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Abstract— In this study, the parallel hole (PH) and the rotating
slat (RS) collimators were compared based on a planar contrast
phantom. Three figures of merit (FOMs) were applied for the
comparison: the contrast-to-noise ratio (CNR) in a pixel of
interest, the CNR in a region of interest, and the signal-to-noise
ratio (SNR) of a channelized Hotelling observer (CHO). For the
comparison purpose, all the FOMs were calculated analytically
using an efficient approximation method.

The comparison was mainly performed for planar imaging. The
main results are: (1) By doing iterative reconstructions, it was
verified that the analytical method can give accurate predictions
for the proposed FOMs. (2) The gains (RS over PH) in all FOMs
show the same tendencies in the system comparison. (3) PH only
outperforms RS for cold spot imaging with a large phantom, while
RS is better for all the other cases. (4) For system optimization, the
optimal collimator apertures depend on the FOM to be optimized,
however the ratio of the apertures (PH/RS) is always around

√
2,

a value that we derived analytically in our previous work.

I. INTRODUCTION

One of the factors limiting the image quality in single photon
emission computed tomography (SPECT) imaging is the trade-
off between the spatial resolution and the geometric efficiency.
For example, a conventional parallel hole (PH) collimator,
which consists of a two-dimensional array of long narrow high-
attenuating holes, only detects photons whose trajectories are
almost parallel to these holes. Making these holes smaller will
improve the spatial resolution, but at the same time decrease
the geometrical efficiency significantly. For a reasonable spatial
resolution, the geometric efficiency of a PH collimator is always
very low. By contrast, a rotating slat (RS) collimator consists
of a series of long thin septa which are positioned parallel
with each other and perpendicular to the detector surface. This
configuration allows in-plane photons collection, therefore a
RS collimator can achieve a much higher geometric efficiency
without any resolution loss. However, in order to interpret the
plane integral data acquired by RS, even for planar imaging, an
extra reconstruction step is needed, resulting in increased noise
propagation.

It is not obvious whether or not a higher geometric efficiency
obtained by the RS collimator will lead to improved image
quality. In our previous work [1], the PH and the RS collimation
systems were compared by investigating the contrast-to-noise
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ratio (CNR) of the central point of a homogeneous phantom us-
ing two analytical methods. However, SPECT imaging analysis
often involves the investigation of a region of interest (ROI) or
the detection of a hot/cold lesion. Therefore, in this study, we
extended one of our analytical methods to evaluate the CNR in a
ROI as well as the system performance in a lesion detectability
task. Using different figures of merit (FOMs), the performance
of PH and RS systems was compared at a fixed target resolution
based on a contrast phantom.

II. METHOD

A. Theory

The analytical method that we used was first proposed by [2],
[3] for converged maximum-a-posteriori (MAP) reconstruction.
In our group it was adapted for post-smoothed maximum
likelihood expectation maximization (MLEM) with a desired
target resolution [4]. For a certain pixel j in the reconstruction
image Λ, we define a set of filters:

Qj
L = P jGjF j (1)

Qj
C = P jGjF jGjT P j (2)

All the matrice are in RN×N , with N the number of pixels
in the reconstruction image. F j is the approximated Fisher
information matrix, Gj is the approximated pseudoinverse of
F j , P j is an isotropic Gaussian post-smooth filter that tries
to impose the given target resolution, and T denotes transpose.
All factors are j-dependent due to the assumption of local shift-
invariance [4].

For the chosen pixel j, the linearized local impulse response
(LLIR) lpix and the covariance image Covpix can be approxi-
mated as:

lpix(Λ) ≈ Qj
Lej (3)

Covpix(Λ) ≈ Qj
Cej (4)

with ej the j-th unit vector. The j-th elements of lpix(Λ) and
Covpix(Λ) are the contrast recovery coefficient (CRC) and the
variance (VAR) in pixel j:

CRCpix ≈ ejT Qj
Lej (5)

VARpix ≈ ejT Qj
Cej (6)



For a small uniform ROI centered at pixel j, we can write
the vector of the ROI as:

Rj(i) =
{

0 if i /∈ ROI,
1 if i ∈ ROI (7)

with i the pixel index in the image space. The CRC and the
variance of the mean value of this ROI are written as:

CRCROI ≈ 1
NR

RjT Qj
LRj (8)

VARROI ≈ 1
N2

R

RjT Qj
CRj (9)

with NR the total number of pixels in the ROI.
The CNR in a pixel or a ROI is defined as:

CNRpix = CRCpix/
√

VARpix (10)

CNRROI = CRCROI/
√

VARROI (11)

For the lesion detectability, we used the signal-to-noise ratio
(SNR) of a channelized Hotelling observer (CHO) as a figure
of merit. SNRCHO can be written as:

SNRCHO =
√

zT UT K−1Uz (12)

with z the ensemble mean difference of a reconstruction with
and without the lesion, U the frequency-selective channels that
mimic the human visual system, and K the covariance matrix
of the channel output. For small lesions, we assumed that the
presence of the lesion has negligible effect on the data. For a
lesion located near pixel j, the approximations for z and K
can be derived based on [4]–[7]:

z ≈ Qj
Lf̄l (13)

K ≈ UQj
CUT (14)

with f̄l the expectation of the lesion profile.
We compared the PH and the RS collimation systems by

calculating the gain (RS over PH) in all three figures of merit
(CNRpix, CNRROI and SNRCHO):

Gainpix = CNRRS
pix/CNRPH

pix (15)

GainROI = CNRRS
ROI/CNRPH

ROI (16)
GainCHO = SNRRS

CHO/SNRPH
CHO (17)

With the definitions above, the tendencies of these gains as a
function of different phantom parameters were investigated.

B. Validation

The analytical approximations in II-A (Eqs. (3)-(9), (13),
(14)) can be validated by doing post-smoothed MLEM re-
constructions. Given a certain pixel j, CRCpix, CRCROI and
z can be estimated from the reconstructions of the noiseless
projection data of the phantom with and without an impulse, a
ROI or a lesion located/centered at j. VARpix, VARROI and K
can be calculated from the reconstructions of a large number
of noisy projection data sets.

Since the approximations of CNRpix were already validated
in [4], in this work we only verified for CNRROI and SNRCHO.

100 noise realizations were simulated. The values of CNRROI

and SNRCHO calculated from the reconstructions were used as
the reference values and compared with the values yielded by
the analytical method.

C. Optimal Aperture

In [1], it was found that CNRpix is influenced by the
collimator aperture, and this influence differs from collimator
to collimator. For a given target resolution and a certain
collimator type, there exists an optimal collimator aperture
which yields the maximal CNRpix in the investigated pixel.
In the framework of [1], we have only derived the optimal
PH/RS aperture for CNRpix as a function of the target reso-
lution. However, different FOMs might yield different optimal
collimator apertures. Therefore, following the same method as
in [1], we calculated and compared the optimal PH/RS apertures
which were optimized for CNRpix, CNRROI and SNRCHO,
respectively.

D. Parameter Setting

The comparison between the PH and the RS collimator
was mainly performed for planar imaging. For this purpose, a
128x128 detector array with detector size of 1.8x1.8mm2 was
modeled for both PH and RS. The image space was 128x128
with square pixels of 1.8mm. For RS there were 100 extra spin-
ning angles equally distributed over 180 degrees. The distance
between the phantom and the detector was 100mm. The full
width at half maximum (FWHM) of the target resolution was
fixed to 4 pixels. The septa heights of PH and RS collimator
were optimized for CNRpix at the given target resolution [1],
resulting in 35.3mm and 50mm, respectively. The acquisition
time was the same for both systems.

A planar contrast phantom is shown in Fig.1(a). The phan-
tom consisted of an ellipse and two circles, representing the
background (λb), the hot organ (λh) and the cold organ (λc),
respectively. The ratio of the activity λh:λb:λc was 8:2:1, with
λb=106 photons emitted per pixel in the total acquisition time.
The pixels of interest were the central points of the two organs.
Both the ROIs and the lesions were circular and located at the
center of the organs. The ROIs had a diameter of 8 pixels and
had the same activity as the organ, while the lesions had a
diameter of 2 pixels and the lesion-to-organ contrast was 2.

For the calculation of SNRCHO, we used a difference-of-
Gaussians (DOG) model with 3 channels as the observer model.
The channels were defined as the differences of pairs of a set
of four 2-dimensional Gaussians. These Gaussians were with
means of 0 and standard deviations of (2d

√
π)−1 where d =

0.573, 0.995, 1.592 and 2.653. These parameters were the same
as in [8].

III. RESULT

A. Comparison of PH and RS

Using the phantom of Fig. 1(a), we calculated the gains in
all three FOMs with various phantom settings. In each setting,



Fig. 1. (a) Contrast phantom. The ratio of activity λh : λb : λc = 8:2:1. In the total acquisition time, λb = 106 photons emitted/pixel. (b)-(d) Gains (RS/PH)
as a function of (b) phantom size, (c) organ contrast, (d) organ size.

we only changed one phantom parameter, and fixed all the
other parameters to those indicated in Fig. 1(a). The comparison
results are shown in Fig. 1(b)-(d), where the gains in CNRpix,
CNRROI and SNRCHO are represented by the symbol of square,
triangle and diamond, respectively.

1) Phantom Size: The phantom size was globally scaled by
a factor of 0.3, 0.6, 0.9 and 1.2. Fig.1(b) shows the results in
the cold organ. All the gains decrease with increasing phantom
size.

2) Organ Contrast: In this setting, the contrast of the hot
organ, i.e., λh/λb varies from 1/16 to 16. As shown in Fig.1(c),
all the gains go up with increasing organ contrast. PH has better
performance than RS in low contrast (cold) cases.

3) Organ Size: The sizes of both organs were simultane-
ously scaled by a factor of 0.4, 0.6, 0.8 and 1.0. Fig.1(d) shows
that the all gains decrease with increasing organ size for the
hot organ, while it is the opposite for the cold organ. Overall,
RS is better in hot spot imaging (gains > 1) and PH has benefit
in cold spot imaging (gains < 1).

B. Validation for CNRROI and SNRCHO

The validation for CNRROI and SNRCHO was done for
each data point in III-A. The results are shown in Fig.2. The
asterisk and triangle represent PH and RS, respectively. The
approximated CNRROI (Fig.2(a)) and SNRCHO (Fig.2(b)) are
in good agreement with their corresponding reference values.

C. Optimal Aperture

Fig.3 gives the results about the optimal aperture. Here we
still use the symbol of square/triangle/diamond to represent
CNRpix/CNRROI/SNRCHO. The solid and dashed lines indicate
PH and RS, respectively. As shown in Fig.3(a), each FOM
yields its own optimal aperture sets. Although the optimal
apertures are different for different FOM, the ratio of the
optimal apertures (PH/RS) is always close to

√
2 (Fig.3(b)),

a factor that we derived analytically in [1].

Fig. 2. The validation result of (a) CNRROI, (b) SNRCHO. The dashed lines
indicate the perfect agreement.

Fig. 3. (a) Optimal collimator apertures as function of the target resolution.
(b) Ratio of the optimal aperture. The dashed line represents the value of

√
2.

IV. DISCUSSION

In this work, the PH and the RS collimation systems were
compared using three different FOMs (CNRpix, CNRROI and
SNRCHO). In order to perform an efficient comparison, all the



FOMs were estimated by an adapted analytical method which
predicts the image quality for the post-smoothed MLEM re-
construction. The validation results show that this method gives
very accurate predictions for the purposed FOMs, therefore we
trust this method and use it for the further investigation.

As shown in Fig.1, all these three FOMs give the same
tendency in the system comparison. It means that when the
phantom parameter varies, the relative performance of the
two systems will be influenced in the same way for different
imaging task, i.e., if one system is superior to the other system
for the noise property in a ROI, probably it will also win in
the aspect of lesion detectability.

Due to the increased noise propagation, RS always needs
more post-smoothing than PH. Therefore, for a matched spatial
resolution, the collimator aperture of RS should be smaller
than that of PH. In our previous work [1], we found that the
ratio of the collimator aperture (PH over RS) should be

√
2

when CNRpix is used as the FOM. Interestingly, as shown in
Fig. 3, this rule remains valid for CNRROI and SNRCHO as
well. Based on this founding, we propose to compare PH and
RS with their collimator aperture ratio equal to

√
2, no matter

which figure of merit is under investigation.
The collimator apertures used in III-A were only optimized

for CNRpix. However, as long as the ratio of the apertures
is close to

√
2, similar comparison results (as those shown in

Fig. 1) will be obtained.
Based on the comparison results in Fig. 1, we can conclude

that PH only wins for cold spot imaging combined with large
background, while RS has better performance in all the other
cases. Our conclusions are in good agreement with [9]. The
difference between this work and [9] is that: 1) The two colli-
mation systems were compared at equal spatial resolution in the
final reconstruction. 2) The concept of the optimal aperture was
applied. 3) Three different FOMs were estimated, representing
the measurement for different investigation purposes.

Although this work is mainly focused on planar imaging, a
preliminary experiment on volume imaging yields very similar
results. Details are still under investigation.

V. CONCLUSION

We applied three FOMs (CNRpix, CNRROI and SNRCHO)
to compare the PH and the RS collimation based on a planar
contrast phantom. The gains of all FOMs show the same
tendencies in the system comparison. PH only outperforms RS
for cold spot imaging with a large phantom, while RS is better
for all the other cases. For system optimization, the optimal
collimator apertures depend on the FOM to be optimized,
however the ratio of the optimal aperture (PH/RS) is always
around

√
2, a factor that we derived analytically in [1].
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