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Abstract. In this paper, we present an interactive X-Ray perceptual
visualization technique (IXPV) to improve 3D perception in standard
single-view X-Ray images. Based on a priori knowledge from CT data, we
re-introduce lost depth information into the original single-view
X-Ray image without jeopardizing information of the original X-Ray.
We propose a novel approach that is suitable for correct fusion of intraoperative X-Ray and ultrasound, co-visualization of X-Ray and surgical tools, and for improving the 3D perception of standard radiographs.
Phantom and animal cadaver datasets were used during experimentation
to demonstrate the impact of our technique. Results from a questionnaire completed by 11 clinicians and computer scientists demonstrate
the added value of introduced depth cues directly in an X-Ray image. In
conclusion, we propose IXPV as a futuristic alternative to the standard
radiographic image found in today’s clinical setting.

1

Introduction

For almost all medical imaging modalities, current state of the art visualization systems provide advanced techniques for real-time direct volume rendering
(DVR), which is used for diagnosis, planning, and intra-operative procedures [5].
Fused visualization of co-registered, multi-modal image data of the patient and
traditional surface based rendering, e.g. tracked instruments, implant models, or
segmentation has become common practice [4,11]. Furthermore, depth perception has been an important ﬁeld of research in computer graphics. Especially for
DVR many methods for enhancing depth cues have been proposed [1,2,4,11,12].
For translucent volumes (such as X-Ray) an existing method uses stereoscopy
[8]. However, little interest has been taken in transferring the advances in DVR
to introduce additional depth cues to single X-Ray images. The intensities displayed in an X-Ray image go back to the attenuation of a complete ray traversal
through the body and do not correspond to a speciﬁc depth along the ray.
This also makes fusion of rendered objects with X-Ray images more diﬃcult.
G. Fichtinger, A. Martel, and T. Peters (Eds.): MICCAI 2011, Part I, LNCS 6891, pp. 73–80, 2011.
c Springer-Verlag Berlin Heidelberg 2011


74

M. Wieczorek et al.

Current state of the art meth
ods use either 2D blend 
 
ing [10] with a user de 
ﬁned blending factor (i.e.

   
common 2D/3D registration

algorithms) or depth-of-ﬁeld
based 2D blending, which de

ﬁnes the blending factor per
pixel according to the depth


 
of the geometry. Both meth 

 
ods have the same major
 

drawback: they do not account for the physics of X
Ray. Thus, the resulting fused

image will provide inaccu
rate and frequently mislead
ing depth cues (see Fig. 3


(center), (right)) making it
hard for the user to correctly
estimate distances and posi
tions of objects from the fused
view. The objective of our
work is to propose a novel vi- Fig. 1. (top) Classical analogy of DRR creation and
sualization technique for im- X-Ray, after the CT (cube) has been registered. The
proving visual perception in ﬁgure also shows the eﬀect of clipping the red porgeneral and depth perception tion of the CT on the attenuation function. (bottom)
in particular in medical X- The major steps in IXPV rendering. α represents
Ray images. Our idea termed the coeﬃcient used to modulate X-Ray and US (red
arrows and +). Also shown is the error term from
Interactive X-Ray Perceptual
Section 2.7.
Visualization (IXPV) allows
the user to interactively manipulate a single-view X-Ray image by varying depth. This is achieved by retrieving a priori knowledge of absorptive properties from CT data (pre-operative
or atlas). Through phantom and animal cadaver experimentation and user study,
we show that the IXPV technique introduces depth cues in X-Ray image visualization to disambiguate the ordering of internal structures or instruments used in
everyday diagnostic and intraoperative scenarios. Possible applications for this
method range from X-Ray based medical Augmented Reality to fusion of X-Ray
and DVR renderings of volumetric data, such as PET scans.







2

Methods

The proposed method aims at transferring information from co-registered CT
data directly into X-Ray images. There exist several algorithms facing the problem of CT/X-Ray co-registration. There are marker, landmark and intensity
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based [9,10] methods. One could even think of using an Atlas CT i.e utilizing
methods as proposed in [3] or [7]. In our method, we assume that we have a
registration between CT and X-Ray using any of the aforementioned methods.
All derivations below shield one goal: calculation of the X-Ray intensities at
any depth along a certain ray by modulating the X-Ray image and not simply
copying pixel values from Digitally Reconstructed Radiograph (DRR).
2.1

Beer-Lambert Law and X-Ray Intensities at Specific Depth

For an emitted dose of X-Ray radiation I0 , the Beer-Lambert law for linear
X-Ray attenuation describes the intensity I at the end of a ray:
I = I0 ∗ e−



μ(x)dx

(1)

where μ : [0, 1]3 → [0, 1] is the X-Ray absorption function. A CT is essentially
a discrete volume of absorption values measured in Hounsﬁeld Units. Thus the
absorption is given by μCT = g ◦ f , where f : [0, 1]3 → [0, 1] is a function deﬁned
by the CT and g : [0, 1] → [0, 1] is the transfer function (TF) mapping the values
from CT to the correct absorption value [9].
For a moment, assume X-Rays were cut oﬀ at some speciﬁc depth. We are
interested in the X-Ray intensity up to a speciﬁc point x0 along this ray, as if the
intensiﬁer were placed there (compare Fig. 1 (top)). As the absorption function
is monotonic decreasing this is valid and with Eq. 1 we derive:
I = I0 ∗ e

−(

x

0

μ(x)dx+



μ(x)dx

x0

= I0 ∗ e−

x

0

μ(x)dx

∗e

−


x0

μ(x)dx

(2)

Since luminance values are ∈ [0, 1], choose I0 = 1, for maximal radiation:
e−
2.2
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(3)

Transfer of Information to X-Ray

Assuming exact registration (for discussion on error see section 2.7), this leads
to an approximative absorption function μCT ≈ μ ∀x ∈ [0, 1]3 . Using Eq. 3:
e−



x0

μ(x)dx

= IX-Ray /e

−

⇒ e−





x0

x0

μ(x)dx

μ(x)dx

≈ IX-Ray /(
≈

e−



ICT
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x0

μCT (x)dx

− x0 μCT (x)dx
e

e− μCT (x)dx

IX-Ray ∗
  

X-Ray value



(4)
(5)



blending factor

We derive a blending factor for the original X-Ray image, which we use to
modulate intensity information of geometry or another modality for a speciﬁc
depth. The blending factor is deﬁned as the quotient of two DRR-passes. The full
DRR (denominator) ICT has to be computed once for a given X-Ray image and
the clipped DRR (numerator) has to be updated if x0 (i.e. the object boundary)
changes and only for pixels where an object is present.
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2.3

Interactive X-Ray Perceptual Visualization (IXPV)

Given the registration between CT or atlas CT and the X-Ray images and the
method proposed in 2.2, we can interactively manipulate the depth information
across the co-registered X-Ray image. In fact, in general terms many interactive
manipulations done on particular 3D views of CT images could be duplicated
using only modulated X-Ray values. The image could be a static X-Ray view or
a running ﬂuoroscopic sequence.
2.4

Clipping X-Ray

The estimation of variation in the X-Ray pixels are given in Eq. 5. We could
thereby manipulate X-Ray for better 3D perception, using general CT or Atlas
CT data while only using the X-Ray pixel values. In our experiments we use a
clipping plane to interactively examine the X-Ray image (see Fig. 2).

Fig. 2. Figures on top (round) show the result of IXPV of a clipping plane moving
away from the viewer parallel to the image plane. Bottom ﬁgures (square) show corresponding clipped DRRs.

2.5

Fusion of Tools and X-Ray

Given a CAD model of a surgical tool and the possibility to track this tool, the
virtual instrument can be directly fused with a given X-Ray image using IXPV
and cutting the X-ray at the position where the virtual model of the tool is
located. The results of our method are shown in Fig. 3 (left).
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Fig. 3. A CAD model of a surgical drill fused with a single-view X-Ray image of a
spine phantom. Compare IXPV (left) depth-of-ﬁeld (center) and 2D blending (right).

2.6

Visualization of Co-registered X-Ray and Dynamic US

The visualization of fused X-Ray and ultrasound can take advantage of the
depth cues given by IXPV. In this regard, the method implicitly takes occlusion
related eﬀects of the ultrasound plane and the X-Ray into account. For our
experiments, a cow leg cadaver was positioned at the center of a transparent box
with 6 reﬂective markers aﬃxed to it that are visible in both CT and tracked
NDI technology. Fusion between CT and ultrasound was realized using intensity
based registration [6]. Having an accurate initial pose to an AP view of X-Ray,
we fuse a B-mode ultrasound plane directly with X-Ray. Fig. 4 shows the eﬀects
of this fusion in comparison to 2D blending.

Fig. 4. Animal cadaver cow leg (left) visual assessment. (center) When applying the
IXPV technique the tibia is displayed correctly in front of the ultrasound plane. Fusion
using 2D blending of ultrasound and X-Ray (right) produces misleading depth cues.

2.7

Radiometric Error

Even if geometric 2D/3D registration of X-Ray and CT or Atlas could be done
precisely thanks to recent advances in registration techniques, the estimation of
the X-Ray intensity images is extremely diﬃcult. This is due to 2D/3D registration optimizing a linear projection matrix while radiometric property estimation
is a highly non linear procedure. The absorption value obtained from Eq. 5 is
I
IXRay
∈ [IXRay , XRay
ICT ]. As for the diﬃculties of radiometric estimation: ICT = 1.
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To achieve reasonable visualization, (i.e. when integrating tracked instruments
into X-ray using our method), we would like to have the object (i.e. instrument)
fully visible in front of the anatomy. When moving behind anatomy only the
X-Ray intensities should prevail. This intuition in mind we quantify the error in
Eq. 5 as:
x
x
IXRay
0 μ(x)dx
0 μ
CT (x)dx
−
∗ e−
(6)
e−
ICT
Note that for x0 = 0 (in front of the volume) this leads to: 1 −
this corresponds to no error. Thus we decided to add
xmax − x
IXRay
∗ (1 −
)
xmax − xmin
ICT

IXRay
ICT .

For x0 = 1

(7)

to Eq. 5 in order to get the described visual eﬀects, where xmax and xmin would
deﬁne the limits of our volume of interest along the ray.
2.8

Error from Registration in Depth

A common issue for 2D/3D registration algorithms is that they are least reliable
in depth. Let δx be this error in depth. For IXPV the absorption function approximation (Eq. 5) becomes μCT (x + δx) ≈ μ(x). Thus the error results in an
oﬀset within the intensity approximation and the error is given by:
e−

3

x

0

μCT (x+δx)dx

−

x
x
IXRay −  x0 μCT (x)dx
0 μ
0 μ
CT (x+δx)dx
CT (x)dx
∗e
≈ e−
− e−
ICT
(8)

Results

The impact of our IXPV technique was validated through a series of phantom
and cadaver experiments. For comparison, we also implemented 2D blending and
depth-of-ﬁeld techniques (see Fig. 3). The phantom study used co-registered CT
and X-Ray of a spine phantom. A questionnaire was devised which is divided into
two sections: depth perception in X-Ray and depth perception of clipping planes
to evaluate the eﬀect of interactivity. In total, eleven participants took part
in the study (ﬁve experienced clinicians in the orthopedic and trauma surgery
department and six senior researchers having a strong background in medical
imaging). For section one (depth perception), we presented one top view composing a virtual model of a drill and the X-Ray, using either: (a) 2D blending
(2D), (b) depth-of-ﬁeld blending (dof) or (c) IXPV picture (compare Fig. 3).
Participants were asked to choose correctly one out of three lateral views for the
given top view. In a series of 27 questions, we randomized drill position depths
(2, 5, or 10 millimeters), as well as the techniques.
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User-Study
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Participants received the following instructions for section two (X-Ray clipping): to choose correctly one of three lateral views given a static AP view
and given videos of a clipping plane repeatedly moving through the object. In a
series of 8 questions, we randomized between static image and video sequences.
We accumulated statistical results of the
questionnaire based on the total number

of correct answers from all participants. 
Lastly, we asked only the surgeons to

evaluate in a ﬁve-point Likert scale (i.e.
1 strongly disagree, 5 strongly agree), if


IXPV was easier, more intuitive and more
helpful for depth perception in X-Ray.

A Wilcoxon rank sum test was used to

calculate the p-values. Depth perception:
The results for the three modes are presented in Fig. 5 (right). The p-value
for IXPV vs. 2D blending turned out
Fig. 5. Boxplots of the results
to be 0.0449 (signiﬁcant). For IXPV vs.
depth-of-ﬁeld it is 0.0758 (not signiﬁcant).
X-Ray interactive clipping: The results are shown Fig. 5 (right). The p-value is
0.0119 (signiﬁcant). Likert scale: The ﬁve surgeons responded positively to the
IXPV method as suggested by a score of 3.7 ± 0.9.

Discussion and Conclusion

This paper presents a novel technique of interactive X-Ray perceptual visualization (IXPV) which takes the physics of X-Ray into account to improve 3D
perception within a single X-Ray image and allows fusion with tracked surgical
tools or intraoperative ultrasound. Given an X-Ray image and a registered CT,
our method relies on DVR algorithms to gain a modulation of original X-Ray
intensities, to approximate those of a speciﬁc depth within the volume. Modern
DVR algorithms and optimizations described in section 2.2 enable real-time visualization of IXPV even on low end graphics hardware. We evaluated our method
using a survey which was designed to test two major hypotheses. Firstly, our
method is superior to 2D blending. Although we were not able to reject the null
hypothesis for IXPV vs. depth-of-ﬁed blending, the results suggest, that IXPV
provides more consistent depth cues than DOF. Secondly, our method enhances
depth perception of 2D X-Ray images by allowing interactive examination with
a clipping plane. Results suggest that IXPV should be further investigated and
developed as a futuristic complimentary imaging tool to traditional radiographic
images found in clinics. Future work includes the use anatomic models and/or
of statistical atlas CT instead of patient speciﬁc data as well as fusion of IXPV
with volumetric data, such as PET scans.
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