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Abstract

Rapidly advancing registration methods increasingly coploy warping transforms. High degrees of freedom (TDOF) warpings can
be specificd by manually placing control points or instantiating a regular, dense grid of control points cverywhere. The former
approach is laboriows and prone to operator bias, whereas the latter is computationally cxpensive. We propose to improve upon the
latter approach by adaptively placing control points where they arc needed. Local cstimates of mutual informsation (MI) and cn-

tropy arc wsed to identify local regions reguiring additional DOF.
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1. Introduoction

Assocualed with rapd developments of medical 1im-
amng Lhere 15 an mercasme necd for nonhnear regs-
tration. Remstration hleralure has shilted s focus [rom
allimemed regstranons o high deerees of [reedom
(DOF) warpmg regstrations (Thil et al, 2001 ; Johnson
and Chrstensen, 2001; Meyer et al., 1998; Meyer and
Boes, 1998; Rewckert et al., 1999), Warping remstrabion
alporithms also employ dillerent smmilanly measures
(1.e., measures of ahpnment) and peomelne ranslorms
oy suil therr purposes. A popular chowee of similanty
measure has been mulual mlformabon (M) (Wells el al.,
1996; Colhgnon et al, 1995). Addivonally there are
many peomelrne ransforms W choose [rom where B-
sphnes and thin plale sphnes (TPS) are notable (Lec
el al., 199%; Booksiem, 1991). Recenlly, a warping reg-
slration algonthm with normalised MI as the similanty
measure and B-sphnes as the peometne transform has
gained much support (Reuckert et al., 1999). [eren we
employ Ml as the similanly measure and TPS as the
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geomelne ransform as m our previous work (Km el al.,
1999 Meyer et al., 1997, 1999). Althourh TPS may be
less ellicient W compule than B-splines due 1o the local
supporl properles of B-sphnes, TPS s supporied by a
nch hicrature m shape stausiucs and Morphomelnics
(Bookstem, 1991, 1997, Dryden and Mardia, 1998).

A warping regsiralion starls with an mbal sel of
control points in bolth the reference and homologous
datasel and then opimuaes the loa of the control ponts
typically m the homologous datasel o maximize MI
while control points on the relerence side remamn hxed.
The imial set of control pomnls may be realeed cither by
micrinally specifying all comirol poinis, or by insianiiating
a regular grid of control peints. The irst method may be
impracbical for ligh DO since manually specilying all
conlrol pomts s laboriows and prone to operator bias.
Chiven the presence of local mimmma in numencal opl-
muzalion of the M1, dilferent imibial locations of control
poinls may lead to different fnal opuimized control poant
locations. Thus, remowving operalor buas 15 mporiant.
The second, 1¢., the regular prnd method, sulfers from
increased compulational expense mstcad. Typcal DOT
may be in hundreds or even m thousands. In thes paper,
we propose Lo improve the second method by adaptively
placing control poinis only where they are needed rather
than placang control poinls regulady everywhere Lo
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improve overall registration. Our adaplive remstrabion
resulls m an wregularly spaced pnd of control pomis
wilth fewer DOF than a regular grd of control pomnis
and lesser compulational expense.

There are olther adaptive regmstration methods (Rohde
el al, 2001, 2003; Rohlhing and Maurer, 2001; Schnabel
el al., 2001). They typcally share a common approach,
e, irst they wenuly a remon where registration can be
improved, and then morease DOIF m thal region. The
peomelne ransforms and the methods o wenuly the
remon regquinng addibonal DO may be dillerent. Ro-
hde et al. use Wo's radial basis lunction as the peometlnc
lransform and Lthe gradwnl of global M1 o wdently the
region o merease warpmg DO (Rohde et al, 2001,
2003). Others use B-sphnes as the geometne transform
and measures based on entropy Lo dentily the remon Lo
increase DO (Rohling and Mauwrer, 2001; Schnabel
el al, 2000). Our method wses TPS as the peomelne
lransform and a novel mlormabon measure based on a
local MI and entropy o idently the regmon o morease
DOIF. We refer o ths local mformation measure as a
mismalch measure. NMole thal m our paper Lthe global MI
used Lo opuumize the control poml locations s calculated
over all of bolh datasels bul our mismalch measure
calculated only over sub-regions of Lthe datasels. In
SUTTITATY, We propose Lo improve o regularly spaced TPS
warping regisiration method by instantioting an irregular
erid of control points derived from a novel local informa-

tiom measure Lo delermme where Lo merease DOT.

2. Mothods

In this paper the lollowing nolations are assumed.
A(x) 15 the relerenoe datasel and #(x) s Lhe homologous,
or floating, datasel. T(x) s the geomelne transform
between two dalasels, where x = Lthe coordmales m 20D
or 3[). The homologows datasel 15 mapped onlo Lthe
reference datasel before calculatng the srmlanly mea-
sure. Once T lound, all the coordimales are assumed Lo
in Lhe reference coordmale rame simce the homologous
coordmale rame can always be lound by applying Lhe

lransform 7,

i = EI%TMM[{A{-],HT'[IJ}, (1)

where T 15 Lthe estimale of the trunsform and F is the
larmly of leasible transforms.

2. 1. Thin plate splines

TPS 15 used o speaily the peometne transform be-
lween wo datasels of mileresl. Control points are needed
to formulaie TPS, which are placed m ordered pairs on
Lhe corresponding ko of both datasels. The loa can be
analomically or malhemabcally dentuhied (Booksiem,

1991; Dryden and Mardia, 1998). Assummg Lhal x 15 the
reference coordinales, x' 15 the homologouws coordinales,
and Lhal there are & control pomnl pairs (x, ..., xy), and
(x}.--.,xy), the formulation of TPS 15 the lollowmg,
where x' = f(x) i the peomelne transform, U{r) & Lthe
basis Tunclion, r; 15 lthe Euchdean distance belween x;

and x (Le., [xr — x|k
N

F(x) = ag + mx 4 Zw,-!,f{r,-], (2)
i1

whire apg,a; are alline parameters and w; 1 Lthe warp
cocllcient,

- (s =22

B-splines are constructed o have a local supporl prop-
erly, bul with TPS the local supporl properly 15 nol
sinclly true because the basis lunction i globally delimed
everywhere. Thus, 1L 15 more expensive Lo compule TPS
than B-sphnes. Sull the effect of TPS s Gairly local of the
DOT are agh enough.

2.2, Mutual information

Mutual Informabion s used as the similanly measure

under Lthe TPS peomelne transform. The M1 used here s
the classical Shannon mutual informabon. Many papers
have shown the effectiveness of the M1 similarity measure
in registration problemy (Wells ¢ al., 199%; Colhgnon
el al., 1995 West el al., 1997; Meyer et al_, 1997; Thil
el al., 2001). Basically, two co-registered datasels vield a
jomnl probabihly densily funcbon (PDIEF) wath bght
clusters, whereas un-regmstered dalasels yicld a joant
PDIF wath disperse cdusters. Tighler duslers (Le., more
correlation) translate mmlo a higher M1 value than dis-
perse ones (e, less cormedabon).

MI(4,8) = 5% pla, b) log, (pla.b)/pla)p(h)).  (3)

where pla), p(h) are margmal densibies of 4 and B, and
pla, k) 15 the joinl densily of 4 and &

While other papers used Parzen windowing [or the
estmabion of PDI's (Wells ¢ al_, 1996), m our imple-
mentabion all PDIFs (both marginal and joint PDIFs) are
esbmaled usmg hslograms wilh hixed bin wadth. The bin
width of the histogram s calculsled rom [zenman
(Grenman, 1991), where the optmal b wadth & s cho-
sen Lo mumimize miegraled mesn squared error over all

siquarcd-miegrable PDIs.

h = 2{00R)n 7, (4)
where JOR 15 Lthe inter gquariide range and # 15 the number
ol samples.

Under a hypolhelic peometne transform the homolo-
rous dalasel s mlerpolated onlo the reference coordmale
[rame using a sample hnear, grayscale, inlerpolation, and
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then the jpnt hstogram s formed o calculale an MI
value.

2.3, General repular grid warping registration

The poal of a regular pnd warpmg remstration s o
ind a warping transform Lhal regslers two dalasels ac-
cordmg Lo maxmeang a chosen similanly measure. Be-
[ore allempling any high order registrabion, a simple low
order alline remstraion removes any large inear global
ellects. This ensures thal the subsequent hgh order
lransform deals with only relatvely small ool trans-
[orms. Aller the alline registralion, a warping regsbra-
bon s performed m an lerative mulb-scale (ashon Lo
save compulational bme. For lower resolution data (e,
sub-sampled data), a sparse pnd of control pomnis s wsed.
As the resolubon mereases, the gnd becomes denser. Also
withmm a spealic resolution, dilferent speed prnds rom
large Lo small scale are used Lo speed converpence of
opumization process. Any bme grd densily s increased,
4 new denser prid 15 imbalzed wsing the previowsly op-
muzed sparse prd. This mulu-scale gnid oplimesation
conlmues for a lixed number of resolutions and a lixed
number of scales wilhin a resolution. Typacally, al every
gnid refinement m 3D, the existing gnd 15 halved in all
dimensions resultng in an 8-fold DO increase.

2.4, Adaptive grid warping registration

The regular grid warping regisiration works well, but
suffers major computational complexity at igh DOF. Tor
a lypical CT datasel of 512 x 512 x 60 with voxel di-
mension 1% 1% 5 mm?, control poinls placed every 5
mm resulls m LESO000 DO, whch leads 1o spmificant
compulational and converpence redaled problems. Ad-
dinonally, with control points placed resularly every-
where, there are many control points placed in backeround
areas where Lhere s hitke miormabion o judge the reg-
sirabion and hitle mberest in local regstraton resull. To
remedy Lhese compulabional and converpence relaled
msues, adapiive registration algorithms have been dewel-
oped (Rohde el al., 2001, 2003; Rohlling and Maurer,
2001; Schnabel et al., 2001). They place control poinis ar
B-splines only in areas where they are needed Lo improve
the overall regstrabon. Thus, the registrabion 15 com-
puled usmg an wrreeularly spaced prnid having fewer
DO, Moreover, lor a given DOT adaptive algonithms
can allocale a dense pnd of control pomis (or B-splines)
ko arcas of mnlerest withoul wasliing Lhem n
backprounds, and thus can achweve beller registration
HCCUTACICS.

2.5, Existing adaptive grid warping recistration

Rohde el al. wse the gradwent of global Ml Lo adap-
bvely refme a prd (Rohde et al, 2001, 2003). They wse

Wu's radial basis lunchion lor the peomelne translorm,
which has a [mle local support properly as does B-
splines, and MI as the ssmulanty measure. The authors
use Lhe lollowmg algonthm o accomphsh pnd reline-
menl. Al a given scale, they pul basis lunclions al repe-
ular mmtervals and then change one cocllicient of a basis
[unclion al a ume and observe a change m global M1
values. Rohde el al. arpue thal il the gradient of global
MI = large, then the global M1 s nol maximum with
respect Lo Lhal specilic locabion of the basis Mlunclion and
the remsiration can be mproved lerther at thatl locabion.
Onee a new localion of the basis lunction o be relined 15
determimed, 8 smaller (i1c., oclree) scale basis lunclions
occupy Lhe arca where there previously was one larger
basis [unclion.

Rohlling el al. use B-splines and a similanly measure
where one lerm 15 global normalized M1 and the olher
lerm s smoolthness of the delormabon (Rohlling and
Maurcer, 2001). They use local entropies Lo esiimale lo-
cally mus-regisiered arcas and use active (Le., allowed Lo
move) and mmactive (Le., nol allowed Lo move) B-sphnes
Lo reduce DOI and elfectively implement an wrregular B-
sphine grud. Schanbel ¢l al. also use B-sphines and a two-
lerm similanly measure, bul refine Lther gnd using local
enlropy, local SD, or pradwent of the global cost Tunc-
ton (Schnabed et al_, 2001).

2.6. Local mismatch measure

smmilarly, our goal 1 o increase DO selecively m
regions where Lhey are necded rather than merease them
globally everywhere in the data set. In context of TPS,
we are rying Lo increase Lhe densly of control pomts
arcas where addibonal control points are needed Lo
empower Lhe alponthm with the ahily o correct local
deformations. Nolng thal the elfects of control poinls
are [airly local, a good candidale regon s the region
wilh Lthe largest local mismaltch. Miismalched local arcas
are poorly correlated by defimion, and thus have a low
local MI. Addibonally, a local MI beltwern two corre-
sponding arcas can be low i the entropy of aither of the
corresponding arcas s low, because M1 1z bounded by
the entropies of the mdividoal dalasels (e,
MI(a, b) = min{H{a), H{k)}). Because arcas of low en-
tropics are basically [eaturcless, they are nol good can-
didale loa for a gnd refinement. Therelore, local areas
af interest [or Lhe pnd relinement are conflimed o those
wilth a kigh local entropy and a low local M These no-
ons are [ormmaleed n the normalieed measure of ms-
malch M miroduced below:

M1, b) ()
min{H{a), H{k))"
Nole thal all values (e, MI{a,b), H#{a) and H{b)) arc

local measures (Le., they are compuled over a [mile
subblock, nol over the whole dala set). The mismalch

M =



