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Fig. 1. Example of measurement of airway phantom dimen-
sion using dedicated software. A rectangular region of interest
(thin arrow) is placed at the one of airway phantom. Estimated
outer and inner walls by dedicated software are displayed on
the box at upper right corner of the screen (arrowheads), and
the estimated dimensions are displayed at the bottom of the
screen (thick arrow).

Fig. 2. Photographs of an airway phantom with acryl tubes (A) and cut-surface of the inflated swine lung (B).
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Tl diste] A58 44 (gold standard)e} Wilcoxon-
51gned rank test @ 3o A BAS=(Pearson correlation
coefficient) & ol-&ato] HlaLatich. A9} 74 747k
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1,024 x1,024(in-plane pixel size: 0.15 mmX0.15 mm)&
o] &3t JAS FUIE Aom, 71| W] WA n
AZ 248k line of equality ¥ Bland and Altman

plot, Wilcoxon-signed rank testE &3] 2=x|9} v at9]

o
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EH 24

Ao 54 491 Bland and Altman plotol
MedCalc®, version 8.1.0.0(MedCalc Software, Mari-
akerke, Belgium), ©]9]¢] 4= SPSS, version 12.0.
(SPSS Chicago, 1)< AH&-3F2™, p-value 0.05 ©]3s}2]

7ol EAAOE fof shrhar #gsr.

2 o
IR BHE] Al
o}y 734 Wele] EA% Table 19 Aetedct. A
T4 el wE J19 24 v A, 47 A4 (lumen

area)< sharp ¢85 lung dagl5o 2 A48 G4
NA SAAS ], AEH e} SAHORE folgh Aol F Kol
2 eFskoLk(p = 0.2402, 0.1602, respectively), standard
dalE|FOR XH?L”%} BN SA Al ASH 9 FAA L

wo] gk Pwo] obd = Sles sk, 3 WA C 2 frofg Aols ®Hetk(p = 0.0137). BFA(wall
ol &gk HHlo] opd Ffoll= vhe ASH HHe %@, thickness)+= sharp OLjE]ZOE AT Gl A%
off AR&SETE. CT 272 7|94 e Akt sdd Z2E Aol dFAef SAH SR Fogh Aol7h gl em(p =
Z(FOV 25%25 cm, matrix 512x512)& AR&38te] g 0.3223), lung ¥ standard €g]&o 2 A s 4ol A
o] ZA} Wakol 4229l HH o7 AMEH o™ sharp Larg] 4 A AFAG FAACRE FofT AolE BT (p
=% Attt 0.0273, 0.0098, respectively). Al 7k A4 W 25
Table 1. Actual Dimensions of the Airway Phantom
Number of tube Outer radius Inner radius Wall thickness Wall area Lumen area
Mean + SD Mean + SD Mean + SD (mm?) (mm?)
1 6.04 £ 0.01 4.20 £ 0.01 1.84 = 0.01 59.06 £ 1.20 55.30 = 0.51
2 5.10 £ 0.00 3.04 = 0.00 2.06 &= 0.00 52.65 £ 1.07 29.02 4 0.30
3 4.05 £+ 0.01 2.29 £ 0.01 1.76 &+ 0.00 34.99 + 0.87 16.51 = 0.19
4 4.01 = 0.01 2.98 +0.01 1.02 + 0.00 22.55 + 0.62 27.82 + 0.24
5 3.16 + 0.00 1.95 + 0.01 1.21 = 0.00 19.41 +£ 0.51 11.94 + 0.15
6 3.01 £0.02 1.79 £ 0.00 1.22 £ 0.01 18.29 £ 0.65 10.06 £ 0.12
7 2.50 = 0.00 1.67 £ 0.01 0.82 £ 0.01 10.79 £ 0.60 8.76 = 0.16
8 2.34 £ 0.01 1.39 £ 0.01 0.95 £ 0.01 11.09 £ 0.40 6.10 = 0.10
9 2.27 = 0.00 1.47 = 0.00 0.79 £+ 0.00 9.32 +£0.26 6.79 = 0.11
10 1.91 +£0.01 1.24 = 0.01 0.67 + 0.02 6.61 +0.18 4.79 = 0.08
11 1.57 +0.01 0.72 = 0.00 0.85 &+ 0.00 6.13 = 0.45 1.61 = 0.18

Unit of radius and wall thickness is millimeter.
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74 WA HEA SAHXE ASA 9} vad 52 AAASE FOV 25%25 cm, matrix 512x5129 FOV 15x15 cm,
HAH(Table 2). matrix 1,024x1,0242 42 JJollA] SH3 HH 4 4 o

71984 WE o] A=2)9} sharp dugdEoz ATAR 9 7%= line of equality 2 Bland and Altman plot oA 2
ol A AdtE SAA = 2 ARE BTk W WA S 9} 2 AAEE BAG(Fig. 5). F 7 21 E5FA

o] AaAASTE r=0.9975(p € 0.0001), B3t Zo](mean  7]¥A| W] BFA7} 1 mm ©]et=E A HH A5H)
difference)= -0.68 = 1.43 mm® (mean = SD), ¥X3E Boh gAs s wgoz AV S8t tHFig. 5).
(limit of agreement)= -3.5~2.1 mm? %A A< FOV 15x15 cm, matrix 1024x 10242 4-& GatollAe] |
(repeatability coefficient, CR)E 2.80 mm* $AthH(Fig. 3). WA o] Hifatols -0.2+1.9 mm?, ¥A3}EE -3.5~3.8
7132 B 9] AR ATE r=0.9533(p € 0.0001), Ht 2 mm’, WA AFE 1.40 mm’Q 3L, 713A] ¥ 9] HitA}
°]= -0.05 + 0.29 mm, A== -0.34~0.25 mm, ¥H5 o= -0.02£0.32 mm, €A== -0.34~0.29 mm, HH3A
AAIFE 0.16 mmAtHFig. 4). A= 0.14 mm Aok FOV 25%25 cm, matrix 512x512

Table 2. Accuracy of 11 Airway Phantom Measurements according to Three Reconstruction Algorithms
1 2 3 4 5 6 7 8 9 10 11 p*  rfp)’

Lumen Actual 55.30 29.02 16.51 27.82 1194 10.06 8.76 6.10 6.79 4.79 1.61
Area  Sharp 56.58 32.66 19.00 2857 13.33 10.32 854 5.30 6.22 4.18 145 0.2402 0.9975

(mmy? (<0.0001)
Lung 5513 3171 17.34 2547 1189 922 758 510 549 307 NA 0.1602 0.9965
(<0.0001)

Standard 53.33 30.13 1686 24.18 1132 866 6.87 461 531 351 NA 0.0137 0.9966
(<0.0001)

Wall  Actual 1.84 2.06 1.76 1.02 1.21 1.22 0.82 0.95 0.79 0.67 0.85
thickness Sharp 1.88 2.00 1.57 1.13 1.14 1.23 1.02 1.07 1.02 0.93 0.70  0.3223 0.9598

(mm] (<0.0001)
Lung 195 201 171 132 138 135 116 116 117 109 NA 00273 0.9383

(0.0001)

Standard 2.05 205 175 141 177 138 119 124 119 097 NA 0.0098 0.8467
(0.0020)

NA =: not available due to measurement failure
r= correlation coefficient
*, T: Data for tube 11 were excluded in the statistical analysis due to measurement failure in both lung and standard algorithms.
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Fig. 3. Comparison of actual and measured lumen area in 11 airway phantoms with sharp reconstruction algorithm.

A. Aline of equality between actual and measured lumen area (r= 0.9975, p<0.0001).

B. A plot of difference between actual and measured lumen area against actual lumen area in the measurement of 11 airway phan-
toms. Mean difference is -0.68 mm? and limits of agreement that are given by the 2SD range of the difference are from -3.5 to 2.1
mm?®.

IS
oPFTTTTTT ITTT T TT TT T T IT IT I

—398—



CHEIBAOISISIXI 2008 5 59 : 395-403

2 AL G WK PJatol= 1.8+1.7 mm?, ¥ p=0.9658, respectively), FOV 25X25 c¢m, matrix 512X
5

AeEE -1.5~5.0 mm’, ¥4 Al 2.30 mm® L, 7] 512 979 A5, BaAS AS5A et ApolE BHAil(p=
#A WA e Hytrabol= -0.05+0.15 mm, YA == - 0.0244), Fﬂiﬂt Fol3 2o]E HolA GYrH(p=
0.25~0.34 mm, WA AlS= 0.16 mmME‘r FOV 15><15 0.3652).
cm, matrix 1,024x1,024 372] 4% 9%, #H5A & Philips MX8000 7]&0lA 3704 § 43 22EZ% 4
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Fig. 4. Comparison of actual and measured wall thickness in 11 airway phantoms with sharp reconstruction algorithm.

A. A line of equality between actual and measured wall thickness (r= 0.9533, p<0.0001).

B. A plot of difference between actual and measured wall thickness against actual wall thickness in the measurement of 11 airway
phantoms. Mean difference is -0.05 mm and limits of agreement that are given by the 2SD range of the difference are from -0.34
to 0.25 mm.
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Fig. 5. Comparison of pixel size in the measurement of airway dimensions.

A. Comparison of pixel size in measuring wall area. There is no obvious difference in measurement of wall thickness between two
pixel sizes in measuring wall area between two pixel sizes.

B. Comparison of pixel size in measuring wall thickness. The graph shows measurement error in wall thickness increases at the
level of 1.0 mm or less. There is no obvious difference in measurement of wall thickness between two pixel sizes.
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7 WA A BEAE 27] SAXL Folg AlolE HolA & FEAESITE Gold standard$t A& A ZEIWS o] &9

L (p=0.9658, 0.2402, respectively) =& XN =S WY A3 e dAEE B, WU A AaAAFe

tHICC= 0.9960, 0.9893, respectively) (Table 3). r=0.9920(p < 0.0001), H =}o]= 1.1+£3.4 mm?, Y=gk

TE-5.7~7.9 mm?, WA A4 5.54 mm® 9oH(Fig. 6).

XM E HX|H (Fixed swine lung) 7I2HX] 58 W4 dd e ddASE r=0.9986(p € 0.0001), Hit 2ol=

713=] 9] €= W4 (outer radius)¥ BFA= A& A -1.4 + 1.9 mm’, YA EE -5.3~2.4 mm’, THEAAAT=
zz o] Hyrgk(estimated outer radlus) Table 40 3.72 mm’eH(Fig. 7).

Table 3. Repeatability of Airway Phantom Measurements after 3 Months
1 2 3 4 5 6 7 8 9 10 11 14 ICC

Lumen Initial 56.58 32.66 19.00 2857 13.33 10.32 854 530 622 418 145 0.9658 0.9960
area follow 57.40 3170 20.05 2843 13.80 1040 844 505 643 427  1.38

(mm?)  up

Wall Initial 188 200 157 113 114 123 1.02 107 102 093 070 0.2402 0.9893
thickness follow 187 203 169 116 109 118 1.12 109 100 098  0.73

(mm) up

ICC = intraclass correlation coefficient

Table 4. Actual and Measured Dimensions of the Eight Bronchi in Excised Swine Lung

Number True Measured True Measured Estimated Estimated

of Wall Area (mm?) Wall Area (mm?) Lumen Area (mm?) Lumen Area (mm? Outer Radius* ~ Wall Thickness "
Airway Mean + SD Mean + SD Mean + SD Mean + SD (mm) (mm)

1 36.99 +0.31 30.00 + 0.20 51.76 + 0.20 57.35 £ 0.11 5.28 1.10

2 10.52 £ 0.17 11.59 + 0.17 29.41 +0.17 31.29 + 0.13 3.70 0.56

3 10.02 £ 0.12 13.21 = 0.12 28.98 + 0.12 31.64 +0.20 3.65 0.63

4 12.30 + 0.23 12.29 + 0.21 2746 + 0.21 27.62 + 0.17 3.56 0.61

5 15.15 + 0.19 9.42 +0.20 12.76 = 0.20 12.85 + 0.2 2.64 0.76

6 7.29 £ 0.14 7.47 £0.11 7.47 £0.11 8.07 £ 0.16 2.23 0.58

7 6.99 + 0.14 6.81 + 0.08 5.16 £+ 0.08 6.10 £+ 0.10 2.02 0.75

8 251 +0.24 2.20 +£0.13 2.49 +0.13 2.03 +£0.11 1.18 0.35

* T: Estimated outer radius and wall thickness are the mean of the measured dimensions.
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Fig. 6. Comparison of actual and measured wall area in eight bronchi in the excised swine lung.

A. A line of equality between actual and measured wall area of eight bronchi in excised swine lung (r = 0.9920, p < 0.0001).

B. A plot of difference between actual and measured wall area against actual wall area in the measurement of eight bronchi. Mean
difference is 1.1 mm? and limits of agreement that are given by the 2SD range of the difference are from -5.7-7.9 mm?.
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Fig. 7. Comparison of actual and measured lumen area in eight bronchi in excised swine lung.
A. Aline of equality between actual and measured lumen area of eight bronchi in excised swine lung (r= 0.9986, p<0.0001).
B. A plot of difference between actual and measured lumen area against actual lumen area in the measurement of eight bronchi.

Mean difference is ~1.40 mm? and limits of agreement that are given by the 2SD range of the difference are from -5.3~2.4 mm?
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Quantitative Analysis of Airway Walls Using CT Software’

Tae Jung Kim, M.D.*?, Jin Mo Goo, M.D., Kyung Won Lee, M.D .2,
Hyun Ju Lee, M.D., Kwang Gi Kim, Ph.D.*?, Jung-Gi Im, M.D.

'Department of Radiology, Institute of Radiation Medicine, Seoul National University Medical Research Center
“Department of Radiology, Seoul National University Bundang Hospital
*Department of Biomedical Engineering, National Cancer Center

Purpose: The purpose of this study was to develop dedicated software for quantitative analysis of the airways
and to validate the software using airway phantoms and excised swine lung.

Materials and Methods: The dedicated software was validated in airway phantoms and excised swine lung
through comparison of the actual values with the measurements acquired with dedicated software. The accu-
racy of the measurements according to the reconstruction methods (standard, lung, sharp) and spatial resolu-
tion were compared using airway phantoms. Repeatability of the measurement of airway phantoms was as-
sessed with follow-up CT scans three months later.

Results: Airway dimension measurements obtained in airway phantoms and excised swine lung showed good
agreements with actual values. Airway measurements were more accurate when the sharp reconstruction al-
gorithm was used and when the spatial resolution was improved using pixels smaller than conventional size.
There was good agreement between the initial airway measurements and those obtained three months later.
Conclusion: We developed and validated dedicated software for quantitative airway measurement. Recon-
struction with sharp algorithms and high spatial resolution images is recommended for obtaining airway mea-
surements.
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Bronchi
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