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This report describes the research adivities of the projed “2D and 3D Quantification d Bone
Structure and its Changes in Microgravity Condtion by Measures of Complexity” for the
period d time dter the beginning of the project (signed contrad receved onDecember 20,
2000 urtil the end o December 2001.

M otto

WG suggested at the project board meeting on February
12, 2001, to follow the success of Pioneer 10 asa shinning
example for this project.

1. First Task: Computer Set-Up at FUB

The propacsed computer, Onyx RE2, needed to work with large data sets, was off ered at a prohibitive
high cost. After consultations with SUN, Hewlett-Padkard, IBM, and experts from our partner ZIB, we
cameto the conclusionto order three @mputers where eab has a spedfic task instead of buying a
large computer that can everything. These consultationstook placein Decamber 2000.

We receved the best off er from HP, negotiated the price, and adered the eguipment (PC workstation
for image data visuali zation, Unix workstation for computing of aaquired data, Linux server for data
storage and archive). The mmputers were delivered between Decenber 2000and the end o January
2001.The madines were in working order at our first meding on February 12, 2001 Due to missng
small parts, an ealy broken tape drive, and a broken CPU, al machines were fully operational in
May/June 2001.The Unix-Workstation and the Linux-Server were completely installed at that time.
Although the PC-Workstation was full y integrated in the network of the set-up, the complete

install ation was finished onSeptember 7, 2001.This delay was dueto a spedal ordered volume-
rendering engine. The mmputer set-up was completed in all its aspeds on September 7, 200QL.

Thefundsto purchase the three @mputers andtheir peripheralswere supdied by our industrial partner
Siemens AG. The payment was made in full after FUB confirmed complete delivery. Thereby, the
financial commitment of Siemens AG was fulfill ed to the full term of the cntrad on schedule.

The Amiraframework, a 3D visuali zation and quantification software padkage devel oped by our
partner ZIB, isinstal ed onthe PC-Workstation since January 2001, onthe Unix-Workstation since
February 2001,and has been up-dated constantly. The Amira-framework isinstalled ona Unix-
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Workstation locaed within the Institute of Physics at the University of Potsdam since September
2001.

Tests of the workability of the Amira framework onmicro-CT data (FUB) were performed before the
signature of the antrad. When the first human tibia biopsy data sets becane available in July 2001,
they were processed onthe Amira framework. We found no poblem in regards of handling the
amourt of data.

When large biopsy cylinders (4 cm long with a7 mm diameter) were scanned onthe micro-CT (FUB),
it became obvious that these probes cannat be processed with ore aquisition. It was dedded to scan
the long probesin two separate sets of data.

The partner ZIB developed a procedure to merge the two separate data sets. Therefore, we ae aleto
work with large merged micro-CT data sets.

This manifold task was part of the first milestone (3D milestone 1* yea, 12" morth), formulated as:
“Fully installed and complete workable set-up d the Onyx computer, including fully workable Amira
framework on micro-CT data sets.”

We mnsider this point of the mil estone to be adieved, athough we changed the computer set-up as
described above.

In order to fulfill thisfirst task, the partners FUB (AB, MG, PS WG), ZIB, and Siemens AG were
fully involved and worked together without even minor problems.

2. Collection of Specimens and Their Preparation

FUB (WG, MG) colleded from 30 hunan cadavers 6 bore spedmens ead (lumbar spine, proximal
femur, cdcaneus, distal tibia, distal radius, midshaft humerus) in February 2001.These spedmens
remain at FUB for the duration o the projed. The lledion d spedmens was made posshble by a @-
operation with the Institute of Anatomy (Prof. Bogusch) of the Humbad dt-University in Berlin and
with a a-operation with the Institute of Anatomy (Prof. Graf) of the FreeUniversity Berlin.

The calaverswere 20 females (age 57— 98 yeas) (peripheral bores taken from the left side: 13, from
theright: 7) and 10males (age 60— 94 yeas) (periphera bones taken from the left side: 3, from the
right: 7).

We propased to use the resources of the Dept. of Pathology at FUB but were unable to uili zeit, dueto
limited resources at that institution.

It is known that bone spedmens obtained from formal dehyde-prepared cadavers contain air in the
bore marrow region. A procedure to extrad the ar permanently had to be found.

The experimental set-up to extrad air from the speamens was finished onMarch 23.1t includes an
excicaor, vaauum pump, manometer, and al the gppropriate mwnredions. Formaldehyde/alcohd
solution, dastic welder, and dastic bags were needed as well. The eguipment and material was
purchased for this projed.

Vaaum extradion tests were performed. The results of the vacuum tests led to the conclusion: the
bore spedmens have to be in the formaldehyde solutionfor 2 hous to warrant a mostly airlessbore
marrow space The presaure within the vacuum system has to be maintained at 80 mbar for 2 hous.
The vaauum system has to be |eft airtight over night.

Results of plastic bag welding experimentation: the plastic bags remain airtight after welding. The
handing is not essy due to the formaldehyde solution. The fluid, when carefully handed, dces not
influencethe welding. However, the toxic fumes make the procedure difficult.

The experimentation and air-tightnesswas chedked with a pQCT-scanner at FUB.

All 180spedmenswere drtight and padckaged by November 2001.They are kept in arefrigerator.
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This task was achieved by FUB and the non-project co-operation partners mentioned above. The task
was completed without problems. We consider the experimentations and its problems usual scientific
work.

3. Imaging of 180 Bone Specimens and BMD Measurements

3.1 pQCT Imaging

A Standard Operational Procedure (SOP) for the bone mineral density measurement (BMD) and
imaging of each skeletal region by peripheral quantitative computed tomography (pQCT) was written
by WG. The scanning required the invention of new table fixations, a new table construction, and the
invention of positioning support material. All necessary requirements were obtained through the help
of the Technical Department at FUB.

The Center of Bone and Muscle Research (formerly Osteoporosis Research Group) at FUB provided a
pQCT-scanner Stratec XCT 2000 for scanning 30 radii. This was performed in April 2001. Due to the
workload on this scanner, the scanner was no longer availablein May. An identical scanner was
ordered from Stratec Medizintechnik GmbH in Pforzheim, Germany. The additional pQCT-scanner
did not provide the same image quality we expected to achieve while we imaged 30 tibiae. Therefore,
extensive phantom tests were performed on the second scanner. By arrangement with Stratec
Medizintechnik GmbH, WG brought the second scanner back to the company and watched the up-
grading of the scanner at the factory. When the factory-intern tests seemed to be perfect, additional
tests to confirm our requirements were performed. However, the acquisition time was long and the
heat generation at the x-ray tube seemed to be too high for a safe performance of the scanner. The
engineers at Stratec determined that an additional cooling fan would be necessary to run the scanner
safely. The fan was screwed onto the cover of the scanner, so that a particularly built pQCT-scanner
resulted from our image requirements. Additionally, a software break was implemented to stop the
machine after 2 hours of operation.

It was agreed to pay a monthly leasing fee for this special scanner to the company.

All images and all BM D-measurements of all specimens from all skeletal regions were performed on
this special pQCT-scanner. The slice thickness was 1 mm; the x-y-pixel sizewas setto 0.2 x 0.2 mm.
This set-up was maintained for all bones throughout the study. It required re-scanning of all tibiae and
radii.

Slice location definition:

1. Distal Radius: 4% of the entire radius length has been subtracted from the most dense part of
the distal radial joint surface. That location was used for the slice location. The individual
lengths of the radii were unknown. We assumed an average length for females of 240 mm and
for males of 275 mm. Thislocation is similar to patient examinations.

2. Proximal tibia: 17 mm distal of the most dense part of the medial joint surface. Thislocationis
in the area of a potential surgical biopsy site.

3. Lumbar vertebral body L 3: center of the vertebral body in the transaxial direction.

4. Femoral neck: The slice was taken at the thinnest diameter of the femoral neck (center of the
neck) and perpendicular to the main axis of the femoral neck.

0 A second slice was taken in the area between the femoral neck and the femoral head.
The angle to the main axis was determined on a radiograph.

5. Calcaneus: The slice was taken perpendicular to the anatomical length axis. The location was

20 % of that length subtracted from the dorsal end.
0 A second slice was taken at 30 % location.

6. Midshaft humerus: The dlice was taken perpendicular to the axis at the middle of the bone.

The center was determined on a radiograph.

The task was finished on December 6, 2001.
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3.2 Phantom Tests Performed on pQCT

Experiments on resolution were performed at FUB. The phantom tests showed aimproved
signal/noise ratio, excellent detail resolution, and very good contrast. Therefore, certain actions (noise
reduction procedure) as discussed at the project board meeting in July 2001, were not necessary to
perform. In addition, the images were compared with the results of two scans acquired on a pQCT-
scanner (Densiscan) by Scanco Medical AG. The image quality obtained on the special scanner by
Stratec Medizintechnik GmbH was superior. It is assumed that a better image quality cannot be
obtained on any commercial pQCT-scanner at this point in time.

3.3 BMD-Measurement of Lumbar Spines

All L3 vertebral bodies, and when L3 was fractured either L2 or L4, of the 30 lumbar spines were
examined on the pQCT-scanner first.

Secondly, exactly the same vertebral bodies were scanned on a CT-scanner Somatom Plus Sin QCT-
mode. This procedure was performed in two different x-y-resolutions: 0.182 x 0.182 mm and 0.323 x
0.323 mm. Thefirst relates to a high-resolution mode, while the latter is the resolution obtained on
patient examinations. In both resolution modes, slice thicknesses of 1, 2, 4, 8, and 10 mm were
obtained at the midvertebral transaxial location of the vertebral body. The lumbar spines were not
moved or touched between each of the ten scans.

The datawill be used for BMD-measurements. The slices will be used in a sub-study that will explore
the dependency of the measures of complexity on slice thickness, noise levels, and resolutions.

This task was finished in November 2001.

34 QCT of the Femoral Neck

Although our initial proposal envisioned the scanning of the femoral neck on a CT-scanner, the
developer of the software to measure the BMD of the femoral neck by QCT stopped further
development. Thisisaresult of a decreased market demand. DF approached the devel oper (Institute of
Medical Physics at the University of Erlangen, Germany) about the situation but a solution was not
available.

It was concluded at the project board meeting on July 5, 2001, that the project will not insist on QCT-
scanning of the femoral neck. The progress of the project is more important, in particular, the
development of the complexity measuresin 2D and 3D than the devel opment of refining tools to
assess the BMD of the femoral neck. Therefore, the femoral necks will be imaged and scanned for
BMD measurement on pQCT only. It is understood that this procedure is for experimental purposes
only and cannot be transferred to patient examinations. However, the BMD derived from these images
will be reliable. The pQCT-images can be used for the devel opment of the 2D measures of complexity
without restrictions.

3.5 Radiography

Radiographs in two views were taken from all 30 tibiae. In addition, radiographs were taken from all
30 proximal femorain one view, from al lumbar spinesin two views, from all calcanei in two views,
and from all humeri in one view.

The radiographs were necessary to define a repeatable slice location for the pQCT-scanner and for the
correct positioning of the bones on the examination table of the pQCT-scanner.

All tibia biopsies were x-rayed in mammography technique and in two views. The images will serve
for identification purpose if the adhered |abelsfail.

All radiographic procedures were finished in November 2001.
Theissues of points 3.1-3.5 involved FUB (WG, PS, DF) and the industrial partner Scanco Medical

AG aswell as the non-project co-operation partner Stratec Medizintechnik GmbH. All problems were
solved without delays. Point 3.4 led to a change of the proposed research process.
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4. Image Size and Measures of Complexity

It was foundat FUB that the pixel size of human vertebral body images obtained from CT-scanners
has an influence on measures of complexity. Thisinfluenceis of a magnitude which canna be
ignored. Therefore, in preparation for 2D measurements on bores from diff erent skeletal sites, the
problem of pixel size influence on measures of complexity had to be studied, defined, and a solutionto
be found.

4.1 Scientific Solution, February 2001

In January 2001,WG scanned two lumbar spedmens (sincethe spedmens for this projed were not
colleded at that time, nonprepared spines from a diff erent projed were used) on the CT-scanner
Somatom Plus S at FUB. The L3 vertebraewere dhosen. The midvertebral slicein 1mmsdlice
thicknesswas repededly scanned at exadly the same locaion. However, the scans differed in
magnification (zoom size). The zoom ranged from 1.7to 3.2in 0.1steps. Additional scansin 4.0and
5.0zoom were obtained on ore spedmen.

These CT scans were used by PSto develop a mrredion pocedure to acourt for different zoom
fadors. The normalized mean edge led to a mrredion d the static-dynamic coefficient (an encoding
parameter). Moreover, a thange of the “block of symbols’ was nealed as well and was diredly
couped to zoom fador changes.

Another approach wastaken at ZIB (SP, CH). Several resampli ng algorithms were tested and the
results were statisticdly tested at UoP (AZ). The cdculation d errors for measures of complexity
showed that awindowed sinc dgorithminits gedalized form as Lanczos alg. leads to acceptable
errorsin the range of 1 to 2%.

Anather patential problem was explored by ZIB and UoP: Influence of location shift of bore material
within the pixel matrix. The erors due to shift are accetable, the rangeis between 1and 3.9%.

The results were limited at that time because the spine samples had air in their marrow spaces and it
did na simulate the behavior of trabeaular bore acerrate enough. The experimentation, havever,
showed already the diredionin which we had to go in arder to find a solution. As onasthe
spedmens for this projed were clleded and prepared, the experiments were repeaed.

4.2 Scientific Solution, July 2001

Further experimentations with new samples withou air in the marrow spacereinforced the diredion
already taken. The Lanczos algorithm kernel 20 was able to give excelent results (stable measures of
complexity) within a magnification range of 1.9to 2.6.Thisisthe range that can be expededin
pradice The aror of four measures of complexity obtained from resampled images within this
magnification range is lessthan 5%.

Downsampled images showed the least remaining influence on the results of the measures of
complexity, whereas upsampling is objed dependent. The objed we used, hunan vertebral bones,
may not be an example for al bore regions.

The geometricd corredion algorithm developed by PScan be seenin principle & an dternative to the
resampling algorithm of Lanczos. Several parameters neal to be dnanged when using the geometricd
corredion, whereas the resampli ng algorithm works automaticdly all over theimage. A similar
automatic procedure for the wrredion algorithm can be written, however, the dhanges made to the
preprocessng procedure muld lea to difficultiesto compare results obtained from images with
different magnificaion fadors. In addition, the geometricd alterations may alter the original bore
structure in urforeseedl e diredions. Therefore, the dedsion was made to use the Lanczos algorithm
kernel 20 to resample CT-images taken at diff erent magnificaion fadors.

4.3 Conclusion

1. Whenever posdble astandardization d CT-image aquisition shoud be adieved when
spedmens or patients are scanned: zoom fador 2.2 a FOV 100.
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2. Sincethe strict application of standardization isfor practical reasonsin the hands of
radiological technicians a guarantee that the specific zoom factor or the FOV will be
implemented cannot not be assured. An alternative method to compare measures of
complexity calculated from images taken at different zoom factors was needed.

3. The Lanczos algorithm kernel 20 is the best resampling algorithm for vertebral trabecular
bone within a magnification range of 1.9 to 2.6. Using this algorithm to reach the standardized
zoom factor 2.2 as a preprocessing step will lead to comparable results when a different
magnification was used than 2.2.

4. Theerror introduced by the resampling algorithm is below 5%, whereas non-preprocessed
images with different magnifications produce complete different non-comparable results.

5. Thelocation shift of resampled pixel information introduces a negligible error of less than
3.5%.

6. Thealternatively developed geometrical correction algorithm may be used in the future to
detect problems with magnification factors from other skeletal regions.

7. Atalater stage of the project, the magnification factor issue will be further explored on
models.

The points 4.1-4.3 involved very close team work by FUB (PS, WG), ZIB (SP, CH), UoP (AZ, ),
and discussions with the industrial partner Siemens AG.

5. Measures of Complexity for 2D I mages Obtained at Different Skeletal
Locations

The technique consists of three main stages which are executed in the following order:
1. Image preprocessing
It entail s a standardized segmentation of an area of interest (bone) from the rest of the CT-image
and split the area of interest into three data sets: entire, trabecular, and cortical bone.
2. Image encoding
It simplifies the image and substitutes every gray-scale value of every pixel by a symbol. Thereby
the level and dynamics of the x-ray attenuation in the vicinity of the considered pixel are taking
into account.
3. Quantitative assessment
The quantification of the bone architecture by measures of complexity requires the symbol-
encoded image from step 2.

5.1 Image Preprocessing

The procedure to segment the bone area from the connective or soft tissue and formaldehyde filled
plastic bag has been described in detail in our publications prior to this project.

However, further refinement of the algorithm to select the region of interest (ROI) in avertebral body
was necessary. Some specimens have a complete spinal canal and the dorsal appendicesin place,
whereas others were cut off in the middle of the pedicles. An algorithm was necessary to standardize
the ROI obtained from both sorts of vertebral bodies.

It was accomplished by PS (FUB) in October 2001.

5.2 Image Encoding

After the ROI is segmented, the image is encoded by symbols before their architecture is quantified by
measures of complexity. This reduces the amount of gray-shades, whereas the pixel resolution itself is
maintained. Two encoding parameters must be specified

static-dynamic threshold e,

marrow threshold a,.

The value of a;, was found experimentally. These parameters depend on the attenuation levels which
are arepresentation of the underlying materials. The levels of the encoding parameters must be
appropriate to cover fat tissue, formaldehyde, bone, and soft marrow tissue. The following val ues of
the encoding parameters are used in this study: egs = 80 pQCT values, a, = 275 pQCT values.
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Symbols

Fig. 1: Symbol-encoded high-resolution pQCT-images of one subject (59-99) at six different skeletal
locations: a) vertebral body L3, b) distal radius, ¢) femoral neck, d) midshaft humerus, €) proximal
tibia, f) calcaneus. The symbol annotation is derived from a landscape terminology, symbolizing the
undulations of ax-ray attenuation curve through animage. L = lake, V = valley, H = highland, | =
incling, C = cliff.
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These values are fixed for all different skeletal locaions: lumbar vertebral body, femoral ned,
proximal tibia, distal radius, cdcaneus, midshaft humerus.

An example of symbal-encoded high-resolution pQCT-images from 6 dff erent skeletal locations of
onesubjed (59-99) is srown in Figure 1.

5.3 Quantitative Assessment

The mmplete analysis of al 2D datais due & an milestone a the end d May 2002.Therefore, the
presented deta & this point is preliminary and was not subjed to rigorous <ientific scrutinizing.
However, only minor corredions are expeded.

We use six different measuresto quantify diff erent aspeds of the bore achitedure. Those measures
were introduced in prior pulicdions: Structure Complexity Index SCI, Structure Disorder Index SDI,
Trabeaular Network Index TNI, Index of Global Ensemble IGE, Size of Maximal L-block, and

Size of Average L-block.

The cdculation d complexity measures from bores of different sizes requires an appropriate width of
amoving window N that colleds and analyzes locd statistics (block size). An ogimal window width
which includes enowgh structural elements for asmall bore like the radius is unacceptable narrow for
alarge bore like the tibia where anarrow window could hardly includes one trabeaula. The oppasite
situation can be foundas well: awindow optimized to analyze the locd structures of atibia

could include the entire image of aradius. This problem must be cnsidered for the global purpose of
studying 2D bore achitedure. There ae two interrelated approacdhes to analyze the structure of the
bore & diff erent skeletal location:

0 Optimization d the distinction between namal and pethologicd structures for every skeletal
location separately. - This approach can be dmed to find an otimal locaion from the view
point of diagnostics, and to establish an optimal set of structural measuresto deted the
pathologicd changesin this most sensitive locaion as ealy and predse & possble. Thistask
requires that the parameters which cortrol the image encoding and cdculation d complexity
measures need to be set differently and ofimized for every particular skeletal site.

0 Comparison d the structural compositionand dynamics of structural changesin dff erent
skeletal sitesin general. — Such an approach would concentrate on dff erences and simil arities
in the behavior of the achitedure of different bores of a human body rather than onthe
predse distinction between namal and pethologicd changes of ead individual site. For this
purpose, it would be important to use the very same fixed set of al parameters governing the
image encoding and measures of complexity cdculation whil e processng diff erent skeletal
Sites.

At this dage of the projed we focus more on the seandapproad and wse afixed set of controlling
parameters to processthe images from all skeletal locations.

The width of the window that coll eds the locd statistics has been set to be a @mpromise andto be
appropriate to analyze both small and large bores. All processed skeletal sites were analyzed using the
width of the window of N=35 pixels.

So far, we ae using bonre structure versus bore density diagrams to study the achitedure. Sincethe
pQCT-scanner is always cdibrated before the image aquisition and the relation between the pQCT
values and BMD has been foundexperimentally, it is possble to cdculate the BMD from exadly the
same aeawhich isused for the cdculation d complexity measures. Thisisthefirst time that we ae
able to use BMD obtained from spedfied ROIs. We cdl this parameter calculated BMD to dstinguish
it from the measured BMD which is provided by the scanner software and relatesto a slightly different
areaof interest.

Figures 2 and 3 show the structural measures of complexity versus cdculated BMD for ead skeletal
location. Figure 2 concentrates on trabeaular bore, figure 3 onthe entire bore (that is corticd and
trabeaular bore together). We ae coming more and more to the wnclusion that the trabeaular bore
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Fig. 2: Measures of complexity versus calculated BMD. The measures of complexity as well asthe
BMD are derived from the segmented trabecular bone images of 6 skeletal regions: radius, tibia,
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BMD are derived from the entire bone images (trabecular and cortical bone) of 7 skeletal regions:
radius, tibia, vertebral body L3, femoral neck, calcaneus, femoral head/neck border, humerus.
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cannat be prudently studied orly by itself when we want to quantify the achitedure of the bore. Even
the most sophisticated corticd/trabeaular separation procedure is ©mehow arbitrarily. The cortica
bore belongs to the achitedure of the bone & much as the trabeaular bone does. The distinction
between dff erent skeletal locdes is much more pronourced when we study the entire bore instead of
the trabeaular part of the bore only.

The data fitti ng curves are Bézier curves with the foll owing charaderistics: parametric curve of degree
n, nisthe number of data points, the end padnts are cnreded to the data airves. We experimented
with ather forms of presentations before we ancluded that Bézier curves are the best approximation
toolsfor our set of data.

Theinterpretation d the diagramsin figures 2 and 3leads to the foll owing preliminary statements:
0 Skeletal changes can be distinguished from ancther by both their density expressed by BMD
and by their architedure assessed by structural complexity measures.

0 Thestructura organization d the boreisrelated to the skeletal | ocation. When we mnsider all
the bores from diff erent skeletal sites at avalue of BMD of 150 mg/cmg, for example, the
complexity of the femoral nedk architecure (SCI) is minimal at this value of the BMD. The
complexity of aradiusis higher by 30 %. The complexity of the vertebrais 60% higher, and
the complexity of atibia exceals the ammplexity of the femoral nedk by 130%.

0 The Structure Disorder Index SDI indicates the diff erences in orderlinessof the bore
architedure. The femoral head/nedk border region got the most disordered trabeaular bore
structure. The radius, whase SDI is 40% lessthen the SDI of thetibia, is charaderized by the
most ordered structure.

0 Thetrabeaular parts of bores from diff erent skeletal |ocations have diff erent complexities and
different degrees of disorder despite that they have the same BMD value. The analysis of the
entire bore confirms this conclusion, seefigure 3.

0 Therate of change of the SCI varies for ead locaion. The results siggest that the same
amourt of bore lossexpressed by BMD will cause amuch more dramatic decey of the
structural complexity in the tibia than in the femoral nedk or the radius. A qualitatively similar
behavior is also observed by the analysis of the entire bore.

0 TNI and IGE exhibit asimilar behavior with lessdistinction between dff erent skeleta
locations.

0 The midshaft humerus, as amostly corticd bone, does not show differencesin TNI, as
expeded. The IGE does not vary much either, a suggestion that the global architedure of this
boreis dable. That iswhat we would exped from a articd bore. However, the locd
dynamicd complexity (SCI) increases and seemsto find a saturation, even in corticd bone.

0 Despite the humerus as asole wrticd bore, it appeasthat the cdcaneus, the tibia, and the
areabetweean femoral head and redk behave simil ar. The radius and the femoral ned, bath
bores have alarger corticd content, behave diff erent.

0 Theproximal tibiais an excelent peripheral boneregionto study architedural changesin
bores. The fast changes over alimited change in BMD makesit a good candidate for
examinations.

0 Further scrutinized analysis of the datais necessary in arder to come to solid conclusions.

Thefinal analysis of the 2D datais due with the next mil estone & the end d May 2002.

The points 5.1-5.3involved mostly FUB, in particular PSand WG.
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6. Bone Modeling

Although the timeline for the execution of this research program calls for model applications at the
end of the second year, we were in need to find abone model in order to test certain behaviors of the
measures of complexity.
The results of the modeling experimentsin 2D lead to the following conclusions:

0 Measures of complexity are very sensitive in the detection of local defects and local €lements
which appear invisible to the eye.
Measures of complexity are more efficient than BMD.
Measures of complexity are equally good in the detection of order or disorder.
Measures of complexity are very sensitive to the appearance of disorder.
Measures of complexity change quickly during the evolution of change in aregular or random
way.
0 Measures of complexity can differentiate between regular or random changes.

O oO0Oo0Oo

The modél is still work in progress and there are many more aspects which we like to study.

This point involved UoP (AZ, JK) since May 2001.

7. Acquiring Bone Biopsies from Human Tibiae Specimens

Bone biopsies are needed to check the 3D devel opment of the trabecular network and its changesin
microgravity condition. It was proposed to use tibia bone as a most accessible site for harvesting
trabecular bone.

The biopsies were taken at the medial side, 14 mm distal of the tibia plateau. Thisisthe surgical site
for biopsies.

The biopsies were taken with surgical compressed air equipment. The coring drill is coded with
diamonds on the outside as well as on inside.

All biopsies were acquired with the utmost care and precision. The biopsies came out of thetibiae
within the coring drill. A pushpin of the exact size as the inner diameter of the core of the drill was
lightly applied to press the biopsy out of the coring. The biopsy slid out of the coring drill directly into
a 70% alcohol filled plastic tube. None of the biopsies were handled with human fingers. The care was
essential in order to achieve an artifact free trabecular bone biopsy.

All biopsies have adiameter of 7 mm. The length of the biopsies varies between 2 and 4 cm. There
were 3 biopsies which provided biopsy cylinders of 1 cm length only. The bone cylinder broke while
the cylinder was taken out of the tibia. The longer part of the biopsy remained inside the bone.

All 30 tibia biopsies were sent to UoA (JT) in the originally labeled plastic tubes.
The entire procedure on all 30 biopsies was carried out by WG (FUB) with the help of a study nurse.

The procedure took place in June 2001.

8. Preparation of the Tibia Biopsies for yu-CT Scanning

UOA received all 30 tibia biopsiesin July 2001. Due to vacations in the lab, the preparation was
started immediately but took longer then expected. Other problems occurred when the embedding in
methylmetacrylate took place in plastic cups. Too much material was needed so that the curing went
fast at a high temperature. This caused air-bubbling. The air bubbles were hold in place.

A few embedded biopsies were sent to FUB to test the possibility to use them for scanning. MG at
FUB cut the surplus material. It was found that the material around the air bubbles was soft and not
hardened. Except for 3 biopsies the embedded material was sent back to UoA. JT was able to correct
the procedure and resol ve the methylmetacrylate with chloroform. That took 4 days per specimen.

A new procedure was set up. The process involves the following steps:
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Wash out of formaldehyde by ethanol; takes 3 weeks.

The plastic cups were replaced with glass tubes of an inner diameter of 14 mm.

The amount of methylmetacrylate was dramatically reduced.

The curing was performed in vacuum condition so that potential air bubbles were sucked
away.

The hardening took place in arefrigerator, takes 2 weeks. It was found that water cooling
would reduce this amount of time.

Only asmall batch was handled at atime ( 5-10 biopsies) for better control of the process.
The glass test tubes were smashed after hardening.

The embedded biopsies were sent back to FUB.

This point was carried out by JT (UoA) in close consultation with FUB (MG, WG).

The procedure started in July and was finished by the end of November 2001.

9. 3D Scanning of Tibia Biopsies

H-CT machines are available for this project at FUB and at Scanco Medical in Switzerland. At theend
of year one, 9 biopsies were scanned at FUB. These biopsies were used to find the best acquisition
parameters. Questions like

(0]

(0]
o
(0]

What would be the best resolution?

Can we use this resolution for all biopsies as a standard?

Can the biopsies be scanned in one or two scans?

If two scans are hecessary, due to the length of the biopsy, can we stack the scans together
without loosing information?

Can the biopsies be arranged on the examination table without any wobbling?

Do we need to manipulate the plastic material to fit al biopsiesin a standardized parameter
protocol ?

Does the plastic material influence the outcome?

Do air bubbles influence the visualization of the trabecular bone?

Do air bubbles disturb the calculation of measures of complexity?

needed to be answered before any systematic scanning of the biopsies could begin.

While we scanned the earlier preparations with avoxel size resolution of 25 pum and 30 pm,
the set-up of 14 mm thick cylinders led to a small decrease of the resolution. The appropriate
resolution is 32 um for the size of the cylinder. However, the resolution can be improved
when the plastic material surrounding the biopsies would be reduced. A standardized protocol
has been established. If it would be necessary in the progress of the project to acquire a higher
resolution of the biopsies, it can be achieved by reducing the plastic material down to a
diameter of 8 mm. Thereby, the geometry of the pu-CT-scanner at FUB would allow an
increase of the resolution to about 18 pm.

Most of the biopsies need to be scanned in two sections, due to their length. The two scans can
be stacked on top of each other. Thereis no loss of datainformation in that process.

The biopsies within that 14 mm cylinder can be safely arranged on the table without wobbling.
The plastic material does not influence the data of the trabecular bone. The analysis did not
show artifacts or increase of noise due the plastic material.

Miniscule air bubbles within the trabecular network do not influence the visualization.

The symbol encoding of the space between the trabeculae will be changed as a prerequisite to
assess the measures of complexities. The air bubbles do not prohibit the symbol-encoding
procedure. The air bubbles do not compromise the results of the measurements of complexity.

Three biopsies were send to Scanco Medical in the summer. We received the data at the end of
December 2001.
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The comparison ketween the results of the scanner at FUB and the scanner from Scanco Medicd AG
isin process

Thistask started in September 2001andisin progress It involved FUB (MG, WG), UoA (JT), ZIB
(SP), andthe induwstrial partner Scanco Medicd AG. The task had problems due to delays.

10. Damage Assessment and | dentification of Potential Artifactsin Bone
Biopsies

There ae & least two fundamental diff erent ways to acquire bore biopsies: manually or with a power-
driven drill . The manual procedure is sme kind d drilli ng into the bore by turning a aring drill by
hand. That particular coring drill hasteeh at itsend. A side dfed isthat those teeth can bend and the
biopsy material gets iral cuts aroundthe gylinder. In addition, the outer parts of the biopsy can have
broken trabeaulag due to the force of the hand pressng and rotating the cring drill i nto the bore.
Thereby, the manual procedure has ahigh paential for artifads that would influencethe gopeaance of
the trabeaulaewithin the biopsy, and therefore, would have dfeds on any type of quantificaion as
well. We dedded against the manual procedure in April 2001.

The secondapproach requires a drill driven by compressed air. The drill i satypicd surgicd AO
instrument and isfoundin all surgica departments. In co-operation with the Department of Trauma
Surgery of the University Hospital Benjamin Franklin at FUB, we borrowed the necessary equipment
to run preliminary tests. The procedure was performed under fluoroscopic condtionsin the
Department of Radiology of FUB. The aring drill has very small diamonds attached ontheinside &
well asonthe outside. The gylinders acquired with such a coring drill are smooth onthe outside and
do nd have any spiral cuts. Trabeaulae & the outer range of the biopsy are not broken bu sharply cut
by the diamonds. The utmost care and the best posgble predsion were taken for the procedure. Visua
inspedions of the bore biopsies led to the cnclusion that the material is completely intad.

The micro-CT-scans of the first biopsies confirmed ou visual observation that there was no dcamage to
the trabeaulae @ the very edge of the biopsies. All trabeaulaewere aut with a dea sharp edge.

However, we found bor dust, due to the autting diamonds inside the coring drill , in the outer parts of
the biopsies. These bore particles are very small, max. 2 umin dameter. They are locaed in the soft
tisaue between the trabeaulae ad aroundthe entire drcumference of the biopsies. The dust particles
read asdee as 0.7 mminto the probes.

The partner at UoA, having the most experiencewith bore biopsies, reports that drilli ng residuesin
bore biopsies are unavoidable. Furthermore, the anourt of drilli ng residues foundin the tibia biopsies
is much lessthan the amourt of drilli ng residues foundin e.g. iliac aest biopsies. The reason for that
isthat the bore marrow consists almost exclusively of fat in thetibial metaphysis whereasit is
haemopoetic in theiliac aest. During the embedding of thetibial biopsies, some of the fatty marrow is
resolved in the éhanad used in the enbedding processand a substantial amourt of the drilli ng residues
isthereby “washed ou”.

Thedrilli ng residue is easily identifiable and the standard methodin bore histomorphometry for
removal of drilli ng residuesisto edit out these particles with image eliting software. The partner at
UOA has used this method duing the last 7 yeas. Whereas in micro-CT studies, the standard for
removal of drilli ng residueisto consider only a sub--areaof the volume by excluding a small zone of
boretisaethat is neaest to the elge of the biopsy. Both methods for removal of the drilli ng residues
arevalid and widely used.

In addition, we foundvery small dense particlesin the outer edge of the biopsies. At thispaint intime,
we aenat able to identify thase extremely small particles. They may be small diamonds from the
coring drill . Histologicd sedioning will probably be &leto identify this particles.

Sincethe bore dust and high-dense particles are visuali zed by micro-CT, they would influencethe
symbal-encoding procedure used for measures of complexity. A procedure to cut the aeaoff in which
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these particles are foundwas needed. ZIB (SP) developed within the Amira framework a procedure to
determine and to seled a defined volume of interest (VOI) within the volume of the biopsy. Cutting
off aring in which the particles are foundmay lead to a volume that can be safely used for complexity
analysis. The reduction d the size of the biopsy will probably nat affed the results of the complexity
analysis. The biopsy is aready asmall sample of alarger structure (the tibial metaphysis) and the
results will therefore dways only be arepresentative for the entire tibial metaphysis and the skeleton
per se.

It has been foundthat it isnot posshble to make dl bore sedions aaquired by histomorphometry and p-
CT 100% identicd. During sedioning of the histologicd samples, the knife of the microtome will
stretch the very thin (10 um) plastic enbedded sedionsin the diredion parall €l to the microtome
knife. This gretching may not even be uniform over the length o the sedion. However, this effed is
so small that it shoud na significantly influence the histomorphametric measurements. During the
mourting of the thin plastic sedions onto microscope slides, thereis a posshility of credion o
wrinklesin the sedions and thereis arisk for the sedions to be damaged. This means that not all of
the histologicd sedions are of such high quality that they can be used for comparison with the micro-
CT sedions.

In arder to perform histomorphametry the sedions must be segmented into bore and marrow. Thisis
caried ou through athreshad filtering process For technicd reasons of different gray-scdesin
histomorphametry and p-CT, it isnot posshble to use exadly the same level for the threshald filtering
in the histologicd samples and the micro-CT sedions.

At the projed board meding on Decamber 18, 2001,the tean dedded to carry out atest series of a
few additional tibia biopsies to study influences of virtual cuts (for removal of saw dust close to the
edge) on complexity measures and on histomorphametry. The technique of editing the sedionsin
histomorphametry could also be transferred to pu-CT by erasing isolated particles of small diameters.
Influences of thistedhnique have to be studied aswell. The studies will begin as onas other biopsies
become avail able & FUB.

A disadvantage of the micro-CT scanner isitsinability to deted osteoid (i.e. bore tisaue that isnat
minerali zed yet). We have chosen a staining methodfor the histomorphametric procedure that stains
the bore dark blue and stains the osteoid tissue very light blue. Consequently, this shoud na be a
source of discrepancy between the histologicd sedions and the micro-CT sedions. It shoud be noted
though, that the anourt of osteoid tissueisvery low in namal individuals.

The damage asesament of bore biopsies reveded no camage when hiopsies were taken with power-
driven surgicd coring drill s, other artifads were investigated and solutions were found,and the
histomorphametric examination o these biopsies does nat foresee any hindrance or problematic
results. This manifold task was part of the first mil estone (3D milestone 1¥ yea, 12" month),
formulated as:

“Controll ed experimentation on émage asessnent and aher potential artifad sources on bore
biopsies examined by micro-CT and histomorphametry, andits olutions for image processng set-up.”
We onsider this point of the mil estone to be adieved.

Thistask involved FUB (MG, WG), ZIB (SP, CH), and UoA (JT). Thefirst results were produced in
June, the conclusions were readed in December 2001.

11. Appropriateness to Use u-CT Data Sets for 3D Measurements of
Complexity

In order to investigate the usefulnessof micro-CT data sets for 3D measurements of complexity, we
needed to find ways how to ded with large anounts of data, and how to transfer our ideas of 2D
complexity measurements into the 3D space

UoP (AZ) and ZIB (SP) achieved aworkable transfer of symbali c dynamics and symbal-encoding
from 2D to 3D. The method d transformationisvalid and it is appropriate to use micro-CT data sets
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for the measurements of complexity as propased. Figures 4 - 6 show asmall part of abiopsy encoded
with symbadls. It isvisible that ead voxel of the volume is encoded.

10 [mm]

Figure 4: Tibiabore biopsy data set aayuired by u-CT. Sagittal and coronal plane reconstructions
are shown in gray-scde. A transaxial symbal-encoded sliceis sen in the lower part. The thin
corticd tibia bore from the medial side of thetibiais at the bottom of the image.
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Figure 5: Similar area as shown at the bottom of figure 4. Theleft planeisa 2D sagittal reconstruction
of symbol-encoded trabeculag, the right plane represents 2D and 3D reconstructions based on X-ray
attenuation in the coronal direction. The transaxial fragment of the volume shows symbol-encoded
trabeculae. Note the denser parts on both sides at the outer contour inside the biopsy. They represent
bone dust within the marrow space due to the drilling extraction of the biopsy.

Figure 6:
Magnification of
a 3D symbol-
encoded
trabecular knot
found within the
| transaxial

| fragment of the
¢ volumeas

j ~ showninfig. 5.
The resolution
aswell asthe
differentiation of
the symbols

. becomesvisible.
The blue areas

| represent
marrow space.
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The symbad-encoding procedure reveded that the configuration d the data from two dff erent micro-
CTs (FUB and Scanco Medicd) leals to two diff erent edge definitions that will result in slightly

diff erent numeric results of complexity. Thisisatecdnica problem related to micro-CT. A solutionto
the problem is a phantom cdibration d the micro-CT-scanners involved.

The other way of the goproach to develop 3D measurements of complexity was areduction o the
amourt of datato its esentia structural configuration. When that would be adieved, a set of
measures of complexity can be developed. ZIB (SP) developed a method d skeletonization d the
trabeaular network including a mlor-coding procedure, so that the original informationis gill kept
within the reduced data set.

The visuali zation algorithms and its additional todls are constantly improved by ZIB and further
developed when needed. Improvements that are spedfic to the projed or in an ealy stage and are not
included in the official Amira2.3release:
o0 Minor changes in the resampling modue for investigating resampling artifads (February —
June 200Y);
0 Better automatic dignment of two image volumes. Nealed to compare image data from
diff erent acguisitions (March, November 2002);
0 Spedal import functionfor the micro CT data (September 2001);
0 Moddesto hande datasets that do nd fit into main memory (started in August 200J);
0 Moddethat al owsto merge several blocks to ore large data set with seamlesstransitions
(September 2002);
0 Histogram Modue that all ows to restrict the cdculationto avolume of interest (October
200D);
0 Begin o development for moduesto cdculate 3D measures of complexity (started in October
200D);
0 Begin o development for skeletonizationto a central surface(started in October 2001).
0 Genera improvementsin Amira 2.3 (August 2001]) that are relevant for the projed:
Improvements in the cdculation d distance maps.
New feaures for interadive image segmentation. Useful for seleding volumes of interest.
Improvements and rew toadls for measurement (lengths and angles). These todls al ow
interadive measurement on any 3D objed.
Slice digner: new toad for manual and automatic dignment of 2D dlicesin a 3D image
stack (fadlit ates reconstruction d geometric models from mechanicd/histologicd cross
sedions, tutorial and demo included). Will be useful when thefirst histologicd slicesfrom
Aarhus arrive.
New options for resampling: spedfy voxel size of output data set; take dimensions and/or
resolution d output from reference objed.
New modue ApplyTransform (resamples transformed 3D image onto new grid with
identity transformation, resamples 3D image onto anew grid ariented as defined by a
glicing modue).
Volume rendering: suppat for palette textures and SGI/HP color table extension (less
memory consumption,improved performance), red-time selection d subvolumesvia a
tabbox dagger (can be adivated using the command "V oltex showBox 1"), much less
flicker when rotating objedsin 2D texture mode.
Better suppat for transparenciesin slicing modues such as OrthoSlice and ObliqueSlice
by use of OpenGL's aphatest function.

This manifold task was part of the first milestone (3D milestone 1¥ yea, 12" morth), formulated as:
“Results onthe gpropriatenessto use micro-CT data sets for 3D measurements of complexity, and
patential revisions onthe reconstruction (micro-CT) or visuali zation algorithms (Amira).”

We onsider this point of the mil estone to be adieved.

Thistask involved ZIB (SP), UoP (AZ), FUB (MG), andthe industrial partner Scanco Medicd AG. It
started at the beginning of the projed.
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12. Skeletonization of the Trabecular Network and Other Visualization Tools
as a Basisfor Structural Quantification

Based on the previous topic, the Amira platform as a visualization tool has grown in specific
directions. One direction is the improvement of the visualization of large 3D data sets as well as 2D
images. The other direction is the development and incorporation of quantification tools. Both
directions are essential for this project. In addition, the devel opment of the platform has to follow the
demands of imaging requirements as well as the devel opment of the quantification measures. Up to
this point in time, the team worked perfectly together to achieve the required goals. The main work
load is on the team at ZIB (SP, CH) in close consultation with FUB (PS, WG, MG) and UoP (AZ, JK).

The amount of data derived from the bone biopsiesislarge. A procedure which preserves the
geometrical arrangement of the trabecular network and reduces the amount of data was developed. A
skel etoni zation method reduces the trabeculae to a central plane. This planeis one voxel thick. In
order to preserve the local thickness of the trabecul ag, the skeleton received a continuous color code.
Figure 7 and 8 show an example.

Figure 7: Detail of a
color-coded
skeletonization in
comparison with 2D
(background) and 3D
reconstructions (right) of
atibia bone biopsy. The
skeleton itself islocated
in the geometrical center
of the trabeculae. This
can be seen at the border
to a2D sagittal plane on
the left, and on the right
in comparison to a 3D
coronal reconstruction.
A color and length scale
is provided at the lower
right.

Figure 8: Visualization of the color-
coded skeleton of the trabecular
network within the lower part of the
tibia biopsy as showninfig. 4.
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Other tasks included the provision d an alignment procedure for two stadked data sets from p-CTed
bore biopsies. The result was a development of an automatic di gnment procedure.

The dust and probably diamond particlesin the outer layers of the bore biopsies required a procedure
which eli minates these particles. A particular volume of interest was creaed that can cut away
structures that contain particles.

The development of these todls garted after the avail ability of the bore biopsy data sets in September
2001.1t is dill work in progress

13. Potential Directionsto Apply Measures of Complexity to Quantify the 3D
Structure of Bone

The team developed a strategy to develop measures for the quantification d the bore structure based
on 3D bore biopsy data sets. Involved are ZIB (SP, CH), UoP (AZ, ), and FUB (PS WG, MG).
At thispaint in time there ae four potential diredions:

1. Entropy of the x-ray attenuation

2. Entropy of the skeleton cata

3. Entropy of the geometrica arrangement of the borein 3D

4. Measures of complexity derived from symbol-encoded data

All diredions have been explored. Thorough investigationis necessary to dedde which dredion will
be preferred.

14. Coordination between Team Members

The team members were in close cntad with ead ather during the entire time of this report.
Numerous ad hac medings took place 2times per month onaverage. These medings were held either
at FUB, UoP, or occasionally at ZIB. These medings were necessary to fadlit ate aoordination
between the partners, to streamline research adiviti es, to make dedsions based on peliminary test
results, and to exchange ideas. These medings were dtended by the tean members concerned with
time sensitive researcch adivities: WG, PS AZ, SP,. MG, JK, DF, CH.

The frequency of communication between FUB, UoP, and ZIB increased over time. Thereisnow a
minimum of one telephore or email conversation between the tean members of these threepartners
per day.

The communication between FUB and UoA has been telephore and internet contad. The frequency
started to increase when UoA recéaved the first borne biopsy samples, as expeded, in the beginning of
the 7. month of thisreseach projed program. Any spedfic research problem is addressed
immediately, although the personal contad is limited to the projed board medings. One team member
fromUoA, LM, isill sincethe midde of 2001.The projed’s adivities are not limited by it, andLM is
always avail able for comments and recommendations.

The mordination between FUB and the industrial partners Scanco Medicd AG and Siemens AG has
been excdlent. Siemens delivered its promised financial part ontime. The representative from
Siemens, KK, made valuable comments and suggestions to the research adiviti es during projed board
medings.

The mntaa with Scanco Medicd developed as promised. Bone biopsies were delivered to Scanco
Medicd andthe tean receved 3D u-CT-data from these biopsies. The communicaion by telephore or
email with Scanco Medicd (BK and coll eagues) increased during the last months of the reporting
time.

Both industrial partners have mntributed very valuable resources and services to this projed so far.
The scientific partners are avail able for exchange.

Theinternational cooperation between German, Danish, and Swisspartnersled alrealy to results
which could na be obtainable if this projed would have been based on rational resources alone.
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The objedives of the MAP program within the redm of this projed could be enhanced by increased
involvement of the pharmaceuticd industry. Conredions have been made a well as a substantial
financia contribution by Roche Pharmacauticds. It can be ewvisioned that the association with Roche
Pharmacauticds will be important for further developments within a drug-based prevention rogram
of bore lossunder microgravity condtions.

The team members of FUB are dways on seach for the best avail able image quality for the
assesgment of bore achitedure. It isimaginable that this team or other partners will find ways and
accessto better radiologica madines or procedures leading to improved image quality and, therefore,
to more predse quantifications of the borne's gructure. It that resped, programmatic adaptations could
be highly possble.

15. Publications During the Time of the Report

15.1 Publications Related to the Project Containing Data from Previous Studies

1. The paper “Bone Architedure Assesament with Measures of Complexity” was pulished in
ActaAstronautica49, 173178, 2001.
ABSTRACT
Architedural changesin trabeaular bore by osteoparosis were utili zed as amodd for the
changes which probably occur in human bore whil e expased to microgravity condtions.
Althouwgh there ae many concerns abou microgravity-induced bore loss littl e is known abou
theimpaa of microgravity onthe threedimensional architedure of the skeleton[1]. 50(level
L3) and 57(level L4) vertebral bores harvested from human cadavers were investigated by
computed tomography (CT) and quantified in terms of borne mineral density (BMD). Based on
the symbal-encoded transformed CT-images, five measures of complexity were developed
which quantify the structural compasition d the trabeaular bore. This quantificaion
determines the bore achitedure @& awhae. Depending onthe spedfic measure of complexity
anditsrelationto BMD, a5-10% change of BMD isrelated to a 5-90% change in structural
composition. The methodrequires a norrinvasive CT-procedure of the lumbar spine resulting
in aradiation exposure of abou 30 uSyv effedive dose [2]. The technique is useful for the
evaluation d the bore status of spaceflying personnel aswell asfor patients on ground.

2. Ora presentation at Experimental Chaos Conference 2001 ky W. Gowin. The presentation’'s
title was “ Bones and Nonlinea Dynamics — The Quantification o Architedure”. A full paper
was submitted to the pullishing committee aadisin print at thispoint in time.

ABSTRACT

In order to quantify the internal architedure of abonein ahdlistic manner based on
radiologicd images, the methoddogy of nonlinear dynamics was appli ed. Image processng
algorithms, an expansion d symbalic dynamics, and five measures of complexity were
introduced to guantify the trabeaular part of human lumbar vertebral bodes. Hedthy vertebral
bores have a @mplex and adered architedure with a high degreeof spatiodynamics.
Pathadogy changes the achitedure significantly and can be quantified by measures of
complexity.

15.1 Publications Containing Data from this Resear ch Project

3. Anabstrad by thetitle “Regional Structural Skeletal Discordance Asessed by Measures of
Complexity” ( by W. Gowin, P. Saparin, D. Felsenberg, J. Kurths, A. Zaikin, S. Prohaska, H.-
C. Hege) has been submitted to the World Congresson Osteoparosis, Lisbon,May 2002.1t
has been accepted as a poster.
REGIONAL STRUCTURAL SKELETAL DISCORDANCE ASSESSED BY MEASURES
OF COMPLEXITY
Aims. The am of the study was to compare the structural compasition d trabeaular bore &
well as of thewhole bore & six diff erent skeletal regions. The bores' compaosition was
evaluated by measures of complexity.
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Methods: Bone speamens of thirty human cadavers were examined. The distal radius, the
proximal tibia, the vertebral body L3, the femoral ned, the cdcaneus, and the midshaft of the
humerus were scanned in high resolution mode (20 x 20micro-m) in Immdlicethicknessona
XCT-2000scanner (Stratec, Germany). The aqjuired images were numericdly segmented into
trabeaular and corticd bore aeas using previously described preprocessng tedhniques.
Symbali ¢ dynamics were applied to the imagesin arder to receve simplified and easy to
analyze symboal-encoded images. After thisimage-procesgng procedure, the segmented data
sets were evaluated by five diff erent measures of complexity. The BMD was measured as
well.

Results: The numericd architecural complexity at ead skeletal regionis different. Although
thereisainterpersonal variation affeding all skeletal regions, the variation from region to
regionis greder. The highest interpersonal variation was foundin the cdcaneus.

Conclusions: The discordance of architecural compasition at diff erent skeletal regions can be
acarately cdculated by measures of complexity. The achitedural composition o bores
depends among other fadors on genetic programming as well as on biomedanicd load
condtions. Despite of the regional discordance, the bore structure & all six skeletal regions
foll ows the same general rule: Lossof bore density occurs smultaneously with arapid
deaeasing structural complexity. Thistransitionisacampanied by an increased degreeof
disorder within the bore achitedure & intermediate bone densiti es. The high interpersonal
variation d structure within the cdcaneusis evidence of the difficulties to standardize
guantitative measurements at this skeletal site.

4. Three dstrads have been submitted for the 8" European Symposium on Life Sciences
Reseach in Space ad the 23° Annual International Gravitational Physiology Meeting to be
held in Stockham from June 2-7, 2002 All three dstrads have been acceted as oral
presentations.

a. “Visua Analysis of Trabeaular Bone Structure” by S. Prohaska, H.-C. Hege, M.
Giehl, W. Gowin
We explore within the framework of a MAP-Projed the structural deterioration o
human boretisaue in osteoparosis as amodel for bore lossunder microgravity
condtions. With uCT scannersit is passble to aayuire high resolution image data of
trabeaular bore biopsies (hundeds up to thousands of voxelsin ead dmension).
Beneah the task to aseessthese data quantitatively it isimportant to visuali ze them to
literally seethe structure as well asits variations and changes. This might lead to a
better understanding of the modeli ng and remodeli ng processes involved.

We present visuali zation techniques that can be used interactively on state-of-the-art
PCs and demonstrate how the frontier can be pushed further. Volume rendering and
surfacerendering of the trabeaular bore ae useful to get an overview at reduced
resolution a for viewing small parts of the structure. A fast rendering of the whale
biopsy at high resolutionis not passble. Another problem is that the rendered images
are very complex due to the huge number of trabeaulae Structures nea to the virtual
camera hide the rest and make it difficult to grasp the whole architedure. Identifying
the structural important elements (rods and dates) of the red trabeaular network leads
to asignificant reductionin the number of graphicad primitivesto be displayed. To
read this goal, a skeletonization processis applied to creae the cantral surface After
triangulation interadive frame rates are possble even for large structures.
Furthermore, the visual complexity isreduced. It is easier to conceve overal aspeds
aswell asdetail s of the achitedure. Locd measures like trabeaular thicknessor
averaged CT attenuation can be mlor coded orto the surfaceto focus on dfferent
aspeds of the trabeaular network.

All the methods are integrated in a ammon framework that all ows to use them
simultaneously in ore viewer. In the same way obli que sli ces through the original data
andinteradive tods for measuring 3D distances and grey value profil es are avail able.
This oftware environment fadlit ates the devel opment of new structural measures
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through the visual suppat that helps to generate new ideas. Prototype modues for
bore analysis can easily be integrated through a program interface

“Bone Modeling and Structural measures of Complexity” by A. Zaikin, J. Kurths, P.
Saparin, W. Gowin

Absence of the gravitation leadsto alossof bore massand to the development of
osteoparosis. It isimportant to nae that this processentail s not only changesin

bore mineral density (BMD) but crucial transformations of the bore structure. Asa
consequence, the measurements of the BMD alone aroutinely performed in clinicd
settings, do nd adequately refled the deterioration d the bore. To analyze
architedural changes atedhnique [1] has been propased which is based onsymbadl
encoding of the boneimage and the amnsequent cdculation of aset of structural
complexity measures to charaderize diff erent aspeds of the achitecural complexity.
The gplicaion d these sensitive methods have resulted in typicd dependencies
between structural measures of complexity (SMC) and BMD.

The aim of this projed isto test the sensitivity and paverfulnessof SMC with
simulated test objeds, whose compasiti ons are simil ar to the achitedure of human
trabeaular bores. We dhedked how SMC refled the locd and global ordering and
disordering processes, whether SMC are sensitive to deted locd defeds and whether
SMC can be used to deted hidden ardered structures within a globally disordered
objed. Our investigations on simulated structures show that appli cations of SMC
seanto provide alditional information on bore achitedure, and therefore, could be
useful for the structural quantification d red human bores. They could provide
powerful and sensiti ve quantifications of the bore structure additionally to the
conventional measurement of BMD.

Ancther diredion d theinvestigation isthe alaptation o bore modeling algorithmsin
order to reproduce the dependencies between SMC and BMD. It will be verified by
experimental measurements. We study diff erent modeli ng al gorithms which describe
the lossof the bore massand look for possble mechanisms causing the changesin
structure observed experimentally.

[1] P.l. Saparin, W. Gowin, J. Kurths, and D. Felsenberg, Phys. Rev. E 58, 6449
(1998.

“Comparison d Bone Losswith Changes of Bone Architedure & Six Different
Skeletal Sites Using Measures of Complexity” by P. Saparin, W. Gowin, D.
Felsenberg

We explore within the framework of a MAP-Projed the structural deterioration o
human boretisaue in osteoparosis as amodel for bore lossunder microgravity
condtions. We gply measures of complexity to assessquantitatively the structural
compasition d bore tissue & six different skeletal locaions. The cmplexity of the
bore achitedure is analyzed and compared with ead ather at the diff erent locations.

Eight high-resolution 2D CT-images (pixel size 0.2 x 0.2mm, slicethickness1 mm)
were aqguired from skeletal regions of 30 human cadavers. proximal tibia, vertebral
body L3, dstal radius, midshaft humerus, femoral ned, femoral region between nedk
and head, and cdcaneus at two dfferent locaions.

Our technique aonsists of threestages: image segmentation, encoding of the image by
symbals, and gquantification d symbal-encoded structure by measures of complexity.
For ead skeletal site an ariginaly developed image segmentation rocedure provides
two standardized regions of interest: the trabeaular bore and the entire bore. At the
next stage, the segmented image was encoded using a mixture of 3 static and 2
dynamicd symbadls. The spatial arrangement of symbals representing the bone
structural compositionis assessed by six structural parameters based onmeasures of
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complexity and symbadlic dynamics: Structure Complexity Index expresses of the
complexity and hanogeneity of the achitedure; Structure Disorder Index asesss the
degreeof order or disorder within the achitedure; Trabeaular Net Index informs
abou the richnessof the trabeaulae and itsinteradions with ead ather; Index of
Global Ensemble evaluates the dynamics of the assmbly of structural elements; Size
of maximal L-block and Average Size of L-block measure the bore dement
replacement by marrow tisaue. In addition, for every region Bone Mineral Density was
cdculated.

We analyzed the relation ketween the anourt of bore massand the quantificaion o
bore achitedure by using bore density vs. bore structure diagrams. It was foundthat
the structural compasition respondsto alossof bore massdifferently and with a
different rate & ead skeletal site. It was shown quantitatively that for the same
amourt of bore density the complexity of the resulting bore structure and the
degreeof disorder within its architecure does depend onthe skeletal locaion. The
propcsed technique is able to quantify to a high degreethe structural lossof the bore
tisaue and may help to dagnose and to monitor changesin bore structure of the space
flying personrel aswell as of patients on Earth.

16. Brief Review of Activities for the Second Year

1.

2.

3.

Finishing of the development of preprocessng algorithms for 2D measures of complexity for
six different skeletal sites.
Evaluation and comparison d al 2D data derived from 180 bore spedmens (30 per eath
skeletal site) = Mil estone 2.
Beginning of colledion d patient 2D data.

a. Archival data can be used. They are available & FUB without delay.
Development of patient data preprocesgng for 2D measurements.
Colledion d 20 seleded patients and measurements at 5 dff erent skeletal sites ead — 2D data
processng and evaluation.

a. Planning of this qudy at FUB isinitsfinal stages. It is expeded that a study with

hemiplegia patients can start in April 2002.

Continuation o development of 3D preprocessng todls, preliminary data sampling on 3D
guantificaion by measures of complexity.

a. ldeas anditstechnical implications have been explored already.

b. Work load distributionwill be determined after the Mid-Term Report Meding.
Refinement of biopsy assessment by micro-CT.

a  Comparison study of the u-CT scannersis alreadly onitsway.
Applicaion d 3D encoding to a model, study of typicd 3D bore cmpasition, applicaion o
measures of complexity in 3D models.

a Thestudy of modelsin 2D has alrealy started.

b. UoPwill developand study 3D models.

These adivitieswill be exeauted acording to ou Timeline of Exeaution d the Reseach Programin
its revised version from Oct. 10, 2000.



