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LUCT Imaging Core Resources

Scan Size

Location _ Applications
(@xL;mm) | Size (um)

HCT 35 Stemmler Hall  37.9 x 120 3.5-72 High resolution ex vivo scans

HCT 45 Stemmler Hall 55, 120 3.0-100 High resolution ex vivo scans

High resolution in vivo scans for
vivaCT 80 Stemmler Hall 80 x 145 10.4-76 _
small animals

Ultra high resolution (sub-micron) ex
UCT 50 PVAMC/TMRC  50x 120 0.5-100 _
Vivo scans

In vivo scans for small animals;

vivaCT 75 PVAMC/TMRC 79.9 x 145 21-150 : :
Ex vivo scans for large specimens

XtremeCT Il CTRC 140 x 200 60-82  Clinical scans for peripheral skeleton
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EX vivo (Specimen) Scanners

 Scanco UCT 35 (Purchased in 2012)
— Native voxel sizes: 3.5 ym, 6 ym, 10 ym, 15 ym, 18.5 uym

o =, | ! X
h A - ) = .,
= Ll g ‘-__ - - =
- = a
g i = - .

s
e
Ry

éb Penn Center for Musculoskeletal Disorders



EX vivo (Specimen) Scanners

« Scanco UCT 45 (Purchased in 2019)
— Native voxel sizes: 3 ym, 4.5 um, 7.4 ym, 10.4 uym, 14.6 ym
— Carousel system supporting 20 sample holders
— “Air” filter for scanning low density materials
— “Copper” filter for scanning specimen with metal implants
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In VivOo Scanner

« Scanco vivaCT 80 (Purchased in 2018)

— Voxel sizes: 10.4 ym, 11.6 pm, 13 pm, '
16.1 ym, 20.8 ym, 26 um —

— Internal heating device to keep animal
warm

— Internal camera to monitor animal’s
breathing

— Ex vivo scan for specimen from large
animals or human cadaver
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MicroCT Analysis PC
« 2 PCs for MicroCT Analysis (315 Stemmler)

— Windows 10 platform
— Either remote or onsite access
— Scanco software
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Dragonfly Workstation

« Workstation for Dragonfly software (324 Stemmler)
— Windows 10 platform
— PMACS account required (either remote or onsite access)
— Deep learning assisted analysis
— Training videos https://www.theobjects.com/dragonfly/tutorials.html
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https://www.theobjects.com/dragonfly/tutorials.html
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Why in vivo uCT?

« UCT provides 3D imaging with sufficient spatial resolution for
the assessment of rodent bone microarchitecture

* Invivo puCT: Longitudinal studies of bone morphology

Waarsing+2006 Brouwers+2007, Brouwers+2008, Brouwers+2009, Klinck+2008, Bouxsein+2010,
Lan+2013, Boyd+2006, Campbell+2008, Buie+2008, Lambers+2011, Schulte+2011

— Skeletal responses to various diseases and treatments
* Bone loss associated with disuse or surgery
* Increased bone mass due to pharmacologic treatment or
mechanical loading
 Input to micro finite element (WFE) models to track the
mechanical properties of bone van rietbergen+1998, schulte+2011
* Reduction in number of animals souxsein+ 2010
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vivaCT 80

* vivaCT 80 (Purchased in 2018)
— Best resolution:
10.4 um isotropic voxel size

— X-Ray Source:
30 - 70 kVp

— Max Scan Size:
80x 145 mm (D x L)

— Capacity to scan:
All tissues on mice
All tissues on rat
(body weight < 7009)
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In Vivo uCT Imaging

Animal Model (Rats, mice)
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How to Choose Image Resolution (vivaCT 80)
* Image resolution is determined by FOV and number of

projections !>
vivaCT80 Proj./180° @ Best Resolution |5
Field of View (mm) (um) e
31.9 1500 10.4 | -
35.9 1500 11.6 '
39.9 1500 13.0 | |
49.8 1500 16.1 | -
63.9 1500 20.8
79.9 1500 26.0
0 I
Vg x-ra
J’ I : Y
,gr‘t{‘ I source
™ Feld of View (FOV)
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Radiation Dose — VivaCT 80 |
« Computed Tomography Dose Index (CTDI): e
Proportional to the integration time (s), current (LA) | —
and number of projections el
Energy Integration | Current Field of Proj./180° CTDI Resolution

(KV) time (ms) (LA) View (mm) (mGy) (Um)

95 300 145 32 1500 1537 10.4

55 300 145 40 1500 998 13.0

25 300 145 50 1500 615 16.1

55 300 145 64 1500 368 20.8

55 300 145 80 1500 230 26.0
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Concerns — Radiation Exposure

* Invivo scan on Wistar rats «linck+ 2008
— 8 month old, female rats
— 12.5 um isotropic voxel size, 55 kV voltage, 109 pA current, 200 ms
integration time, 2000 projections
— Scanned right tibia at wkO, 2, 4, 6, 8, 12
— Radiation dose: 502.5 mGy
— No radiation effect

* In vivo scan on Wistar rats srouwers+ 2007
— 30 week old, female rats
— 15 pum isotropic voxel size, 70 kV voltage, 85 pA current, 350 ms integration
time, 2000 projections
— Scanned right tibia at wkO, 1, 2, 3, 4, 5, 6, 8; left tibia at wkO and 8
— Radiation dose: 939 mGy
— Determined cell radiation damage using a cell viability test
—> No radiation effects on bone microarchitecture and marrow cells
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Concerns — Radiation Exposure

* Invivo scan on BL6 mice Laperre+2011
— 10 weeks old, male mice
— 9 um isotropic voxel size
— In vivo scanned left tibia at wkO, 2, 4; ex vivo scanned on both tibia after
sacrifice (wk4)
— Radiation dose: 776 mGy
—> Negative effects on BV/TV and Tb.N and increased Oc.S/BS

* Invivo scan on BL6 mice Laperre+2011
— 4 and 16 weeks old, male mice
— 9 um and 18 um isotropic voxel size
— In vivo scanned left tibia at wkO, 2, 4; ex vivo scanned on both tibia after
sacrifice (wk4)
— Radiation dose: 434 mGy (9 um) and 166 mGy (18 um)
—> No radiation effect on both trabecular and cortical bone architecture in all

eI
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Concerns — Radiation Exposure

* Invivo scan on C3H, BL6, and BAL mice «linck+ 2008
— 8-10 weeks old, female mice
— 10.5 um isotropic voxel size, 55 kV voltage, 109 pA current, 200 ms
integration time, 2000 projections
— Scanned right tibia at wkO, 1, 2, 3
— Radiation dose: 712.4 mGy
—> Negative effects on trabecular microarchitecture

* Invivo scan on BL6 mice 7hao+ 2016
— 12 weeks old, female mice
— 10.5 um isotropic voxel size, 55 kV voltage, 109 pA current, 200 ms
integration time, 2000 projections
— In vivo scanned right femur and L4 at wkO, 3, 6; ex vivo scan on both femurs,
L3 and L4 after sacrifice (wk9)
— Radiation dose: 639 mGy (femur) and 310 mGy (vertebra)
— No effect on BV/TV and cellular activities; Negative effects on trabecular
microarchitecture (~10-20%)
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Conclusion: Radiation Exposure

* Minimal impact on rat bone mass and bone microarchitecture

 Compared to rats, mice are more sensitive to radiation exposure
— High resolution scans (10-15 um) leading to 10-20%
deterioration of trabecular bone microarchitecture compared to
non-radiated sites
— Suggestion to reduce radiation exposure:
* Reduction in scan frequency and Increase in interval time
between repeated scans
* Reduction in scan resolution
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Why Need Holder? Movement Artifacts

* Movement Artifacts caused by animal breathing

Penn Center for Musculoskeletal Disorders



Why Need Holder? Movement Artifacts
Movement Artifacts due to animal breathing

Distal Femur L2 Vertebrae Humerus
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Customized Holders - 3D Printing

e Minimize the movement
of the skeletal site of interest

* Minimize the reposition error
induced by repeat scans
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Customized Holders - 3D Printing
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Before Scanning - Anesthesia

* Non-painful procedures (Penn IACUC Guideline)
— |soflurane
* Mice: 3-4% for induction and 1-3% for maintenance
e Rats: 3-5% for induction and 1-3% for maintenance

Anesthesia Chamher

(Viva80)

L™
-

Anesthesia
chamber

http://www.upenn.edu/regulatoryaffairs/Documents/iacuc/guidelines/IACUCGuideline-MouseAndRatAnesthesiaAndAnalgesia.pdf
& Penn Center for Musculoskeletal Disorders




Before Scanning - Anesthesia

* Advantages of Isoflurane (vs. Ketamine/xylazine)
— Safer

— Faster (induction, adjusting depth and recovery)

— No need for reversal agents

s

http://www.upenn.edu/regulatoryaffairs/Documents/iacuc/guidelines/IACUCGuideline-MouseAndRatAnesthesiaAndAnalgesia.pdf
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During Scanning

® Invivo uCT scan
— 19 um isotropic voxel size

— 2 mm bone segment of femur midshaft and-musele
— Average scan time: 10 mins
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During Scanning

* Monitor animal’s breathing

Penn Center for Musculoskeletal Disorders



After Scanning

 Waking up the animal: Heating lamp

Penn Center for Musculoskeletal Disorders



Precision

* Precision is affected by reposition of animals at each follow-up scan
— Short term precision study (same day, multiple scans)
* 12.5 um, Precision: 1-6% in rats nishiyama+2010
* 10.5 um, Precision: 1-7% in rat tibia 1an+2013
* 10.5 pum, Precision: 1-8% in BL6 or C3H mice tibia nishiyama+2010
* 10.5 um, Precision: 4-12% in femur and 6.5-17.6% in L4 of BL6
MICEe Chang+2016 SB3C
* To minimize the reposition error
— Customized animal holders for the scan
— Image registration




16 Weeks longitudinal scans of male rats

A
ORX-Veh

ORX-PTH

Intact-Veh

Intact-PTH

ORX=0rchiectomy surgery; PTH=Parathyroid hormone; Veh=Saline (Scanned by Vincent)
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Medical Image Registration

A process in medical imaging where multiple images from different

modalities (X-ray, MRI, etc.) or time points are aligned

Enables better understandings of the spatial relationships between

structures or temporal changes over time.




Medical Image Registration

Translation

Rigid

Rotation
Affine Scaling

Shearing

Skewing
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Registration Tool

 Rigid registration - Required when the two images, volumes, or surfaces differ by a global shift and a global rotation

MATLAB ¥

(Medical Imaging Toolbox)

Example of Multimodal 3D registration using FIJIYAMA

Original
data

.. . »
FiJi plugins

Pictures stack X-rays stack MRI stack Multimodal alignment

After
registration
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https://www.mathworks.com/help/medical-imaging/ug/medical-image-registration.html
https://imagej.net/imaging/registration

Registration Tool

Elastix

. o Medical Image Registration Library
Simple ’

(SimplelTK extension)

HOME SUPPORT DOWN DS

PUBLICATIONS DOCUMENTATION CREDITS

SOURCE CODE VIDEO LIBRARY LINKS

SCREENSHOTS
Latest News:

09/30/23: ITK-SNAP 4.0.2 has been release
04/13/23: Read about the what's new in ITK-¢

®
ITK-SNAP

ITK-SNAP is a free, open-source, multi-platform software application used to
segment structures in 3D and 4D biomedical images. It was originally

developed at the University of North Carolina by student teams led by Guide
Gerig (NYU Tanden School of Engineering), who envisioned a teol that would

be easy to learn, with a limited feature set centered specifically on the task
of image segmentation. Current ITK-SNAP development is led by Paul
Yushkevich, Jilei Hao, Alison Pouch, Sadhana Ravikumar and colleagues at
the Penn Image Computing and Science Laboratory (PICSL) at the University
of Pennsylvania.

ITK-SNAP provides semi-automatic segmentation using active contour
methods, as well as manual delineation and image navigation. In addition to
these core functions, ITK-SMNAP offers many supporting utilities. Some of the
core capabilities of ITK-SMAP include:

Penn Center for Musculoskeletal Disorders



https://simpleelastix.github.io/
http://www.itksnap.org/pmwiki/pmwiki.php

Computed Tomography

. Processing, Registration, Open Sourced
CTPros,

¢ Computed Tomography Processin g & Registration - Open-Sourced

File Classify Filter Generic Numeric

Register Transform Protocols Help
Coronal

Image Selection
Primary Secondary

CO000874.AIM;1 v ZOODOB7S.AIM;1  +
Image Position
X V7
\ms.s:] |429.7:§ 1395.1 2]

(=] 3] =
VOl Info
X v z
Position [9654(5] [276 (2] [219.25]

size 399 ] 323 2] [382 &

ElementSize(um) [6 2] [6 (2] [59 £

Options
View Crosshairs
View VOI
Zoom to VOI

Carlos Osuna



https://gitlab.com/caosuna/ctpros
https://www.med.upenn.edu/orl/personnel/carlos-(charlie)-osuna.html

Input and Output

» Image files:

*.aim, *.dcm, *.tif, *.jpg, *.rsq, ...

> Transformation matrices :

*.tfm (binary), *.tfmtxt

-
/ Image Registration \

Transformation Matrix J

Transformed Image Files J
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Registration Workflow

» Load images
* Primary image (moving image)

* Secondary image (fixed image)

ﬁ Computed Tomography Processing & Registration - v20230422

File Filters Generic Numeric Register Transform Protocols Help
Coronal

Image Selection
Primary Secondary

C0025484_ POSET v  C0025555_POSET ~
Image Position
X Y zZ
18415 29595 6394.%

| VOl Info

X Y zZ
Position 1112555 171.2:55 21815

Transaxial

Size 199 =55 220 5 366 =

| Element Size (um) 104 55 104 55 104 5

Options

[_] Zoom to VOI

[C) Red-Blue Visuals

=
2
=
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Registration Workflow

» Manual alignment and VOI selection

Transaxial Sagittal

Size 126 =5 103 =5 326 =

Element Size (um) 104 55 104 3 104 3

| Options
|_J View Crosshairs

|_J Red-Blue Visuals
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Registration Workflow

» Perform (rigid) image registration

File Filters Generic Numeg Register Trans\grm Protocols Help

Image Selection
Primary Secondary

C0025484 POSET v  (C0025555_POSET ~
Image Position

X Y zZ
31632 23375 4152

VOI Info
X Y z

Position 29655 21557 308 £

Sagittal

Transaxial

Size 81 = 106 &5 228 £

Element Size (um) 104 55 104 35 104 3

Options

|_] Zoom to VOI
[J Red-Blue Visuals




Registration Workflow

» Output transformation matrix and registered moving image

File Filters Generic Numeric Register Transform Protocols Help

File Filters Generic Mumeric FRegister Transform  Protocols  Help Open image ... Caroost
Open image ... Coronal Close image ... »
. , Close all images ...
Close image ... Bl v I =
Close all images ... -
. Apply affine matrix ... 4
b‘ -
S Bl Apply relative affine ... 4
Apply affine matrix ... » Save affine matrix ... 4
Apply relative affine ... » ; : Save relative affine ... 4
Save affine matrix ... 3 o & Save affine matrix (deprecated)... 4
| Save relative affine .. d  C0025555_POSET.AIM;T e =
' . C0025484_POSET.AIM;1 Open VOI ...
Save affine matrix (deprecated)... 4 :
) ) w Save VOI ...
Save relative affine (deprecated)... ¥ o ; | saveVOI Crop ... ¥ 0025484 POSET.AIM:1
5 £ : C0025555_POSET.AIM;
Open VOI ... File Header Info ... 4
Save VO ... DICOM resize ... » L
| Save VOI Crop ... » >
Fi - Exit Y
File Header Info ... Yo s Transaxial . ey v v s
- | Options
DICOM resize ... 4 0 s
Exit _
T - ¥ 4 -
Onti [T Red-Blue Visuals
ptions

[_] View Crosshairs
e ZQ
[[] Zoom te YOI

[] Red-Blue Visuals
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Future Development

» Future development:
* Manual contour/segmentation
* Numerical analysis/evaluation
* VOl identification / Automatic segmentation

®* Other...
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