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Fig. 1. From left to right: Deformable tetrahedral model of the pelvic bone enriched with density information, virtual X-ray projection
of the mean model, two projections of the deformed model showing variation in both shape and density.

Abstract — We propose a novel GPU-based approach to render virtual X-ray projections of deformable tetrahedral meshes. These
meshes represent the shape and the internal density distribution of a particular anatomical structure and are derived from statistical
shape and intensity models (SSIMs). We apply our method to improve the geometric reconstruction of 3D anatomy (e.g. pelvic
bone) from 2D X-ray images. For that purpose, shape and density of a tetrahedral mesh are varied and virtual X-ray projections
are generated within an optimization process until the similarity between the computed virtual X-ray and the respective anatomy
depicted in a given clinical X-ray is maximized. The OpenGL implementation presented in this work deforms and projects tetrahedral
meshes of high resolution (200.000+ tetrahedra) at interactive rates. It generates virtual X-rays that accurately depict the density
distribution of an anatomy of interest. Compared to existing methods that accumulate X-ray attenuation in deformable meshes, our
novel approach signi cantly boosts the deformation/proje ction performance. The proposed projection algorithm scales better with
respect to mesh resolution and complexity of the density distribution, and the combined deformation and projection on the GPU
scales better with respect to the number of deformation parameters. The gain in performance allows for a larger number of cycles
in the optimization process. Consequently, it reduces the risk of being stuck in a local optimum. We believe that our approach will
improve treatments in orthopedics, where 3D anatomical information is essential.

Index Terms —Digitally reconstructed radiographs, volume rendering, mesh deformation, statistical shape and intensity models,
image registration, GPU acceleration
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1 INTRODUCTION

Despite the increasing availability of 3D image acquisition mettappearance along the beam direction and their separation from each
ods like computed tomography (CT) or magnetic resonance imagiather remains unclear. Even for an experienced human obsermse, th
(MRI), traditional 2D X-ray projections (in the following only called ambiguities are hard to resolv&7).
X-ray imagesor X-ray9 are widely used for diagnosis or treatment The computer-aided reconstruction of a patient's 3D anatomy based
planning in orthopedics. X-rays are especially suited to judge on tha a single or few X-ray images has therefore received increasing in-
condition of bony structures, since bone is well distinguishable frotarest in recent yeard [21, 23, 24]. Zheng et al. 24] for example
surrounding soft tissue in the images. They are mandatory for imagfiowed that by pose estimation of the pelvis from a single postop-
ing of weight-bearing situations and are applied for dynamic imagirerative X-ray, its cup orientation with respect to the anterior pelvic
of joint motion ( uoroscopy), neither of which can be performed inplane can be predicted accurately. Their method aims at evaluating to-
tomographic imaging. In addition, 2D X-ray imaging is widely availtal hip replacement, where the assessment of the cup orientation plays
able, rather inexpensive and exposes patients to less radiation cam-important role in the veri cation of the surgical outcome. Other
pared to CT. applications include the diagnosis of osteoporosis from dual-energy
The reduction of dimensionality occurring while taking an X-rayX-ray absorptiometry (DXA)21] or knee-joint motion tracking from
however, can lead to ambiguities in the image. In general, determmseries of uoroscopic images without a-priori knowledge about the
ing the 3D anatomical structure and pose from a single 2D X-ray irpatient-speci ¢ anatomy (e.g. CT).
age is an ill-posed problem. There are often uncertainties for exampleA common concept of many 3D reconstruction approaches is to
regarding the distance of an anatomy from the X-ray source and jiioject a large amount of variations of a 3D shape onto the image
scale (out-of-plane error). Structures project such that their afderplane, assuming an X-ray acquisition setup, i.e. a relative position of
an X-ray source to a detector of particular size. The projections are
then compared to a patient's clinical X-ray to nd the projected shape
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approximating bone by a homogeneous material. They conclude that
the evaluation of intensity information improves the reconstruction but
that thickness images do not suf ciently represent the heterogeneity
of bony structures. One solution is to render high-resolution CT-like
atlases that contain density information of the anatomy of interest.
In [19] for instance, DRRs are generated from deformable hexahe-
dral grids modeling the proximal femur. These projections are more
suitable for intensity-based comparison to clinical X-rays, since they
mimic the X-ray absorption in inhomogeneous anatomical structures.
However, a dense sampling of intensity information in the atlas is re-
quired to accurately project bone mineral density, thus degrading the
performance of the deformation and projection. Laney et7gh@ve
shown how to accelerate the generation of radiographs from hexahe-
dral grids using GPU-based volume rendering techniques.

With Fourier volume renderingd], a method has been proposed
to ef ciently generate DRRs from datasets of high resolution. These
techniques require a transformation of a deformed CT-like atlas into

structures. For this purpose, we project virtual X-ray images, oftdéhe frequency domain, e.g. through a fast Fourier transform (FFT)
referred to as digitally reconstructed radiographs (DRRs), from mafynce the model is deformed frequently but typically only few pro-
variations of a volumetric tetrahedral mesh with associated density igctions (often only one or two) are generated per deformed model,
formation. The mesh is deformed prior to each projection such tha@urier rendering becomes impractical for the reconstruction psoces
it represents plausible candidates for a patient-speci ¢ shape and denAn adaptive sampling of the interior densities of anatomical struc-
sity distribution of the anatomy of interest. Our method searches fi#fes using unstructured meshes has been suggested.2¥aor¢-
the best candidate t by comparing the anatomy's X-ray attenuation iPses higher-order Bernstein polynomials as an efcient way to
the clinical X-ray to the pixel intensities of the virtual X-ray. encode density information on tetrahedral meshes. He represents
Intensity-based registration methods are known to be prone to lo@alatomical structures as deformable point distribution models (PDM)
optima due to the non-convex nature of the similarity measures (see'i¢at incorporate density values learned from CT data. In addition, Yao
example 12]). Our framework evaluates many anatomical shape cafggest a CPU-based projection algorithm that respects the non-linear
didates in order to improve the reconstruction quality by identifyingensity distribution in each tetrahedron and generates virtual X-rays
the best among several locally optimal solutions. It consequently H& intensity-based reconstruction processes.
to produce large quantities of virtual X-rays (e.g* @ more images). ~ Sadowsky et al.J4, 15 build upon the idea of Yao and simulate
An essential goal therefore is to quickly compute both deformed vol-ray images using a projected tetrahedra (PT) approzgh [heir
metric geometries and their corresponding projections. In addition, tAtgorithm makes use of two observations: First, the tetrahedra can be
virtual X-rays should depict the density information of the anatomy d@frocessed independently from each other and do not have to be pro-
interest as accurately as possible to allow for intensity-based comp&gted in visibility order. Second, barycentric coordinate systems can
ison with the clinical X-rays. be applied to integrate the Bernstein polynomials in closed form and at
This paper presents a GPU-only method that achieves these gdagsame time classify the projected outline of the tetrahedra. The out-
and thereby enables fast and robust intensity-based geometry redit¢ classi cation is used to tessellate the projected tetrahedra and to
structions from X-rays. Its main contributions are: determine ray parameters in barycentric and world coordinates on the
front-facets of the individual tetrahedral cells. In the fragment shad
» A GPU-algorithm for fast rendering of tetrahedral meshes witbtage of the graphics hardware, a perspective correction mechanism
higher-order polynomial density functions. Our approach sinis applied to obtain the respective back-facet parameters. The poly-
pli es the tessellation of tetrahedra and can be implemented momial density functions are then integrated in closed form and the
the GPU without any explicit branching or looping (Sectidn  overall X-ray attenuation is accumulated in the framebuffer according
) ] to the Beer-Lambert law of attenuation (see Equatipn
* A method that varies (deforms) both anatomical shape and den-The implementation presented by Sadowsky et al. performs both
sity information on the GPU and concurrently generates virtughe deformation of the tetrahedral volume as well as the classi ca-
X-ray images from the deformed anatomy model (SecBon  tjon of its projected outline on the CPU. Consequently, the geometry
and density information has to be copied to the GPU memory after
e model is altered. Although GPU implementations for classify-
g projected tetrahedra existL(, 11], they introduce branching and
looping operations that have a negative effect on the overall remderin
gerformance. The method proposed here instead adapts the idea of
cell-based ray casting]20] and relies on ef cient ray-tetrahedron in-
tersection tests in barycentric coordinates without prior classi cation.
Moreover, we propose a method to combine both the deformation of
2 RELATED WORK tetrahedral meshes as well as their projection on the GPU.

Fig. 2. A 3D model of the proximal femur (upper thigh bone) that incor-
porates volumetric density information (a). Compared to a projection of
contour lines (b), a virtual X-ray (c) depicts the internal density structure
of the bone and therefore better resembles the femur in the clinical
X-ray (d).

« A comparison to existing projected tetrahedra (PT) approach
Our method achieves comparable quality to ground truth
higher frame rates (Sectiaf).

We present rst promising results of our novel method within th
developed 3D reconstruction framework in Secioi\ conclusion is
given in SectiorD.

Existing approaches for the reconstruction of 3D anatomy from X-ray BAcKGROUND

images often employ deformable surface models in combination Wi‘F?we overall attenuation encountered by a monochromatic X-ray beam

contour-based distance measurk<2[ 23, 24]. Although contours or et - ina th Y hti is d b dg th

silhouettes of 3D anatomical models can be computed very ef cientl ,(X)_ Win * ( Wout ) win) x passing through tissue is described by the

their correspondent contours/silhouettes are often dif cult to extra per-Lambert law: R

from the patient's X-ray. Using contour information only neglects im- lout = lin € p0o @(W) dw 1)

portant information on the interior structures (i.e. bone density). For

instance, cortical (compact) bone that typically forms the outer hultherel;,/loy are the input/output intensities of the beamy, andwoyt

of a bony anatomy has a much higher X-ray absorption than sporase the entrance and exit points, amg¢ a(w) denotes the linear at-

(cancellous) bone inside (cf. Figu2g tenuation coef cient of some homogeneous tissue encountered by the
Lamecker et al.§] propose a method for 3D shape reconstructioray at pointw. The functiona is referred to as thdensity distribution

that generates thickness projections of a deformable surface modékan anatomical structure.



Fig. 4. Ray parameters on a single tetrahedron. The ray originates at
the source egye beye intersects the tetrahedron at win; en; bin, traverses
the tetrahedron by length Wiength and exits at the point Wout; €out; Bout. The
letter w stands for world coordinates, e for normalized eye coordinates,

Fig. 3. Actual density distribution from CT data (a) and its approxima-  and b for local barycentric coordinates.

tions with Bernstein polynomial density functions of degree d = 1 (b),

d= 2(c)and d = 3 (d). The non-linear gray value distribution of the CT

dataset is better approximated by polynomials of higher degree.

3.2 Statistical shape and intensity models (SSIMs)

. . . An SSIM, as employed in this work, is a statistical model of shape and
Following previous work 14, 15|, we cast a monochromatic beamjntensity (or density) that is generated from a set of training meshes

from the X-ray source to each pixel in the image plane. The spatig} means of a principal component analysis (PCA). Each training
location of the source corresponds to the camera position in a pgfash represents a patient-speci ¢ anatomy according to the tetrahe-
spective projection of the anatomy, where each pixel is assigned & model described in the previous subsection. The SSIM combines
intensity oyt Of its associated beam after attenuation by the anatomje mean shape and density of all training data and their speci c vari-

cal structure. Artifacts, however, that may occur due to scattering gfions, which are expressed in the PCA eigenvectors. We reuse the
beam hardening, are not considered in this attenuation model. notation of Yao 2], who describes an SSIM as:

3.1 X-ray attenuation in tetrahedral meshes Y=Y+Pr 5)

We model anatomical structures using tetrahedral meshes according tpjere v = [Ys; Y] denotes an SSIM instance (i.e. a representative
the proposal of Yao 42]. Each cell in the mesh is associated with ongy the training set) with tetrahedral vertex positidgsnd coef cients
Be_rnsteln_polynor_mal_ function that describes the density dlstrlbutlo,nm to Bernstein polynomial density distributions of a xed degr¥e.
atits spatial location in the anatomy. represents the mean model &Rk the eigenvector matrix that holds

A Bernstein polynomial of degregis parametrized per tetrahedroninformation about the anatomical variation of the training data. The
t by Bernstein coef cientg; = f¢i;jgwith i+ j+ k+ [ = d. Given  number of eigenvectors (and parameters) depends on the number of
a pointb = ( by; by; by; bw)T in local barycentric coordinate spacetpf training data that are incorporated into the SSIM, and the contents of

the corresponding linear attenuation coef cient calculates as the eigenvectors are related to the deviation from the average shape
and density distribution. The mean model is deformed by selecting
ai(b) = 3 [Gij Bid;j;k;l(b)] @) values for the deforn?atlon parameterand evaluating Equatiord).
i+ j+kt1=d To reduce the model's parameter space, only a subset of eigers/ector
can be regarded during deformation, e.g. those eigenvectors that de
where scribe the largest variability in the training data. Using the full set
dl . ) of deformation parameters leads to the maximum level of detail that
B (b) = W(bx)'(by)l(bz)k(bw)' (3) instances of the SSIM may exhibit.

We apply this type of deformable volumetric model since SSIMs are
. . . . capable of representing a set of anatomical shapes with associated den
Is the Bernstein basis func_tlon of dggnhe . iti%s ina cor?]pact forrgr’l and allow for a plausiblpe interpolation within
The number of Bernstein coef cients assigned per tetrahedron EPPTES set. However, SSIMs do depend on the choice of training data that
pends on the d‘?gf?edi’g the polynomial that is used to describe fif jteqrated therein. An SSIM cannot represent any possible patient-
density distribution: ©3°, with n = 1,4,10,20 for degreesd = g0 ¢ anatomy in full detail but will rather be a approximation. For
0;1,2;3 respectively. By applying higher polynomial degrees, nons,ample pathologies are not expressed by the model, unless they are
homogeneous density distributions can be expressed in a single t{{gsiained in the training data. SSIMs are well suited for application
hedron (cf. Figure). _ _ scenarios such as pose estimation or for an extraction of anatomical
To accumulate the attenuation encountered by ap(@y passing |andmarks or mechanical axes, where a perfect representatioe of th
through a tetrahedron (cf. Figud the Bernstein polynomial density patient-speci ¢ anatomy is not necessary.
distribution is integrated along the ray:

4 GPU-BASED ALGORITHM FOR PROJECTING MESHES

7 B Qccorc)i(ing t% Equaéionslohand @), the totlalll attguatiqn encount_e_red
- - o y an X-ray depends on the ray traversal lengithgth= jjWout  Winjj
o) a(b)db= jjwour Winjj  a ) [Ci; ik Bid;i;k;l(b)db] (4)  and its entrance and exit points in local barycentgric coordirateand
i*jtkel=d bin bout for each tetrahedron that is intersected by the ray (cf. Figurin
addition, the Beer-Lambert law states that the total attenuation equals
We refer you to Yao's work for a detailed closed form solution ofthe accumulated contributions of all tetrahedra along the ray, irrespec-
Equation 4). tive of the order they are traversed ("visibility order”). Our GPU-lzhse



4.2 Computing the rays' exit parameters

Given the front-face parametebs, beyedir and €gyeqir Of a ray, the
goalisto nd the exit parameter in barycentric coordindigg and the
traversal lengtiviength (Cf. Figured). In the following,b;;; denotes the

jth component of the vectds. Keeping in mind that local barycentric
coordinates of a tetrahedron are non-negative and sum up to one, we

observe the following:

beyedir

1. At least one component dfi, and of bgyt equals zero, since
bin andbgyt are located on the facet of a tetrahedr®inbjy; =

o;gj:bout;j =0.
Fig. 5. Intersection of an X-ray with a cell (e.g. a triangle). The ray
originates at the X-ray source beye and traverses the cell between bip 2. Inthe “regular” case, a ray enters and exits a tetrahedron on two
and boy with direction braygir = beyedir S. OUr intersection test determines distinct facets, on opposite edges or on opposite vertices. This
three candidates for s that correspond to the intersection points with implies, that one zero component bf, has a different index
cell edges. Discarding the entrance point itself, the correct solution for than the zero component of the correspondipg: 9i:(bouti =
s= g is located at minimum distance to the X-ray source. 0" bini > 0).

3. As an exception from2j, the ray might enter and exit on the
same vertex. In this case the traversal degthgn is zero and

algorithm for simulating X-ray attenuation in tetrahedral meshes ex-  the ray is not attenuated.

ploits these properties by independently processing each tetrahedron ) o
of the mesh in parallel. We model the ray between the barycentric entrance and exit points
°5|a tetrahedron abraygir = bout  bin.  Since the vectordyaygir

We stream the tetrahedra and corresponding Bernstein polynomalnd beyegir lie on the same ray of sighbyayq;r can be calculated by

coef cients through the per-vertex, per-geometry and per-fragme . - . - ;
. H ir = Sheyedir With a positive factos. The barycentric exit coordi-
stages of the graphics pipeline. The entrance parameters of the ngégs of a ray then compute as

on the front-facets of the tetrahedra, suctbgsare interpolated lin-
early between tetrahedral vertices. The rays' exit paramétgfsaind
their traversal depthsiength are computed in the fragment stage using Bout = bin + S beyedir (6)
direct ray-facet intersection tests in barycentric coordinates. Both theAccording to (), we know that at least one componentoaiy is
entrance and exit parameters are then applied to integrate the Berns}gp& Consequentlly there exist four possible candidates igirt/en
density functions, cf. Equatiod), in closed form using per-fragment that fhe arameteb;n’ andbe v are kKnown:

operations, as proposed by Sadowsky et all#.[The contributions P eyedir :
of all individual tetrahedra are nally blended together to form the vir- b

tual X-ray image. 5= il

)

beyed ifi

. Thes represent solutions for intersecting the ray with all four tetra-
4.1 Computing the rays' entrance parameters hedral facets.

. . To nd the correct intersectiors, all results withbgyeqii 0 or
In a rst processing stepper-vertexoperations transform the tetrahe-Eﬂé 5 evedit

dral verti into normalized devi rdinat nd rdinalini = 0 are ignored. Among the remaining candidates, the smallest
al veruces Into normalized device coordinates and €ye coording itives is the correct solution fos (cf. Figure5). If no candidate is
(e). The vertex positions are then handed to the per-geometry p 8

. : . . und, thers= 0 and therefor®j, = boyt. In the following section we
cess;}ngdstage together with the Bernstein coef cients of the respe(:tE(leesent a shader implementation that compatdsusing only three
tetrahedron.

. _ vector operations.

The per-geometry operations  construct the — matrix Once the transformation factsris determined, we use it to com-
M = [ep; er; € €3]. Its inverseM ! is a linear transformation pute the actual exit point of the ray on the tetrahedsgi accord-
that projects eye coordinates into the local barycentric coordingfgy to Equation 6). Given boy, it would now be possible to de-
space of the respective tetrahedron. The method of Sadowsky et@minee,,; by applying the transformation matrM and determine
utilizes M 1 in order to classify the projected tetrahedral outline\,\,length: jieout  enji. However, we propose a more ef cient method
We applyM * to compute four vectorBeyedir each pointing from pased on the fact thatalso scales the ray direction vector in normal-
the source (e.g. the eye position) to one of the four tetrahedjgéd eye coordinates to the traversal length of the say gositive):
vertices:beyegir= bi M 1 €eye An additional processing step then
determines their eye space correspondeBgRgir= €eye € = 6.

Note thateeye= (0;0;0;1)7. Wiength = i€ut Einl]

Consecutive operations in the per-geometry stage triangulate the = jiM (bout bin)jj

tetrahedron into its four facets. The valuesbpf beyedir and €gyedir = jiM (brayainii
are assigned as parameters of the respective facet's verticesafhey rayair

linearly interpolated within the front-facets of the tetrahedron, thus = iiM s (Peyedidii
making the perspective-correct entrance parameters of all rays inte = S Jj€eyedil]
secting the tetrahedron available in the fragment stage. We utilize the (8)

culling functionality of graphics hardware to discard the rasterization
of tetrahedral back-facets. The Bernstein coef cients are pusbedd oy algorithm COMpUteRjength according to Equatiors), apply-

the GPU pipeline as non-varying parameters. ing the interpolatedteyedin  Given bout and Wiength, all parameters

In contrast to PT approaches, the triangulation of the tetrahedree available to solve the rendering integral, Equat®nif the per-
is view-independent. Our method does not determine a thick pofnagment stage. The attenuation encountered by the ray is then re-
(see [L5]) and avoids computing line intersections or sorting verticetsirned as the fragment color and can be summed up (e.g. blended)
into rendering order. with the contributions of other tetrahedral cells in the mesh.



5 GPU IMPLEMENTATION 2D texture where the respective eigenvector components are stored
In this section, we rst propose an ef cient implementation of ou€onsecutively. Additionally, two vertex arrays hold the static tetra-
algorithm to render static tetrahedral meshes with higher-order dendi§ra! indices and the corresponding vertex indices. The width and
functions that was introduced earlier. The rendering pipeline is th8ffight of the 2D eigenvector textures and the number of eigenvectors
extended to deform the tetrahedral meshes in parallel on the GRU£ handed to the shader stages as uniform parameters.

We implemented the rendering pipeline based on OpenGL version 4_0]n the vertex shader stage, the mean values are extracted from the

featuring the OpenGL Shading Language (GLSL) as of version 4.09‘.amplerBuf_fer (TBO) using the current tetrahedral ar]d vertex ids.
The normalized texture coordinates for accessing the eigenvector tex-

5.1 Projecting tetrahedral meshes tures are then precomputed, applying the uniform texture width and

In the following, we describe the rendering process for a single tetrjae'ght' Afte_rwards,_the vertex §hader varies both \‘/‘ertex pOS'I'tIOI’IS
hedral cell in the mesh. To generate the nal image, i.e. accumulA89 Bernstein coef cients according to Equatiai. (The “deformed”
the attenuation of all tetrahedra in a 2D texture, we set the Open trahe_dron is then prqjected in sqbsequent sh_ader sta_lges by applying
blending functionality tglBlendFunc(GL _ONE, GLONE),gl- the projection m_ethod |ntr0duf:ed in the _precedlng section.
BlendEquation(GL ~ _FUNCADD) and bind a framebuffer object To avoid multiple deformation of vertices that are shared between

(FBO). Taking the exponential of the summed-up contributions in tfgtr@hedra, a preliminary rendering pass is issued that only performs
2D textures is then performed in the post-processing step using an &g, 98ometric deformation. Here, the OpenGL transform feedback
ditional rendering pass. buffer is utilized to avoid data exchange between CPU and GPU.

We issue oneGL POINT primitive per tetrahedron. The respec-one primitive !s rendered per vertex, and the deformation of thg ver-
tive tetrahedral vertex positions in world coordinates and the Bernstdff POSitions is computed in the vertex shader stage. The imple-
coef cients describing the density function are assigned as point vépentation discards the fragment rasterization using the OpghGL
tex attributes. A vertex shader is executed once for every tetrahedfgtAP1e(GL -RASTERIZERDISCARDNV) functionality. Rather
(GLPOINT primitive), and therefore has access to the four verteq?a“ putting the result on the screen, the deformed vertices are stored
coordinates. It performs the transformation into normalized eye afiectly on the GPU. They are then bound to the shader programs as
device coordinate space. The transformed vertices and the Bernsvﬁﬂex buffer objects in a second rendering pass. A different vertex
coef cients are then streamed further down the rendering pipeline. Shader program varies the Bernstein coef cients and proceeds with

In the geometry shader stagd, * is computed using the GLSL the projection accordingly.
inverse call onM =[ ep; e1; e1; e3]. We experienced that under
certain \(/)iews the matrix [becomes nel\rly singt?lar, for example wher%5 RECONSTRUCTION FRAMEWORK
the rendered mesh is located far from the source and covers few piX8fighin the 3D reconstruction process, the transformation and defor-
in the image plane. This is not a problem in the reconstruction frameation parameters of the SSIM are optimized with respect to the sim-
work, as such situations won't occur in a clinical X-ray setup. Oniarity measure. Our framework utilizes a normalized mutual infor-
might alternatively use the 64Bit precision inverse operations on theation metric (NMI) [L3] between the virtual X-ray projection of the
OpenGLdmat matrix types which eliminate the problem. deformed/transformed SSIM and the clinical X-ray. We chose NMI

We compute bgyedirin 0ne vector operation, exploiting that the  instead of mean squared differences or other intensity-based resasur
are equal to zero in all but one component. A small offset is addedsimce it is robust against overlapping structures and artifacts in the clin-
the zero components of thg afterwards in order to circumvent divi- ical X-ray images that are not present in the virtual X-rays.
sion by zero in the fragment shader stage. The tetrahedron is decomTo further increase the robustness of the similarity evaluation, we
posed into its four triangle facets and #agb; and  bgyegirare linearly  currently segment the anatomy of interest from surrounding soft tis-
interpolated in between the geometry and fragment shader stages.sue in the reference image and additionally mask out pathologies and

The fragment program performs the ray-tetrahedron intersectisnplants covering the anatomy. The tissue (that does not overlap with
tests by solving fos 1= Peyediii ather thans. The correct inter- the anatomy in the image) is replaced by a black backgro.und. such that

i 1. ~ Pini . i the reference X-ray more resembles a virtual X-ray projection. The
section ats ~ is the maximum of all four possible candidates anghasked out regions in turn are ignored for the evaluation of the simi-
is extracted using twonax() calls. To obtainboyr andWwiengtn, We larity measure.
divide by s ! instead of multiplying withs, cf. Equation €) and The mean model of the SSIM is positioned roughly in the virtual
Equation 8). Note that the intersection candidates Ibgyi = 0 and  X-ray setup to initialize the optimization process. A gradient descend
Peyedii 0 do not contribute to the overall attenuation singg,gth  method then searches for the best t between virtual and clinical X-
becomes (practically) zero or the corresponding becomes nega- ray. Before each optimization cycle, the gradient of the similarity mea-
tive and is therefore discarded. Finally, we utilize hard-coded multingure in terms of transformation and deformation parameters is approx-
mial factors as proposed ii4] to solve the volume rendering integral,imated based on nite-differences. We perform a line search along the
Equation 4), in the fragment shader stage. direction of the gradient to nd an improved model t, that again acts

Our method requires less than four vector or matrix operations & an initialization for the next cycle. The method is described in more
the geometry shader stage to compute all variables for tessellatigfatail in our previous work].

Compared to the PT method proposed by Sadowsky efl 4. this The gradient descend method is prone to local minima and there
signi cantly reduces the number of per-geometry operations while if§ no guarantee that a global maximum of similarity is reached. To
troducing at most three additional fragment operations. avoid local optima in early stages of the optimization, we sub-sample
the clinical X-ray images and perform the similarity evaluation on a
5.2 Combining deformation and projection reduced image resolution while tting the model with only a subset

To deform and project a tetrahedral mesh entirely on the GPU, a stafi§the deformation parameters. This prevents the optimization from
tical model is varied in the vertex shader stage and the resulting mo@efting stuck in local minima due to subtle image details. The resolu-
instance projected in the consecutive stages. We store the SSIMigh as well as the number of deformation parameters are increased in
the graphics hardware memory. Our implementation utilizes Opendater optimization cycles, where it is important to consider nerimage
texture buffer objects (TBOs) to hold the mean vertex coordingges details to enhance the model t. Once a (local) optimum is found, a
and the mean Bernstein coef cients, Their components can be ac-new set of cycles can be triggered to again widen the search window
cessed using unique vertex identi ers and unique tetrahedron ider@td increase the chance of reaching a better solution.
ers respectively. . .
The eigenvector components of the vertex positions and 8ff Integration of the GPU solution
the Bernstein coefcients are each split in one texture arraye deform and project the SSIM on the GPU after each parameter
(GLTEXTURE2D-ARRAY. Every eigenvector maps to exactly onechange and read the virtual X-ray image back to main memory for sim-



an example). The spherical shape guarantees a constant pixelgeve
on the image plane when changing the viewing direction.

We recorded the rendering speed while rotating the camera around
the data in 12 degree increments. Therefore, in total 30 projections
were generated per tetrahedral mesh and polynomial degree fibr a fu
360° trajectory. The viewport of size 10b8howed a constant pixel
coverage of 75%.

The results are depicted in Figurefor System-land System-2
in terms of rendering time in milliseconds. Both implementations
reach projection rates above 10 frames per second (fps) whearrend
ing meshes of up to 670k tetrahedra. However, our rendering method
scales better with respect to the number of tetrahedre&8y@tem-for

i ) example, the algorithm proposed in this work i§-2:7 times faster
Fig. 6. A mesh of approximately 174 tetrahedra generated from the  than the PT method when rendering meshes of 468kabl 2etrahe-
dragon dataset for performance evaluation (a). Whereas individual dra and density functions of degregs: 2 andd = 3. Our method

tetrahedra can be identied in virtual X-ray images generated with : : :
density functions of degree d = 0 (b), they are not distinguishable in gr(:)j%m;t?::fnheersa?éggl:]c?Jeri%Oflggon’ e.g. 1.2M tetrahedra andedegre

d = 2 projections (c) due to a better approximation of the dragon's

shape by higher-degree density polynomials. 7.2 Deformation and projection

We evaluated the rendering speed of our GPU-based deformation and
projection approach in order to compare its performance to previous

ilarity evaluation. The deformation parameters are transferred to tfigthods that deform the tetrahedral volume on the CPU. For this pur-
GPU prior to a deformation/projection of the model using a TBO anPSe, We created an SSIM from 47 CT datasets with an approximate
by setting the modelview matrix accordingly. Three rendering pass@solution of 69 0:9 1mn? that were available from a previous
are then issued, implementing the GPU-processing steps describedtiily [L6]. For each dataset, a polyhedral model of the pelvis was
Sections: First the vertex positions are deformed and written into th@enerated with vertex correspondences over all training datasets. We
transform feedback buffer, then the density functions are varied ajitgn transferred a reference volumetric mesh consisting of 195k tetra-
the deformed mesh is projected, and nally the exponential is taken Bgdra to each individual anatomy. After sampling the CT data with
the result according to the Beer-Lambert law. density distributions of all four polynomial degrees, we applied the

Note that the SSIM is deformed and projected entirely on the GPB.CA on Fhe resultlng_ 47 tc_atrahedral meshes, incorporating the density
For every transformation/deformation cycle, only the deformation p4iformation as described in SectiGr2

rameters, the model view matrix and the rendered image are trans! "€ combined deformation and projection performance of our im-
ferred between main memory and GPU memory. plementation was recorded @ystem-Iwhile rendering the SSIM
onto a 1008 viewport in anterior (frontal) view. A number of 0 to

46 eigenvectors were considered and 100 combined deformations and
projections issued for every set of deformation parameters. We ran-
We evaluated the projection algorithm and the combined deformatidomly chose the parameter values equally distributed within the range
and projection method in terms of their rendering speed. Additionf the minimum and maximum values of the training data. To pro-
ally, we compared the rendering quality of our projection approaclide a comparison to CPU approaches, we measured a multi-threaded
to ground truth DRRs that were generated via ray-casting of regufaight threads) deformation on the CPU as well as a hybrid CPU/GPU
scalar elds, given by CT datasets of high resolution. The experimeritaplementation of Sadowsky's approach, in which the model is rst
were performed on two computer systen8ystem-iwas equipped deformed on the CPU, and then projected on the GPU as described
with an NVIDIA GTX680 graphics card and a 2.67 GHz Intel Xeorpreviously. We applied the OpenMP framework to parallelize the de-
CPU with four cores (eight threadspystem-2avas featured with an formation such that each thread independently varies one model com-
NVIDIA GeForce GTX 570 graphics hardware and a six-core (twelvgonent, e.g. a vertex position or Bernstein coef cient, at a time.

7 EXPERIMENTS AND RESULTS

threads) Intel Xeon CPU running at 3.47 GHz clock speed. The results of the evaluation are given in Fig8ri terms of du-
ration in milliseconds per deformation/projection cycle (referred to as
7.1 Rendering performance the rendering time). Our GPU-based approach deforms and projects

mg tetrahedral meshes more than 45 times per second in all experi-
ments. The CPU-based deformation time increases signi cantly faster

ith respect to the number of deformation parameters applied to the
Sadowsky, the classi cation of the projected tetrahedral outline is pdP2del- Note that the number of deformation parameters corresponds

formed on the CPU, making a direct comparison of the two approacﬁ@ he nu_mber of linear combipations performed with the .eigenvectors
dif cult. For that reason, we reimplemented the classi cation as GP%I% quation ). When regarding more than 40 deformation parame-

Our goal in the rendering performance evaluation was to compare
method of Sadowsky et all§] to our approach in terms of projec-
tion speed on the GPU. In the original implementation proposed

; ; d higher polynomial degrees of the density functibn @ and
geometry shader programs, following the hardware-assisted PT _-S an . ; ¢
proach presented iril]. This way, Sadowsky's original algorithm, 1 ~ 3), Ot‘.” Gpﬂﬁp%rgactlp]'i g to7 t'TeS fastetrfthatlﬁ a mgltl-tt_hre?ded
including the outline classi cation based on barycentric coordinate glormation on the at does not account for (he projection time.
was not altered and ported directly to the GPU. We employed GPU dp.comparison of the GPU approach to the hybrid implementation re-
timizations such as hardware-accelerated vector and copy operati 'ﬁ@ls a performance gain of even 8 to 9 times in the same scenario.
wherever applicable. .

. 7.3 Comparison to DRR from CT
We tested the rendering performance on tetrahedral meshes wuﬁ P ] i o

varying number of cells. The Stanfoddagort surface was rst con- 10 assess the rendering quality, we compared our projection approach
verted into an arti cial high-resolution voxel dataset. Bernstein polyt© ground truth images that were generated from clinical CT data of
nomials of degreel = 0 tod = 3 were sampled from the voxel data@ Pelvis (resolution 512 512 531). We rst segmented the pelvis
onto spherical volume meshes with equal diameter but varying medd extracted tetrahedral meshes of four resolutions (20k, 58k, 252

resolution between 17k tetrahedra and 4M tetrahedra (see mgtlre and 731k tetrahedra) with density functions Sampled from the original
CT data. The meshes served as input data to our projection method.

1Source: Stanford University Computer Graphics Laborafbing Stanford  Ground truth images were then projected from the CT data by means
3D Scanning Repository of a ray-casting approach, masking out the surrounding tissue of the
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Fig. 7. Rendering performance (in milliseconds, averaged over 30 measurements) when generating virtual X-rays from the dragon datasets.
Depicted here are the rendering times of both Sadowsky's projected tetrahedra (PT) method as well as our approach, recorded for tetrahedral
meshes of various resolutions and density functions (degrees d = 0to d = 3) on System-1 and System-2.
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Fig. 8. Rendering time (in milliseconds, averaged over 100 experiments) of our GPU-based deformation and projection method. The experiments
were performed on System-1 using a pelvis SSIM that incorporates density functions of polynomial degrees d = 0to d = 3. The CPU measurements
(blue) account for multi-threaded deformations on the CPU only and do not include the time required to project the model. Also shown is the
performance of a hybrid CPU (deformation) and GPU (projection) method that was implemented based on previous work.

=0 d=1  d=2  d=3 with higher degrees of the polynomials on a xed mesh resolution.
20krms  0.085 0072 0.070 0.068 . oo
We repeated the experiments and evaluated the projections gener-

abs 0.058 0048 0047 0.044 : . . ]
TBkrms 0058 0046 0047 0035 ated with the GPU implementation of Sadowsky's method. The re-

abs 0042 0034 0030 0026 sults ar5e almost identical to those of our approach, differing by at most
250krms  0.043 0035 0030 0.027 7 10 ®interms of RMS distance.

abs  0.031 0025 0020 0.017
73lkrms  0.035 0029 0.025 0.024 8 DiscussioN

abs 0025 0020 0015 0014 The performance of our approach (in terms of rendering speed) ex

ceeds those of the PT method when increasing the resolution of the
rendered tetrahedral mesh to more than 335k cells. We attribute this
to the reduced number of per-geometry operations and the lack of
branching and looping in our approach. The per-geometry operations
are executed for every tetrahedral cell and consequently more oper
ations are performed the more tetrahedral cells are projected. When
large numbers of tetrahedra are rendered, our GPU-approaeti$en
from executing fewer operations compared to PT. This is what we were
pelvis. The ray-caster is a GPU implementation of the algorithm dgiming for in order to apply anatomical models of high resolution in
scribed in p] that accurately solves the Beer-Lambert law for evenyhe optimization process. From Tadlewe conclude that increasing
pixel in the image plane. the tetrahedra count, e.g. to 700k tetrahedra for a pelvic model, does
During experiments, the viewport was set to a resolution of 200Bave a positive in uence on the projection quality and is thus desirable
pixels with the projected pelvis covering 38% of the viewport pixels ifor future SSIMs.
anterior view. Similar to14], we measured the quality of the projec- On smaller mesh resolutions, per-fragment operations dominate the
tions generated with our method in terms of RMS distance and meesmputation of virtual X-rays and the two methods perform equally
absolute error to the ground truth. Only those pixels were regardedsiell. Note that only three additional per-fragment operations are exe-
the distance measures that were either covered by the projected pejvied by our approach compared to Sadowsky's method. These addi-
in the ground truth or in the virtual X-ray image compared to it. tional operations did not impose a drawback in terms of performance
Tablel summarizes the results and Fig@provides example pro- compared to PT.
jections and difference images. Note how the image quality increases/ith density distributions of higher degred £ 2 ord = 3), the

Table 1. Root mean square and mean absolute error between X-rays
from model instances and ground truth projections from the segmented
pelvis CT (depicted in Figure 9). The maximum pixel intensity in the
ground truth image is 0.993.
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Fig. 9. Comparison of virtual X-ray images to ground truth data. The projections (a) and (b) show close-ups of the right ilium (pelvis) and were
generated by applying our method to a tetrahedral mesh of 25X tetrahedra and density function degrees d = 0 and d = 3 respectively. A ground
truth projection from CT (c) and a clinical X-ray image (d) of the same pelvis are given for reference. Images (e) and (f) depict the differences of
the virtual X-rays (a) and (b) to the ground truth (c) with red indicating positive error, blue negative error.

performance of both rendering methods is decreasing. This matcf@sned mesh and density information between CPU and GPU but de-
well with the investigation of Sadowsky et al. in4]. They argue forms and projects the SSIM in parallel on the GPU.

that the decrease is caused by the Bernstein density function terms

integrated in the fragment shader, which show a “trend to exponental Reconstruction performance

growth”. However, our m_e_thod still reaches interactive rates even f9g show the advantages of our GPU-only approach, we reconstructed
d= 3 and more than 1 million tetrahedra. ve pelvic bones from standard X-ray images (see Figlé® On
There are only minor differences in speed when projecting tetrahgrerage, approximately 6000 projections (and deformations) were ex
dral meshes with up to 750k tetrahedra and density functions0  ecuted for each experiment while  tting the pelvis SSIM (46 deforma-
andd = 1. We believe this is due to hardware-accelerated vector ofjon parameters, density function degrke 2) to the X-ray images.
erations, which allow to process one Bernstein coef ciet (0) just In spite of this large number of virtual X-ray images that had to
as ef ciently as four coef cientsq = 1) stored in a vector. be generated, we were able to reconstruct a pelvic bone in 1:41 min-
The quality evaluation indicates that our method generates virtugks average time using our GPU method. In contrast, it takes 9 to
X-rays similar to ground truth images from CT. We con rm the ob-10 minutes to perform the same reconstructions with the hybrid defor-
servation of previous worklf4, 15, 22] that projections from higher- mation/projection approach. Our GPU-based method generates 4 to 6
order density functions increase the similarity of virtual X-rays tdmes more virtual X-rays in the same time frame. These additional
ground truth data compared to those from lower degrdes Q and samples can be utilized to avoid local optima during optimization, e.qg.
d = 1). Our implementation renders identical results as Sadowskyly executing the optimization process several times using different ini-
approach since it solves the same volume rendering integral and addiai&zation parameters of the anatomical model.
the closed-form integration of higher-order density distributions. From the performance evaluation in Sectibit becomes obvious
The difference images to ground truth data show discrepancieshat by applying our GPU-only approach in theory a speed-up in recon-
the boundaries of the projected pelvic bone (cf. Fig@eand f). We struction performance of a factor 9 and more is possible. The current
attribute this to the geometric simpli cation that occurs when approxmplementation of the reconstruction framework reads back the vir-
imating the curvature of the pelvis with tetrahedral meshes. The tettgal X-ray image from the GPU and evaluates the distance measure on
hedra fail to represent the thin, high-density cortical shell of the bori&e CPU, which leaves the GPU idle and thus slows down the overall
This has to be considered for model generation in future studies. process. This issue will be addressed in future work.

Compared to a CPU-based deformation of SSIMs, our Gpu_basegWe are in the process of eyalpating th_e recpnstruction framework
deformation and projection approach bene ts from highly parallel ewvith regard to measuring pelvic tl|t' and orientation of.the acetapulum
ecution of the linear combination, fast texture access and hardwal@Rtyloid cavity) from single X-ray images. Results will be published
accelerated vector operations. It is important to note that the CPila Separate study.
measurements do only account for a multi-threaded deformation of
the model and not for projecting a virtual X-ray image. We considét CONCLUSION
them to re ect the upper bound of possible performance of previoyge presented a fast and ef cient method to generate virtual X-ray im-
hybrid CPU/GPU methods, since the deformation step remains a bagres from deformable anatomical models. The approach defomins an
tleneck when rendering SSIMs with higher-polynomial density fungrojects volumetric meshes in parallel on the graphics hardware and
tions and when regarding larger parameter spaces (e.g. more thangkiéhes interactive frame-rates while shifting computational burden
parameters). The rendering time of the CPU implementation groyy®m the CPU to the GPU.
non-linearly with approximately the rst 5 parameters due to thread |n the context of reconstruction processes, we see several ad-
management overhead that OUtWeighS the actual Computation. Vantages of our GPU_0n|y approach Compared to previous hypnd

If a CPU-based deformation is applied, additional resources are @PU/GPU methods: First, while deforming and projecting the
quired to push the deformed model to the GPU and to project it accoaftatomical model on the GPU, other computations related to the re-
ingly. The measurements of the hybrid solution give an example haenstruction can be performed concurrently on the CPU, e.g. to con-
these operations further decrease the overall rendering perfoemarrol the optimization process. Second, the combined deformation and
It would be possible to deform the model in parallel on the CPU amatojection on the GPU shows a performance increase over CPU-based
concurrently project the deformed elements on the GPU. This wouldethods and accelerates the reconstruction process. Third, ourdmetho
however, also introduce additional overhead through thread synchsoales better with respect to the number of deformation parameters and
nization. Our GPU-only approach in contrast does not copy the dée complexity of the underlying model. The GPU-based approach



Fig. 10. Reconstruction of three pelvic bones from standard 2D X-ray images using our combined deformation and projection approach on
the GPU. Every column depicts a different reconstruction case. From top to bottom: Silhouettes of reconstruction results projected into clinical
reference images, reconstructed shape and density distributions (result), reconstructed pose of the pelvis in front of the image plane. In average,
54 deformations and projections were performed per second, with an average reconstruction time of 1:41 minutes.

allows for processing anatomical models with larger degrees of free-Additionally, we expect that a combination of the proposed pro-
dom and higher accuracy, both in terms of mesh resolution and deng@gtion method with GPU-based image-registration meth8fisvill
function. Future work will take advantage of those models to increafigther increase both speed and accuracy of the 3D reconstruction pr
reconstruction accuracy while keeping reconstruction time as low esss.

possible. This will include an in-depth evaluation of the application of

our projection method to the problem of reconstructing a 3D anatomi-

cal model from clinical X-ray data. ACKNOWLEDGEMENTS
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might be coupled with other deformation techniques on the GPU. It

is possible that after a match is established between anatomy model

and X-ray, slight deformations of the mesh, for example by appl\REFERENCES
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