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Abstract

Assessment of density patternsis critical for quantification of the morphology in
healthy and diseased lungs. We propose a fast and accurate method for semiautomatic
lung density distribution assessment. The algorithm is based on a customized,
commercially available software package that supports various file formats. Analysis of
porcine CT scans was done using a software package, Able Software Corp., 3D-Doctor,
Lexington, MA. Briefly, axial CT scans were semi automatically analyzed, dlice-by-dlice,
using the interactive segmentation function of the 3D-Doctor software. Pre, and post,
contusion image stacks were quantified and compared with respect to density distribution.
The pulmonary parenchyma was interactively segmented employing 5 regimens. Each of
the regimens represented a window of Hounsfield units (HU) corresponding to level of
aeration of the parenchyma as reported by Gattinoni et al. Air (HU value —1000),
hyperinflated areas (HU window from —998 to —902), normally aerated areas (HU
window from —900 to —500), poorly aerated areas (HU window from —498 to —100) and
non-aerated areas (HU window from —98 to +100) were defined in each of the slices for
each of the lungs. The resulting data were represented with respect to number of pixels,
total density, mean density, object histogram as well as surface area and volume data for
each of the objects. 3-D reconstruction was performed via simple surface rendering by the
program. 3-D- reconstructed rotational images were available to display areas and regions
of the analyzed lung parenchyma both as a whole and in separate with respect to aeration

and density distributions. Areas of usein military and civilian setting are proposed.



| ntroduction

With the introduction of CT-scanners, our ability to quantify changesin lung
densities associated with pulmonary diseases increased tremendously. Early CT scan-
based pulmonary research established normal and abnormal patterns of density
distributions within the lung parenchyma. Rosenblum and Wegener et al. in the late
1970s offered insight into the normal lung density distributions revealed by CT scan, with
respect to body position, respiratory phase and age. In general, comparison of
conventional chest radiography to computed tomography offered the following
advantages:

assessment based on conventional radiography was found to be largely subjective

and reliable mostly for gross estimations

conventional radiographs are less sensitive to diffuse disease processes than

localized lesions

density estimations can not be reliably drawn based on conventional X-ray

conventional chest radiography was reported to underestimate the actual degree of

pulmonary injury
In contrast, CT offered improved:

contrast resolution

transaxial view of anatomy

dynamic range

With these early studies the superiority of CT asatool for detection of diffuse

morphological changesin pulmonary diseases became obvious. Furthermore, with the



development of more sophisticated CT equipment and increasing involvement of
informatics in the acquiring and processing of medical imaging, it became apparent that
human involvement will be diminished in the data acquisition and interpretation systems
of the future.

Currently many equipment vendors offer extensive personal computer (PC) based
CT interpretation systems that, in many cases, include three dimensional reconstruction
capabilities. Most of these programs work solely in conjunction with the particular
vendor’ s equipment and support proprietary imaging standards, thus creating considerable
compatibility challenges.

Previoudly, the most widely used approaches to lung density estimations were the
so-called sector method and the whole-lung method. In the sector method, the overall
mean density of alung is estimated from averaging Hounsfield (HU) values of 14 regions
of interest: 3 regions of interest defined in a base cut CT scan (immediately above the
diaphragm), 3 in the mid-thorax cut (carinalevel) and 2 in the apex cut (level of the
sternoclavicular joint). In the whole-lung method, the entire lung fields of the above-
mentioned 3 cuts are studied and the six values (right lung, left lung in each cut) are
averaged to come up with the mean lung density. The advantage of these methods is that
any grey scale density estimation procedure can be used for this analysis (for example,
with Osiris Imaging Software, Digital Imaging Unit, University Hospital of Geneva,
Geneva, Switzerland), and acceptable mean grey scale density estimations can be made.
The disadvantage of these methods is that they are extremely time- and labor-consuming,
are of limited accuracy, and cannot serve as a basis for precise density quantification and

morphol ogy-based diagnostics.



In 2001 we introduced and developed a semiautomatic algorithm for pulmonary
CT scan segmentation, quantification and density-based diagnostics which is fast,
accurate and widely usable for evaluation of high volumes of pulmonary CT scansin
research and clinical practice. The technique is based on a commercially available
software package, - 3D-Doctor (Able Software Corp., Lexington, MA), that supports a
wide range of image types and standards. For lung CT analysis the software was modified
to our specifications.

The purpose of this report isto provide atutorial on the pulmonary quantification
procedure as currently practiced at this Institute. The intent is to enable an investigator
who is new to the field to successfully implement the technique with minimal assistance.
Given that the technique is an adaptation of commercially available software, which isan
extensive 3-D imaging, rendering and modelling resource, by no means do we claim this
manuscript to be a comprehensive tutorial on the software itself, but rather a set of
instructions on adapting the tool for this particular application. For those interested in
extensive insight into the 3-D Doctor software, we recommend referring to the manual
and/or arrangement of training courses with Able Software Corporation.

Other 3D software packages are commercially available however we did not
examine all of these programsin detail during development of the procedures described

in this manuscript.



Basic Considerations and Assumptions

When estimating CT scans of diseased lungs by eye most of radiol ogists use the
Fleishner Society Nomenclature Committee description of morphological CT patterns
(Austin et a., 1996). These patterns are as follows:

1. ground glass opacification: defined as a hazy increase in lung attenuation,

with preservation of bronchial and vascular margins

2. consolidation: a homogenous increase in lung attenuation that obscures

bronchovascular margins in which an air-bronchogram may be present

3. reticular pattern: innumerable, interlacing line shadows that may be fine,

intermediate, or coarse
In reference to different lung diseases these morphological patterns can have different
pathophysiological meanings, and varying terminology might be used to describe a
similar change in density distribution within the lung parenchyma.

Whatever terminology may be used, it takes an experienced radiologist to
differentiate these features. As a consequence, the subjective view of the experienced
specialist will be perceived as an objective basis for diagnosis. What further complicates
thereliability of this analysisisthe fact that the knowledgeable specialist has to analyze
large numbers of CT scans and, although a gross or qualitative estimation is not a difficult
task, accurate quantification of the diffuse morphologic featuresisimpossible.
Furthermore, in case of pulmonary contusion, though contusion size estimation by eye

can be done, contusion volume assessment cannot.
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Based on the above, an automated and quantitative method of assessing
pulmonary CT scans would be very useful. This would not only save time and human
resources but, at the same time, could offer an accurate and reliable way of assessing

morphology that could revolutionize diagnostics and prognostics in pulmonary medicine.

Therelationship between physical density, the attenuation value and

Hounsfield units

Pulmonary tissue isinherently inhomogeneous. Simplified, it is represented by the
densities of water, air and lung tissue. Overall, the density distributions vary with body
position, as reported by Rosenblum et al. in 1978. The density of the lung decreases with
inspiration and increases with expiration. In a normal supine subject the density increases

linearly with anteroposterior distance because of gravitational forces.

Voxel. The CT unit of volume
As described by Gattinoni et a., in a standard 10 mm axia image the volume of a
voxel is1.5 x 1.5 x 10 mm = 22.5 mm?®. Thisis approximately the volume of a normal
acinus (containing 2000 alveoli) at functional residual capacity (FRC). Dueto the
difference in shapes (the voxel is a parallelepiped and the acinus is a sphere) and
topographic position, the voxel and acinus do not line up perfectly. Furthermore, at
increasing inflation the acinus increases in size and this leads to fewer of the acini being

included in each voxel. On the other hand, 15 —-20 normal but collapsed acini may be

10
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included in asingle voxel. Additionally, many voxels may include denser structures like
blood vessels, lymphatics and airway structures.

Smaller voxel size (CT scanners of recent generations) improves the accuracy of
CT—-based density estimations, as they increase spatial resolution and decrease volume
averaging.

The ratios of lung tissue, blood, and air in each voxel define the physical density

of the lung.

Relation between physical density and attenuation coefficient

Per Rosenblum, the linear attenuation coefficient for lung parenchymais primarily
determined by the physical density (r ) and the electron density (Ng) i.e. (r x Ng). The
electron density is constant for biologic tissues so the equation defining the approximate
lung density was proposed to be:

r(lung) = (AV) /1000 + 1, r - expressed as g/cm®
where AV is attenuation value expressed in CT number (Hounsfield units). See next
chapter.

Thus, an attenuation value of — 800 HU is proportional to a density of 0.2 g/cm®.

Attenuation value (coefficient)
The X-ray attenuation of atissueis expressed by CT numbers, also called
Hounsfield units (HU). The HU represents the percentage of radiation absorbed by the
lung tissue in any given voxel. The greater the absorption, the less radiation hitting the

CT detector and the smaller the number. For reference, the attenuation scale assigns

11
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+1000 HU for bone, O for water and — 1000 for air. Blood and tissue are between 20 and
40 HU.

Assuming that the specific gravity of tissueis 1, Gattinoni proposed the following
relationship between density in any given lung region:

Volume gas — Mean CT number opserved

(Volume gas + Volume jissue) (CT number gas — CT number yaer)

Hence, knowing the CT number frequency distribution for a given region of interest
and its total volume (volume tissie + VOlUME gx), it IS possible to compute the amount

of tissue (lung tissue + blood + extracellular water) for each compartment of interest

Lung compartmentsand CT frequency distribution
The CT pulmonary units (voxels) are distributed across the lung as a function of
their physical densities. As reported by Gattinoni, Vieiraand other groups, CT number
frequency distribution analysisis usually performed on an 11-compartment scale covering
the range of HU values from —1000 to +100. In our analysis, we used the pooled data
from several investigator’s groups to define the HU windows, binned down from the
initial 11 compartmentsto 4 as reported by Gattinoni et al (1988) and Vieiraand
coworkers (1998). There seemsto be a consensusin literature in reference to
consideration of the lung compartments reflecting various degrees of parenchymal
aeration. These are:
Hyperinflated areas

Normally aerated areas

12
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Poorly aerated areas
Non aerated areas
For HU window values we adopted the data published by Gattinoni, Vieiraand

colleagues, assigned as follows:

TYPESOF LUNG TISSUE WITH HOUNSFIELD UNIT
RESPECT TO AERATION WINDOW
Air —1000
Hyperinflated —1000 to - 900
Normally aerated —900 to —-500
Poorly aerated -500to —100
Non aerated —100 to +100

Due to the nature of our study (occurrence of pneumothoraces) we added an
additional “Air” compartment with categorical —1000 value to defineit. These
compartments and the HU window values defining them served as the foundation for our

semi-automated quantification method, described further in this manuscript.

13
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| mage Acquisition, Storage and M anagement

Our work was based on the pulmonary contusion model originally developed by
Proctor et al. and introduced to this Institution by usin 2001.

Briefly, anesthetized female Y orkshire pigs were used for the study. The study
involved CT scan acquisition at 2 time points: before injury and 6 hours after injury
enabling the comparison of density distributions in a normal and pathologic lung of the
same subject. The injury was inflicted in the right side of the chest, centered around the
point of intersection of a perpendicular drawn from the base of the xiphoid to the
midaxillary line. The injury consisted of an impact against the chest wall caused by a
round, 7.5 cm-diameter, flat-surfaced steel plate, powered by a captive-bolt cartridge-
charged device.

The CT scans were acquired using the Philips Tomoscan CT scanner (Philips
Medical Systems, Eindhoven, The Netherlands) located in the Laboratory area of the
Institute.

Images were taken at a 10 mm slice width with no interslice distance. The
exposures were taken at 120 kV and 40 mA. The CT scanner was calibrated using the

standard phantoms provided by the vendor. At the designated time points the subject,

while on ventilator and under intravenous anesthesia, was taken to the CT scanner and a

series of axial 10 mm dlices were acquired on inspiratory breath hold. The images were

stored in DICOM 3 format in an image server of the Brooke Army Medical Center

Department of Radiology (General Electric MDIS/PACS system). Images were queried

14
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and retrieved from the image server using JDicom software

http://www.tiani.com/JDicom/) and were stored on a computer.

15
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3-D Image Analysis Software

Genera information about the 3D-Doctor software and its applications is

available from the users manual and/or from http://www.ablesw.com/3d-doctor/. In this

section we would like to discuss some details specific to our application.

As aresult of our recommendations, a new version of the program was released in
which the structure of automated functions and operational window alignment enabled
continuous dlice-by-glice segmentation analysis of lung parenchymato be done faster and
with minimal operator involvement.

In a brief overview the algorithm is as follows.

The raw DICOM images are loaded into alist file as a sequence of images. The list file
should be opened from the program and, by doing so, a project is started that should be
saved as a project file using the “ Save” menu. When a project fileis created it can be
opened with the analysis results saved into it. The project file isthe processed datafile.
Thelist file and raw data are not used after a project file exists. When the images appear
in the view windows, select the first one (numbered “0”) from the list of images in the
right side of the screen. Segmentation of thisfirst image will be done followed by the
next images in the stack. The process of segmentation is described in detail in the “ Step-
by-step Instructions on Semiautomatic Quantification of DICOM CT Scans’ section.

An object isan image or part of an image that is being analyzed. In our case, each
part of the lung with differing density/aeration levels was considered a separate object.

Objects can be named as desired. For porcine pulmonary CT scan analysis we used the

16
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following object names that were abbreviated and entered into the “ Object management
menu”:

Right lung normally aerate — RN

Right lung hyperinflated — RH

Right lung air — RA

Right Lung poorly aerated — RP

Right lung non-aerated- RNON

The same principle was followed with naming of objectsin the left lung. In each

of the dlicesin the stack, these objects were outlined and after the corresponding HU
windows were applied, analyzed. The HU window is applied via entering the low- and
high cut off values into the segmentation window. After the values are entered, the
software outlines all the areas, within a CT scan region of interest, drawn by the operator,
where the densities fall within the specified limits for the object under analysis. This
phase is easy. However, it isimportant to note that the minimum step between two HU
values to be entered in the segmentation window of the software isavalue of 2. For
example, when separating the normally ventilated areas (HU window form —900 to — 500)
from the poorly ventilated areas (HU window of — 500 to —100) the operator needs to
enter — 498 instead of — 500 as the lower cut-off value for the poor areain order to
achieve full separation between analyzed objects (HU windows). Thus, the window

values used in our study (values entered into the segmentation window) were:

17
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AIR (HU = —1000)

HYPERINFLATED LUNG (HU window —998 to - 902)

POORLY AERATED LUNG (HU window —498 to —100)

NON-AERATED LUNG (HU window —98 to +100)

We believe that the volume and mean grey scale density (MGSD) estimation inaccuracies

attributed to this above- mentioned phenomenon were negligible.
Depending on image quality and resolution, the operator might need to apply
some of the manual editing tools available. Use of these toolsis self-explanatory and

provides an excellent resource in eliminating artifacts from analysis.

Methodological limitations

The technical limitations of accurate CT—scan analysis can be summarized in 3
groups:

1. Image-quality-related

2. Subject-related

3. Anaysisrelated

18



19

Image-quality-related limitations

Contemporary CT scanners enable high image —volume, fast and low —irradiation
data acquisition, consequentially improving safety and spatial resolution. Obtaining a
higher volume thus smaller sliced CT scans will enable finer data processing.

ubject-related limitations

The data acquisition can be obtained at various phases of lung tissue aeration
depending on the focus of the problem studied. Obviously, image acquisition at FRC and
full inspiration will result in systematically different density values as a function of higher
aeration of the lung. A consistent and outcome dependent approach should be considered
in every case.

By design, in the scenario of our experiment we performed CT scanning at full
inspiration thus somewhat artificially decreasing our mean HU values.

Subject position (forces of gravity) aswell asimmobility and degree of
cooperation (for conscious studies) might introduce some degree of error. In our study the
subjects were medically “immobilized” by means of deep general anesthesia.

Analysis-related limitations

The better the image resolution, the more accurate the volume estimation by
simple surface rendering. Likewise, better image resolution improves differentiation of
HU windows with attenuation val ues close to each other, as well as between anatomical
structures within a given range of attenuation values.

An example of the former would be when a poorly ventilated area with its low cut
off value of “— 100" would be more readily graphically separated and differentiated from

anon-ventilated area for which “ — 100 isits high HU cut off value.

19
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Regarding our experience with differentiation of structures within awindow of
attenuation values. The quality of the images we acquired did not allow usfine
differentiation between normal anatomical structures with high attenuation values
(respiratory tree, vessels) being included inside poorly and to a greater extent inside non-
ventilated areas. Defining and manually editing these normal anatomical structuresinside
intact lung is possible however our resolution did not allow “seeing” these areas after the
contusion inside the non - ventilated areas. Thus the non-ventilated areas in the post
contusion CT scan data sets included normal anatomical structures. Thisled to the mean
density of the non-ventilated areas to be somewhat artificially increased, as well asthe
overall volume of the non-ventilated compartment was somewhat (minimally) higher due

to the densities of the added structures.

20
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Step-by-step Instructions on Semiautomatic

Quantification of DICOM CT Scans

Part one: Opening DICOM stacks, saving CT stacks and creation of alist and

project files. Object management window.

1. Open 3- D Doctor double clicking on the icon.

JD-DOCTOR Assistant _

— Chooze the twpe of files to open

& Pultiple image slices stored in separate files [DICOM, TIF, BMP,
JPEG. HOR. ..]. create a list file to stack them together

e A gingle image file that contain: one of mode shces or 5 st file for
multiple image slices ["LST, TIF. HDR_ ]

¢ A 3D-DOCTOR Project File [ PRJ)

¢~ Scari film using a film scanner of acquine image from other
TwialM compatible imaging devices

30 Suface Models [SUF, DF. 205 TR )

3D VYolume Rendering File [WOL)

IS Impoart multiple images ["'unlown fle formal” f read directly].
creating header files [~ HDR]

- Import zingle image ['unkown file fomat™ # read deecty].
creating a header file [HDR]

Cancel

_ Cueel |
T

21
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2. Inthefirst menu choose “Multiple image dlices ...” Click “Next”. The below-

depicted window will appear.

Create 30 Image Stack . _!I
Add Files 1o the 30 Image Stack [Fie: shoud be added in the same aK I Eatrdl
aondes of the 30 sequence. DICOM fes can be sorfed automaticalyl I
¥ Chack DICOM Series ¥ Sot DICOM File: Dpen List I Save List I

Adchlul nm]
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3. Click on“Add files’ and select the source for the DICOM filesto be added to the
list file. Add the desired files by holding the “ Control” button on the keyboard and
left-clicking on the images one-by-one. If you don’'t do this the images will be

included into the list without sequential order.

x|

Add Fles in the 30 Imane Stark [Files thould he added i fe zame e I ~
I:ldbtl:‘ﬂ [|n'-__,n i

W Chec ook n: [ W 282ES

1_.'!'||'|_.'|'|"-:|:"| Z3110.009. data, dom

dem B 200203121231 10,730, daka. dom !
|20020312123111.241, data,dom [15] 200

| 20003121231 11,922 data.dom

| 2000312123113, 384 daka.dom

L4] | il

File name: I"E[BEIIHHEB'I 07 085 data dom 2002031 21: Dpen |

Filez ol ype:  {Image Fies = Cancal i

[™ Open & read-orly

Charge Preview |

When doing so, one can preview the selected images by highlighting and clicking on

the “Preview” button as shown below.

23
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Create 3D Image Stack E 3 ll

&dd Files to the 30 Image Stack [Files should be added in the zame ak | Barce) |
arder of the 30 zequence. DICOM filez can be zorted autamatically):

¥ Check DICOM Series ¥ Sort DICOM Files Biben i | b |
K:\batchinskyaihd D CT RELATEDACOMPLETED PC 3D DATA a |
K:Abatchinskyain3 D CT RELATEDACOMPLETED PC 3D DATA add Files | Dilete |

K:Abatchinskpand O CT RELATEDACOMPLETED PC 3D DATA
Fhbatchinskoat3 O CT RELATEDACOMPLETED PC 3D DATA
E:Abatchingkyat3 00 CT BELATEDACOMPLETED PC 30 DATA

F:hbatchinskyand 00 CT RELATEDACOMPLETED PC 30 DATA
F:Abatchingkypah3 00 CT RELATEDACOMPLETED PC 3D DATA
K:Abatchinskyan3 00 CT RELATEDACOMPLETED PC 3D DATA
E:ibatchinskyaita D CT RELATEDACOMPLETED PC 30 DATA
F:h\batchinskyah3 0 CT RELATEDACOMPLETED PC 30 DATA
k\batchinskyait3 0 CT RELATEDACOMPLETED PC 30 DATA
Fhbatchinskpat3 O CT RELATEDACOMPLETED PC 30 DATA
E:Abatchingkpah3 00 CT RELATEDACOMPLETED PC 3D DATA
K:hbatchinskyand 0 CT RELATEDACOMPLETED PC 30 DATA
K:-'i.l:uatchinsk_l,lai"-.E D CT II:HEL.-'-‘-.TEDHEEIMF'LETED FC 20 DATA =
4 3

|K:'\I:uatn:hinsk_l,lai'\3 0 CT RELATEDACOMPLETED PC 30 DATA 03 Change | | Preview I

The user can aso add/delete files from the stack to be included in the list using the

menu buttons in the window.

24



When you are finished selecting and editing you list file click “ Save list”.

k. \batck
K. A\batck
K. \batck
k.:batck

k. \batck
K. \batck
k. \batck
K.:h\batck
K. \batck
k. \batck
K. \batck
k. \batck
K.:\batck
K. h\batck
K. \batck

Create 3D Image Stack

25

&dd Files to the 300 Image Stack [Files zhould be added in the zame
order of the 30 zranence DIECM fles can be sorted aotarmaticallol:

H]8

x|

Cancel |

e

Save in: I W 2E2ES

2] %]

= = BcfE-

1 CANCIOP
8] W 282 ES. st

File name: ||

Save as hype: |Image Lisk [%1st]

e List |

elete |

R
|K:'\I:uatu:}'

o

EviEw |

Asarule, thelist fileis saved into the same folder where your raw images are located.

4. Open list to be analyzed by double clicking on its name.

Laok in: | ‘2 W 282 ES

~| = @ 5 EB-

21 x|

KB

File narme:

ﬂ20020312123116.??9.data.dcm
@2002031212311?.31[!.|:Iata.l:||:m
@20020312123118.131 .data.dcm
@20020312123118.832.data.dcm
a kukarial. st
‘ kutariall.lst
a M 252 ES segmentation tutorial atacce.pri
] 282 ES.Ist

W 282 ES.pri

I

*

Itutn:nriaH st

Open I

Files of type: |3DDH Files

- Cancel
i ]

When you see the images in the view windows choose “ Save Project” in the Save

25
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menu and save the project with the desired name.  Always save your work during
anaysis.
Next, we create an object list. Click on the little “ Set Object” icon located in the

toolbar next to the “Help” icon.

- Able Sofbwane 30-DOCTOR - ' 382 FS1S

Fin Bt Yew [megs 30 Renderrg Windom Hep
g e [ 5 o P L 1 ([ SR S
Ol =ik | Al2R ]| deoa] [@ 1] ] actmn

= -

i | e
For Hedp, perss FL, Raghi niotsa biuthon Far quck; options, (907 A5,0.50,0.00) HLM

26
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6. In the appearing object management dialog box type in an abbreviated name for

normally aerated right lung, for example — RN. Click “Add”

.| ilble Sofbaare 3k-DOCTUR - W 282 ES bt =8 %
e

e e L0 s e [ P 111 i S o
O] k] A5 | ] ] | ] =] [ ] = (R aetaut -]l ¥

Foor Help, prass FL, Fight mouse bt bon For quick opbiare. 50, 5,6, 92,0, 10 Fam |

and it will appear on the general list in the upper window of the object
management menu under the “default” object. Using the line type, color and hatch
buttons you can modify the features of the selected object to be displayed on the
segmented CT scan. It is advisable that you differentiate each object using color,
line type or else. The On/Off button will specify if the selected object/objects are
active and displayed in the window and the Current button will select one object
to be the currently active so that the segmentation results will be assigned to this

object. Setting the RN as current will be reflected in the appearance of this
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object’ s name in the current object window immediately to the left of the “ Set

object” button.
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If repeated analysis will take placei.e. if stacks from different subject within the
same study will be analyzed the Object settings can be saved and loaded to the
next project file using the “ Save” and “Open” buttons of the “ Object
Management” window.

After the above steps save your project file is containing the “ Object

Management” settings and you are ready for the segmentation.
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Part two: segmentation

. Open aproject file.

. From the Montage view screen on the right side of the screen select the image you
will be analyzing by double-clicking on it.

In the “ Object management” window select the object you will be analyzing and
make it current, for example “RN”. Y ou can do the same simply selecting the
desired object from the “ Object menu” on the left side from the “ Set object”
menu.

. Activate the segmentation window (the large window on your left) by clicking on

it.
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5. Select: Edit- Region of interest (ROI) — ROI tool On. Doing so you activate the

ROI tool bar on the right side of the general toolbar.

! inble Saftware J0-DOCTOR - W 282 ES segmestation tutorial atacccpr ] =] =]
Fe Edt Wem [megs 30 Rencdeing Window  Help

Bl =2 = ol ] 2] failmi] 37 =[ols]E ]|

D] 28| || el 2] 4] ] ) T Xz v

£ w 7 E5 seqmentabien butasial sbacce.pr)

4] |

Chck left rmcars butbon ko dreve BODs or night mouss For obhar oplions l:135.55.-0.m.0m1 HiM

The same result is achievable by aright-mouse click.

6. Select “Polygon” mode asit isthe most convenient to draw the ROI.

7. Draw the ROI around the area of the lung to which the selected object
corresponds. In our case RN isright lung. Do draw the ROI left-click on the
mouse drag the line to the desired direction and left-click again when a direction
changeis needed. To connect the last two points and close the polygon press any
key of the keyboard. For the normally aerated lung there is no need to draw a

precise ROI including only the lung tissue. As the attenuation window (HU)
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values for the normally aerated lung are different from those of the surrounding
tissues the segmentation algorithm will pick up only the areas of specified HU
values.

Click on 3 D Rendering- Interactive segmentation, to open the “Interactive

segmentation window”.
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In the * Interactive segmentation” window the following settings should be
checked: “use calibrated values’, “al boundary lines’ and " use connectivity”. In
the Image threshold window set the HU window corresponding to the Object you
are analyzing. For RN it is— 900 to — 500. Click on the refresh button. Y ou will

see the HU window applied to the ROI.
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Also, if you have not set the object to be analyzed yet you can do it from the

I nteractive segmentation window by clicking on “ Set object”.
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10. Click on “Segment plane”. The pre-selected color- and line-type boundary for the

object being analyzes (in this case RN) will be applied to the ROI (green arrows).
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This finishes the segmentation for the particular object within this dlice.

11. Click on “Next plane”. Y our previously drawn ROI will be superimposed to the
next dice. If the ROI covers all areas of interest you can ssimply click on “ Segment
plane’. If the ROI does not cover the desired areaiin full, click on “Finish” to
make the Object management window disappear, than right click on the
segmentation window and choose “ Clear ROI”. Repeat from step 5 and draw a

new ROI. Another option of adjustment of the ROI to the next sliceis pressing on

33



34

key “F7”, that will inflate (make the ROI expand) the region, or “F8”, that will
deflate the region.

In afashion, similar to the described above you can analyze the left lung and
proceed to the next dlice.

When segmenting areas with different HU window settings the approach should
be analogous however the ROI drawing should involve only areas within the lung
tissue to avoid including other areas where by coincidence the HU range is
Similar.

Here follows an illustration of segmentation done for normally, poorly, non-

aerated and hyperinflated regions with comments on manual editing.
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. Normally aerated areas.
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In this case some manual editing is necessary. To do that, click on the “Boundary
editor” icon in the toolbar or click on “Edit”/“Boundary editor”/ “On”. Next, right-
click on the segmentation window and choose “ Delete boundary” or other tool needed
for the editing. When you choose delete  boundary the cursor becomes target —shaped

and by clicking on the part of the image will delete the most adjacent boundary.
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| mportant note: If 2 boundaries of the same HU window ar e found within a

singe ROI, oneinsidetheother, likein this case
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the outer most boundary isactive. This meansthat the area between the outer
area and 3 boundariesinsideisincluded in the analysisand the areainsidethe
inner boundariesisexcluded. Thistrend followsthe parity rule. Namely, areas
inside odd numbered boundaries counted in an outward-inward direction are
active and inside even numbered boundaries areinactive. In the depicted case
the outer boundary is active and all areas between the outer and inner
boundarieswill beincluded in the analysis. The area surrounded by theinner
boundarieswill be excluded asthey contain zones of differing HU value. See the

next demonstration bel ow.
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2. Hyperinflated areas.
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These lie within the “Normally” aerated areas and most of the times,

morphologically, represent emphysematous cysts or pneumatocel es.
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Repeating the analysis with respect to each aeration zone within each lung for
every dice, one will get the whole stack analyzed. Now you are ready for the 3 D

reconstruction part.

Part 3: 3-d reconstruction of the segmented image stack
After you complete the dlice-by-dlice segmentation save your work to the project
file. The final segmented slices can be viewed in the montage window and will look as

depicted in this animated clip. See below. Demonstration in the multimedia version.
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slice by sclice contused segmentation, avi

In the next step we will use one of the rendering algorithms available from the 3 D

Rendering / Surface rendering menu. For purposes of 3 D reconstruction, any of the
available algorithmsis usable. However, if accurate volume calculations are to be made
the Simple surface rendering should be used. To launch this algorithm, go to 3D
Rendering / Surface rendering / Simple Surface. The rendering takes various amounts of
time depending on your PC’'s computing power and the complexity of the segmented
areas. The resulting file of your rendering will appear in a separate window (Example)

and can be saved as a separate “ surface file” selecting File/Save surface. See below.
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Data Outputs

The rendered object can be analyzed with respect to variables given below.
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By sealecting Process/ Calculate volumes
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Calculation Results

“Walume [unit]
70538454 [cubic mm)
11324.818678 (cubic mm)
0.000000 [cubic mm)
£984.978330 [cubic mm)
0.000000 [cubic: mm)
34934607621 [oubic mm)
9692446465 (cubic mm)
38498.202571 [cubic mm)
43456643577 [cubic mm)
125515512947 [cubic mm)
23901.783543 [cubic mm)
164855757129 [cubic rm)
81634.201 266 [oubic mm)
314751.862275 (cubic mm)|

Object
L&

Waolume and Surface Area Calculations:

Sufacedrea [unit] Object Center [

2284, 264253 [square mm)
§3659.391813 [square mm)
243810484 [zquare mm]
53886471994 [square mm)
2509.946544 [square mm)
524673, 75308 [square mm)
247894002863 [square mm)
519280.478909 [zquare rm)
489237 993408 [square mm)
2603473223607 [square mm,
543885 642508 [square mm)
1929964, 988427 [zquare mm,
1713771966357 [square mm,
5358796, 140248 [square mm,

i
| »

| Save A3 I

ok | E

For Help, press F1. Right mouse button For quick options, l(424.48,-0.50,3.00)

Volume of each object represented in cubic millimeters

Surface area for each object represented in square millimeters

Orientation of the object center in space

The output file can be saved and exported into a database as awhole or via cutting
and pasting the necessary information into an Excel workbook.

After every image plane was segmented the following data can be obtained: (it is
not required to perform 3-d rendering to obtain this data).

By selecting Edit/ Object report.
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In the proposed pop-up menu (Object report dialog box) always check the “ Apply

pixel calibration” box before clicking “OK” in this Object report dialog. By this, the

software follows the inherent calibration of the DICOM image stack imported from the

sourcefile.
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Choose Detailed report output if you are looking for evaluation of each boundary.
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If you choose detailed report the calculation results will look like this:
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| Calculation Results

x|
ImageFlane 4 has nio data, :!
ImageFlane & has no data. AT
ImageFlane B haz hao data.

ImageFlane ¥ haz nio data.

ImageFlane 8 has no data.

ImageFlane 3 haz nio data,

ImageFlane 10 has no data.

ImageFlane 11 haz no data.

ImagePlane 12 Combined:

12 26 -3E000.00 10000000
ImageFlane 12 haz total 2 boundarnies. Calculations for each boundarny:
Boundar# Center(=.'] MHumFiselz TotalDenzity
Boundany 1 (144 200) 15 -15000.00
Boundary 2(117.249) 23 -2.3000.00

| ImagePlane 13 Combined:

| 13 239 -238988.00 9939434
ImageFlane 13 haz total 4 boundanes. Calculations for each boundarny:
Boundar# Center(='] MHumFiselz TotalDenzity _I;I
< | :

Copy | | Save Az l k. |

Choose Summary output if you are interested in values by object only. The latter

used in our study.
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If you choose “ Summary” output the calculation results will look like this:
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Calculation Results x|

Statiztical Feport of Objects I -

ohject default haz no data.

object B&
Flane MHumPixelz TotalDenzity teanDenszity

Total for object B on all planes:

HumPixelz T atalDensity keanDenzity Warance
a3 -782981.00 95999757 00364
ohject BH

Flane  MumPixelz T atalDenzity b eanDenzity

T otal for object BH on all planes:

MumPixelz T atalDenszity MeanDenzity Warance
27482 -2627a265.00 -956.1951 745 504E
ahject BM

Flane HumPixelz TotalDensity teanDenzity

Total for object BM on all planes; i
< I »

Copy | Save &z I k. I

The data outputs in the Summary mode are:

Total number of pixelsfor agiven object on al planes analyzed
Total density of the object

Mean density

Variance

Minimal density value

Maximal density value

The data output in the “ Detailed” mode gives the same values broken down by

planes and boundaries.

By selecting Edit / Object histogram
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Calculation Results B ﬂ

Object Hiztograms ﬂ

Object: default hasz no data.

Ohject: A

Pixel Value Calbrated*falue Mumber of Pisels

1] -1000. 000000 768

1 -993, 000000 12

2 -993. 000000 2

3 -997 000000 1

Ohject: AH

Pixel Value Calbrated*alue Mumber of Pisels

1] -1000. 000000 32

1 -993, 000000 Fite)

2 -993. 000000 295

3 -997 . 000000 299

4 -996. 000000 353

5 -995. 000000 405 -
4] _lJ

Copy | | Save Az I k. |

you will get data on:
Pixel value
Calibrated value corresponding to each pixel value for the given object

Number of pixelswith the given value within the object
All data outputs can be saved as separate files.

As end points of our study we used:

Mean gray-scale density of the lung as awhole (MGSD) from the Summary
output of the Object report.
Fractional lung volumes: e.g.

Fraction Poor = (VVolume of Poorly Aerated Lung)

(Volume of Entire Lung)

3-D depiction performed for illustration
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Animated depiction of a 3-d reconstructed surfacefile of a subject at baseline
of the study. To view (in the multimedia version), click and then double- click on the

area below.

bl contused subject # 279, avi
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Animated depiction of a 3-d reconstructed surface file of the same subject at
completion of the study i.e. 6 hours post pulmonary contusion. To view (in the

multimedia version), click and then double- click on the area below.

es contused subject # 279, avi
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3- D Animation and Additional Features

To perform animation of the reconstructed lung all you need to do is press the
animation button on the tool bar after you have the rendered lung displayed as a rendered
surface. When you click on the “Animate” button you can choose the coordinates and
define the orientation of the object when animated. Also, you can use a variety of
displaying features offered by the menus to add cube. To view the demonstration(in the

multimedia version), double-click on the space below.
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Discussion: Potential Military and Clinical

Relevance

In a prospective study involving humans who sustained pulmonary contusion,
Fabian et al. proposed a three-dimensional reconstruction approach to provide an accurate
measurement of the contusion volume relative to pulmonary function and outcome. The
fraction of contused lung tissue was determined as the ratio of contused lung volume to
total lung volume. It was postul ated that the extent of contusion volumes measured using
three-dimensional reconstruction allows identification of patients at high risk of
pulmonary dysfunction as characterized by development of adult respiratory distress
syndrome (ARDYS). In this study, which is the only one in the literature on measurement
of pulmonary contusion volume based on 3-D reconstructed CT scans, the group found
that 50% of patients in the severe group (more than 20 % contusion volume) devel oped
pneumonia as compared to 28% in the moderate group (less than 20% contusion volume).
The authors concluded that the method of measurement might provide a useful tool for
the further study of pulmonary contusion as well as for the identification of patients at
high risk of complications for whom future advances in therapy may be directed. The
group used the 3Dvirtuoso (Siemens Health Services, Erlangen, Germany) software
package to complete their study.

Hence, the algorithm we used in our study could be potentially used for high
volume CT scan analysis, treatment and prognosis in trauma centers as well asin military

settings. The military applicability of this approach seems even more promising with the
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expected increase of behind-armor injuries due to wide use of protective gear on the on
the battlefield.

It is conceivable that after further refinement alow-cost and accurate density-
based morphological evaluation and diagnostic tool could be developed and awell-
controlled multicenter trial would give the ultimate answer concerning the feasibility of
semiautomatic CT scan evaluation and diagnostics. At present the method described here

isavailable for usein conjunction with animal and clinical research protocols.
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