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Abstract—Volume rendering plays a significant role in medical
imaging. It allows exploring the internal structures of volu-
metric data acquired by the different imaging modalities. This
exploration allows accurate diagnosis and consequently effective
treatment. Various volume rendering techniques exists. However,
compared to other techniques, Fourier volume rendering has
gained a wide acceptance by the radiologists for several reasons.
This technique generates attenuation renderings similar to x-
ray radiographs that are well interpreted by the physicians.
Additionally, it works with time complexity of O(N2logN), and
thus, it delivers interactive frame rates for large scale medical
volumes in comparison with spatial-domain rendering techniques.
The complexity associated with developing a basic rendering
pipeline for this technique hinders medical imaging scientists
from focusing their research on investigating new algorithms
for improving the reconstruction quality of the resulting digital
radiographs. In this paper, we present a flexible, extensible and
semi-interactive high-level MATLAB-based framework for the
Fourier volume rendering pipeline.

I. INTRODUCTION

Volume rendering is considered one of the most important
techniques that has been used for investigating the internal
structures of volumetric data acquired by different imaging
modalities such as Ultrasound and Magnetic Resonance Imag-
ing (MRI) [1], [2]. It employs various shading strategies and
transfer functions to highlight and reveal the objects of interest
inside a three-dimensional volume [3]. Volume rendering has
been generally classified into two categories: spatial-domain
and frequency-domain (k-space) techniques. Spatial-domain
algorithms can be further classified into object-space tech-
niques such as ray-casting and screen-space techniques such
as shear-warp. Frequency domain volume rendering algorithms
switch part of their pipeline from the spatial domain to the k-
space to accelerate the rendering process. Compared to the
O(N3) complexity associated with spatial-domain ones, k-
space rendering algorithms run with a reduced time complex-
ity of O(N2logN). This reduction is a result of using the
projection-slice theorem for extracting a projection-slice and
resampling it in the k-space prior to back-transforming it to
the spatial domain. Fourier Volume Rendering (FVR) uses the
Fourier space to implement this slicing step. This technique
has considerable significance in the medical field for several
reasons. First of all, it produces attenuation renderings that
look like the x-ray radiographs at which the physicians are well
trained to interpret. Additionally, the reduced time-complexity
of the algorithm makes it very suitable for interactive visual-

ization of large scale data sets. Moreover, some of the imaging
modalities make their scans in the frequency domain, and in
turn, a transfer of the three-dimensional stack acquired by the
modality to the spatial domain is avoided.

Constructing a FVR pipeline from scratch is quite complex.
Consequently, researchers interested in improving its recon-
struction quality will be hindered if they do not have a flexible
and extensible pipeline that can fit their research purposes.
This work presents a research-oriented FVR framework1. It
is implemented in MATLAB [4] due to the fact that it is a
high-level technical language and interactive environment for
algorithm development.
The rest of the paper is organized as follows: Section II high-
lights the previous work in this research direction. Section III
briefly presents the theory behind FVR. Section IV explains
the rendering algorithm and its implementation in MATLAB.
Section V discusses the results obtained and Section VI
concludes the paper and enumerates several extensions for the
presented work.

II. PREVIOUS WORK

The theory of FVR was established by Levoy in 1992 [5].
The first implementation of the rendering pipeline was pro-
posed by Malzbender [6]. This implementation considered
switching the rendering pipeline to other frequency domains
and covered different k-space re-sampling filters to reduce
the ghosting artifacts of the reconstructed projections in the
spatial-domain. Totsuka and Levoy have enhanced the algo-
rithm by investigating various image processing techniques to
apply the missing depth cues to the projections resulting from
the basic pipeline [7]. The algorithm has been further improved
by adding different illumination models by Entezari et al. [8].
Abdellah et al. have presented a detailed implementation
of the basic FVR pipeline on heterogeneous platforms [9].
This implementation uses the Central Processing Unit (CPU)
for executing the computational context of the pipeline and
dedicates the OpenGL Application Programming Interface
(API) to run the rendering context. Although the pipeline is
flexibly designed to be extended through adding further image
analysis stages, this extension requires deep understanding
of the Graphics Processing Unit (GPU) architecture and the
OpenGL API, which is considerably hard if the researcher
does not have any prior knowledge of graphics programming.

1The code is freely available under the GNU GPL license at
https://github.com/marwan-abdellah/MATLAB-FVR978-1-4799-4412-5/14//$31.00 c©2014 IEEE
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Fig. 1: Graphical representation of the projection slice theorem.

This has motivated us to implement this research-oriented
MATLAB-based FVR framework.

III. FOURIER VOLUME RENDERING THEORY

The principle idea of any frequency domain volume ren-
dering algorithm is based on the projection-slice theorem [5],
[6]. It establishes a link between the projections of multi-
dimensional signals and their k-space transforms. In three-
dimensional space, the theorem states that the two-dimensional
projection of a three-dimensional volume at an arbitrary angle
θ is equivalent to the inverse two-dimensional Fourier trans-
form of a central slice – or plane – passing through the origin
of the three-dimensional frequency spectrum of this volume at
the same angle θ. This means that the two-dimensional Fourier
transform of a projection of the spatial volume reflects a two-
dimensional slice extracted from the k-space representation of
the volume with a normal that is perpendicular on the viewing
direction of the slice as illustrated in Figure 1.

Assuming that the spatial volume denoted by V (x, y, z)
and its k-space transform by Vk(kx, ky, kz) are band-limited
functions sampled on a uniform grid where x, y, z and kx,
ky , kz are the coordinates of the spatial domain and frequency
domain respectively, the projection of the volume V (x, y, z)
is obtained by evaluating Vk(kx, ky, kz) along a plane defined
by arbitrary orthonormal vectors Wu & Wv where

Wu = (kux, kuy, kuz) (1)
Wv = (kvx, kvy, kvz) (2)

This plane P (ku, kv) represents the projection-slice of the

volume in the Fourier domain where

P (ku, kv) = Vk(kuxku+kvxkv, kuyku+kvykv, kuzku+kvzkv)
(3)

The projection of the volume p(u, v) is obtained by
evaluating the two-dimensional inverse Fourier transform of
P (ku, kv) where

p(u, v) =

∫ ∞
−∞

∫ ∞
−∞

P (ku, kv) exp
2πi(uku+vkv) dkudkv (4)

An extensive review of the theory behind FVR can be found
in [5], [6], [7].

IV. RENDERING ALGORITHM & IMPLEMENTATION

A. Algorithm

The FVR pipeline consists of two basic sequential stages: a
pre-processing stage and a rendering loop. The pre-processing
stage is concerned with loading the spatial volume data to
compute its spectral representation and center it at the origin of
the k-space to be ready for slicing. However having complexity
of O(N3logN ), this stage is executed only once and thus it
does not affect the performance of the rendering loop. The
rendering loop is executed per-frame, where the projection-
slice is extracted, resampled, and finally back-transformed
prior to displaying the calculated projection.

B. Pipeline Implementation

The rendering pipeline is illustrated in Figure 2. The core
of the pipeline operates on a volume with unified dimensions,
i.e. NX = NY = NZ = N . However, the pipeline is capable
of rendering non-unified volumes and thus, the first stage of
the pipeline unifies the dimensions of the spatial volume and
centers it at the origin. The volume generated from this stage is
safe to propagate through the following stages of the pipeline.
A wrapping-around operation is then performed on the spatial
volume to prepare it for the Fast Fourier Transform (FFT)
operation, which is executed to compute the spectral represen-
tation of the volume. Another wrapping-around operation is
performed on the spectral volume to center its DC component
at the origin of the k-space. A projection slice is then extracted
from the spectrum at certain angle specified by user. This
stage is followed by an optional resampling stage to reduce
the aliasing and ghosting artifacts from the final projection.
The interpolated slice is then back-transformed by inverse two-
dimensional FFT operation, and the resulting projection image
is wrapped-around to set its origin at the center of the image.
Finally, the projection image is displayed according to a pre-
defined color map adjusted by the user to fit for the purpose
of the rendering.

C. MATLAB Implementation Considerations

There are some considerations for implementing the
rendering algorithm in MATLAB. First of all, the three-
dimensional FFT transform is performed relying on the sepa-
rability property of FFT, i.e. one-dimensional FFT is applied
three times in each dimension of the volume consequently.
Moreover, and compared to using a graphics API, there is
no straightforward way for direct extraction of the complex
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Fig. 2: The FVR pipeline.
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Fig. 3: Graphical representation for the projection-slice extrac-
tion stage in the rendering pipeline.

projection-slice from the three-dimensional spectrum [9]. Our
implementation has considered separating the complex com-
ponents of the spectral volume into two independent ones. The
slice extraction module is applied twice on every component.
This module uses the slice function to display an orthogonal
slice planes through the volumetric data [10]. Fortunately, this
function provides the capability of specifying different inter-
polation mechanisms to ensure reducing the aliasing artifacts
of the final projection maximally. The projection slice axis
alignment through the volume is defined by the surf function.
The block diagram in Figure 3 illustrates how the projection-
slice is extracted from the spectral volume.

V. RESULTS & DISCUSSION

The reconstruction results of the rendering pipeline were
tested using the Visible Human Male data set (2563) avail-
able online at [11]. Figure 4 shows different projections of
the volume at various directions. In Figure 5, the effects
of applying different interpolation schemes (nearest-neighbor,
linear and cubic) on the extracted projection slice. These filters

are inherently supported by the slice function. However, the
pipeline can be easily extended to add other user-defined
reconstruction filters such as windowed-sinc filters.

(a) (b)

(c) (d)

Fig. 4: Reconstruction results of the Visible Human Male data
set for (a) axial, (b) sagittal, (c) coronal and (d) 45◦ oblique
projections.

A. User Interface

A simple user interface has been designed to facilitate the
user interactivity with the core of the rendering pipeline. This
interface contains active sliders for controlling the rotation
parameters, selecting filtration schemes, color maps and dis-
playing the final reconstructions upon user interaction. This
user interface is shown in Figure 6.

B. Pipeline Profiling

Although the objective of this presented work is to establish
the rendering framework regardless its initial performance, the
profiling results of the rendering pipeline are briefly reported
so as to be considered for optimization in our future work.
The pipeline was benchmarked with the profile MATLAB
utility. Table I shows the pipeline benchmarks for multiple
data sets having 643, 1283 and 2563 voxels. Unfortunately,
the resolution of this timer is limited to milli-second range.
In turn, all the functions that run in less than a milli-second
are reported to execute in one milli-second. This limitation is
apparent in the profiling reports of the two-dimensional FFT-
Shift functions. It is also clear from the profiling results that the
spectrum slicing stage consumes most of the execution time
of the rendering loop and the entire pipeline. This is obviously
expected because the implementation is single-threaded. Nor-
mally, this stage requires multi-threaded implementation owing
to its parallel nature and this the advantage of using a hardware
accelerated rendering pipeline for improving the performance
of such complex operations.
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(a) (b) (c)

Fig. 5: The effects of applying different interpolation schemes on the extracted projection-slice from the spectral volume. The
implementation of the slice function intrinsically supports nearest-neighbor (a), tri-linear (b) and cubic (c) resampling filters.

Fig. 6: Interactive FVR user interface showing a sagittal
reconstruction for the Visible Male data set with an inverted
color scheme.

TABLE I: PIPELINE BANCHMARKING RESULTS IN SECONDS.

Operation 643 1283 2563

Spatial 3D FFT-Shift 0.001 0.007 0.049

3D FFT 0.002 0.022 0.211

Spectral 3D FFT-Shift 0.002 0.012 0.103

Slicing 0.316 0.456 1.749

2D FFT 0.002 0.002 0.002

Spatial 2D FFT-Shift 0.001 0.001 0.001

VI. CONCLUSION & FUTURE WORK

A MATLAB-based Fourier Volume Rendering framework
has been presented. This framework abstracts the implemen-
tation details and provides a flexible way to the scientists for
developing and testing their different algorithms to improve
the reconstruction quality of the generated digital radiographs.
The presented pipeline can be also optimized by exploiting the
Parallel Computing Toolbox of MATLAB. This would improve
the reconstruction time at least an order of magnitude if the

underlying architecture of the running platform is provided
with a multi-core CPU or a programmable GPU based on the
work proposed in [12], [13] and [14]. Higher order interpo-
lation filters can be investigated as well to maximally reduce
the ghosting artifacts and the replicas in the spatial domain.
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