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1 Introduction

As described in the Design Report (7.2a), the central objective of Work package 7 is to evaluate
and validate theSimBio environment. It consists of three subtasks that will assess the use-
fulness ofSimBio simulations for three medical applications, namely, electromagnetic source
localisation in the brain, bio-mechanical head modelling and knee loading models with prothesis
design.

This document is the final deliverable (c) of Subtask 7.2. Its purpose is to provide and dis-
cuss the evaluation results for the second test application in the validation and evaluation of the
SimBio environment with respect to the bio-mechanical aspect.

1.1 Subtask 7.2 Planning Recap

Simulations for each application problem are performed using theSimBio environment, im-
plying an implicit software developer and end-user evaluation of the component integration
approach. The applications address the delineation of changes of lesions with time and the
detection of mechanical forces induced by pathological and surgical processes. Such studies
offer a new approach for differential diagnosis and outcome prediction. In addition, simulations
will reveal information about the static and dynamic properties of the brain.

Two different simulation strategies are pursued:

• Forward models: The real locations and strengths of forces (or corresponding hypotheses)
are known a priori. The consequences of these forces acting on the whole system are
computed, visualised and evaluated. Computed deformation fields may be compared with
scan data in order to check the validity of simulation results.

• Inverse models: No prior information about forces is available. In this case, time series
examinations are employed and analysed by a non-linear transformation. The resulting
deformation field is used to derive a force field, based on incorporated realistic material
parameters. Force fields need to be analysed for their singularities ("force sources" and
"sinks") in order to provide a comprehensible 3D visualisation. Since a validation based
on physical models is not possible here, force fields will be compared in a group of similar
clinical cases for their plausibility and checked against prior neuro-anatomical knowledge.

1.2 Aim of Evaluation Report 7.2

The aim of Deliverable 7.2c is to provide an evaluation report for the software tools w.r.t. a val-
idation of results using patient data. The gain from this evaluation strategy is to demonstrate the
applicability to clinical tasks of the developed tools and of theSimBio environment in particular.
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1.3 Delays and Modifications from Design Report 7.2 (D7.2a)

As a validation of the inverse models it was planned to compare the force fields within a group
of similar clinical cases and check the overall result against prior neuro-anatomical knowledge.
This validation strategy, however, requires an inter-model statistical analysis to allow such a
comparison. This definite need was not explicitly foreseen in the design report, nor it was
included in theSimBio TA, but a statistical description of the simulation results is essential to
fullfill the validation task. We have implemented a first-order statistical approach, that is of
concern later in this report.

The size and complexity of the deformation (force) fields requires an enhanced visualisation,
depending on the application. This notion is an immediate result from the evaluation study, and
was not considered in theSimBio TA. As vm (the SimBio visualisation module) was not de-
signed (see Deliverable D5a, Design Report) to provide information reduction of vector fields
(e.g., mapping of vector field data structure to surface meshes, calculation of surface normals,
trajectories, etc.), we have implemented an offline tool to preprocess vector fields for a visuali-
sation invm (seeSimBio Deliverable D4.2c).

In the course of the evaluation of the inverse models it turned out to be crucial to carefully
cross-validate the two registration alternatives against applications (see below). Due to the com-
plexity of this task, this validation is not yet fully accomplished. Other authors2,7,8 did, however,
a careful evaluation of different registration approaches, including those that are implemented in
SimBio. In this report we reference to this publications and concentrate on the applications.

The proposed landmark based registration approach has been implemented according to the
TA. However, since a tool for the reliable automatic extraction of landmarks from MR images
is not available (and was not planned in theSimBio environment), the evaluation of landmark
based registration can not be accomplished.

2 MPI Cognitive NeuroScience



2 Data Acquisition

2.1 Forward Models

From a group of 22 patients with in-born deformations of the skull, spiral CT images have been
obtained in a native state (TP1), after fixation of the stereotactic frame (TP2), and at treatment
end (after device removal, TP3). As an example for the time course see Fig.2.1, all currently
acquired datasets are listed in Tab.2.1. Patients have been recruited at the Clinic for Facial
Surgery∗ and scanned at the Department of Radiology at the University of Leipzig. All data
sets were transferred to MPI and converted by the programdcmtov (seeSimBio Deliverable
D1.1b), to be compatible with theSimBio environment.

Table 2.1: Epidemiological data of the patients included in the evaluation of the forward models. Gender
1 corresponds to male, 2 to female. The diagnoses are abbreviated as follows: bi-CLP bilateral cleft lip
and palate; uni-CLP uni-lateral cleft lip and palate; sMHP severe midface hypoplasia; iMHP isolated
(non-syndromatic) midfacial hypoplasia. The treatment was carried out with two variants of a RED
(rapid external distractor) system, or with a Bremer frame. The halo fixation mentioned in the text is
synonymous for all treatment devices.

ID NAME GENDER BIRTH examination time DIAGNOSIS TREATMENT
TP1 TP2 TP3 TP4

001 AV1P 1 08/07/80 05/03/01 05/10/01 06/29/01 07/05/01 bi-CLP RED-I

002 CF1P 1 03/29/83 06/18/01 07/12/01 08/27/01 09/06/01 uni-CLP RED-II

003 ED1P 1 10/18/87 03/07/00 03/09/00 05/22/00 05/30/00 bi-CLP RED-I

004 FM1P 1 11/09/83 11/09/99 11/12/99 01/26/00 08/03/00 sMHP; retrognathia RED-I

005 HG1P 1 12/12/86 11/29/99 12/02/99 01/24/00 03/28/01 iMHP RED-I

006 HK1P 2 06/02/87 05/29/00 06/06/00 07/14/00 07/20/00 uni-CLP RED-I

007 KR1P 1 05/13/76 07/20/00 08/28/00 10/02/00 n/a bi-CLP RED-II

008 KT1P 1 02/02/83 05/22/00 05/30/00 07/19/00 07/26/00 uni-CLP RED-I

009 LS1P 2 07/13/88 08/23/00 08/31/00 10/24/00 11/16/00 bi-CLP RED-I

010 MC1P 1 09/18/81 06/22/00 06/29/00 08/22/00 08/31/00 iMHP RED-I

011 MF1P 2 09/01/81 03/01/00 03/06/00 05/02/00 05/08/00 iMHP RED-I

012 NK1P 1 01/03/83 07/31/01 03/02/00 06/13/00 n/a bi-CLP RED-I

013 OM1P 1 11/05/87 08/09/00 n/a n/a 10/26/00 uni-CLP RED-I

014 PG1P 1 01/03/83 07/31/01 07/17/01 06/11/01 06/05/01 uni-CLP RED-I

015 PT1P 1 11/27/83 11/28/00 12/11/00 01/22/01 01/25/01 uni-CLP RED-II

016 RK1P 2 06/17/68 09/25/00 09/29/00 12/14/00 n/a uni-CLP Bremer

017 RL1P 1 06/09/88 04/06/01 04/17/01 06/11/01 06/18/01 bi-CLP RED-I

018 RM1P 1 06/04/44 01/08/00 01/18/00 01/18/00 n/a bi-CLP RED-I

019 SA1P 2 12/26/75 09/27/00 09/29/00 11/24/00 11/27/00 uni-CLP Bremer

020 SK1P 1 05/25/75 04/20/01 05/07/01 07/11/01 n/a uni-CLP RED-II

021 SS1P 1 05/25/75 04/20/01 11/20/01 01/02/02 01/14/02 bi-CLP RED-II

022 TR1P 2 10/04/82 10/04/01 10/13/00 11/30/00 12/05/00 cleft palat RED-II

∗Department of Oral-, Maxillo- and Facial Plastic Surgery, University Clinic Leipzig, Nürnberger Straße 57, 04103
Leipzig, Germany. (responsible: Dr. Dr. Th. Hierl)
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2.2 Inverse Models

2.2.1 Neuro-degenerative Diseases

During the course of the Leipzig Longitudinal Study of Aged (LEILA 75+)16, patients with
mild cognitive disturbances, as well as a control group of healthy volunteers are examined be-
haviourally, clinically and by various neuro-physiological and neuro-psychological scales10. All
subjects (right handed, age range of 72 to 85 years) were recruited at the local memory clinic†.
The study currently includes of 126 subjects in which the first examination time point (TP1)
was completed, a first follow-up examination (TP2) has been carried out for 34 subjects, a third
(TP3) already for 2 subjects. The study is planned to finish within the next 12 months.

Three groups were formed according to the clinical dementia rating (CDR),11 which consists
of scales for memory, orientation, judgement, and problem solving, community affairs, home
and hobbies, and personal care. The resulting groups comprised 40 healthy controls (CDR = 0),
44 subjects with questionable dementia (CDR = 0.5), and 36 subjects with dementia (CDR≥ 1).
Type and degree of the disease was classified according to the diagnostic and statistical manual
of mental disorders (DSM-IV)1. All subjects were investigated successively with a volumetric
T1 weighted MPRAGE sequence on a 1.5 Tesla tomograph (Siemens Vision, repetition time 11.4
ms, 128 slices, matrix256×256, voxel size0.9×0.9×1.5 mm) and aT2 weighted sequence (TR
5016; TE 132; 19 slices: thickness 5 mm; axial orientation; 1mm gap; matrix357× 512). To be
compatible withSimBio, individual data sets were converted by theSimBio (ST1.1) program
dcmtov .

All currently acquired datasets are listed in Tab.2.2, an example time course for a patient is
depicted in Fig.2.2. The disease progresses continuously for this patient, as the psychometric
tests clearly indicate. In contrast, the variance in the MRI scans is notably small. A visual
inspection of such scans, that is still gold standard in many clinical applications, is subjected to
erroneous interpretations. Inverse modelling schemes may significantly improve a visualisation
of the shape change that is attributed to the disease progress. It is our goal to demonstrate this
through an evaluation of theSimBio tools in section3.2of this report.

Table 2.2: Epidemiological data of subjects included in the longitudional study of LEILA75+. Gender 1
corresponds to male, 2 to female. For an explanation of the CDR and DSM scores, please confer text. The
DSM score subdivides in three classes: DE dementia (0 not present; 1 present; AD Alzheimers disease
(0 not present; 1 to 7 preculiarity); VA vascular dementia (0 not present; 1 to 7 preculiarity). An entry of
n/a indicates that DSM was not diagnosed.

ID NAME GENDER AGE CDR DSM examination time

DE AD VA TP1 TP2 TP3

002 KG 2 75 1 1 0 4 05/28/99 03/12/01

003 HH 1 83 1 1 5 0 05/15/98

005 DM 2 80 1 1 5 0 12/04/97

006 GE 1 76 1 1 5 0 12/05/97

007 FM 2 n/a 0 0 0 0 12/11/97 05/23/00

continued. . .

†Department of Psychiatry, University of Leipzig, Emilienstraße 1, 04107 Leipzig, Germany. (responsible: Prof.
Dr. H.-J. Gertz)
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Table 2.2: (continued)

ID NAME GENDER AGE CDR DSM examination time

DE AD VA TP1 TP2 TP3

009 SR 2 76 0 0 0 0 04/09/98 06/13/00

012 BL 2 76 1 1 5 0 01/23/98

015 CH 2 78 0 0 0 0 12/19/97

019 TA 2 n/a 0,5 0 0 0 01/09/98 05/16/00

020 BU 2 n/a 0 0 0 0 12/12/97

021 AM 2 76 0 0 0 0 01/30/98

023 EA 1 83 0,5 0 0 0 02/20/98

024 DU 2 75 0 0 0 0 03/12/98 05/30/00

025 WK 1 81 0,5 0 0 0 02/06/98 05/23/00

026 HR 1 n/a 0,5 0 0 0 02/27/98

028 MG 2 81 0,5 0 0 0 10/12/99 09/03/01

029 HW 1 76 1 1 5 0 03/26/98 03/12/02

030 PU 2 n/a 0 0 0 0 05/08/98

032 BH 2 78 0,5 0 0 0 06/05/98

034 HI 2 79 0,5 0 0 0 10/19/99

035 TE 2 n/a 0,5 0 0 0 05/29/98

036 GH 2 78 1 1 5 0 07/10/98

039 SG 1 84 0,5 0 0 0 08/21/98 04/04/00

040 LG 1 75 0,5 0 0 0 04/03/98 05/30/00

041 SH 2 79 0 0 0 0 10/12/99

042 SH 1 84 0 0 0 0 10/12/99

043 GW 1 82 1 1 5 0 03/20/98

044 HG 2 n/a 0 0 0 0 10/26/99

046 HE 1 79 0 0 0 0 11/09/99 01/28/02

048 ZH 2 85 0,5 0 0 0 11/02/99

049 MG 2 80 0 0 0 0 10/19/99 02/18/02

051 BG 2 78 0 0 0 0 04/17/98

052 LE 2 n/a 0 0 0 0 04/24/98

053 LI 2 78 0,5 0 0 0 06/19/98

054 KA 2 75 0,5 0 0 0 10/16/98

058 SK 2 75 1 1 8 0 07/06/98

059 HC 2 n/a 0,5 0 0 0 05/22/98

061 AE 2 82 0,5 0 0 0 06/12/98 05/30/00

062 EW 1 81 0 0 0 0 10/22/99

063 KM 2 76 0,5 0 0 0 10/09/98

064 FG 2 79 0,5 0 0 0 07/24/98

066 FI 2 82 0,5 n/a n/a n/a 07/17/98

067 BF 2 79 1 n/a n/a n/a 07/03/98

068 WK 2 78 1 n/a n/a n/a 08/28/98

069 HF 2 81 1 1 5 0 08/07/98

070 KM 2 82 0,5 0 0 0 07/31/98

073 PK 1 n/a 0,5 0 0 0 10/02/98 08/22/00

074 PR 2 82 0,5 0 0 0 11/30/99

075 FF 2 85 0,5 0 0 0 09/04/98 07/25/00

076 KJ 1 76 1 1 5 0 09/25/98 10/05/99 05/28/01

077 DG 2 80 0,5 0 0 0 09/11/98

078 HH 1 n/a 1 n/a n/a n/a 09/18/98

081 WE 2 78 1 n/a n/a n/a 10/23/98

082 HG 1 79 0,5 0 0 0 01/22/98

083 JM 1 78 0 0 0 0 07/02/99 04/09/02

084 RR 1 76 0 0 0 0 06/04/99

085 DC 2 n/a 0,5 0 0 0 05/21/99 08/29/00

088 KW 1 80 0,5 0 0 0 10/19/99

089 BG 2 n/a 0,5 0 0 0 03/21/00

092 KC 2 79 0,5 0 0 0 11/13/98

098 FW 1 75 2 1 5 1 05/07/99 06/13/00 06/21/01

continued. . .

MPI Cognitive NeuroScience 5
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Table 2.2: (continued)

ID NAME GENDER AGE CDR DSM examination time

DE AD VA TP1 TP2 TP3

099 WI 2 78 2 1 5 0 10/08/99

100 LH 1 80 0 0 0 0 08/20/99

101 BK 1 69 0,5 0 0 0 12/10/99 02/11/02

102 KK 1 75 0 0 0 0 06/25/99 04/12/01

105 ZR 1 n/a 0 0 0 0 09/10/99 05/07/02

107 RH 1 80 0 0 0 0 07/23/99 01/14/02

109 BG 2 75 1 1 5 0 09/21/99

111 ZW 1 80 0 0 0 0 08/13/99 11/13/01

113 MF 1 75 0 0 0 0 09/21/99

114 KE 2 82 0,5 0 0 0 09/03/99 08/20/01

115 SM 2 81 0,5 0 0 0 09/17/99

116 SW 1 n/a 0 0 0 0 09/24/99 03/05/01

117 HK 1 79 1 1 5 1 09/21/99

118 BR 2 75 0,5 1 5 0 08/27/99

119 KW 1 75 1 1 5 0 06/11/99

122 TH 1 78 0,5 0 0 0 10/01/99

124 RH 1 80 0 0 0 0 10/05/99 02/08/01

125 LR 1 75 0 0 0 0 11/30/99

126 KW 1 82 0,5 0 0 0 10/05/99

127 RR 2 85 0,5 0 0 0 10/26/99 04/16/02

128 WE 2 80 2 1 n/a n/a 11/12/99

129 MA 2 82 1 1 5 0 11/19/99

130 GK 2 79 n/a n/a n/a n/a 08/15/00

131 HL 2 75 0,5 1 5 0 12/03/99 08/27/01

132 RE 1 80 0 0 0 0 11/16/99

133 RS 2 73 0 0 0 0 11/16/99

134 GI 2 84 0 0 0 0 11/23/99

135 WG 2 84 1 1 5 0 01/11/00

136 EB 2 79 n/a n/a n/a n/a 11/23/99

137 JM 2 78 0 0 0 0 07/09/99

140 PE 2 73 n/a n/a n/a n/a 11/16/99

141 SH 2 79 2 1 5 0 10/26/99

142 WG 2 79 2 1 5 1 11/30/99

143 BC 2 87 3 1 5 0 01/11/00

144 EG 2 91 1 1 0 2 01/11/00

145 BL 2 64 0,5 1 1 0 01/11/00 12/10/01

146 HK 2 60 1 1 1 0 11/02/99

147 SW 1 n/a 1 1 0 1 01/11/00

148 EG 2 71 0 0 0 0 01/18/00 07/12/01

149 HG 1 66 0,5 0 0 0 01/18/00

150 OA 2 85 2 1 0 0 02/01/00

151 NG 2 79 0 0 0 0 02/08/00 03/26/02

152 PI 2 64 1 1 1 0 02/08/00

153 PK 2 79 0,5 1 0 4 02/08/00

154 KU 2 81 0,5 0 0 0 02/15/00

155 SJ 1 82 0,5 1 8 0 02/15/00

156 HA 1 88 0,5 0 0 0 02/22/00

157 KL 2 81 0 0 0 0 02/29/00

158 BB 2 80 0 0 0 0 02/29/00

159 SJ 2 80 n/a n/a n/a n/a 10/11/01

160 PG 2 84 0 0 0 0 03/14/00

161 WE 2 81 0 0 0 0 04/18/00

162 WH 1 81 0 0 0 0 04/18/00

164 LG 2 82 0,5 0 0 0 03/07/00

165 ZS 2 76 0 0 0 0 03/14/00 01/31/02

166 LR 1 78 n/a n/a n/a n/a 04/11/00

continued. . .
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Table 2.2: (continued)

ID NAME GENDER AGE CDR DSM examination time

DE AD VA TP1 TP2 TP3

167 ZG 2 80 0 0 0 0 04/11/00

169 FW 1 76 1 1 n/a n/a 04/04/00

170 ME 2 75 0,5 0 0 0 04/11/00

171 SM 2 n/a 1 1 5 0 05/02/00

172 EE 2 75 n/a n/a n/a n/a 05/02/00

174 BH 2 73 2 1 0 0 09/05/00

175 TE 2 86 0,5 0 0 0 06/06/00

998 PW 1 73 2 1 5 0 11/30/99

999 MJ 2 73 2 1 5 0 06/18/99 07/18/00

2.2.2 Focal Brain Diseases

The Day-Care Clinic of Neuropsychology at the University of Leipzig‡ is treating patients with
focal brain damage (after cerebral infarction, hemorrhage or severe head trauma). Patients are
scanned routinely by MRI at the time of admission and discharge (approx. 3 resp. 12 months
after onset). Examinations of TP1 and TP2 will be evaluated by inverse bio-mechanical models
in order to derive the deforming forces induced by restorative processes after focal brain damage.
Currently, 70 suitable cases with well-defined lesions have been selected; in 25 cases the follow-
up control examination (TP2) took place. All currently acquired datasets are listed in Tab.2.3.

MRI examination is carried out on a 3.0 Tesla tomograph (Bruker Medspec 100), with a
high-resolution, whole-head 3DT1-weighted MDEFT sequence13,20 (128 sagittal slices, 1.5 mm
thickness, FOV25.0 × 25.0 × 19.2 cm, data matrix of256 × 256 voxels), as well as with a
high-resolutionT2-weighted RARE (rapid acquisition relaxation-enhanced) sequence9 (20 axial
slices, 1.5 mm thickness, FOV25.0× 25.0 cm, data matrix of256× 256 voxels). To be compat-
ible with SimBio, individual datasets have been converted by the WP1.1 programbrutov .

Fig. 2.3depicts an example dataset of a patient suffering from a severe infarction of the arteria
cerebri media.

Table 2.3: Epidemiological data of patients included in the evaluation of bio-mechanical inverse models
w.r.t focal brain lesions. Gender 1 corresponds to male, 2 to female. The diagnoses are abbreviated
as follows: CI-L cerebral infarction left; CI-R cerebral infarction right; SVT severe head trauma; ICH-L
intra-cerebral hemorrhage left; ICH-R intra-cerebral hemorrhage right; SAH subarachnoidal hemorrhage;
HYP cerebral hypoxia; TUM tumor.

ID NAME GENDER BIRTH examination time DIAGNOSIS
TP1 TP2

009 SC3P 2 08/25/42 09/05/97 CI-L

030 DL2P 2 04/26/40 01/22/99 SVT; (SAH)

040 DH1P 1 07/25/53 01/23/98 06/22/01

046 BJ1P 1 12/16/69 09/19/97 CI-L

050 ZS1P 1 07/17/52 11/18/97 SVT

053 GH1P 1 01/30/41 09/19/97 CI-L

continued. . .
‡Day-Care Clinic for Cognitive Neurology, University of Leipzig, Liebigstr. 22a, 04103 Leipzig, Germany. (re-

sponsible: Prof. Dr. Y. von Cramon

MPI Cognitive NeuroScience 7
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Table 2.3: (continued)

ID NAME GENDER BIRTH examination time DIAGNOSIS
TP1 TP2

060 NM1P 2 07/10/78 09/05/97 CI-L

068 ZA1P 2 10/13/53 07/04/97 SVT

070 GE1P 2 01/14/58 02/19/99 CI-L; CI-R

085 JU1P 1 01/16/42 09/11/98 CI-L

087 SC1P 2 04/24/37 09/12/97 ICH-L

095 KP1P 2 06/06/45 08/08/97 CI-L

099 BH1P 1 07/28/41 06/20/97 CI-R; (HYP)

102 BK1P 1 07/05/49 04/11/97 08/20/99

104 NE1P 2 04/07/31 04/11/97 CI-L

108 LJ1P 1 01/05/47 04/18/97 CI-L; CI-R

111 PM1P 2 02/10/48 05/16/97 CI-R

113 WW1P 1 03/05/60 05/16/97 CI-L; CI-R

115 GD1P 2 08/27/53 05/30/97 CI-R

120 KB1P 1 02/04/73 06/27/97 CI-R

122 KB2P 2 12/20/61 08/15/97 SAH

126 TH1P 1 03/10/34 07/18/97 03/13/98

142 KA1P 2 06/20/59 09/26/97 06/26/98

148 SU1P 2 10/03/36 10/17/97 SAH

150 ET1P 1 04/20/60 10/13/97 SVT; (ICH-R)

156 FG2P 1 n/a 10/24/97 cerebral abscess

165 AD1P 2 n/a 11/18/97 SAH

172 DD1P 1 n/a 01/14/98 SVT; (ICH-R)

178 KP3P 2 06/30/33 01/23/98 04/08/98

188 KT2P 1 01/30/35 02/13/98 09/18/01 SVT; (SAH)

191 WS1P 2 n/a 02/20/98 HYP

192 SH1P 1 06/26/57 02/27/98 05/29/98

197 BI2P 2 05/06/50 03/20/98 07/23/99

203 PK1P 2 n/a 04/03/98 TUM (meningioma)

204 GV1P 2 03/23/80 03/27/98 09/25/01

209 SJ1P 1 n/a 04/17/98 SVT; (SAH)

212 RG2P 1 n/a 04/24/98 ICH-L

213 BB1P 2 n/a 04/24/98 SAH; (CI-R)

214 GW1P 1 04/13/50 05/08/98 05/13/98 ICH-L

221 DB1P 2 10/06/80 06/05/98 08/03/98

224 KF1P 2 n/a 06/05/98 Cyst?; (CI-L; ICH-R)

237 SM2P 1 09/13/29 08/13/98

239 RJ3P 2 09/07/28 08/13/98 09/04/98

240 TA2P 1 n/a 08/10/98 CI-L

268 FR1P 1 n/a 11/06/98 SVT; (SAH)

269 FS1P 1 08/25/60 10/09/98 02/11/00

291 GA1P 1 n/a 12/11/98 SVT

296 WD1P 2 05/03/60 01/08/99 04/07/00

300 TK1P 1 n/a 02/09/99 SVT

304 TC1P 1 01/17/35 02/12/99 03/19/99

307 KH4P 1 n/a 02/12/99 SVT; (ICH-L)

314 MB1P 2 08/30/60 02/26/99 07/02/99

315 FH5P 2 11/01/35 03/05/99 03/17/00

325 AG1P 2 09/20/78 03/26/99

355 HD3P 1 01/17/35 07/09/99 03/17/00

357 ZH2P 1 08/30/76 07/16/99 08/27/99

358 SR2P 1 08/12/60 07/16/99 10/22/99

360 LW1P 1 02/15/64 07/16/99 08/20/99

369 MC1P 2 02/15/64 02/26/99

370 RM3P 1 10/07/77 07/30/99

403 KH5P 1 n/a 11/19/99

410 ZM1P 2 01/30/35 12/10/99 09/15/00

continued. . .
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Table 2.3: (continued)

ID NAME GENDER BIRTH examination time DIAGNOSIS
TP1 TP2

411 LP1P 1 04/05/38 02/12/02

424 LM5P 1 08/30/60 02/11/00 06/15/01

442 AH1P 1 11/01/35 02/29/00 05/11/01

467 BU1P 2 n/a 06/16/00 07/14/00 SAH

524 HT3P 1 n/a 11/10/00 03/02/01

529 MJ3P 1 n/a 11/17/00 02/02/01 SVT

549 FH6P 1 n/a 02/16/01 01/15/02

601 WA5P 1 n/a 07/06/01 07/27/01 SVT

620 KL1P 1 n/a 02/23/01 08/31/01 CI-L

MPI Cognitive NeuroScience 9
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(a) (b) (c)

(d)

Figure 2.1: Patient 009 (LS1P), before (a), during (b), and after (c) distraction; note the halo-fixation in
(b) that clearly appears in the respective CT scans (d, middle) as well. Subfigure (d) depicts the pre- (left)
to post-operative (right) CT scans of the patient.

10 MPI Cognitive NeuroScience
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(a) (b) (c)

Figure 2.2: MRI examination of patient 076 who is suffering from M. Alzheimer. Example slices are
shown from the first (TP1) examination (a), the second (TP2), twelve months later (b), and from a third
examination (TP3), performed 32 months after the first (c).

Figure 2.3: MRI examination of
patient 620 who is suffering from
an incomplete infarction of the left
arteria cerebri media. The slices
in the upper row were taken after
twelve days (TP1) of the incident.
Note the hypo-intense, oedema-
tous swelling. Six months later
(TP2) this oedema was absorbed,
and damaged matter was removed
(bottom row).

MPI Cognitive NeuroScience 11



3 Evaluation

3.1 Forward Models

3.1.1 Introduction

The Clinic for Facial Surgery at the University Clinic of Leipzig is treating patients with in-born
deformations of the skull. A stereotactic frame (a so-calledhalo) is mounted to the head by three
fixation screws on each side of the head. During surgery, sub-parts of the skull are mobilised
and attached to the frame by wires. Pulling wires in a certain direction at a certain distance per
day will bring skull parts slowly to a desired position, thus correcting the skull deformation.
Typically, 1 mm shifts per day are achieved, and after 4-5 weeks, clinically sufficient results
are obtained. Because skull parts are now in their "natural" position (and under natural load
conditions), a self-contained healing process is induced. The application of this rather new
therapy still contains many unknowns:

• The allowable force range for halo fixation is unknown. If screws are pulled too tight, the
skull or the halo may brake.

• The choice of the direction and speed applied to the wires attached to the skull parts
is currently driven by clinical experience only. The outcome of the procedure may be
optimised by simulations in terms of restoration precision and treatment time.

Datasets have been subjected to the following procedure:

1. segmentation of the CT datasets into materials bone, halo and soft tissue (brain, CSF),

2. conversion of the TP1 image data into a volumetric mesh by using tools provided in WP1.

3. addressing material parameters provided by WP2 to the elements of the mesh,

4. extracting the positions of the halo screws manually from TP2 image data

5. addressing direction and strength of known forces (halo screws, surgical wires) automati-
cally by using tools provided by WP3,

6. performing a forward simulation using solvers for the bio-mechanical problem as devel-
oped in WP3,

7. performing an inverse analysis of the skull deformation between TP1 data and TP2 data
by using tools developed in WP42 and comparing the results of this analysis with the
deformation obtained by the forward simulation (for halo fixation).

12
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vgrid

WP 1

labeled  image

input image

partitioned mesh

mesh

deformation field

DramaTool

WP 3

vm

WP 5

HeadFEM

WP 3

mesh with forces

Material Database

WP 2

vm

WP 5

Figure 3.1: Sketch of aSimBio forward modelling protocol and component interaction w.r.t. bio-
mechanical head models.
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Figure 3.2: The deformation of the calotte induced by the HALO fixation was modelled and visualised
by using15. The patient was a 18 years old man with normal bone mineralisation. The left image shows
the error of the forward modeling obtained by the comparison of the deformation obtained by forward
modeling (upper right) and non-linear registration (lower right). The deformation obtained by registration
is limited to a z-band, because at the second time point only a few slices containing the halo fixation are
obtained. Note, the modelled deformation is localised around the screws fixating the HALO, but the true
deformation affects the whole calotte.

Due to limited project runtime and personal resources, we can not focus on the second mod-
elling aspect (calculating wire forces) of the forward simulation. The problems associated with
such task are diverse: a sound medico-physical model for the restoring forces is still outstanding;
handling of contact faces, sliding elements, and adaptive re-meshing is currently not achievable
with theHeadFEMtool. We intent to carry on with this task beyondSimBio.

The current modelling process chain uses programs developed withinSimBio exclusively.
The respective work package interaction and the individual program names are outlined in
Fig. 3.1.

3.1.2 Results

In some of the data the head was only partially acquired, and therefore, it was not possible to
create a complete FEM Model of the head for these data sets. Hence, of the 22 data sets of
the patients with in-born deformations of the skull only 17 proofed to be usable for the further
evaluation.

The available hardware did allow to run the forward modeling software at resolutions of
1 mm×1 mm×1 mm. On a cluster of16×2 AMD Athlon MP 1900+ processors, a forward sim-
ulation at this resolution was achieved in approximately 30 minutes. However, a visualisation
of the results by by using the tools provided by WP6 was only possible for meshes generated at
a maximum resolution of2 mm× 2 mm× 2 mm. For higher resolutions, the requirements on

14 MPI Cognitive NeuroScience
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Figure 3.3: Differences between deformation obtained by forward modeling and the deformation ob-
tained by non-rigid registration are visualised by using the tool provided by WP6. The patient was a 18
years old woman with a known deficit in bone mineralisation, and, hence, with a highly deformable skull.
Therefore, the forward simulation fails to model the true deformation. Dark blue corresponds to small
differences and white corresponds to differences of 7mm between the the simulated deformation and and
the deformation measured by non-rigid registration. .

working memory exceeded the available amount of 1GB RAM at the visualisation workstation,
and an external visualisation tool was used instead15;

Since the data sets at TP2 usually do not contain the full head, an evaluation of the results
of the forward modelling had to ensure that a registration of only the visible part to the data at
TP1 takes place. Also thehalo-frame and resulting streak artifacts, not visible in TP1, had to
be removed completely from the image data. Hoever, the non-rigid registration used to measure
the true deformation is still not error free. For an image resolution of1mm × 1mm × 1mm
a registration error of up to1.5mm has to be considered. Examples of a comparison of the
deformation obtained by modeling to the deformation measured by non-linear registration are
given in Fig.3.2and Fig.3.3. In both cases the material parameters used are those provided by
WP2.

In summary, the results of the modelling of deformations induced by the fixation of thehalo-
frame are not satisfying. Especially in the second case (see Fig.3.3), large differences occure
between the vector fields obtained by non-rigid and the deformation vectors obtained by the for-
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ward simulation. These differences are well above the error marigin of the non-rigid registration,
and they can, therefore, not be neglected. They arise for a variety of reasons:

1. The model of the skull is not complete; the skull is treated as a homogeneous material
which it is not in the case.

2. The material parameters of the skull provided by WP2 coincident only with very special
cases. The stiffness of the skull changes with patient age and it is also subject to the bone
mineralisation that may vary between patients.

3. Sutures are not modelled in the FEM mesh and the fixation of the skull that is necessary
for the convergence of the forward modelling is arbitrary.

Among others the following proposals are discussed, to enhance the forward modelling be-
yondSimBio in theGEMSS project:

1. The visualisation of the FEM mesh should include a tool to select and place thehalo-frame
and thehalo-frame may also be part of the FEM-Model.

2. The FEM model has to be enhanced by a more sophisticated estimation of material param-
eters. In CT images, the intensity of a voxel corresponds to the average atom mass of the
materials. Therefore, the intensity also corresponds to bone-mineralisation and, hence, to
the stiffness of the bone.

3. A proper modelling of soft tissue when modelling the facial area is inevitable, since mus-
cles also yield forces onto the bone influencing the shape change during treatment.

3.2 Inverse Models

3.2.1 Introduction

Magnetic resonance imaging (MRI) is used in clinical routine to map the brain’s morphol-
ogy. Structural changes due to brain growth, ageing, surgical intervention or pathological pro-
cesses may be detected by image registration of time-series imaging data. To monitor structural
changes, a six step approach is pursued inSimBio: (1) alignment of individual scans with the
stereotactic co-ordinate system, (2) correction of intensity inhomogeneities of the scan data, (3)
linear registration of the follow-up scans with the initial one, (4) intensity adjustment between
all scans, (5) non-linear registration of all scans for yielding a deformation field, (6) evaluation
of the deformation.

Step (1) is carried out to allow inter-patient comparisons, step (3) is achieved in order to cor-
rect positional as well as orientation differences; image intensity histograms have to be adjusted
(step (4)) as both ST4.2 registration tools —vlet andvfluid ∗— are using intensity based
registration schemes. Depending on the application, the registration model may need to meet
particularly different requirements. Both registration variants represent a physics-based model
for the deformation between local image structures. The viscous-fluid approach ofvfluid

∗program to appear in the next software release of ST4.2.
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Figure 3.4: Sketch of aSimBio tool chain and component interaction w.r.t. inverse bio-mechanical
models.

MPI Cognitive NeuroScience 17



public SimBio Deliverable D7.2c
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Figure 3.5: Simplified registration scheme for ST4.2 programvfluid .
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Figure 3.6: Simplified registration scheme for ST4.2 programvlet .
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(see Fig.3.5) is an attempt to overcome the small deformation assumption inherent in the linear-
elastic model (vlet , see Fig.3.6), but has to prove its bio-physical validity. A careful cross-
validation of the two registration schemes is still under way. As a rule of thumb, we apply the
viscous-fluid model when we expect large deformations, for instance to track brain restoration
after focal damage, and the linear-elastic model when we have to cope with small deformations
close to the resolution of the model, e.g., to delineate the progress of M. Alzheimer. The result-
ing deformations fields are usually large and, therefore, hard to interpret. The respective clinical
application might require a further analysis of the deformation field (step 6). For a simplified
but sufficient description of such vector fields, contraction mapping is applied to detect vector
field singularities (vcpdetect ∗). These critical points reflect the topology of the vector field.
Finally, the size and complexity of the vector fields require an enhanced visualisation. The pre-
processing for visualisation (e.g., mapping of vector field data to surface meshes, calculation of
surface normals, trajectories) is achieved by a separate tool (vmeshadddefo ∗). Results are
displayed invm.

The respective work package interaction and the individual program names are outlined in
Fig.3.4. For an application to a patient suffering from neuro-degeneration (Alzheimer’s disease)
and for another patient who expired a cerebral infarct, we will demonstrate howSimBio may
help to understand pathological processes.

3.2.2 Results & Discussion

Both registration approaches have been applied to all available data sets. The simplified result of
the registration evaluation is that the fluid registration works adequately for large deformations,
whereas the elastic registration provides a high resolution if small deformation are of concern.
This finding is consistent with the theory of mathematical elasticity4, as the assumption of linear-
elasticity does indeed provide a first approximation to deformation problems, if deformations are
small. The elastic registration, however, completely fails if the topology within the images is vi-
olated. As we actually approach for a consistent, bijective, registration (cf.SimBio Deliverable
D4.2a), this is actually an advantage of the elastic registration scheme. However, the constraint
is somewhat unfortunate if artefacts within the image background are a problem. The elastic
registration should be therefore carried outonlyon images where the outer hull is removed.

As both registration schemes are voxel-based (by use of the sum of squared intensity differ-
ences in the respective cost function, seeSimBio Deliverable D4.2a), the registration is depen-
dent on the preprocessing. If preprocessing fails to remove intensity non-uniformity results of
the registration are most likely flawed.

The use of material parameters for the registration imposes even more physical constraints
to the registration and need to be considered tentatively, to not over-constrain the mapping.
For example, if we take a case of neuro-degenerative disease. An attribute of this disease is
the alteration of brain tissue (mostly gray matter) into cerebro spinal fluid (CSF, see below).
As CSF is incompressible by definition and can therefore not undergo volume changes in a
closed system, the topology preservation constraint would immediately fail in such case. Tissue
alteration are of concern for both evaluation tasks here. Hence, we did not use individual material
parameters for the elastic registration, but some arbitrary global values (seeSimBio Deliverable
D4.2c).
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registration time in minutes
Method Data min avg σ max

vfluid
Focal Brain Lesion 8.4 13.0 4.1 20.6
Neuro-degenerative Diseases 10.3 14.7 2.4 19.9

vlet
Focal Brain Lesion 41.4 41.6 0.4 41.7
Neuro-degenerative Diseases 41.3 41.4 0.8 41.6

Table 3.1: Registration times [min] were measured on a dual AMD Athlon-XP 1800+.

Using material parameters with the fluid dynamic registration is not problematic, as here
elastic parameters only impose a rescaling of the forces.

Methodological Considerations

The program run-times of bothSimBio non-rigid registration approached are summarised in
Table3.1.

In order to compare registration results and to measure the error, surfaces meshes were created
from the image data by using themarching tetrahedraalgorithm14, and adapting the meshes to
the boundary of gray matter by using a deformable model12. Thereafter, the mesh representing
the gray matter of the study image is deformed according to the transformation obtained by
the registration. Finally, the distance between the deformed study mesh and the reference gray
matter mesh is evaluated. The average errors of the registration are summarised in Table3.3for
all patients with focal lesions and in3.2for the database of neuro-degenerative diseases.

Table 3.2: The average regsitration error for the demencia patients is given. Note, the average registra-
tion error is larger by the elastic registration approach (vlet). This is mainly due to the poor image quality
and to artefacts in the background noise. The outliner (c111) is introduced by the the evaluation approach
and reflects an error in the gray matter surface generation.

vlet vfluid

avg σ avg σ

c002 0.65 0.71 0.51 0.67
c007 2.13 1.63 1.40 1.39
c029 0.79 0.84 0.62 0.80
c076 0.76 0.83 0.57 0.83
c098 0.55 0.69 0.47 0.68
c131 0.82 0.97 0.63 0.97
c999 0.53 0.54 0.44 0.50
c127 0.52 0.81 0.49 0.78
c009 0.52 0.66 0.48 0.65
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c024 0.56 0.76 0.47 0.76
c039 0.60 0.79 0.57 0.79
c105 0.70 0.72 0.48 0.58
c061 0.64 0.65 0.44 0.56
c148 0.76 0.86 0.67 0.85
c083 2.98 2.09 1.36 1.25
c165 0.51 0.61 0.44 0.58
c151 0.56 0.75 0.49 0.75
c124 0.85 0.79 0.53 0.62
c049 0.51 0.63 0.42 0.59
c111 30.8523 43.4953 30.7966 43.603

Avg 0.83876 0.85864 0.60326 0.76836

Table 3.3: The average regsitration error for the focel lesion data is given. Note, the average registra-
tion error is larger by the elastic registration approach (vlet). The outliner (p221) is introduced by the
evaluation approach and reflects an error in the gray matter surface generation.

Registration error (focal lesion patients)

vlet vfluid

avg σ avg σ

p040 1.07 1.00 0.60 0.79
p102 0.67 0.74 0.58 0.85
p126 1.17 1.91 0.81 1.27
p142 1.63 2.04 1.18 1.52
p178 0.89 1.01 0.74 0.92
p188 1.22 1.64 0.67 0.94
p192 0.64 0.79 0.45 0.72
p197 1.18 1.17 0.76 0.93
p204 1.04 1.13 0.75 1.08
p214 1.60 9.91 1.50 9.86
p239 0.64 0.93 0.55 0.81
p296 1.10 1.07 0.53 0.74
p304 1.92 2.54 3.63 13.61
p314 0.68 0.93 0.55 0.90
p315 1.29 1.45 0.61 0.89
p357 0.66 0.89 0.54 0.83

continued. . .
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. . .continued

vlet vfluid

p358 0.46 0.58 0.40 0.57
p424 0.90 0.89 0.63 0.79
p467 0.56 0.63 0.39 0.62
p524 0.92 0.90 0.57 0.80
p529 0.55 0.69 0.46 0.65
p601 1.08 1.40 0.91 1.28
p620 0.92 1.03 0.67 0.96
p221 19.74 38.59 20.84 39.50
Avg 0.99 1.53 0.80 1.84

For some cases voxel-based non-rigid registration as provided bySimBio is flawed for a
variety of reasons. If intensity non-uniformities are present in the images that are not removed
by the preprocessing steps (see above), intensity adjustments will yield an inconsistent intensity-
material-mapping, i.e. the registration then yields incorrect results. In this cases, the errors might
be subtle, offering room for erroneous conclusions (Fig.3.7). Here, using the sum of squared
differences as a cost function for non-rigid registration, is deprecated.

From theory, registration based on fluid dynamics allows to model large deformations. It
mis-registers, if structures are present in one image which are not present in the other (topology
violation). As an example consider the pair of study image and reference image given in Fig.
3.8. A part of the scalp is missing in the study image (Fig.3.8a) which is present in the reference
image (Fig.3.8b). Parts of the cerebellum where registered to the scalp (Fig.3.8, c). The linear
elastic registration approach is restricted to small deformations. In contrast to the fluid approach,
topological invariance is explicitly constraint by the algorithm (seeSimBio Deliverable D4.2a).
Thus, the linear elastic registration scheme must completely fail to register the case discussed
above.

The combination of voxel based approaches with landmarks based methods was proposed.
However, the automatic extraction of exact landmarks is usually hard to achieve3,5,6. Therefore,
method using landmark based registration were not evaluated (see above).

To enhance the program performance, both algorithms are implemented based on a multi-
level, multi-resolution pyramid (seeSimBioDeliverable D4.2c). This multi-resolution approach
can introduce ambiguity to the registration results. Consider a registration experiment with a
study image (Fig.3.9 upper row, left), and a reference image (Fig.3.9 upper row, middle) by
using different starting resolutions. Results with start sizes8×8 and16×16 might intuitively be
favoured, since they coincide more with the expectation of a smooth deformation. Nevertheless,
in terms of the cost function and the smoothing term, all registration results are very good.
Therefore, a decision about the transformation can not be drawn on the basis of methodical
considerations only.

As one result of this evaluation study it turned out that a thorough cross-validation of the
registration schemes is more complex as foreseen by theSimBio TA. A neat statistical analysis
of vector fields and careful work on landmark extraction must be considered. Within the scope
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of this project we approached first ideas on how to carry on in this direction.
Vector fields, obtained by different registration methods, will always differ. Nevertheless,

shape registration should still be consistent as long as the registration method is able to han-
dle the magnitude of deformation. A careful evaluation of different non-linear registration ap-
proaches has recently been carried out by2,7,8. This kind of cross-validation might help to define
application areas for the different methods.

Medical Interpretations

Due to the wide variety of focal brain lesions in the study it was not possible set up a classifica-
tion pattern based on a statistical analysis of the deformation fields obtained. First approaches
to elucidate neuro-degenerative disease withSimBio tools have been published by Tittgemeyer
et al.17, 18, 19. As an example, we here apply the tool chain (Fig.3.4) to magnetic resonance
(MR) images of a patient suffering from a neuro-degenerative disease. A local destruction of
brain tissue, which is removed during degeneration, is compensated by an increase in cerebro
spinal fluid (CSF). Analysing the pattern of matter loss is important to improve the understand-
ing of the pathological process induced by the disease.

Figure3.10illustrates the shape difference of the patients ventricular system (left) and brain
(right) between two examination time points (3 month and 15 month after the patients initial di-
agnostic findings). The ventricular system (the low-intense cavities within the brain in Fig.2.2)
was segmented from the brain. The spatial pattern of shape change is visualised by colours:
red and blue indicating inward and outward pointing directions, respectively; colour intensity
reflects its magnitude. The scale is given in mm. The displacement vectors are shown as arrows.
It is interesting to note that the ventricles are clearly enlarged, most notable in superior direction.
This a consequence of a loss of brain tissue, resulting in an increase in the CSF volume. The
superior orientation of the ventricular enlargement indicate a more profound tissue damage in
the supra-ventricular compartment. As could be deduced by Fig.3.10(right) the strongest defor-
mations occur in the posterior portions of the first and second frontal gyrus on both hemispheres.

3.2.3 Summary

We proposed to monitor structural changes in the brain by non-rigid registration of time-series
of MR images. As an evaluation of theSimBio tool chain for inverse bio-mechanical models,
we focused on patient cases with neuro-degenerative disease and unilateral focal brain lesion.
The tool chain has matured, though visualisation of the results needs improvement, such as
exemplified in Tittgemeyer et al.17.

The advantage of conducting a biomedical analysis over simple visual comparison as carried
out in clinical routine is obvious: the consequences of a disease are understood as a circum-
scribed tissue change leading to quantifiable deformations of the brain structures. The impact
of theSimBio bio-mechanical inverse tool box to the diagnosis of midface distraction has been
demonstrated by Wollny et al.21, 22.
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Figure 3.7: The right image shows the result of the registration two images, study (left upper) and
reference (left lower). Since the intensities of the gray matter in both images are not well adapted, the
non-rigid registration, based on the sum of squared differences, yields a vector field which suggests a
major increase of the brain volume that can not be found in the original images. Apparently, the cost
function was favouring a registration of the gray matter in the study image to the white matter in the
reference image.

(a) study (b) reference (c) registration result

Figure 3.8: In the study image a part of the scalp is missing (a) which exists in the reference image (b).
The registration maps parts of the cerebellum to the scalp yielding a mis-registration (c)

.
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Figure 3.9: Registration of source image (upper row, left) to the reference image (upper row, middle) by
using different start sizes for the multi-resolution processing. The results are visualised in the lower row
by deforming the mesh image (upper row right) with the obtained deformation fields, and they are given
from left to right for multi-resolution start sizes of8× 8, 16× 16, 32× 32, 128× 128 and registration of
the full resolution of256× 256 only.

Figure 3.10: Changes in morphology are visualised by colours: red and blue indicating inward and
outward pointing directions, respectively, and the magnitude of shape change perpendicular to the surface
of the brain: arrows indicate the displacements.
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