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Abstract. Volume-of-interest (VOI) imaging is a strategy in computed tomography (CT) that restricts x-ray flu-
ence to particular anatomical targets via dynamic beam modulation. This permits dose reduction while retaining
image quality within the VOI. VOI-CT implementation has been challenged, in part, by a lack of hardware sol-
utions for tailoring the incident fluence to the patient and anatomical site, as well as difficulties involving interior
tomography reconstruction of truncated projection data. We propose a general VOI-CT imaging framework using
multiple aperture devices (MADs), an emerging beam filtration scheme based on two binary x-ray filters.
Location of the VOI is prescribed using two scout views at anterior–posterior (AP) and lateral perspectives.
Based on a calibration of achievable fluence field patterns, MAD motion trajectories were designed using an
optimization objective that seeks to maximize the relative fluence in the VOI subject to minimum fluence con-
straints. A modified penalized-likelihood method is developed for reconstruction of heavily truncated data using
the full-field scout views to help solve the interior tomography problem. Physical experiments were conducted to
show the feasibility of noncentered and elliptical VOI in two applications—spine and lung imaging. Improved
dose utilization and retained image quality are validated with respect to standard full-field protocols. We observe
that the contrast-to-noise ratio (CNR) is 40% higher compared with low-dose full-field scans at the same dose.
The total dose reduction is 50% for equivalent image quality (CNR) within the VOI. © 2019 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.6.3.033504]
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1 Introduction
Computed tomography (CT) has found wide applications in dis-
ease diagnosis, monitoring,1,2 interventional guidance,3,4 and
radiotherapy guidance.5–7 There has been increasing concern
about cumulative dose to patient populations as well as dose to
single patients over longitudinal studies. Such concerns have
encouraged investigations of protocols and strategies for dose
reduction. Because interior volume-of-interest (VOI) imaging
utilizes a relatively narrow area of x-ray coverage compared
with traditional full field-of-view (FOV) CT, there is great
potential for dose reduction.8 Such VOI-CT has been proposed
for single organ/tissue studies, e.g., cardiac imaging,9,10 as
well as in follow-up studies for specific prescribed locations,
e.g., in interventional monitoring11 or in image-guided
radiotherapy.12,13 Despite the promise of VOI imaging for vari-
ous clinical applications, a main challenge in VOI imaging is
appropriate hardware to reduce or block fluence outside the
VOI. Clinical CT systems generally employ a static bowtie filter
that cannot efficiently tailor the incident fluence for specific
tasks, especially for noncentered targets. Chityala et al.14 imple-
mented a VOI-imaging system using a static regional filter to
decrease the fluence outside the VOI permitting a regional scan
with a fixed, centered, and cylindrical VOI. Other studies took
advantage of the orbital flexibility of C-arm systems to find
a C-arm trajectory enabling noncentered cylindrical VOI.15,16

For more general noncentered, noncircular VOIs, a more

flexible fluence field modulation that can translate the fluence
position and modulate the beamwidth is required. Various meth-
ods have been proposed including split bowtie filters and
dynamic collimators.17,18 In this work, we investigate the use
of multiple aperture devices (MADs) that have been previously
investigated for x-ray beam shaping as a dynamic bowtie filter.19

MADs [Fig. 1(a)] are (dual) sequential binary filters that pro-
vide a new strategy for dynamic fluence field modulation in a
compact design since the filters can be made very thin from an
appropriate high-density material (e.g., tungsten). Specifically,
each filter is made of slit-shaped apertures with a periodic gra-
ting-like structure. In each MAD pitch length (one period), x-ray
photons are either blocked by the structure or passed through the
slit unattenuated controlling the local fluence. The varying
widths of blockers determine the overall transmission within
each pitch. The MAD pitch can be designed to be sufficiently
small so that the extended x-ray focal spot blurs the binary pat-
tern to achieve relatively smooth fluence profiles. Moreover,
since the filter is essentially binary, there is also minimal change
to the beam spectrum. Dynamic modulation is achieved through
motion of the MADs. Two linear actuators translate each MAD
separately. Absolute translation of both MADs as a whole shifts
the fluence pattern in the lateral direction, whereas relative trans-
lations between the two filters modulate the fluence distribution,
e.g., changing the width of the filtered x-ray beam as shown in
Fig. 1(b). In essence, the effective local transmission is the com-
position of the effects of the two filters and increasing local
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overlap of the blockers will reduce transmission. The local spac-
ing and slit widths can be designed to admit a range of fluence
patterns with smooth transitions. Such filtration has provided
adequate flexibility for fluence modulation for noncircular19 and
off-centered20 object imaging. In this work, we seek to apply this
filtration scheme for VOI imaging.

The three aforementioned general VOI techniques (split fil-
ters, dynamic collimation, and MAD filters) each have a differ-
ent set of advantages and disadvantages. For example, split
bowtie filters are capable of smooth modulation within and at
the edges of the FOV allowing for control of fluence within the
patient and avoiding hard truncation and an interior tomography
type reconstruction problem. In contrast, dynamic collimation
tends to have a step-like beam at the edge of the FOV with
potential reconstruction issues due to the hard truncation.
Dynamic collimation has a potential advantage in that the beam
blockers can be made very thin with a high-density material,
whereas most bowties use a thicker lower density material,
which leads to a potentially less compact design. The MAD fil-
tering approaches provide an alternative set of trade-offs with a
thin design and the potential to shape the beam within the FOV.
The MAD filters studied in this work exhibit near complete
blockage of fluence at the edges of the FOV but with a smooth
transition (though future designs may eliminate such trunca-
tion). We do not explicitly compare these various approaches
in this work. Instead we provide an initial investigation demon-
strating the feasibility of MAD-based VOI imaging.

In addition to hardware challenges, reconstruction in interior
tomography demands special attention. Extrapolation21–23 is
widely used when truncation in projection data occurs to alle-
viate artifacts at the edge of FOV. However, extrapolation
cannot generally provide an exact solution and is likely to suf-
fer significant artifacts in cases with severe truncation. For
cases where limited x-ray fluence is permitted outside the VOI,
statistical reconstruction may be applied.14,16 Differentiated

backprojection methods have been developed that exactly
reconstruct the VOI along with the addition of a priori
knowledge.12,24–29

In this study, we propose a workflow for VOI imaging
using MAD-based fluence field modulation as summarized in
Fig. 2. Two full-field scout views are acquired at anterior–pos-
terior (AP) and lateral perspectives to determine the VOI.
Trajectories of MADs are designed to maximize the ratio of
exposure through the VOI. A model-based iterative reconstruc-
tion algorithm is designed for fully truncated projections but
uses the AP and lateral scout views to augment the data.
Scatter correction is designed to equalize the CT measurements
between the full-field and VOI projection data. Physical experi-
ments were conducted to validate MAD-based VOI-CT feasibil-
ity for spine and single lung imaging applications using two
anthropomorphic phantoms. Image quality and dose were com-
pared with standard full-field scans.

2 Methods and Materials

2.1 Filter Trajectory Design for VOI Fluence Field
Modulation

MADs provide a large range of fluence patterns as a function of
absolute and relative displacement. To design a dynamic fluence

Fig. 1 (a) Optical (backlit) photos of tungsten MADs featuring spatial modulation of light. Filter thickness:
2 mm; MAD pitch size: 0.9 mm. (b) Measured fluence patterns achieved by dual-MAD filtration for three
different absolute translations of both MADs (0, 15, and 30 mm from center). Each subfigure shows the
lateral beam profile (rows) as a function of the relative displacement between MADs at 20 discrete
locations within an MAD pitch. Absolute motion shifts the center of the beam profile while relative
MAD motion changes the beam shape, e.g., from a narrow to a wide beam. Note narrowing of the
x-ray beam with absolute motion due to obliquity effects.

Fig. 2 MAD-based VOI imaging framework.
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field modulation scheme for a specific VOI task, one must iden-
tify the position and size of the VOI, find the range of projection
data required to cover the VOI, and find the optimal MAD tra-
jectories that induce fluence patterns that illuminate the detector
accordingly (Fig. 3).

In this work, we focus on VOIs of a general elliptical cylin-
drical shape, i.e., VOIs that are elliptical (or circular) in axial
cross section for all slices. Two scout scans that cover the whole
support at AP and lateral views are acquired to permit localiza-
tion of the VOI with respect to patient anatomy. Specifically, we
estimate the central position and width of the ellipse in trans-
verse plane that circumscribes the VOI. Mathematically, we
define the VOI with a two-dimensioanl (2-D) binary mask,
mVOI, that has value 1 within the ellipse and 0 outside. The for-
ward projection of the binary image mask in a fan-beam system
(central slice of cone-beam system) is calculated for each pro-
jection view θ,

EQ-TARGET;temp:intralink-;e001;63;565gθðuÞ ¼ 1fAðθÞmVOI > 0g; (1)

where AðθÞ is the system matrix that projects a 2-D (central)
axial image to a one-dimensional projection profile at angle
θ and u denotes the horizontal detector index. The logical oper-
ator, 1f·g, returns 1 if the input statement is true such that gθðuÞ
has value 1 where the VOI mask projection is nonzero. The set
of masks gθðuÞ over all θ represents the projection support
required for obtaining the desired VOI. We denote the set of
VOI mask projection indices at projection θ as uVOIðθÞ. The
beam width wVOIðθÞ and center column index ucenterVOI ðθÞ at pro-
jection θ are calculated as follows:

EQ-TARGET;temp:intralink-;e002;63;424wVOIðθÞ ¼
X

u

gðu; θÞ; ucenterVOI ðθÞ ¼
P

u∈uVOIu

wVOIðθÞ
: (2)

Fluence field design for VOI imaging using MAD-based
dynamic filtration follows two goals: (1) seek maximum (rela-
tive) exposures within the VOI region while limiting exposure
outside the VOI and (2) constrain minimum fluence within VOI
projections to be higher than a threshold fmin (i.e., to maintain
data fidelity at the edge of the VOI). A calibration of all possible
MAD-based fluence patterns is acquired through an exhaustive
sweep of absolute and relative MAD translations to form a look-

up table relating MAD positions and corresponding fluence pat-
terns. We denote fðu; t0; t1Þ as the lateral transmissivity profile
of the dual-MAD filters with individual MAD0 and MAD1 filter
positions labeled t0 and ðt1 þ t0Þ, respectively. Note that t1 rep-
resents a shift of MAD1 relative to MAD0. Due to the periodic
nature of MAD structure, the modulated fluence patterns change
periodically over relative displacement approximately equal to
the pitch of the MADs. For simplicity, only one period is mea-
sured in the calibration process.

A coarse optimization of MAD positions for each view by
simply matching center position and fluence width to find
approximate fits. From the fluence modulation calibration
fðu; t0; t1Þ, we may write

EQ-TARGET;temp:intralink-;e003;326;609wMADðt0; t1Þ ¼
X

u

1ffðu; t0; t1Þ > fming; (3)

EQ-TARGET;temp:intralink-;e004;326;556ucenterMAD ðt0; t1Þ ¼
Pfujfðu; t0; t1Þ > fming

wMADðt0; t1Þ
; (4)

where fmin denotes the minimum required transmissivity. While
one could potentially use these metrics directly in the optimiza-
tion, such fitting discounts the particular shape of the beam pro-
file. However, these metrics do provide a good guide for
candidate positions. For example, for each projection, a set
of actuations ðt0; t1Þ “close” to these candidate positions may
be specified where the filtered fluence approximately matches
center and width:

EQ-TARGET;temp:intralink-;e005;326;445

T̃ θ ¼ fðt0; t1ÞkucenterMAD ðt0; t1Þ − ucenterVOI ðθÞj < ucenterth g
∩ fðt0; t1gjWMADðt0; t1Þ > wVOIðθÞg: (5)

where ucenterth is a threshold to constrain filtration center deviation
from the desired center. We may then constrain our optimization
to solutions close to this coarse optimization improving robust-
ness of design. In our physical experiments, we select
fmin ¼ 0.1 and ucenterth ¼ 10 pixels empirically.

In particular, we pose the optimization problem as

EQ-TARGET;temp:intralink-;e006;326;328ðt̂0; t̂1ÞðθÞ ¼ arg max
ðt0;t1Þ∈T θ

P
u∈fuVOIgðθÞfðu; t0; t1ÞP

u
fðu; t0; t1Þ

; (6)

EQ-TARGET;temp:intralink-;e007;326;263T θ ¼ fðt0; t1Þj min
u∈fuVOIgðθÞ

fðu; t0; t1Þ > fming ∩ T̃ θ: (7)

where Eq. (6) seeks a solution with the greatest ratio of fluence
inside the projected VOI to the total fluence. The solution is con-
strained to the set of fluence patterns with at least a specific level
(fmin) inside the projected VOI and also within the coarse con-
straints [Eq. (5)]. This optimization problem is solved via
exhaustive evaluation of all candidates selected through the
coarse optimization.

Since the measured transmissivity profiles are noisy and con-
tain the slit patterns from the MADs, there is potential to find
nonsmooth trajectories. To eliminate such solutions and to
obtain a smooth trajectory design, we follow the initial optimi-
zation with a sinusoidal fitting of the MAD0 trajectory t̃0ðθÞ,
which is then fixed and used as an input to a second pass opti-
mization of MAD1 trajectory t̃1ðθÞ alone, using the same objec-
tive function above.Fig. 3 MAD-based VOI imaging diagram and notations.
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2.2 Reconstruction of Truncated Data

As discussed in previous work,19 reconstruction of MAD-modu-
lated data requires appropriate gain correction methods to
account for a number of effects, including initial incident flu-
ence, detector sensitivity, focal-spot variations, and spectral
effects. This preprocessed data are used as an input to a modified
reconstruction pipeline.

The MAD settings designed for VOI-CT effectively block
most of the fluence outside the VOI. Such lateral projections
have very low data fidelity, which results in severely truncated
data. To obtain accurate reconstruction within the VOI, addi-
tional prior knowledge of the entire support is needed.27,28

Reshef et al.30 proved that exact interior VOI reconstruction
is achievable with the addition of untruncated projections. In this
work, we adapt a penalized-likelihood (PL) method that recon-
structs the interior VOI using MAD-VOI data along with sup-
plementary untruncated scout views obtained as part of the
workflow of VOI identification.

2.2.1 Scatter correction

X-ray scatter is dependent on many factors including patient
anatomy and x-ray protocol. Scatter by the MADs themselves
is expected to be low and highly smoothed due to the large dis-
tance between the MADs and the detector as well as the extended
focal spot. (Thus, we do not model or correct scatter from the
filters.) However, the spatial fluence modulation (e.g., varying
beam width) can change the scatter due to the patient more sig-
nificantly. Similarly, the scatter fraction varies between the trun-
cated data and the untruncated scout views. While perfect scatter
correction is desired, practical scatter correction often leaves
residual scatter in the data. This effect is often minor; however,
scatter differences between the truncated and untruncated data
result in mismatched CTmeasurements between scans. Such mis-
matches can result in artifacts including DC offsets within the
VOI and truncation-like artifacts at the edge of the VOI. In this
work, we implemented a scatter correction method based on ana-
lytical models of the MAD acquisition with particular attention to
equalization of scatter in the matched AP and lateral views of the
truncated and untruncated projections.

We presume that the untruncated AP and lateral projections
have a standard scatter correction method applied. Various
approaches exist, but in this work, we presume an “oracle” best
constant scatter value is subtracted from each of these two
views.31 It remains to develop a strategy for scatter estimation
in the truncated data.

In the gain-corrected MAD projection data, the additive scat-
ter distribution, denoted with Sðu; θÞ, is related to both the abso-
lute fluence behind the phantom and the MAD transmissivity
profile (e.g., a wider beam has a different profile than a narrow
beam). We observe in Monte-Carlo simulation on anthropomor-
phic phantoms that the scatter distribution in beam-modulated
scans is roughly matched with a scaled square-root MAD trans-
missivity profile. (This is an empirical fit that may only be appli-
cable to objects with similar size and shape.) In gain-corrected
projection data, the scatter distribution is therefore proportional
with an inverse square-root MAD transmissivity profile.

EQ-TARGET;temp:intralink-;e008;63;122Sðu; θÞ ¼ S0ðθÞfðu; t̃0ðθÞ; t̃1ðθÞÞ−1
2; u ∈ uVOI (8)

In the scatter model, S0ðθÞ represents the constant used in
full-field data scatter correction where fðuÞ ¼ 1. Such scatter

ratios in a bare-beam scan are modulated by the phantom and
approximately linear with the minimum transmissivity behind
the phantom.

To integrate the scatter-corrected scout views into the sub-
sequent reconstruction, one must match the MAD projection
data with the scout views. The scatter estimation in the truncated
data is generalized in the following steps.

1. Scatter ratios Ŝ0ðθapÞ and Ŝ0ðθlatÞ are estimated by
minimizing the mean-square error between the scat-
ter-corrected MAD projection data at the correspond-
ing views and the full-view data presuming the linear
relationship in minimum transmissivity.
EQ-TARGET;temp:intralink-;e009;326;608

Ŝ0ðθÞ¼ argmin
S0

X

u∈uVOIðθÞ
k log½yVOIðθÞ−S0fðu;θÞ−1

2�

− log½yfullðθÞ�k2; θ∈fθap;θlatg: (9)

2. To evaluate the scatter distribution in the rest of the
scan where the full-view scan is not collected, the min-
imum projection behind the patient p̂ðθÞ is estimated
with an uniform elliptical scout Ω̂, modeled with axes
lengths, central offset, in-plane rotation, and attenua-
tion coefficient, through matching pursuit in projec-
tions based on the two scout views.
EQ-TARGET;temp:intralink-;e010;326;463

Ω̂ ¼ arg min
Ω

X

θ∈fθap;θlatg
kAðθÞΩ − yðθÞk22;

p̂ðθÞ ¼ min expf−AðθÞΩg: (10)

3. Combining the scatter ratios ½Ŝ0ðθapÞ; Ŝ0ðθlatÞ� and the
estimated minimum projection p̂ðθÞ, scatter ratio
S0ðθÞ for each view is linearly estimated. For an ellip-
tical scout,
EQ-TARGET;temp:intralink-;e011;326;351

S0ðθÞ ¼
p̂ðθÞ − p̂ðθapÞ
p̂ðθlatÞ − p̂ðθapÞ

½Ŝ0ðθlatÞ − Ŝ0ðθapÞ�

þ Ŝ0ðθapÞ: (11)

If the scout estimation is nearly circular [p̂ðθlatÞ ≈
p̂ðθapÞ], S0ðθÞ is estimated with the mean of
Ŝ0ðθapÞ and Ŝ0ðθlatÞ as a constant with respect to view
angle θ.

4. Substituting S0 in Eq. (8), the scatter estimation SðθÞ is
subtracted from the projections frame by frame.

2.2.2 Penalized-likelihood model and reconstruction

Reconstruction requires a forward model for the data. We adopt
the following vectorized model with a uniform (prefiltration)
bare-beam fluence magnitude I0 and a variable gain/transmissiv-
ity of the MADs given by the diagonal matrix DG:

EQ-TARGET;temp:intralink-;e012;326;131ȳðμÞ ¼ I0DG expð−AμÞ; (12)

where A denotes the system matrix and μ represents the entire
three-dimensional (3-D) volume. Note that A specifies the geo-
metric projection of all truncated data views as well as the two
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full-field scout views. Moreover, the diagonal gain term also
accommodates the beam modulation in the AP and lateral views.
Since no MAD filters are used in the scout images, the trans-
missivity term DG is enforced to 1 in the two full-field frames.
For the MAD-filtered projection data, DG is fixed to 0 outside
the VOI. With the gain- and scatter-corrected projection data
(scaled with incident x-ray counts I0DG) and the presumption
of Poisson distributed noise, we can form the following PL
objective function:

EQ-TARGET;temp:intralink-;e013;63;653μ̂ðyÞ ¼ arg min
μ
½−
X

i

ðyi log½ȳðμÞ�i − ½ȳðμÞ�iÞ þ βRðμÞ�

(13)

where μ̂ is the image estimate. The regularization term RðμÞ and
regularization strength β are introduced to control the resolu-
tion-noise trade-off. In this work, we adopt a quadratic penalty
term based on pairwise differences of the six nearest neighbors
in each (3-D) axial direction:

EQ-TARGET;temp:intralink-;e014;63;543RðμÞ ¼
X

j

X

k∈N j

1

2
ðμj − μkÞ2: (14)

The objective function was solved iteratively using the separable
paraboloidal surrogates (SPS) method.32

2.3 Experimental Setup

Physical experiments were conducted on a cone-beam CT
test bench equipped with MAD filters manufactured from
2-mm-thick tungsten plates with a pitch size of 0.9 mm
[Fig. 4(a)]. Two different experiments were conducted using

anthropomorphic phantoms. (1) A spine imaging scenario was
conducted wherein a cylindrical VOI centered on the spine in a
QRM abdomen phantom [Fig. 4(b)] was investigated and (2) a
lung imaging nodule surveillance scenario, e.g., emulating a sin-
gle organ follow-up scan, wherein an elliptical cylindrical VOI
around the left lung in a CIRS Xsight phantom with six subsolid
nodules (Kyoto Kagaku) [Fig. 4(c)] was studied. MAD trajec-
tories were designed based on prescribed VOIs for MAD-VOI
scans for each phantom. For comparison, standard full-view
scans (without beam modulation) were acquired at relatively
high (0.4 mAs∕frame) and low exposure (0.064 mAs∕frame)
settings. The low exposure setting is intended to approximately
match both the incident exposure and deposited dose in the
MAD-VOI protocol. Projection data used 720 frames and
360 frames for the abdomen phantom and the lung phantom,
respectively, with equiangular steps over one full rotation.
The bare-beam fluence, I0, was estimated to be 8.1 × 104 pho-
tons/pixel in the high-dose cases and 1.3 × 104 photons/pixel in
the low-dose cases, and averaged 2.7 × 104 photons/pixel within
the VOI in the MAD scans.

For all the experiments, projections are reconstructed using
PL method. About 300 iterations of the SPS algorithm are used
with 20 subsets for the first 5 iterations, 10 for the following
5, and 1 for the remaining.33 All reconstructions used separable
footprints projectors/backprojectors.34 Avolume of 450 × 650 ×
30, 0.5-mm cubic voxels was used to cover the entire patient
support in reconstruction. Reconstructions were truncated to the
VOI support of 65 × 65 × 30 voxels and 110 × 85 × 30 voxels

in abdomen and lung phantom phantoms, respectively, for
analysis. In all reconstruction, we used a uniform quadratic
roughness penalty with first-order neighborhood and pairwise
voxel differences. Regularization strength, β, was scaled with

Fig. 4 (a) Test bench experiment setup. The source-to-axis distance (SAD) and source-to-detector dis-
tance (SDD) are specified. (b) Abdomen QRM phantom with a noncentered cylindrical VOI. (c) CIRS
Xlight lung phantom with a noncentered elliptic VOI. (VOIs circumscribed by red dashed lines.)
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the (average) fluence I0DG for fair comparison between
protocols, and was 1.0 × 105, 3.0 × 104, and 1.6 × 104 in
full-field high-dose, MAD-VOI, and full-field low-dose cases,
respectively.

Dose distributions were estimated using Monte-Carlo simu-
lation for all protocols.35 The incident fluence in MAD-VOI
scan was estimated with MAD transmissivity profiles scaled
by bare-beam fluence I0. Contrast-to-noise ratios (CNRs) and
accumulative dose were reported for all protocols.

3 Experimental Results

3.1 MAD-VOI Fluence Field Modulation

MAD trajectory design for the spine and lung imaging scenarios
as well as the achieved fluence field modulation are shown
in Fig. 5. The red solid lines show the trajectory of MAD0 trans-
lation, and the blue dashed lines show the displacement of
MAD1 to MAD0 from frame to frame. The highest absolute
translation of MAD0 from the reference point was 26 mm for
spine imaging and 33 mm for lung imaging. Relative displace-
ment between MAD0 and MAD1 was constrained within
�0.4 mm corresponding to a single period of the MAD pitch.
The stepping pattern in MAD1 trajectories results from the
phase wrapping effects, which is more significant in a lung im-
aging case, where the phase shift from view to view is larger for
varying fluence width for an elliptical VOI. The largest absolute
displacement of both MADs between frames was 1 mm—again,
a relatively short actuation distance.

In the spine imaging scenario, the fluence width was approx-
imately constant over all projection angles since the prescribed
VOI was a circular cylinder (though minor magnification and
obliquity effects are present for an off-center VOI). In the lung
imaging case, which has an elliptical axis region of interest, the
fluence width reached the highest at 90 deg and 270 deg views,
where the long-axis of the prescribed elliptical VOI is parallel to
the detector panel. In both cases, since the VOI was off-center,
the beam was sinusoidally shifted in the lateral direction to track
the center of the VOI. The relative displacements between two

MADs components also changed sinusoidally with respect to
projection angle though wrapping is present due to constraint
within one MAD period. We note some nonsmoothness of the
estimated fluence patterns. We conjecture that this is due to
inherent variabilities in the calibration scans and optimizer
selecting particular solutions among fluence patterns of similar
width. This variability is more pronounced for narrow beams
and is more evident in the spine imaging scenario.

3.2 Image Quality Analysis

PL reconstructions of VOIs in full-field high-dose, low-dose,
and MAD-VOI scans are shown in Fig. 6. To minimize the bias
due to residual scatter mismatch and low fluence level, the CT
values were matched between protocols with a linear fit in two
constant regions for a fair comparison. Detailed structures were
well-preserved within the VOI in the proposed protocol, and the
noise was significantly reduced compared with the full-field
low-dose scan that used a similar exposure. The CNRs of each
nodule placed in the lung phantom and the spine phantom were
calculated and summarized in Table 1. The noise is measured
through standard deviation calculation in a flat background
region circumscribed with a red dashed line. The contrast in the
spine phantom is computed using the difference between the
vertebral bone tissue (circumscribed with blue dashed line) and
the interior of the vertebra (circumscribed with red dashed line).
The CNRs in MAD-VOI scans are ∼40% higher compared to
the full-field low-dose scans, except for nodule 5, which was
very close to the boundary of the elliptical VOI. Because the
regularization strength is scaled according to the average
incident photon counts to enforce similar spatial resolution
between reconstructions, the dose is approximately proportional
to the square of noise. To conduct a fair comparison of dose
usage between the full-field and MAD-VOI scans, a noise-
adjusted dose that can achieve the same CNR as the MAD-
VOI scan with the full-field scan is computed as 1.96 times
of the low-dose scan dose. Thus, the overall dose reduction
of the MAD-VOI protocol is ∼50% to achieve the same CNR
within the VOI.

Fig. 5 (a), (c) MAD trajectory designs for round and elliptical VOI imaging. The red solid lines show the
trajectory of MAD0 translation. The blue dashed lines show the displacement of MAD1 to MAD0. (b),
(d) Achieved fluence field modulation. (a), (b) Spine imaging experiment. (c), (d) Single lung imaging
experiment.
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3.3 Dose Calculation

The results of Monte-Carlo estimated dose distributions in full-
field low-dose scans and MAD-VOI scans are shown in Fig. 7.
As expected, we observe that the MAD-VOI scan delivered
more dose to the VOI region, whereas the full-field scan

delivered dose more widely in the phantom, especially near the
edges of the phantoms. Accumulative dose within the VOI, out-
side the VOI, and the total in all protocols are summarized in
Table 2. In the spine imaging case, the total dose in MAD-
VOI scan was 11.9% of the total dose in full-field high-dose
scan and 67.2% of the total dose in low-dose scan. In the lung
scan, the total dose was 18.6% of full-field high-dose scan, and
approximately the same as low-dose scan. The dose within the
VOIs was, on the other hand, higher than in the low-dose pro-
tocols. In Table 1, the CNRs in MAD-VOI scans are ∼40%
higher than in full-field low-dose scan. Because the regulariza-
tion strength is scaled according to the average incident photon
counts to enforce similar spatial resolution between reconstruc-
tions, the dose is approximately proportional to the square of
noise. To conduct a fair comparison of dose usage between the
full-field and MAD-VOI scans, a noise-adjusted dose that can
achieve the same CNR as the MAD-VOI scan with the full-field
scan is computed as 1.96 times of the low-dose scan dose. The
overall dose reduction of MAD-VOI protocol is ∼50% that
retains image quality within the VOI.

4 Discussion
We have proposed a VOI-CT imaging protocol using an MAD
filtration scheme and validated the feasibility with physical
experiments. The protocol includes a general approach for

Fig. 6 Reconstructions with different acquisition protocols. (a), (d) The high-dose full-field reconstruc-
tions. (b), (e) Low-dose full-field. (c), (f) MAD-VOI images. (a)–(c) Spine imaging experiment and
(d)–(f) lung imaging experiment. The attenuation coefficient unit is mm−1.

Table 1 CNR.

Protocol Nodule 1 Nodule 2 Nodule 3 Nodule 4 Nodule 5 Nodule 6 Spine

Full-field high dose 116.5 108.0 40.38 40.55 20.30 21.70 20.30

Full-field low dose 48.67 45.27 16.71 16.59 9.30 9.71 9.10

MAD-VOI 67.96 62.09 24.62 22.87 10.30 12.86 16.38

Fig. 7 Monte-Carlo simulated dose distribution maps in (a), (c) full-
field low-dose scan and (b), (d) MAD-VOI scan. Prescribed VOIs are
circumscribed with blue dashed lines. (a), (b) Spine imaging experi-
ment and (c), (d) lung imaging experiment. The colormap is shown in
log-scale for optimal variation display.
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MAD trajectories for a prescribed VOI and a truncated data
reconstruction method implemented using a PL framework.
Two scout views are required for identifying the VOI, aiding
in scatter correction, and adding a priori knowledge to condition
the reconstruction problem and eliminating interior reconstruc-
tion artifacts. Off-center and elliptical VOIs were realized and
explored in physical experiments. Image quality and radiation
dose are reported and compared with full-field scans without
standard static bowtie filtration or tube-current modulation
design. The approach permits overall reduction of radiation dose
while maintaining image quality within the VOI. Such perfor-
mance suggests potential practical benefits for dose reduction in
scenarios such as disease screening for specific organs or tis-
sues, follow-up examinations, or interventional procedures
where known anatomical targets can be specified a priori.

In this work, we have demonstrated the potential for VOI
imaging with MADs, but we have not made explicit compari-
sons to other VOI methods, such as split bowtie filters and
dynamic collimators. It is important to explore the balance
between various specifications, including speed requirements,
filter thickness, ability to perform beam shaping, and degree
of truncation for practical implementation. The optimality of dif-
ferent approaches is potentially tied to clinical applications and
target anatomies, as well as more general capabilities (e.g., abil-
ity to perform both full-field beam shaping and dynamical filter-
ing as well as VOI imaging). Future studies should also include
comparisons with standard static bowtie systems and current
modulation since these features also have the potential to
improve dose efficiency.

The investigated MAD-VOI approach is flexible for any pre-
scribed single VOI imaging since current MADs were designed
to achieve single peak transmissivity profiles of varying widths.
However, the MADs we used in this work were designed for
dynamic fluence field modulation that flatten the detected signal
behind the AP and lateral views of a uniform acrylic phantom of
the same shape as the QRM phantom. The achievable fluence
modulation patterns are not optimized for VOI imaging task.
Due to the limited maximum transmissivity of the MADs, tube
loading is a practical concern. The MADs used in this work have
a maximum transmission of 50%. More recent designs have
improved this to around 85% using the same fabrication
methods.19 Future versions of MADs can be further improved
for better transmission characteristics. Maximum transmissivity
is determined by the minimum slit width, and investigation of
better fabrication methods would improve tube loading.
Moreover, new MAD designs that are thinner or made from
lower density material could allow a targeted minimum fluence
level at the edges avoiding full data truncation36 and hard data

truncation. Additional investigations may include new MAD
designs that allow multimodal patterns for multiple VOI imag-
ing tasks. The MAD filters in this work were designed for a
relatively small cone-angle. However, it should be possible to
extend the height of the MADs for large cone-angle CBCT.
To do so will require study of the MAD fabrication limits.
Specifically, larger slit and blocker heights will require addi-
tional support structure to avoid flex and breakage of the
MAD structure. Possible solutions include use of interstitial
low-density support materials in the slots and designs with lat-
eral support structures (e.g., two-dimensional designs). Such
engineering challenges would require additional investigation
in future work. Moreover, dose utilization can be further opti-
mized considering noise and dose objectives including organ
sensitivity to radiation.37 Such scenarios are the subject of future
work.
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