence

that DW-MRI plays a role in the evaluation of

prognosis of PCa. High risk tumors (Gleason score

‡74+3) have a significantly lower mean ADC value

than that of the lower risk tumors. TRUS–MRI image

fusion is an ideal tool to target foci with the highest

impeded diffusion (which may contain high grade foci)

by propagating the T2W-MRI target area to the DW-

MRI (ADC or source images). This targeted strategy

has been evaluated in a single study using cognitive

registration, under MRI guidance, between T2W and

DW-MRI which showed a concordance of biopsy and

surgical Gleason score in 84% cases [43].

� The fifth and last challenge concerns the precision that

should achieve image registration to provide the

highest yield for prostate biopsies and its implication

in focal therapy.

– A study [44] evaluating the required accuracy for

registration tools in the specific setting of targeting

high grade cancer components within the tumor

may provide the answer. The study showed that a

spatial alignment of 1.9 mm was necessary for

correct grading 95% of tumors. This targeting error

is within the range of that observed with TRUS–

MRI image registration systems. Organ-based reg-

istration may, however, be preferred to sensor-

based registration as the former has the advantage

of being robust with respect to patient movements.

With this system, only image information is used to

determine the position of the prostate to overlay the

acquired and the reference volumes during registra-

tion. Moreover, sensor-based registration does not

seem to provide the possibility of estimating organ

deformation, as it would theoretically require to

place a large number of sensors directly onto the

organ. Because organ-based registration applies an

organ deformation in both the planning and the

guiding phase of the biopsy, this technology repre-

sents currently the state of the art of TRUS–MRI

image registration, at the expense of a computa-

tional time which requires, during the guiding phase

of the biopsy, a few seconds to have the registered

images on screen instead of real-time control.

– Implications for focal therapy can also be drawn

from these evaluations. Currently, the transperineal

approach is the reference standard and all the

commercially available TRUS–MRI image registra-

tion systems have been developed for the transrectal

route. However, the transrectal approach may not be

contra-indicated for focal ablation and could be thus

usedmore frequently in the future, would the concept

of true focal ablation, aiming the tumor focus and not

the moiety of the prostate, be validated.
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