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INTRODUCTION

variety of 3-dimensional (3D) techniques that dem-

onstrate prognostication in lung diseases have been

developed for quantitative CT (QCT) (1,2). The
most extensively used method is the quantification of low
attenuation areas using a threshold-based approach. When
applying a threshold of —950 Hounsfield Units (HU) to CT
scans acquired at inspiration (i.e. full-inflation), this quantita-
tive index, presented as the relative volume of lung paren-
chyma, has been pathologically validated as a measure of
emphysema (3—0). In a similar fashion, threshold-based tech-
niques applied to expiratory CT scans have been used to
assess the extent of air trapping (AT), a hallmark of small air-
ways disease (7—9). The high air-tissue contrast on the inspi-
ration CT scan has also been exploited to develop methods
for airway and vessel measurements, as well as lobe segmenta-
tion (10—14). Combined, all these approaches provide
detailed quantitative information on airway and vessel
remodeling and alterations in local parenchyma but are rele-
gated to the scan acquisition volume (i.e. geometric space)
from which the CT scan was acquired.

The wide-spread availability of image registration algorithms
has allowed for the rapid advancement of new QCT analytical
techniques (15, 16). These registration-based methods have
been shown to generate ventilation maps (17, 18), improve air
trapping measurements (19, 20), correct differences in inflation
levels for serial quantitative emphysema measurements (21,
22), and provide additional phenotyping of obstructive diseases
as demonstrated in COPD and bronchiolitis obliterans syn-
drome (23—26). Due to wide acceptance of these techniques
in pulmonary medicine, registration-based algorithms are
commercially available in software packages for quantitative
analysis of lung CT scans. This has further broadened the avail-
ability of these techniques to the clinical community as well as
their use in analyzing CT data from large clinical trials (e.g.
COPDGene (27) and SPIROMICS (28)).

Registration-based techniques applied to serial thoracic
CT examinations are advancing the clinical care of patients
suffering from lung disease. Although extensive research has
been devoted to improving the accuracy in these algorithms
(29), litde has been done to evaluate the effect of image regis-
tration on QCT metrics. In this study, we demonstrated

Influence of Inspiratory/Expiratory CT Registration on Quantitative Air Trapping
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sources of variability in QCT metrics as a consequence of
image registration and propose a simple strategy to help cor-
rect for the deviation observed in QCT values.

MATERIALS AND METHODS
Deviation of Aligned QAT

Here we derived a mathematical expression that simulates the
variability of quantitative air trapping (QAT) measurements,
defined below, determined from spatially aligned and non-
aligned expiration CT scans. As illustrated in Figure 1, the
lungs are assumed to consist of a two phase system: healthy
and air-trapped parenchyma. The healthy parenchyma is
assumed to undergo deformation from expiration to inspira-
tion. In contrast, air-trapped parenchyma is assumed to have
a constant volume at both lung phases, i.e. incompressible
and cannot be ventilated beyond the inflation levels. The
volumes of the two phases at each inflation level are repre-
sented as:

Vi = Vi + Varand Vg = Vg + Var, (1)

where V;and Vg define the total lung volume at inspiration and
expiration, respectively, and Vi, Vig, and Var indicate the
volume of healthy parenchyma at inspiration and expiration,
respectively, and the volume of air trapping. The accepted con-
vention for QAT is to normalize the volume of air trapping to
the total lung volume on the expiration CT scan (27). Using
this approach for calculating QAT, we define QAT using the
nonaligned and aligned expiration CT scans as:

QATE = VA'[‘/VE leld QATEZI = VA’]‘/VEZIV (2)

where QAT indicates that QAT is determined from the
expiration CT scan spatially aligned to the inspiration geo-
metric frame (E2I means expiration lungs-to-inspiration
frame) and Vo is the expiration lung volume mapped to the
inspiration space (Vgar = Vi). Using the equations presented
in (1) and (2), QATgy can be expressed as a function of
QATE: and the volume of healthy parenchyma at inspiration
and expiration:

o QATE

QATEy = m ) (3)

https://reader.elsevier.com/reader/sd/pii/S1076633218304860?token=89BDC9393F1E472520874D4547DC1F1C51FDSE493A9A17F7FDC5C3246558E724B...

3/13



21/12/2018

WEINHEIMER ET AL

Influence of Inspiratory/Expiratory CT Registration on Quantitative Air Trapping

Academic Radiology, Vol i, No HH, H N 2018

Lung at Expiration (E)\

Spatially Align
QAT atEto | (E2I)

>

Volume of Healthy Parenchyma (V)
Volume of Air Trapped Parenchyma (V, )

Figure 1.
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lllustration of the effect of lung inflation level on volume changes in healthy and air-trapped parenchyma. For our mathematical deri-

vation we assumed that the lung consists of two-phases: healthy (H) and air-trapped (AT) parenchyma, depicted as sphere in right upper lobe
of lungs. The direction of registration is the expiration (E) CT scan mapped to the inspiration () CT frame (E2I). The spatial deformation from
expiration to inspiration is assumed to only occur within the healthy parenchyma, with the air-trapped volume assumed constant.

where « is the ratio Vyyp/Vyy. The full derivation is provided
in Supplemental section.

Subjects

CF subjects were school-age children (mean & standard devia-
tion of 11.1 £ 2.4 years) accrued as part of the Novartis/CF
Foundation Therapeutics prospective 2-year natural history study
(30). From this cohort, we analyzed CT data acquired from 16
Stanford CF subjects (Table 1) with baseline and follow-up
examinations at 3, 12, and 24 months using the identical scanner
and protocol. CF subjects were extensively characterized at base-
line based on age, gender, height, weight, body mass index,
forced expiratory volume at 1 second (FEV1 and FEV1 percent

TABLE 1. Baseline Characteristics

Parameter

Number 16

Age (years) 11.1+24
Gender (male/female) 9/7
Weight (kg) 39.2+10.3
Height (cm) 1444141
BMI (kg/m?) 18.5+2.2
FEV1 (L/s) 2.3+0.6
FEV1 (% predicted) 106+11.9
TLC (L) 3.7+0.9
TLC (% predicted) 108+11.2
RV (L) 0.9+0.3
RV (% predicted) 131+38.4

Note: All data is presented as the mean - standard deviation. BMI
is the body mass index. FEV1 is the forced expiratory volume at
1 sec. TLC is the total lung capacity. RV is the residual volume.

predicted), total lung capacity (TLC and TLC percent predicted)
and residual volume (RV and RV percent predicted).

CT Acquisition

Paired inspiratory and expiratory multidetector CT scans (Ins
and Exp, respectively) were acquired on a Siemens Sensation
64 scanner (Siemens Healthcare AG, Forchheim, Germany).
All examinations were performed in the supine position uti-
lizing a spirometer-controlled imaging technique as previ-
ously described (8). For all subjects, an identical low dose
spiral CT scanning protocol was utilized with 100 kVp,
30—50 mAs, pitch of 1.0 (inspiratory) and 1.2 (expiratory),
collimation was 0.6 mm and reconstructed slice thickness was
0.6 mm with 50% overlap in lung and soft-tissue kernels
(b60f and b30f] respectively) (9, 31, 32). The calculated total
combined effective dose for the inspiratory and expiratory
chest CT scans from Packard Children's Hospital at Stanford
was 1.35 mSv. This corresponded to an estimated risk of
developing cancer of ~ 0.0135% (33, 34), meaning that for
every 1000 people exposed to comparable radiation expo-
sures, 999.87 people on average would not develop cancer
due to this exposure. Quality assurances were determined
visually by a single reader with greater than 25 years of expe-
rience in pediatric chest radiology for adequate inspiration,
absence of significant motion artifacts, and inclusion of all
parts of the chest. Variables for 3D data have been bolded (e.
g. Exp and Ins) so that they may be differentiated from
whole-volume scalar quantities (e.g. QAT).

Image Segmentation and Registration

The lobes and lungs from both CT scans were segmented
from the surrounding anatomy (i.e., bronchus, heart, and
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chest wall) using a segmentation algorithm developed by
investigators MOW and OW at University Hospital of Hei-
delberg (YACTA, version 2.7) as previously described
(3, 1113, 31). All lobe segmentation maps for all time-
points and for both inspiratory and expiratory CT (InsSeg
and ExpSeg, respectively) were visually verified and manu-
ally corrected by a single reader (16 x 4 x 2 = 128 segmenta-
tion maps). Following generation of the segmentation maps,
the expiration CT scan (Exp) was registered to the inspiration
CT scan (Ins) for each patient and time point (16 x 4 = 64
registrations). All registrations were performed using Elastix
(version 4.8), an open-source deformable image registration
library (16, 35). This algorithm iteratively optimizes the solu-
tion using mutual information with a bending energy penalty
as the objective function. The optimized transformation
matrix was used to align the original expiratory CT scan and
corresponding segmentation maps to the inspiratory geomet-
ric frame using nearest-neighbor interpolation (ExpR and
SegExpR, representative).

Quantitative Air Trapping and Local Deformation
Correction

QAT was determined for both Exp and ExpR using a
threshold-based approach. A slight variation on a previously
reported algorithm was used to generate subject-specific
thresholds for detecting regions of parenchyma with mild-to-
severe air trapping (originally defined QAT ;) (8). In brief, a
3%, i.e. subvolume of 27 voxels, median filter was applied to
Ins and Exp immediately prior to AT classification (36). The
whole lungs were then segmented from the individual fil-
tered CT data and voxels with HU values > 0 were
excluded. The 50th percentile for Ins (Y), the 90th percentile
for Ins (X) and difference in the 90th percentile values in Ins
and Exp (D) were determined. These values in HU were
used in the following expression to determine a subject-spe-
cific threshold (T) for air trapping, T=X — (1-D/343)*
(X=Y)/3 (8). An air trapping map (AT) was generated by
classifying all Exp voxels with HU values <T as 1 and the
remaining voxels as 0. QAT was calculated from AT by sum-
ming the binary value of all voxels and normalized to the
total number of voxels within the segmentation map (i.e.
whole-lung and individual lobes). Using the same threshold
(T), the process was repeated for ExpR to calculate the
respective QAT In addition to QAT, the mean HU was
determined for the whole-lung and individual lobes. For ref-
erence, air and water attenuation values are —1000 and 0
HU, respectively.

To correct for differences in lung inflation levels between
ExpR, which has the same volume as Ins, and Exp, the local
deformation must be accounted in ExpR. All ExpR voxels
with HU values <T were identified on the Jacobian determi-
nant map, J, which quantifies the amount of volumetric
deformation at the voxel-level (18, 37). QAT and mean HU
(mHU) values for a given segmented volume were corrected
using J based on the following expressions:

Influence of Inspiratory/Expiratory CT Registration on Quantitative Air Trapping
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Figure 2. Workflow for calculating QAT using Methods 1—4. Pre-
sented are the individual steps for calculating QAT for each method of
analysis. Methods 2, 3, and 4 capture effects of local deformation, fil-
tering, and misalignment on QAT, with Method 1 serving as “truth.”
Method 4 is the “proposed” approach for analysis of spatially aligned
quantitative metrics. Exp is the original 3D expiration CT scan.
SegExp and Seglns are the lobe segmentation maps generated from
the original 3D expiration and inspiration CT scans, respectively. AT is
the 3D air trapping binary map. QAT is the quantitative air trapping
scalar value for the ith method. “R” indicates alignment of the imaging
data to the inspiration CT frame. Median (3% is the 3% median filter.
The same subject-specific threshold for classifying individual voxels
as air trapping was used for all methods. Sixty-four thresholds, 16
subjects with 4 time points, were calculated for this study.

N

QAT (corrected) = Z]N_I [ATEpr.l *J,]/ Z: i (4)

N

mHU(corrected) = Z’N_l [ExpR; *]]/ Z (5)

where N is the total number of voxels in the vectorized form
of ExpR and J. QAT values for Exp and ExpR are pre-
sented in this study as percent relative to total segmented vol-
ume. This approach is similar to the strategy proposed by

1=1"1

Staring and colleagues, which uses the determinant of the
Jacobian to account for differences in inflation levels for serial
calculation of emphysema (21).

Data and Statistical Analysis

QAT measurements were determined using four different
methods of analysis (Fig 2). To differentiate the different
QAT, a subscript was included to indicate the method used for
the calculation. The first method (Method 1) used the Exp
with corresponding segmentation map (SegExp) to calculate
QAT;. This is the current standard method defined as
“ground truth.” To demonstrate the effects of parenchymal
deformation (Method 2), QAT was calculated using AT gen-
erated from Exp and SegExp then transformed to the inspira-
tion space (ATR). This method was used to validate our
simulated results using experimental data. Effects of imaging
filtering (Method 3) were demonstrated by calculating QAT;
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using ExpR  with corresponding segmentation map
(SegExpR), which eliminates the effect of misregistration on
the measurements. In the fourth method (Method 4) QAT
was calculated using the same ExpR as in Method 3 but with
the segmentation map from the inspiration CT scan (Seglns).
QAT values determined using this method are susceptible to
misalignment of the segmented volumes. Nevertheless,
Method 4 is the “proposed” approach for analyzing QAT, as it
utilizes the segmentation map from the inspiration CT scan,
which is more reliable than from the expiration CT scan (38).
For each method, mHU was determined following application
of the median filter. Bland-Altman plots were used to assess
variability and bias in QAT and HU measurements of Methods
2—4 against Method 1 (i.e. “ground truth”) (39). In addition,
we evaluated agreement between Seglns and SegExpR using
a Dice coefficient analysis (40). All QAT and mHU values
were determined over the lungs and individual lobes: right
upper lobe (RUL), right middle lobe (RML), right lower lobe
(RLL), left upper lobe (LUL), lingula (LLi) and left lower lobe
(LLL). All image processing was performed using in-house
algorithms developed in a technical computing language
(MATLAB v. R2016a, The MathWorks Inc., Natick, MA).
Statistical computations were performed using the Statistics
and Machine Leaming Toolbox in Matlab (v. R2016a, The
MathWorks Inc., Natick, MA).

IRB Approval

The study was approved by the Institutional Review Boards
at Stanford University Medical Center and Ohio State Uni-
versity School of Medicine. Full informed consent for the
child's assent for examination and further data processing was
obtained from the parents or guardians of the children.

RESULTS
lllustration of QAT on Aligned CT

In a single case, we illustrate the use of Method 4 of this study to
calculate QAT (i.e. QAT in Fig 2) values for each lobe of lungs
(Fig 3). The data used to generate these results were acquired
from an 8-year-old female diagnosed with mild CF (FEV1 and
FEV1% predicted of 1.76 L and 112%, respectively). At the
time of accrual, the subject was found to have QAT of 6.5% as
defined using a subject-specific threshold of —673 HU on the
unregistered expiration CT scan (Exp). By spatally aligning
the expiration CT scan to the inspiration geometric frame, we
are able to apply the Ins-derived lobe segmentation map to the
Exp-derived AT map (Seglns and AT, respectively, in Fig 3).
Inclusion of the airway tree in Figure 3 is to further demonstrate
the potential of this “proposed” approach to analyzing multiple
quantitative metrics. QAT values varied by lobes (Fig 3 SegIns
AT) with RML and LUL having the most (14.4%) and least
(2.5%) air trapping. These results change when compared to
QAT values (Le. “truth”), where air trapping in RML and
LUL were 13.8% and 4.0%, respectively. The potential for error

Multiparametric View

(AU

Seglns Seglins AT

AN

Figure 3. Spatial alignment of QCT metrics to the inspiratory frame (.
e. Method 4). Presented is a representative coronal slice in the inspira-
tory frame for the CT scan (Ins), air trapping map overlaid on Ins (AT),
lobe segmentation map (Seglins) and AT coded for each lobe overlaid
on Ins (Seglns on AT) acquired from a 8-year-old female diagnosed
with mild CF at the time of accrual. A multiparametric view of the 3D
rendered airway tree and AT coded for each lobe allow for visualization
and quantification of local disease. Individual lobes presented in the
multiparametric view are color-coded as yellow for right upper lobe
(RUL), magenta for right middle lobe (RML), cyan for right lower lobe
(RLL), red for left upper lobe (LUL), blue for lingula and green for left
lower lobe (LLL). (Color version of figure is available online.).

in our QAT measurements may occur as a result of normalizing
the sum of all air trapping voxels to the total lung volume at the
inspiration frame. In other words, QAT using Exp # QAT
using ExpR.

For the same case, we present in Figure 4 representative
images from CT scans acquired at both inflation levels,
aligned expiration CT scan and the corresponding determi-
nant of the Jacobian map, which illustrates the extent of local
deformation required to spatially align Exp to Ins. Hypoin-
tense regions are clearly evident on Exp, a hallmark of air
trapping. To spatially align Exp to Ins, sophisticated registra-
tion algorithms are required to address the spatially dependent
deformation in the lung parenchyma. Volumes of air trap-
ping, example indicated by arrow in Figure 4, undergo less
deformation than what occurs for healthy parenchyma. This
data provides some support for the model assumptions used
to derive variations in QAT using aligned expiration CT
scans (Fig 1).

Effect of Local Deformation on QAT Values: Simulated
and Experimental Results

The mathematical expression presented in Equation (3)
models the deviation of QAT from QATE that would
occur when neglecting differences in lung volumes at
inspiration and expiration. Presented in Figure 5A are
simulated results from Equation (3) for various «. The
model predicts no difference in QAT values when there
is no air trapping (QATgy = QATE = 0%), only air trap-
ping (QATgy = QATE =100%) and no change in the
volume of healthy parenchyma (o = 1). For all other cases,
QATy, was found to underestimate the true wvalue
(QATE), with the maximum deviation occurring at the
average QAT of 50%. In fact, the model predicts that
only a 20% change in healthy parenchyma between
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Figure 4. Example of differences in local deformation. Presented are representative coronal slices of the expiration, inspiration, and aligned
expiration CT scans with corresponding determinant of the Jacobian matrix map (J) from the same subject as in Figure 3. The magenta arrow
indicates the location of regional air trapping on all image slices. Spatial alignment of air-trapped regions requires less deformation than hyper-
attenuated parenchyma as indicated by dark red regions on the J map. For reference, J =1 for no deformation, decreasing values (0 < J < 1)
for expansion and increasing values (J = 1) for compression. (Color version of figure is available online.).

inflation levels (« = 0.8) is required to result in a differ-
ence in QAT values of 5%.

Next, we demonstrated the deviation in QAT calculated
from aligned expiration CT scans using our clinical data. This
was performed by comparing whole-lung QAT values calcu-
lated using Methods 1 (QAT)) and 2 (QAT),) for all cases and
time points. Figure 5B (orange markers) shows results with
similar trends to those observed in our simulated data
(Fig 5A). As predicted by the model, QAT, underestimated
QAT,, which was found to differ by as much as 5%. Our
experimental results did deviate from what we would have
predicted from our simple model. First, the maximum devia-
tion in simulated QAT values occurred at an average QAT of
50%, whereas our experimental results peaked between 30%

and 40%. As observed in Figure 4, local deformation was evi-
dent in regions of air trapping. In fact, the lung volume at
expiration was, on average = the standard deviation, 0.36 £
0.1 of the lung volume at inspiration. Nevertheless, the devi-
ation in QAT values may only be attributed to the deforma-
tion needed to align Exp to Ins, and as such, can be correct
using the J. Calculation of QAT using the J (Eq. 4) removed
nearly all deviation in QAT values (Fig 5B, blue markers).

Effects of Filtering and Alignment on QAT Values

We sought to determine if other confounding factors alter
QAT values following image registration of Exp to Ins space.
Figure 6 shows Bland-Altman plots used to evaluate QAT and
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Figure 5. Local deformation alters QAT values. Presented are simulated and experimental results demonstrating the effect of local deforma-
tion on calculations of QAT using the common definition of volume of air trapping normalized by total segmented volume. Bland-Altman plots
are presented to compare QAT values using (A) the simulated QATegz), as expressed in Equation (3), and QATE (“truth”) for varying values of «,
the ratio of healthy parenchyma volume at expiration and inspiration and (B) whole-lung QAT> and QAT (“truth”) as described in Figure 2. The
model QAT variables with indices E and E2I indicate values determined from the unregistered and registered expiration CT scan, respectively
(Fig 1). Orange and blue markers indicate QAT values that are uncorrected and corrected, respectively, for local deformation using J (Eq. 4).

(Color version of figure is available online.).

mHU values determined from the registered expiration CT
scan (ExpR) and the unaligned scan (Exp). Two separate
analyses were performed. The first, presented in Figure 6A
and 6B, compares QAT; and mHU; to QAT; and
mHU,, respectively. This approach removes the effect of
misalignment on our analysis, leaving only image filtering
as a possible confounder of measurement variability.
Shown in Figure 6A, a positive bias in the uncorrected
QAT; was observed, consistent with the simulations and
experimental results presented in Figure 5. In contrast, var-
iability in the uncorrected mHU values was observed with
a slight negative bias for increasing values (Fig 6B). The
variability in mHU values was found to increase for values
greater than the maximum subject-specific threshold deter-
mined from all paired CT scans (N=64)(Fig 6B small
dashed line). As expected, QAT; and mHUj; corrected
using ] (Egs. 4 and 5) eliminated most of the variability
observed in both measures. Presented in Table 2 is a tabu-
lation of cases that demonstrate deviations greater than
2.5% and 5% in uncorrected and corrected QAT evaluated
for the whole-lung and each lobe. In general, applying the
J removed nearly all deviations > 2.5% from QATj;. This
suggests that application of a 3° median filter to ExpR has
a negligible effect on the variability of the corrected QAT.

The contribution of registration misalignment on the
variability of volume-based QAT and mHU measure-
ments was determined by comparing the measurements
from Method 4 (“proposed”) to those of Method 1
(“truth”). As seen in Figure 6C, the uncorrected and cor-
rected QAT measurements were found to have more
scatter than what was observed for filtering effects alone
(Fig 6A). Uncorrected QATy, calculated over the whole-
lung, with deviations > £2.5% and > =5% were

observed in 29 and 5 cases, respectively (Table 2). Cor-
recting for inflation level volumes eliminated all devia-
tions >2.5%. Performing this same analysis over the
lobes, we found the highest variability in the corrected
QAT, in the right middle lobe (11 out of 64 were
>2.5%) and the lingula (21 out of 64 were >2.5%). Con-
trary to QAT,, correcting for lung volume at each infla-
tion level was found to have little benefit in mitigating
the bias and deviations in whole-lung mHU, values
(Fig 6D), with deviations lower than —60HU for average
values > —500HU. Although there was significant vari-
ability in mHU, from those of mHU,, most of the vari-
ability occurred at HU values greater than the upper limit
threshold of —570HU (Fig 6D small dashed line).

Agreement Between Aligned Expiration and Inspiration
Segmentation Maps

As both QAT and mHU, were calculated over segmented
volumes (i.e. whole lung or individual lobes), one would not
suspect misalignment at the voxel-level to have a profound
effect on these values. Instead, inconsistencies in the seg-
mented volumes at inspiration and expiration, typically along
the border of the segmented volumes, would result in vari-
ability in the measurements. To determine the extent of mis-
alignment at the whole-lung and lobe-level, we performed a
Dice Coefficient analysis to assess agreement between the
segmented volumes determined from Ins and ExpR (Seglns
and SegExpR, respectively). As seen in Figure 7A, clear dif-
ferences are evident along the border of the segmented lobes
for the same case used in Figures 3 and 4. The most striking is
the border between the lingula and left lower lobe (blue and
green segments, respectively, in Fig 7A), which is attributed

https://reader.elsevier.com/reader/sd/pii/S1076633218304860?token=89BDC9393F1E472520874D4547DC1F1C51FDSE493A9A17F7FDC5C3246558E724B...

8/13



21/12/2018

ARTICLE IN PRESS

Academic Radiology, Vol i, No H N, H N 2018 INFLUENCE OF INSPIRATORY/EXPIRATORY CT REGISTRATION

Influence of Inspiratory/Expiratory CT Registration on Quantitative Air Trapping

A
10
5 -
< * . ‘ . '.
O ..“‘e.o e . o 4 s B
’Lv— .-'o.’-.: . . e o .
oI bl T LA D A
— . .
§ .
s
® Uncorrected
e Corrected
-10
0 20 40 60 80
Average of QAT%
10
5 D
A . o . .
z R N L .
S__ ...‘.oﬂ'. '§. o.’...: s oo o ®
* Te o . . . . .
S o |ARe o3 33 - : -
g 5 % . N ¢
g H
s
-10
0 20 40 60 80
Average of QAT%

AmHU [mHU -mHU ]

AmHU [mHU -mHU )

40 ;
1
1
20 '
I
o .
0 . o« 2 ! o o
o . I = * . 8, ©
1 ° .;..’.0 '.. ¢
] B
-20 |
1
1
40 |
1
1
60 !
|
1
-80 [
750 -650 -550 -450 -350
Average of mHU
40 I
1
|
1
20 X
e 3 !
. ! . .
o 1
0 s. N ?
s 0., o, ‘0 - o o
20 T AR I
IR A T
-bo..' . * " o vt .
-40 : . . ..... -
1 P ° ..o
60 ' ¢ L Y .
1
| .
1
-80 L >
-750 -650 -550 -450 -350
Average of mHU

Figure 6. Effect of image registration on quantitative measurements. Presented are comparisons of whole-lung QAT and mHU values gener-
ated using Methods 3 and 4 to like values from Method 1 (i.e. “ground truth”). Bland-Altman plots are presented to compare metric values using
(A and B) Method 3 to Method 1 and (C and D) Method 4 to Method 1. Orange and blue markers indicate QAT and mHU determined using
Methods 3 and 4 uncorrected and corrected, respectively, for local deformation using J (Egs. 4 and 5, respectively). The vertical dashed line
indicates the highest subject-specific threshold calculated for classifying regions of parenchyma as air trapping. This threshold was identified

as —570 HU. (Color version of figure is available online.).

TABLE 2. Number of Cases With Variability That Exceed 2.5% and 5%

|QAT; —QAT,| |QAT; —QAT,|
Segment =2.5% =5% =2.5% =5%
Corrected Uncorrected  Corrected Uncorrected  Corrected Uncorrected Corrected Uncorrected
RUL 0 15 0 0 9 25 1 8
RML 0 1 0 1 1 13 1 2
RLL 0 15 0 2 0 9 0 2
LUL 0 10 0 1 5 16 1 3
LLi 1 2 1 1 21 15 10 8
LLL 0 7 0 2 2 9 0 2
WhoelLung 0 16 0 0 0 29 0 5

Note: Data is presented as cases where the absolute difference in QAT; and QAT values from QAT; (“truth”) exceeded set limits. All 64 cases
were evaluated for whole-lung and individual lobes. Corrected and Uncorrected indicate whether the determinant of the Jacobian was used to
correct for local deformation or not, respectively. Individual lobes are right upper lobe (RUL), right middle lobe (RML) and right lower lobe (RLL);
left upper lobe (LUL), lingula (LLi), and lower left lobe (LLL).
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Figure 7. Agreement between aligned expiration and inspiration lobe segmentation maps. Dice Coefficient analysis was performed to deter-
mine the agreement between segmentation maps produced on the expiration CT scan transformed to the inspiration space [(A Top); SegExpR]
and the inspiration CT scan [(A Bottom); Seglns]. Representative coronal slice of the segmented maps are presented from the same subject as
Figures 3 and 4. (B) Bar plot shows all results for all paired CT (N = 64) for each lobe and for the whole-lung. Data is presented as mean -+ stan-
dard deviation. Individual lobes presented in (A) and bar plot presented in (B) are color-coded as yellow for right upper lobe (RUL), magenta for
right middle lobe (RML), cyan for right lower lobe (RLL), red for left upper lobe (LUL), blue for lingula (LLi), green for left lower lobe (LLL), black
for whole-lung and gray for the union of LUL and LLi segmented volumes. (Color version of figure is available online.).

to large deformations in the inferior portions of the lungs.
Nevertheless, large volumes of the lobes were found to be in
good agreement when defined by SegIns and SegExpR
(Fig 7B). The mean Dice Coefficient (DC) was found to be
=>0.9 for nearly all segmented volumes. Only the lingula was
found to have a mean DC lower (mean DC = 0.85 % 0.07),
yet still considered in good agreement between Seglns and
SegExpR. The lingula is typically considered part of the left
upper lobe. Merging the segmented volume of the lingula
with the left upper lobe resulted in a DC of 0.95 & 0.02,
which is consistent with the other lobes.

DISCUSSION

Extensive research has been devoted to developing quantita-
tive CT metrics for accurate diagnostics and prognostication
of lung diseases. At present, a variety of QCT approaches has
been developed but are restricted to the geometric frame of
the CT scan from which they were derived. Individually
these QCT metrics provide functional and spatial information
that has been shown to be efficacious. Examples include the
local distribution of emphysema in the inferior lung a charac-
teristic of @—1 antitrypsin deficiency (41), feature detection
of idiopathic pulmonary fibrosis (42), and topology of quanti-
tative air trapping as a measure of small airways disease sever-
ity (43). Nevertheless, analysis of multiple QCT metrics from
different scans typically involves simplification of the 3D
maps into scalar quantities allowing easy interpretation and
comparison between metrics. As a consequence, the spatial

10

information from which these scalar quantities were derived
is lost. Image registration of serial CT scans has overcome this
limitation, allowing investigators to fully exploit the spatial-
dependent details within these 3D maps. Although analytical
techniques that implement registration are becoming more
widely available, little is known as to the effect this post-proc-
essing step has on QCT metrics, such as quantitative air trap-
ping. The motivation of this work was to assess sources of
variability on QAT measurements calculated from registered
expiration CT scans. Using CT data from a well-controlled
cohort of CF patients and visually inspected lobe segmenta-
tion maps, we were able to evaluate the effect of image regis-
tration on quantitative CT measurements. We observed that
significant deviation in QAT values may occur but is resolved
using a simple correction approach.

Contribution of Local Deformation on QAT

The most significant variability in QAT values was found to
be attributed to neglecting parenchymal volume differences
between inflation levels (Fig 5). These observations are due
to differences in the extent of deformation between the air
trapped and healthy regions of the lung. As illustrated in
Figure 4, lung deformation varies spatially and is dependent
on the presence of air trapping. Dense regions on CT scans at
expiration are characteristic of normally ventilated lung
parenchyma that may more fully deflate on exhalation (7).
The red regions on the Jacobian determinant map (J) in
Figure 4 require significant deformation of the expiration CT
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scan to spatially align to the fully-inflated lungs captured
on CT scans at inspiration (17, 18). In our simplified mathe-
matical model (Fig 1 and Eq. 3), we were able to simulate the
variability in QAT from QAT due to the differences in
volume changes for healthy and air-trapped parenchyma
(Fig. 1 and 5A). Variability in the clinical QAT measurement
was found to peak at lower mean QAT values than what was
predicted by the mathematical model (Fig 5). The discrep-
ancy between simulated and experimental results is most
likely attributed to the model assumption that air trapping
volumes are incompressible (no difference in volume at inspi-
ration and expiration; J = 1). Nevertheless, our simulations
corroborated by our clinical QAT
(Fig 5B). The extent of lung deformation, as measured by J,
has been found to correlate strongly with pulmonary func-
tion. Reinhardt and colleagues showed in an animal model
that increased lung pressure (i.e. inflation) was linearly pro-
portional to lung deformation (18). Although a bias of up to
5% was observed in QAT (Fig. 5B, 6A and C, Table 2), most
of this variability was removed when using J in Equation 4 to
calculate QAT from the aligned expiration CT scan. It is
important to note that the effect of local deformation on
QAT values should be independent of patient characteristics
or extent of disease. The variability in QAT using registered
CT data is simply associated with the difference in inflation
level between the target, here Ins, and moving, here Exp,
CT data sets. The higher the difference in inflation levels
between Ins and Exp the more deformation required to spa-
tially align the data, resulting in more variability in QAT
measured using aligned CT data to the original CT data.

were results

Effect of Misalignment on QAT

Misalignment of Exp-derived to Ins-derived lobe segmenta-
tion maps was found to be the second highest contributor of
variability in the evaluated metrics. In the same study by Rein-
hardt and colleagues, they observed increased misregistration
with increasing inflation (18). This observation may explain
the increased scatter observed in our QAT and bias in mHU
(Fig 6C and D). As discussed previously, regions of high atten-
uation on expiration CT scans (Fig 4) are due to deflated
parenchyma, which require significant deformation to align
with the fully-inflated lungs on the inspiration CT scans. In
this study, we observed that elevated mHU measurements,
highly attenuated, result in a negative bias of up to 60HU
between values calculated using ExpR (registered) and Exp
(original) (Fig 6D). Correcting local deformation had little
effect on the difference in mHU values. As QAT and mHU
were calculated over segmented volumes, the effect of misreg-
istration on these metrics occurred primarily due to misalign-
ment of the segment borders between SegIns and SegExpR
(Fig 7A). This explains the low values in Dice Coefficients for
the RML and, to a greater extent, lingula, as they are both sit-
uated within the center of each lung. The difficulty in accu-
rately aligning these lobes is evident in the large number of
cases where corrected QAT exceeded £2.5% (Table 2). This

Influence of Inspiratory/Expiratory CT Registration on Quantitative Air Trapping
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effect will diminish as new, more accurate registration algo-
rithms become available for QCT analysis.

Contribution of Threshold on QAT from Aligned
Expiration CT

The QAT metric is dependent on the threshold HU value
used to identify which voxels are air trapping in the expira-
tion CT scan. When calculating QAT, large threshold values
are suspected of including regions of parenchyma that may
undergo significant volumetric change from inspiration to
expiration. Our study cohort was from a young population
of CF patients, where all CT scans were spirometrically-gated
to total lung capacity and near residual volume, which is a
deeper expiration than normally achieved in expiratory imag-
ing at functional residual capacity or in routine imaging with-
out gating, and therefore a higher overall CT lung density is
achieved on expiration. For QAT, we employed a subject-
specific thresholding approach for the detection of mild-
to-severe CF, a method developed by Goris and colleagues
(8). This approach was selected over other common air trap-
ping thresholding values, such as -856 HU for COPD (44),
as it has been shown to provide a better estimation of the
extent of QAT for this young CF patient population (8). We
calculated thresholds in the range of —738 HU to —570 HU
(upper limit indicated by the vertical small dashed line in Fig
6B and D) with a median of —676 HU. Although high
(more dense) compared to the COPD accepted threshold of
—856 HU, deviations of mHU, from mHU,; were approxi-
mately =20HU for average values less than —570HU (verti-
cal line in Fig 6D), which indicate regions of air trapping.
This may account for the negligible effect misregistration had
on QAT values (Fig 6C). Nevertheless, care must still be
taken when interpreting CT density values from registered
CT data.

LIMITATIONS

It is important to address some of the limitations of this study.
Typical approaches for determining registration accuracy are
through comparison of landmarks between the moving
and target images (15, 29) (Exp and Ins, respectively).
Though this is a more precise approach for measuring misreg-
istration, this analysis was not required as our study was con-
cerned with variability in QAT and mean HU values
calculated over segmented volumes. An important attribute
of this cohort was the availability of manually corrected lobe
segmentation maps for all paired CT scans. By focusing our
attention to the segmentation maps, we were able to explore
the potential of lobe-based inspiratory segmentation maps for
expiratory QAT calculations. Algorithms developed to seg-
ment the lobes on CT scans acquired at inspiration are cur-
rently being investigated for lobe segmentation on expiration
CT scans (14). While promising, a fully automated lobe seg-
mentation mapping technique is complicated by the large
dynamic in

range parenchymal densities observed in
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expiration CT scans resulting in less reliable results (38). To
the best of our knowledge, we have demonstrated for the first
time the application of image registration for QAT lobe anal-
ysis using segmentation maps derived from inspiration CT
scans (Method 4, Fig 3). By manually inspecting each lobe
segmentation map we have “ground truth” in our QAT cal-
culations at the whole-lung and lobe levels. Overall, this
study demonstrates that a bias in QAT values from aligned
CT data can be mitigated by using a simple approach. In
view of inter-reader variability or subjectivity of visual semi-
quantification of air trapping by current scoring systems
(45—48), we find these results highly valuable in that an error
rate of roughly 5% for a lobe-based quantification of air trap-
ping may be acceptable for future trials, and also in clinical
routine application.

CONCLUSIONS

We present here our results on evaluating sources of variabil-
ity in QAT values that may occur due to the spatial alignment
of expiration CT scan to the inspiration CT geometric frame.
Accomplishment of this analysis was achieved through the
use of paired CT data, with corresponding visually inspected
lobe segmentation maps, from a well-controlled cohort of
CF subjects. Even in the presence of large deviation in HU
values key sources of variability in image registration only
resulted in mild differences in QAT values when compared
to “truth,” well within scientifically and clinically acceptable
margins. Based on our findings, the most significant source of
variability was when local deformation was neglected when
calculating QAT. Simply applying the determinant of the
Jacobian matrix in calculating QAT resolved this issue. Novel
analytical techniques that incorporate image registration are
providing unique information about obstructive lung dis-
cases. These spatially-resolved multiparametric methods may
soon integrate vascular, parenchymal and airway changes in
lung disease on an identical geometric frame. This will allow
researchers and clinicians to further exploit the wealth of
functional and anatomical information that resides in the vari-
ous QCT metrics, resulting in improved clinical-care of
patients suffering from lung diseases.
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