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ABSTRACT

The paper investigates the geometric calibration of a rotating gamma camera for pinhole (PH) SPECT
imaging. Most calibration methods previously applied in PH-SPECT assume that the motion of the camera around
the object belongs to a well defined class described by a small number of geometric parameters, for instance seven
parameters for a circular acquisition with a single pinhole camera. The proposed new method refines an initial
parametric calibration by applying to each position of the camera a rigid body transformation that is determined to
improve the fit between the measured and calculated projections of the calibration sources. A stable estimate of this
transformation can be obtained with only three calibration sources by linearizing the equations around the position
estimated by the initial parametric calibration. The performance of the method is illustrated using simulated and
measured micro-SPECT data.

I. INTRODUCTION

This paper describes a new method for the geometric calibration of a rotating gamma camera for
pinhole (PH) SPECT imaging. The method perturbatively refines an initial calibration obtained assuming
an ideal, e.g. circular, motion of the gamma camera, and allows to correct small deviations caused by
the non perfect mechanical stability of the scanner.

Early works on pinhole SPECT for small animal imaging were based on simple calibration methods
which only estimated, often empirically, a few parameters such as the center of rotation, focal length and
radius of rotation [1]—[4]. Such techniques are appropriate for clinical SPECT but the magnifying effect
of pinhole collimation amplifies the degrading effect on the image of tiny deviations of the parameters
from their assumed nominal value. Accurate calibration techniques have since been developed, which
led to the exquisite high resolution images which trigger the growing interest for PH-SPECT. Spatial
resolutions under 2 mm and even sub-millimetric resolutions have been reported by several groups using
different types of single and multiple pinhole collimators [5]-[10] and slit-slat collimators [11]. These
systems provide a spectrum of compromises between resolution, sensitivity and size of the field-of-view;
see [8] and [12] for recent overviews.

The ultimate approach to calibration consists in exhaustively measuring the response of the scanner
to a small radioactive source that is sequentially moved by a robotized system in the center of each
image voxel. Pioneered with the FastSPECT scanner [13], this method guarantees optimal image quality
by integrating the geometric calibration, the modeling of the pinhole collimator, of the resolution and
sensitivity of the detector, and of any other characteristics such a non-linearity of the detector. This gold
standard method is time consuming but can be made more efficient by measuring the system response
for a smaller set of source locations that appropriately sample the field-of-view and by interpolating the
sampled system responses [14], [15]. Even with this improvement this exhaustive calibration method
is chiefly aimed at stationary systems and has limited practicability for micro-SPECT systems based
on large rotating gamma cameras. One benefit of these systems is the possibility to easily modify the
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configuration in function of the object size and shape. This versatility leads to the need for frequent
recalibration, ideally before every measurement and at any rate more often than can realistically be
achieved with an exhaustive calibration.

Therefore, non-stationnary PH-SPECT systems generally separate the system model into two
components: on the one hand a model of the pinhole aperture and camera response, and on the other
hand a purely geometric calibration assuming an ideal pinhole system. The former component is based
on more or less sophisticated analytic models [16], [17], on Monte-Carlo simulation [18], or again on
the measurement of the response to a point source but in this case for a unique reference position of the
camera. The present paper deals with the latter component, the geometric calibration of an ideal pinhole
system, a problem that also arises in SPECT with cone-beam collimators [19], [20], in cone-beam CT
[21], [22], and in photogrammetry [23], [24], though with varying practical constraints and accuracy
requirements. For a single pinhole camera the goal of the geometric calibration is to determine [20]:

o Three intrinsic parameters, for instance the focal length and the two coordinates of the orthogonal
projection of the pinhole onto the camera!. If the collimator has multiple pinholes, three intrinsic
parameters are required for each pinhole. For most scanners the camera-collimator assembly can be
considered as rigid and the intrinsic parameters as constant,

« For each position of the camera during a step-and-shoot data acquisition, six extrinsic parameters,
for instance the 3D location of the pinhole in the laboratory coordinate system, and three angles to
determine the orientation of the camera.

The measurement of a calibration phantom with a sufficient number of “point” sources allows to
determine these parameters independently for each position of the camera. If six or more point sources
with known locations are available, an elegant method [25]—[27] consists in directly estimating the 3 x 4
homogeneous matrix P that maps the 4 homogeneous coordinates (x,y, z, 1) of a point in the field-of-
view onto the 3 homogeneous coordinates (u, v, 1) of its projection on the detector. This representation
reduces the calibration problem to the solution of a system of linear equations. An added benefit is that the
estimated matrix P can be used directly to implement the forward- and backprojection operations during
image reconstruction. The independent calibration of each camera position also has its limitations. First,
the number of matrix elements F; ; to be estimated, 12, exceeds the number of independent geometric
parameters, 9. Constraints must therefore be introduced to avoid instabilities when solving for P. A second
limitation is that the projections of the calibration sources onto the detector must be unambiguously
identified, which may be complex to achieve automatically with six or more sources (unless spatially
encoded source patterns are used as in [28] for C-arm CT ).

The independent calibration of each camera position requires the estimation of a large number
of parameters. Even if additional constraints are introduced to enforce the condition that the intrinsic
parameters are constant, a total of (34 6 xnumber of camera positions) parameters needs to be estimated,
making the method sensitive to noise. Better stability, and the possibility to work with fewer point
sources, is obtained if the number of calibration parameters is drastically reduced by assuming a simple
parametrization of the camera motion during acquisition. This is why the majority of previous papers
on PH SPECT -calibration assume a perfect rotation of the camera around a fixed axis. The extrinsic
calibration then reduces to the estimation of the four parameters required to locate this axis of rotation
with respect to some reference frame, defined for instance by the initial position of the camera. Together
with the three intrinsic parameters, this leaves a total of only seven calibration parameters, which can be
estimated from the projections of a small number of non-collinear point sources, as proposed by Hsieh et
al [29]-[31]. More recently Bequé et al [32] showed that three non-collinear point sources are necessary,
and also sufficient under certain conditions. Note that the spatial location of the calibration phantom

"'We assume throughout the paper that the camera is free of distorsion, the detector pixel size is known, and the two coordinate
axes in the detector are orthogonal.

2For a single head scanner mounted with a single pinhole collimator. Note that the reference frame can be chosen freely only
once. If the scanner has two detector heads, 3 intrinsic parameters and 6 instead of 4 extrinsic parameters are needed for the
second head.



must itself be determined, yielding for instance six additional “nuisance” parameters when using three
sources. Algorithms to solve this estimation problem are based either on an analytic solution [22], [33]
or on the optimization of a cost function [19], [29]-[32] that quantifies the goodness of fit between the
measured and estimated projections of the sources for the complete set of camera positions. The accuracy
of the estimation is sometimes hampered by correlations among some of the 7 parameters. This problem
has been addressed by a priori fixing some of the parameters, by restricting the search domain during
optimization [33], [35], [36], or by separately estimating the intrinsic and the extrinsic parameters [20]. In
this work we use the optimization method of Bequé et al [32], which allows an arbitrary parametrization
of the orbit and hence can be applied directly for a helical orbit [36], [37], or for a scanner with more
than one head and with multiple pinhole collimators. This method has been extensively validated [38],
[39] and has recently been implemented using homogeneous coordinates [37].

The excellent image quality obtained by many groups assuming an ideal rotation of the camera
demonstrates the good mechanical accuracy and stability of scanners that were originally designed for low
resolution clinical applications of SPECT rather than for the high resolution imaging of small laboratory
animals. Nevertheless, stability is not perfect and small deviations have been reported [36], [40], [42],
the effect of which is amplified by the large magnification of the pinhole geometry. In one example [42]
the tilt angle of the camera was observed to vary as the camera rotates around the object. Despite a small
amplitude of only about 0.3 degrees, this oscillation caused a significant degradation of image quality
when pure rotational motion was assumed during image reconstruction. Once parametrized as a sinusoidal
variation of the tilt angle, it was possible to quantify and correct this oscillation using Bequé’s method.
Unfortunately, it is in general difficult to propose an adequate parametrization for a small unknown and
irregular displacement of the camera.

Building on methods applied in photogrammetry [24] this paper proposes an improved calibration
method which, starting from an initial calibration based on a parametric model of the camera motion,
refines the extrinsic parameters of each camera position independently by applying to the camera a small
rotation and translation calculated to improve the fit between the observed and estimated projections of
the calibration sources. The method only requires three “point” sources and can therefore be applied using
the same calibration measurements as those collected for the initial calibration. Its computational cost is
negligible and it can be applied independently of the nature of the orbit assumed by the initial calibration
and of the specific algorithm used for this initial calibration. The major limitation is the requirement that
the initial parametric calibration be sufficiently accurate to guarantee that the corrective displacement of
the detector remains small. This condition is easy to check when applying the method and is usually
satisfied in practice. Results with a single pinhole collimator on the Siemens dual-head gamma camera
(e.cam, Siemens, Hoffman Estates, Ill.) demonstrate that the deviations of the camera from its circular
motion are reproducible and that even tiny corrections to the initial calibration result in visible, though
marginal, improvements of image quality.

In section II we introduce notations and define the calibration problem. We show how the as-
sumption that the correcting motion is small (mathematically: infinitesimal) linearizes the problem and
reduces it to the solution of a set of linear equations. That system of equations is solved using a truncated
singular value decomposition (SVD) to avoid potential ill-conditioning. Implementation details will be
given before presenting in section III a validation on simulated and measured micro-SPECT data.

II. A REFINED CALIBRATION METHOD
A. An initial parametric calibration

To simplify the presentation we consider first a single head gamma camera equipped with a single
pinhole collimator; generalizations will be discussed in section IL.E. Cartesian detector coordinates (u,v)
are defined with respect to two orthonormal axes with known pixel size. A calibration phantom consisting
of n > 3 sources ¢« = 1,--- ,n is measured for M orbit positions = 1,--- , M of the camera. For
each position of the camera the center of mass of the measured projection of each source is calculated,



yielding the calibration data

(W vy i=1,-,n, a=1- M (1)

i, Yi,a
Because of the diverging geometry of the pinhole collimator, the maximum diameter of the calibration
sources should be sufficiently small to ensure that the distance between the center of mass of the projection
of a source, and the projection of its 3D center of mass is negligible.

We assume that the calibration data (1) have been fit by a parametric model of the expected nominal
orbit of the camera around the object. This model depends on a small number of parameters, for instance
7 for a single pinhole collimator and a circular orbit. These parameters are estimated using some analytic
or optimization technique and the resulting initial calibration of the pinhole system is our starting point.
The nature of the orbit model, the number of its parameters, and the specific calibration algorithm used
are irrelevant for the rest of this section.

From the output of the initial calibration we can calculate the following quantities, which fully
characterize the acquisition geometry and are sufficient for image reconstruction:

o The nuisance parameters: the positions of the point sources T; € R3i=1,---,n.
o The three intrinsic parameters:
1) The focal length F',
2) The detector coordinates (m,,, m,) of the orthogonal projection ¢, € IR? of the pinhole aperture
onto the detector,
o The extrinsic parameters specify for each position a = 1,--- , M the position and orientation of the
camera with respect to some fixed reference frame linked e.g. to the gantry (figure 1):

1) The pinhole aperture ﬁx € IR,

2) The orthogonal projection &, € IR? of the pinhole aperture ﬁl onto the detector,

3) Two orthonormal vectors €y, and €, € IR? which define the coordinate axes in the detector

plane.
To simplify notations we assume below that the coordinates u, v have been shifted in such a way that the
detector pixel u = 0,v = 0 coincides with ¢,. This shift can be achieved using the estimated intrinsic
parameters m,, and m,,. The extrinsic parameters satisfy the following six constraints’

o= Ffall=F  fewall=1 el =1
gu,a . (Ea - fa) =0 gv,a : (ga - fa) =0 éu,a . gv,a =0
where @ - b denotes the cartesian scalar product in IR® and ||@]| = V@ - a.

Using the initial calibration we can calculate for each « the expected projections of the n point
sources as

cal __ F2é»uya'(fi7fa) a cal __ Fzé)v,a'(fi*foz)
La T, 7 - 7 Lo T, 7 - 7
(Ca = fa) - (Zi = [fa) (Ca = fa) - (¥ — fa)
Equation (3) can be expressed equivalently using the 3 x 4 projection matrices in homogeneous coordi-
nates,

a=1,--,M )
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F(@ua)e  F2(Cua)y Fua):  —F*Cua-fa
Po=| F*€a)e F* oy F*(foa): —F?Cafa a=1,--- M (4)
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The accuracy of the calibration can be characterized by the magnitudes ]ufljj —uf‘ﬁ] and |vf€f —vi‘gf
of the deviations between the measured and calculated detector coordinates. These deviations may be
caused by the errors in the calibration data (u¢%*, v9%%) or by the calibration algorithm being trapped in a

1,00 V00

3There are 6 scalar constraints in (2). Subtracting this from the 12 scalars needed for the four vectors fo, Co, €u,a, €v,a there
remains 6 independent extrinsic parameters for each camera position, as was noted in the introduction.



Fig. 1. Definition of the extrinsic parameters for a plane detector (colored pattern) with a pyramidal single pinhole collimator.
The vector ﬁ; defines the position of the pinhole aperture in a fixed reference frame (0, Tz, fy, fz) The vector ¢, defines the
position of the orthogonal projection of the pinhole aperture on the detector plane. The orthogonal unit vectors €, and €y, q
define the cartesian coordinate system in the detector plane.

local minimum of the cost function. Deviations, however, also arise when the actual motion of the camera
does not belong to the class of orbits described by the parametrization selected for the initial calibration.
In that case, the orbit model cannot accurately fit the calibration data and the deviations ]uf%f — uf%ﬂ and
|vfl§ — vf‘}ll\ may significantly deviate from zero. This leads to suboptimal image reconstructions. The

goal of this paper is to correct these residual deviations.

B. Perturbative correction of the initial calibration

We estimate in this section improved values of the extrinsic parameters f;, Ca» €y, €v,a USING the
following hypotheses:

o The assembly camera/collimator is rigid and the errors in the three intrinsic parameters F', m,, and
m,, estimated by the initial calibration can be neglected,

 The initial calibration is accurate in the sense that the discrepancies |u
are “small” in some sense defined below,

« The discrepancies are at least partly caused by reproducible deviations of the camera motion from
the assumed parametric model,

o The errors in the positions Z; € IR? of the n point sources estimated by the initial calibration can
be neglected.

obs

obs __ ,cal
7,0

v

- uij‘éﬂ and |Ui,o< (el

The last hypothesis can be replaced by the weaker hypothesis that the difference between the estimated and
true positions of the point sources is equivalent to a rigid body transformation. This weaker condition is
automatically satisfied if the initial calibration algorithm uses as prior knowledge an accurate measurement
of the relative positions of the point sources in the phantom, as in [32].

Under the above hypotheses, the extrinsic parameters of each position of the camera can be
corrected by applying to the camera a rigid body transformation represented by a “small” translation



tn € IR? and a “small” rotation of angle 6, around an axis defined by a unit vector 7. “Small” here
means that calculations can be limited to the first order in ||t,||/F and in 6, using relations of the type
sinf, ~ 0,.

The rigid body transformation will be determined independently for each camera position. There-
fore we will work in the rest of this section with a fixed camera position «, and will omit this index «
to simplify notations. The corrected parameters will be denoted by a ’:

= &, +0xé,

= & +0xé,

= f+f+§xf

= 4+t+0x¢ 5)

o T N

where § = 077 and @ x b is the vector product (cross product) of two vectors @, b € R®. The mapping
@ —a+0xa represents an infinitesimal rotation of angle # around an axis 7 (see e.g. [44]). The
corrected parameters in equation (5) satisfy to the first order in ||#]| and # the same constraints (2) as
the original parameters, e.g. ||@ — f'|| = ||¢— f|| = F. This can be verified usmg standard properties of
the vector product, such as @- (b x @) =0 and @- (b x &) = - (@ x b) = —&- (b x ).
With the corrected parameters defined by (5) the estimated projections of the point sources become
(recall that all v and v variables have been shifted so that m, = m, = 0):
= Fzé:i'(fi_f,l and vg“l: F2ézi,. (fi_f/)_, i=1,---,n (6)
(@ —f)- (&= f") @—f)-(@i—f")

Ical
7

and the aim is to make this as close as possible to the calibration data (u?®®,v¢*),i = 1,--- ,n. In the
next subsection we determine a rigid body transformation of the camera that minimizes the re51dual error
n
E2 — Z <|u/cal z'ObS‘Q + |Ugcal _ UZ-ObS|2) (7
i=1

We do not here consider alternative cost functions which could provide a better robustness to outliers
(aberrant values of u?®® or v¢*) than the gaussian noise model implicit in equation (7). See for instance
[24].

C. Calculation of the rigid body transformation for one camera position

As above, we consider a fixed camera position and drop the index «. Inserting (5) into (6) we
obtain

x f)+ O(t0, 0%)
(@ — f) [0 x (@— F)] +O0(t0,62)

Ical __ ) ] —
Uu; = = = = =

7

1=1,---,n

®)
with a similar equation for v/°?. The notation O(t¢,6?) denotes terms of higher order that will be
neglected because we assume that the correction to the initial calibration is small. Note that two terms
in the numerator of (8) cancel because (5 X eu) f = —€y - (5 X f) Likewise, two terms cancel in the
denominator because (6 x f)- (é— f) = —f-[0 x (- f)]. With these cancellations equation (8) simplifies
as

Ical — 5 ( ]F) +F2(9 X €u) T; — F2€u {+ O(t@ 92)
e hH@-fH-t(@e- )+% — P+ 09, 62)

6
Using (A+¢€)/(B+¢) = A/B+(e—(A/B)€')/B+0(e?, e€') and recalhng equation (3), this becomes,

FX(0x &) - & — F28, - T+ utT- (¢ ﬁ ulz; - [0 % (€~ f)]

@ 1)@ -1
= WU+ 0- (& xU)+ 0% t0,0%) i=1,---,n (10)
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where we have defined the vectors

. _F2—*u cal (z _ =
0=—2° f”lﬁ(cﬂ) i=1,---.n (11)
(c—f)- (@ —f)

Similar expressions hold for the v coordinates:

vl = 8 L F V0 (2 x Vi) + O(t%,10,6%) i=1,---,n (12)

(2

with

—
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@ f)-@-f
The vectors (jl and 1_/; can be calculated for the n sources using the result of the initial calibration. To

estimate the 6 parameters , 0 of the rigid body transformation that must be applied to the detector, we
drop the terms in O(t2,t0, %) in equations (10) and (12) and solve the 2n linear equations

~

i=1,-,n (13)

7

u? =yl oy il =t U+ 0 (T xU;) i=1,---,n (14)
v =l o s — ol = V40 (T x Vi) di=1,---,n

for £ and @. These equations can be written in matrix notations as d = M- T, with d € R>", M € R?>"*6
and T € RS:

dy = u‘ljbs — ufal (z1,x Ujl,y (zl,z (fl X Ujl)x (_'1 X (zl)y (fl X (zl)z

dy = ug® — us? Use Uy Uz, (T2xUs)y (¥2xUs)y (&2 xUs), ty

e . ty

dp = U?Lbs - u%al _ U:‘n,x Qn,y U_:n,z (_’n X qn)ac (_'n X I{n)y (_‘n X qn)z t,

dpi1 = U?ZS - v%“j Vie Viyg Vie (@ xWVi)e (@ xVi), (@ xW), Oa

dnt2 = 057 — vg® Voo Vo Va. (Z2xVa)p (FoxVa)y (T2xVa), Zy
o z

_ b. l — 4 yd - nyd — > — -
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(15)
In practice, the system of equations is modified to obtain consistent units: the first three columns of M
are multiplied by the focal length F' (or another fixed length of similar magnitude) while the three first
components of the parameter vector 7' are divided by F'. We nevertheless keep the simpler expression
(15) to avoid overloading notations.

D. Implementation.

The system of linear equations (15) does not guarantee existence or uniqueness of the solution.
A necessary condition for uniqueness is that the calibration phantom has a least three sources, but this
condition is not sufficient since even with n > 3 the system can be singular or quasi-singular (i.e. ill-
conditionned) for some exceptional configurations. The matrix M is always singular, for instance, when
the sources are collinear. In addition, the system is overdetermined if n > 3, and in that case does not
in general admit a solution at all.

To overcome these well-known difficulties, we calculate the singular value decomposition (SVD)
of the 2n x 6 matrix M as (see e.g. [45])

M=G -W.-.H! (16)

where
o G is a 2n x 6 matrix, the columns of which define 6 orthonormal singular vectors g;, € IR*", with
Gir=(gr)ifork=1,--- 6andi=1,---,2n.
e H is a 6 x 6 matrix, the columns of which define 6 orthonormal singular vectors hj, € RS, with
Hj,k = (hk)j fOI‘j,]{J = 1,"' ,6



e Wis a 6 x 6 diagonal matrix Wy, j, = o}, 03 1, where the singular values o, > 0,k =1,--- ,6 are
conventionally sorted by decreasing magnitudes as 01 > 02 > - - -0 > 0.
o Each singular component k = 1,--- , 6 satisfies Mhy, = o, gr and M'gy = oy, hy.

We then define an approached, regularized, solution of (15) as a truncated SVD solution

6
(tmaty>tZa0xy9yaez)t = T(E) = Z i (g]tc ) d) h (17)

k=1,0,>€c0; Tk

where o1 is the largest singular value of M and g}, - d denotes the cartesian scalar product in IR?". The
small regularization parameter 0 < € < 1 is chosen empirically in function of the expected accuracy of
the calibration data (we use € = 0.02 in section III). When e = 0, T’ (@) is the generalized (Moore-Penrose)
solution of (15), which is the solution of minimum norm that minimizes the residual error E? [45].

Recall that we have so far considered a single camera position o and have omitted this index to
simplify notations. In practice the system (15) is built, then solved using (17), independently for each
camera position « = 1,--- , M. Relntroducmg this index the overall result of the refined calibration
is a set of estimated translatlons t and rotations 9 Inserting these into equations (5) yields the new

extrinsic parameters ¢, f.é of the pinhole system. As was already noted below equation (5),

) ru,o 1) o4
these modified vectors satisfy the constraints (2) only to first order in 6,,. Therefore, after calculating (5)
orthonormalisation is applied to exactly enforce the constraints (2).
Although noise is controlled by the regularization parameter € in equation (17), additional reg-
ularization may optionally be applied by post-smoothing each component of the rigid body transform

Tc(f) e IR® with a low-pass filter in the « index, defined by some smoothing kernel w,:

M
To(jJ)‘HZwafa’To(;,)j a=1,--- M, j=1,---,6 (18)

This low-pass filter avoids overfitting non-reproducible noisy deviations \uObS — c“l| and \UObS — vf‘éf
between the measured and initially calculated calibration data. Filtering however could also smooth out
an actual discontinuous displacement of the camera, which would otherwise have been modelled and
corrected. In such a case, beter results might be obtained using a median filter instead of the linear filter

(18). No post-smoothing was applied to the data in section III.

E. Generalizations

The refinement method is applicable without change to a scanner with multlple heads, each
mounted with a single pinhole collimator. In this case the rigid body transformation ta, Ha is estimated
independently for each head to allow modelling a non-perfect rigidity of the multiple head assembly.
The situation is different when calibrating a collimator with P pinhole apertures: one can usually assume
that the collimator does not undergo any deformation during the motion of the camera, and therefore, a
unique rigid body transformation £, 0 must be estimated for each position « of the scanner, and applied
to all pinhole apertures. The transformation is defined by a regularized solution of the system of 2nP
equations for the same 6 unknowns as before, obtained by concatenating P systems like (15).

III. RESULTS
A. Data acquisition

The calibration method has been evaluated using measured and simulated data for a Siemens dual-
head gamma camera (e.cam, Siemens, Hoffman Estates, Ill.). Each head is equipped with a single pinhole
collimator (Nuclear Fields, Vortum-Mullem, Netherlands), with a tungsten aperture of 1.5 mm or 1.0 mm
diameter. The major applications of this system concern gated cardiac studies and the study of tumor
xenografts on rats and mice.



Calibration data were measured with three sources obtained by filling with 100uCi/uL *°™Tc
three cylindrical holes of about 1 mm diameter and 1 mm length drilled into a 4 mm thick sheet of
plexiglas. The three sources form a triangle with sides 25.5 mm, 19.0 mm and 26.0 mm. Projections
were acquired for M = 64 positions of the camera, which were (nominally) uniformly spaced over 360
degrees. For each projection a = 1,--- , M the coordinates (uglff,vfff) of the projection of the three
sources ¢ = 1,2,3 were estimated automatically as follows. First, the coordinates of the three largest
local maxima in the projection image are determined. These maxima correspond approximately to the
position of the three calibration sources on the detector surface. Next, a more precise localization of
the projection of each source is obtained as the count based weighted average of all connected detector

pixels that have a count density larger than 50% of the corresponding local maximum.

B. Simulation study

The accuracy and robustness of the proposed calibration method have been evaluated with simulated
calibration data for the e.cam scanner, with a pinhole diameter of 1.5 mm and a projection matrix size
of 128 x 128 with a pixel of 4.8 mm. An initial calibration assuming a perfect circular acquisition was
done using Bequé’s method, and yielded a focal length F' = 280 mm and a distance between the pinhole
aperture and the axis of rotation ROR = 46 mm. With these parameters and the intrinsic resolution
of 3.8 mm for the e.cam detector, the standard approximate expression for the spatial resolution of a
pinhole system [12] predicts a resolution of about 1.9 mm. After multiplication by the magnification
factor F'/ROR, this translates into a resolution of 11.3 mm in the detector, indicating that the chosen
detector pixel size of 4.8 mm satisfies the condition for aliasing-free sampling.

Non-ideal acquisition _geometries were simulated by perturbing this ideal circular acquisition.
The calibration parameters fa, Covs €u,a, €, for the non-ideal geometry were generated by applying for
each position o« = 1,--- , M of the camera a translation t,, and rotation Ga = 0, 7, to the assembly
detector/collimator. The origin of the reference frame is located at the center of the field-of-view. The
rotation and translation vectors were determined randomly, according to

10, 2 2
(0o)j = > 73 <Alw cos — - + By, sin M)
k=1
4
. t 2o . 21«¢
(ta)j = Z k—‘; <C’k,j Cos Ya + Dy, ;sin M> (19)
k=1

where j = 1,2,3 for the three cartesian components of the vectors and Ay, ;, By, ;, Cy j, Dy, j are inde-
pendent normally distributed pseudo-random numbers (mean 0, standard deviation 1). The parameters ¢,
and 6, allow to tune the amplitude of the simulated deviations from the ideal circular orbit, and the factor
1/k? is introduced to mimic a typical decay of Fourier coefficients with increasing frequency k. Note
that the assembly detector/collimator was rotated using the actual rotation matrix defined by 0o = O e,
rather than the small angle approximation (5) that was used to derive the proposed method.

For each non-ideal geometry generated according to (19), the “exact” projections ue“wt and v;
1 = 1,2,3 and o« = 1,---,64 of the calibration sources were calculated according to equatlon (3)
Gaussian noise with standard deviation 0 = 1.0 mm was then added to obtain simulated calibration data
ufbof and v"bs A total of 110 geometries were simulated with various combinations of the translation
and rotation magnitudes in equation (19), ranging from 0.5 to 3 mm for the translation ¢, and from 0.5
to 5 degrees for the rotation 6,. The simulated calibration data were first processed assuming an ideal
circular orbit (Bequé’s method), and then refined as described in section IIL.

For each method and for each of the 110 simulations we calculated the root-mean-square error
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Fig. 2. Root-mean-square error E (equation (20)) between the exact and the calculated coordinates of the projections of the
calibration sources. The error is averaged over the 64 camera positions and over the three sources. Each symbol corresponds
to one simulated non-ideal acquisition geometry, and the increasing errors correspond to simulations with increasing values of
the simulated deviations from a circular motion. The detector pixel size is 4.8 mm. Vertical axis: error with the refined method.
Horizontal axis: error with an initial calibration that assumes a perfect circular motion of the camera. The line is a least-square
fit with a second order polynomial.

where u$% and v¢% are the projections of the three sources calculated using the chosen calibration method.

Figure 2 shows the root-mean-square error < E > with the refined method plotted versus < E > with
the initial calibration. Note that the two axis in figure 2 represent lengths in the detector plane, as in
equation (20). These lengths should be demagnified by an average factor '/ ROR ~ 6 to be interpreted
in image space.

C. Reproducibility with measured data

The statistical errors on the calibration data were estimated by acquiring 10 successive calibration
scans of 900 s on the e.cam, with a pinhole diameter of 1.5 mm and a projection matrix size of 256 x 256
with a pixel of 2.4 mm. For each scan the coordinates (u;”;f, vfl;s) were determined as described in section
III.A, and the standard deviation of the 10 estimates were calculated. The average standard deviation on
ufﬁf and v?* was o = 0.48 mm.

Figufe 3 shows the angular variations of the three components of the translation and rotation
vectors estimated from the ten successive calibration scans acquired with the e.cam system. Clearly, it
would be difficult to define an appropriate parametrization for these irregularly varying quantities, and
the fact that the proposed method does not require any specific model for the camera motion is an
important advantage. The magnitude of the errors indicates the good numerical stability of the method
and the fact that the deviations from an ideal circular motion are fairly reproducible with this scanner.
Comparison with the results for a second series of ten calibration scans taken one month later, with a
different position of the calibration sources, shows that the major features of the motion are stable. The
corrective rotation/translation in figure 3 cannot easily be explained by the mechanical design of the
scanner, but it is interesting to notice that the most abrupt variations occur between the camera positions



a ~ 45 and a ~ 55. This is close to the position (o« = 48) where the detector is vertical and moves
upward, back towards the starting position & = 1 where the detector is horizontal and at the top of its
orbit. Position (« = 48) is therefore the position where we expect the required torque to be maximum.

D. Measured phantom data

A home-built hot rod phantom similar to Derenzo’s phantom was filled with 5 mCi %™Tc. The
phantom is a cylinder of diameter 40 mm, with rods of length 80 mm and diameters 2 mm, 1.8 mm, 1.6
mm, 1.4 mm, 1.2 mm, and 1.0 mm. In each segment the distance between the centers of two adjacent
rods is equal to twice the rod diameter. Projection data were acquired for M = 64 angular positions of the
camera over 360 degrees, with the two detectors heads equipped with a 1.0 mm pinhole. The projection
matrix size was 256 x 256 with a pixel of 2.4 mm. The initial calibration assuming a perfect circular
acquisition was done using Bequé’s method, and yielded for the first detector head a focal length F' = 267
mm and a distance between the pinhole aperture and the axis of rotation ROR = 33.7 mm. For the second
detector head these parameters were F' = 294 mm and ROR = 39.8 mm. With these parameters and the
intrinsic resolution of 3.8 mm for the e.cam detector, the standard approximate expression for the spatial
resolution of a pinhole system [12] predicts a resolution of about 1.2 mm. After multiplication by the
magnification factor F'/ROR, this translates into a resolution of 9.3 mm in the detector, indicating that
the detector pixel size of 2.40 mm satisfies the condition for aliasing-free sampling. Figure 4 illustrates
the improvement of the fit between the measured and the calculated projections of the sources, achieved
by refining the initial calibration. After calibration the data were reconstructed on a 256 x 256 x 256
image matrix with 0.25 mm voxels, using 5 iterations of the OSEM algorithm (16 subsets). Attenuation
and scatter were not modelled. The transaxial section of the phantom in figure 5 and the profile in figure
6 illustrate the image improvement achieved with the new calibration method.

IV. CONCLUSION

This paper proposes a new method for the geometric calibration of a high resolution pinhole SPECT
camera. Contrary to other techniques previously applied in this field, this calibration does not assume
that the motion of the gamma camera can be described by a known parametric “nominal” orbit such as a
rotation. The main application therefore is for SPECT systems consisting of large rotating gamma cameras
because these systems are the most likely to be subject to non negligible mechanical irregularities. Though
this remains to be proven, the new method might also be useful with dedicated stationary micro-SPECT
systems when extremely small pinhole apertures are used to achieve sub-millimetric resolution, as in
[91-[11].

Following a general idea that has be exploited in photogrammetry [24], the approach is based on
the refinement of an initial parametric calibration. Because this refinement is calculated by linearizing
the corrective displacement applied to the camera, the approach is only valid provided the deviation from
the initial calibration is small, typically smaller than a few mm translation and a few degrees rotation. A
second condition is that the deviations from the ideal nominal orbit be reproducible, so that the corrections
calculated from the calibration scan are still applicable to the actual scan of the object under study. Both
these requirements turned out to be satisfied with the SPECT system used in section III. With that scanner,
reproducible deviations larger than 1 mm translation and 1 degree rotation were observed. Though these
deviations could not be detected by visual inspection of the camera during acquisition, their correction
using the new method improved the image quality in phantom studies.

A significant advantage of the refinement method is that it can be applied with only three calibration
sources. If six or more sources are available, an alternative approach is possible: each camera position
can be individually calibrated without using the small rotation approximation [25]—-[27], [43]. In principle
this should further improve the accuracy, but in practice the small rotation approximation is not likely
to be an important limitation because modern SPECT systems have a good mechanical stability and the
departure from the nominal motion is usually small. When applicable, the refinement method could also



positively impact the stability of the calibration because it automatically integrates the prior knowledge
that the intrinsic parameters are constant and that the camera orbit deviates only little from a nominal
orbit.

Ideally one would like to calibrate the scanner using the projection data of the object under study.
This would eliminate the need for a separate calibration measurement, while at the same time guaranteeing
immunity to the possible non-reproducibility of the motion of the camera. Developing such a “data based”
calibration represents a difficult challenge unless the object contains easily and accurately segmentable
landmarks or additional calibration sources are placed besides the object [39], [41]. The perturbative
approach in this paper might offer a promising solution to this problem by reducing the task to that of
estimating a small displacement of the detector. This will be the goal of further work.
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Fig. 3. The three components of the translation vector f,, (left column, vertical axis in mm) and of the rotation vector O (right
column, vertical axis in degree) for the 64 positions of the camera. These parameters are calculated from a 15 min calibration
scan and parametrize the rigid body transformation to be applied to the camera for each position determined by an initial
calibration based on a perfect rotation. The z, y and z components are shown on the first, second and third row respectively,
with the z—axis along the approximate rotation axis of the scanner. The two curves correspond to two sets of 10 successive
calibration scans taken on December 15, 2006 (circles with full line) and on January 12, 2007 (triangles with dashed line). Error
bars are shown only for the first set, and are calculated as the standard deviation of the 10 calibration scans.
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Fig. 4. The detector plane with the u (horizontal axis) and v (vertical axis) coordinates of the three calibration sources for the
a =1,---,64 positions of the first detector head of the camera. Measured and calculated projections are shown respectively
by crosses and by filled squares. Left: the calculated projections are obtained using a calibration that assumes a perfect circular
orbit of the camera. Right: the calculated projections are obtained using the refined calibration.
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Fig. 5. Reconstructed transaxial section of the micro Derenzo phantom, summed over an axial thickness of 1 cm. The rod
diameter in the six segments are respectively 2 mm, 1.8 mm, 1.6 mm, 1.4 mm, 1.2 mm, and 1.0 mm. Left: reconstruction after
a calibration assuming a perfect circular orbit of the camera. Right: reconstruction using the refined calibration parameters. The
profile in figure 6 is taken along the oblique line.
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Fig. 6. Profile through the reconstructed transaxial section of the micro Derenzo phantom, summed over an axial thickness

of 1 cm. Dashed with open circles: reconstruction after a calibration assuming a perfect circular orbit of the camera. Full line
with filled squares: reconstruction using the refined calibration parameters. The horizontal axis is in mm. The profile is along

the oblique line shown in figure 5.



