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ABSTRACT

Purpose: Deformable image registration (DIR) based computed tomography ventilation
imaging derived from four-dimensional cone-beam CT (CTVI**“®“T) can complement
existing 4DCT-based methods (CTVI*P“T) to track lung function changes over a course of
lung cancer radiation therapy. However the accuracy of CTVI*P“®“T needs to be assessed
since anatomic 4DCBCT has demonstrably poor image quality and small field of view (FOV)
compared to treatment planning 4DCT. We perform a direct comparison between short
interval CTVI*P“B¢T and CTVI*PCT pairs to understand the patient specific image quality
factors affecting the intermodality CTVI reproducibility in the clinic.

Methods and Materials: We analysed 51 pairs of 4DCBCT and 4DCT scans acquired within
one day of each other for 9 lung cancer patients. To assess the impact of image quality,
CTVIs were derived from 4DCBCT scans reconstructed using both standard Feldkamp-

Davis-Kress backprojection (CTVI?B%BCT) and an iterative McKinnon-Bates Simultaneous
Algebraic Reconstruction Technique (CTVI‘;?&BS%TRT). Also, the influence of FOV was

assessed by deriving CTVIs from 4DCT scans that were cropped to a similar FOV as the
4DCBCT scans (CTVI?BST), or uncropped (CTVIﬁEC(r:OTp). All CTVIs were derived by
evaluating the Jacobian determinant of deformation between the exhale and inhale phases.
Reproducibility between corresponding CTVI**“®“T and CTVI**“T pairs was quantified
using the voxel-wise Spearman rank correlation 7 and the Dice similarity coefficient (DSC)
for ventilation defect regions (identified as the lower quartile of ventilation values). Mann-
Whitney U-tests were applied to determine statistical significance of each reconstruction and
cropping condition.

Results: The (mean = SD) Spearman correlation between CTVIéB%B T and CTVIﬁEC(IEOTp was

7 = 0.60 £ 0.23 (range -0.03 — 0.88) and the DSC was 0.64 = 0.12 (0.34 — 0.83). By
comparison, correlations between CTVIﬁ?ngS%TRT and CTVIﬁEgOTp showed a small but

statistically significant improvement with 7 = 0.64 + 0.20 (range 0.06 — 0.90, p = 0.03) and
DSC =0.66 +0.13 (0.31- 0.87, p=0.02). Intermodal correlations were noted to decrease with
an increasing fraction of lung truncation in 4DCBCT relative to 4DCT, albeit not
significantly (Pearson correlation R = 0.58, p = 0.002).

Conclusions: This study demonstrates that DIR based CTVIs derived from 4DCBCT can
exhibit reasonable to good voxel-level agreement with CTVIs derived from 4DCT. These
correlations outperform previous cross-modality comparisons between 4DCT-based
ventilation and nuclear medicine. The use of 4DCBCT scans with iterative reconstruction and
minimal lung truncation is recommended to ensure better reproducibility between 4DCBCT-
and 4DCT-based CTVIs.
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1 INTRODUCTION

In recent years a number of studies have investigated functionally adaptive lung cancer
radiation therapy treatments guided by in-vivo lung ventilation imaging including single-
photon-emission computed tomography (SPECT)' and positron emission tomography (PET)’.
With the advent of respiratory correlated four-dimensional CT (4DCT) scans as part of the
routine lung cancer radiation therapy workflow, new methods have been developed to
quantify lung ventilation in terms of respiratory-related lung motion using deformable image
registration (DIR)™*. CT ventilation imaging using 4DCT (CTVI*’“") has been shown to
correlate with other ventilation imaging methods including ®*Ga PET> ¢, **™Tc SPECT’, and
*He MRI®. CTVI*P®T demonstrates significant dosimetric correlations in terms of treatment-
induced ventilation changes9 and has recently been applied clinically to achieve functionally
adaptive treatments'".

Recently, our group reported on CTVI derived from daily 4D cone beam CT scans obtained
in the treatment room (CTVI**“®“")!! which can complement CTVI**“" by providing
information on short timescale functional variations caused by patient breathing variability,
changes in patient anatomy or radiation damage'?. The need for adaptive ventilation guidance
is highlighted by Meng et al.' who showed that 9 out of 15 patients receiving conventional
lung cancer radiation therapy experienced >20% changes in ventilated lung volume between
pre- and mid-treatment ventilation SPECT scans. Meanwhile Vinogradskiy et al.'* observed
weekly 4DCT-based CTVIs showing a pattern of increasing ventilation for patients with
shrinking tumour volumes. It is clear from these two studies that the magnitude and direction
of lung ventilation changes over a course of lung cancer radiation therapy is patient
dependent and should ideally be monitored to ensure effective ventilation guidance. In order
for CTVI*PET (0 be applied clinically, it is necessary to demonstrate equivalence with
CTVI*P“T as measured at a similar point in time. In an ideal imaging scenario where the
image quality of 4DCBCT approaches that of 4DCT, and where a patient’s breathing pattern
is highly reproducible, then one might consider a comparison of DIR motion fields between
4DCBCT and 4DCT (and any derived ventilation quantities) to be trivial. But in the clinical
imaging scenario, breathing can be far from regular and 4DCBCT image quality can be far
from ideal. 4DCBCT has well-known image quality limitations, namely scatter, relatively
small field of view (FOV) and projection aliasing (""reconstruction streaking”) the latter of
which is linked to projection undersampling and irregular breathing'*"'. Given that the
reproducibility of CTVI*PT is known to be reduced by additive image noise in 4DCT'® Y,
we can anticipate that image artifacts in 4DCBCT will similarly reduce the accuracy of
motion fields (and ventilation) derived from an intensity-based DIR. It is therefore of interest
to perform a direct comparison between CTVI*P?®“T and CTVI*P“" generated under clinical
treatment planning and delivery scenarios.

In this study we perform a direct comparison between CTVI*?“®“T and CTVI**“" using
‘short-interval’ 4DCBCT and 4DCT scan pairs acquired within one day of each other for 11
lung cancer patients. We assess the intermodality reproducibility using two metrics which are
dominant in the CT ventilation literature: (1) the Spearman rank correlation evaluated across
all spatially matched lung voxels, and (2) the Dice similarity between functional defect
structures corresponding to the lowest ventilation quartilelo’ 1718 Our focus on “ranked”
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ventilation values is in line with both clinical'® and in-silico'® implementations of CTVI
guided treatment planning, which prioritize the sparing of high-ventilation lung regions based
on: (1) the functional rank of each specific voxel, or (2) a threshold between “defect” and
“non-defect” regions set at a pre-defined rank (e.g. 20™ or 25™ ventilation percentile). In
order to investigate the impact of 4DCBCT image quality, we consider two different
4DCBCT reconstruction algorithms with different values of the structure similarity index
(SSI), which is an objective method for assessing perceptual image quality'’. We additionally
test the impact of limited FOV by analyzing 4DCT scans that have been cropped to the same
FOV as 4DCBCT. A schematic workflow for this study is shown in Figure 1(a).

It is notable that the short-interval reproducibility between CTVI**“®T and CTVI*"“T can
vary markedly from patient-to-patient and this is evidenced when comparing the single best
and worst cases of intermodality reproducibility in this study; see Figure 1(b). This work
represents an important step towards understanding the key patient-specific image quality
parameters affecting reproducibility between 4DCBCT- and 4DCT-based CTVIs.
Importantly this work also provides new insight into to the possible contra-indications for the
use of CTVI*PCBCT guidance in lung cancer radiation therapy.
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2 METHODS AND MATERIALS

a) Study schematic (for each 4DCT scan):

@ Align & correlate CTVIs ‘ @ Compute CTVI

from 4DCT

® Compute CTVI(s) from |, m @ Find 4DCBCT scan(s)
4DCBCT P within 1 day of 4DCT
- i s &l /
NEl NI - VAR T AY

b) Best and worst cases in terms of Spearman correlation (r):

4DCBCT-based 4DCT-based | Ventilation:

Worst case CIVI c1vi high

(poor reproducibility)

Best case : \
(good reproducibility) ﬁ‘ \ I 9‘ 9

Figure 1 a) Schematic workflow of this current study. b) Examples of the best and the worst
patient cases in terms of the Spearman correlation » between CTVI*P“BT and CTVI*P". In
each panel the CTVI (amber colorwash) is superimposed on the time-averaged anatomic
4DCT. The r-values refer to all spatially matched lung voxels between the paired CTVIs.

2.1 Patient data and image acquisition

We analysed a total of 81 4DCBCT/4DCT scan pairs acquired between 2008 and 2012 for 13
locally advanced non-small cell lung cancer patients in an institutional review board
approved study at Virginia Commonwealth University (VCU)***!. We excluded eight 4DCT
scans (including all 4DCT scans for two patients) due to image quality considerations as
described in Section 2.3. The details of the 4DCBCT and 4DCT acquisitions have been
described in a previous publication'.

Briefly, each patient received between one and five 4DCT scans over 4-6 weeks of lung
cancer radiation therapy. For each 4DCT scan, at least one 4DBCT scan was acquired within
+ 1 day, with the patient imaged in the treatment position either directly before or after each
delivered fraction corresponding to a total of 30 4DCT scans and 51 4DCBCT scans. All
4DCT scans were acquired on a Brilliance Big Bore scanner (Philips Medical Systems) and
reconstructed into 10 breathing phase bins using a 512x512 matrix with 0.98mm” pixels and
slice thickness 3 mm. 4DCBCT scans were performed in a research mode, with 2400 half-fan
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projections acquired in 8 minutes using an On-Board Imager (Varian Medical Systems) and
360-degree gantry rotation. Audio-visual biofeedback was used for all scans to reduce
breathing irregularities.

2.2 4DCBCT image reconstruction

In order to determine the impact of 4DCBCT image quality on the intermodality CTVI
reproducibility, we employed two different 4ADCBCT reconstruction methods: (i) the clinical
standard Feldkamp-Davis-Kress (FDK) back projection method and (ii) an in-house
reconstruction method that combines the McKinnon-Bates (MKB) algorithm22 and the
Simultaneous Algebraic Reconstruction Technique (SART)*, which we refer to as MKB-
SART. The MKB-SART method is an iterative algorithm, which was anticipated to produce
4DCBCT reconstructions with reduced image noise and less severe reconstruction streaking
artefacts compared to FDK. Similar to the 4DCT scans, all 4DCBCT scans were
reconstructed into 10 breathing phase bins with a 448x448x220 matrix with 0.88mm? square
pixels and slice thickness 2mm.

2.3 Image quality assessment of 4ADCBCT and 4DCT scans

To ensure that the 4DCT scans represented a “gold standard” comparator for 4DCBCT, we
performed a visual assessment of the 4DCT scans to identify and exclude any cases where
severe irregular breathing artifacts (e.g. anatomic truncation and duplication'”) appeared in
two or more phase images. We excluded 8 4DCT scans (corresponding to 30 4DCBCT/4DCT
scan pairs including all scans for 2 patients), with the remaining 51 scan pairs used for CTVI
generation. For these scans a quantitative image quality assessment was performed using the
structure similarity index (SSI; see ref.lg). The advantage of SSI with respect to techniques
such as mean square error or signal to noise ratio is that these approaches estimate absolute
errors while SSI is a perception-based model that considers image degradation as perceived
change in structural information. The SSI is computed between each 4D phase image and the
4D time-average of each scan, where it can assume values between 1 (maximum image
similarity) and 0 (no similarity).

24 CTVI Generation and DIR analysis

The CTVI*P“BT and CTVI*PT were all derived using our in-house ventilation image
software VESPIR (VEntilation via Scripted Pulmonary Image Registration)**. For each
4DCBCT and 4DCT scan, B-spline DIR was used to compose a motion field between the
exhale and inhale phase images by composing the individual DIR motion fields obtained
between each neighbouring phase pair. The parameters for each DIR were similar to our
previous 4DCBCT study'' and were similar for both 4DCBCT and 4DCT.

Each DIR motion field, u, was chosen to minimize a cost function C(u) = Cpsg(u) + A X
Creg(u), which models the elastic nature of lung deformation. Here, Cyisg is the mean square
error (MSE) intensity difference between the fixed and deformed moving image, whereas
Cre, enforces regularization (or “smoothness”) of the motion based on the Laplacian of u.
The parameter A is a user-selected scalar value that controls the relative strength of the Cysg
and Cgeg terms. Too-small values of A may cause the DIR to be driven by image
noise/streaking, whereas too-large values may underestimate the tissue motion (see Appendix
A in ref.'"). To understand the impact of A on the ventilation images, we tested A = 1 and 5 for
both 4DCBCT and 4DCT, reflecting the values used in our previous CTVI studies.

We note that the DIR cost function was not limited to lung voxels but rather was calculated
across the whole of each fixed and moving image. This is because the poor image quality in
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4DCBCT precluded accurate threshold-based lung segmentation. A visual check of all DIR
results was performed by comparing the alignment of lung structures across all ten phase-
images both before and after deformable registration. Where the apex of the diaphragm was
visible, we checked that the DIR motion field vector direction matched the motion visible in
the reconstructed 4D scans. We additionally performed a quantitative anatomic landmark-
based DIR evaluation as described in Sec. 2.6.3. All 4DCBCT lung masks were derived from
4DCT lung masks using the intermodal alignment DIR as described in Section 2.5.

After composing the DIR motion field between exhale and inhale, the motion field Jacobian
determinant was taken as a surrogate for regional ventilation as originally proposed by
Reinhardt et al.*. The ventilation at each voxel was thus calculated as CTVI = (Jacobian - 1).
We checked the CTVIs for any significant regions of negative Jacobian determinant values,
which would indicate non-physical folding of tissue.

2.5 Alignment and segmentation of CTVIs

Each corresponding CTVI*P“®“T and CTVI*P“" pair was aligned and segmented using a
procedure similar to our previous 4DCBCT study ''. Briefly, each time-averaged 4DCT scan
was first segmented using an active surface method driven by an intensity-based energy
minimization functional implemented in the software package ‘ITK-SNAP’*. The time-
averaged 4DCT scans were then aligned to the corresponding time-averaged 4DCBCT using
a combination of manual translations and (automated) rigid and deformable registrations
using a mutual information image similarity metric. These registrations were also used to
propagate the lung segmentation from the CTVI**“ to the CTVI*"“®“T. Based on this
alignment procedure, we were additionally able to crop each 4DCT scan to a similar FOV as
the corresponding 4DCBCT. In order to establish the impact of FOV on CTVI
reproducibility, we then repeated the CTVI generation procedure based on the cropped
4DCTs.

2.6 Analysisof CTVI reproducibility

In this study we compare CTVIs generated from 4DCBCT scans (reconstructed using either
the FDK or MKB-SART methods) versus CTVIs generated from treatment planning 4DCT
(which are either cropped to the same FOV as the 4DCBCT, or uncropped). We therefore
denote all CTVIs according to the 4DCBCT image reconstruction method or the 4DCT
cropping condition: CTVIERE> ", CTVIyiks |, CTVIges " or CTVIjmeoy. The intermodality
reproducibility between the 4DCBCT- and 4DCT-based CTVIs is quantified as follows:

2.6.1 Spearman correlation

For each 4DCBCT reconstruction method, FOV condition and regularization A value we
report the average Spearman correlation 7 between corresponding CTVI*P“®<T and CTVI*P!
pairs for all spatially matched lung voxels. The Spearman correlation takes a range of values
between -1 and 1 for the case of oppositely ranked and identically ranked ventilation
distributions respectively. Distributions of r-values were compared using Mann-Whitney U-
tests > in order to compute the statistical significance of different 4eDCBCT reconstruction
methods and 4DCT cropping conditions. The null hypothesis was that these parameters do
not influence the correlation between CTVI*P“®<T and CTVI*PCT,

2.6.2 Dice coefficients
To further assess the relative distribution of lung function between CTVI*P“T and
CTVI*P“T, each ventilation image was divided into functional quartiles similar to the
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approach by Castillo et al.'” and binary maps produced for the lowest quartile of ventilation
values representing the “defect” region. The Dice similarity coefficient (DSC) between defect
regions was thus determined for corresponding CTVI*?“®“T and CTVI*P“T pairs. The DSC is
a measure of the degree of overlap between two areas or volumes and is quantified as the
ratio of twice the volume of intersection to the sum of the two volumes®” **.

2.6.3 Quantitative DIR evaluation

To explore any possible links between CTVI reproducibility and DIR accuracy, we
performed quantitative evaluation of the DIR for both 4DCBCT and 4DCT scans using an
intensity based MSE method, as well as an anatomic landmark-based method.

The MSE approach focused on the interphase DIR used to generate CTVIs. Specifically we
evaluated the fraction of MSE intensity differences between lung voxels of the inhale/exhale
phase images that were specifically resolved by the DIR (AMSEpr). The AMSEpr was
calculated by comparing (i) the MSE in the lung between the exhale and inhale images before
DIR (MSEefore) and (ii) the MSE in the lung between the exhale and deformed inhale images
after DIR (MSE,¢r). The AMSEpr was then expressed as a percentage difference

AMSE _ MSEbefore_MSEafter * 100
DIR MSEbefore ’

The landmark-based method computed the target registration error (TRE) for a set of
computer-identified anatomic landmarks between the registered images. To evaluate the
interphase DIR used to generate the CTVIs, landmarks were selected between each
corresponding exhale and inhale phase image pair before DIR. The DIR motion field
determinant was then used to warp the exhale landmarks to the inhale reference frame and
determine the TRE after DIR. To evaluate the DIR used for the 4DCT/4DCBCT alignment,
landmarks were selected from the time-averaged 4DCT and 4DCBCT images after DIR. For
all of the landmarking studies, we applied the adaptive scale invariant feature transform
(SIFT) algorithm which was implemented in a separate study by Paganelli et al.?’ and which
has been validated both for 4DCT and for CT to CBCT registra‘[ion3 0 All landmarks selected
were within the lung parenchyma.




255

256

257
258

259
260
261
262

263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

Version Draft

3 RESULTS

3.1 Impact of 4DBCT image quality on CTVI reproducibility

Test modalities:
(4DCBCT-based; low 1Q)
Il

Reference modality:
(high 1Q)

! Intensity:
high

low

Ventilation:
high

low

No defect v No defect X False defect
Figure 2 Effect of image quality on CTVI reproducibility. The circles indicate a region of
lung that is ventilated in the reference CTVI (left column), but may appear as a false defect
depending on the choice of 4DCBCT reconstruction method (middle and right columns). In
this case the DIR regularization parameter A was set at 1 and 5 for the 4DCT- and 4DCBCT-
based CTVIs, respectively. Here IQ = image quality.

Figure 2 demonstrates the impact of 4DCBCT image quality on the reproducibility between
4DCBCT- and 4DCT-based CTVIs. The upper row of panels shows the central axial slice of
4DCT scan and the corresponding 4DCBCT scan reconstructed using both FDK and MKB-
SART methods. Visual assessment of the anatomic MKB-SART image shows a reduction of
reconstruction streaking at the cost of increased image blur and loss of contrast compared to
FDK. The lower row demonstrates visually how imaging artefacts such as streaking in
4DCBCT reconstructed using the FDK method can lead to false defects in the CTVI, which
are not apparent in the CTVI derived from 4DCBCT reconstructed with MKB-SART. As can
be seen in Figure 3(a), we found that a linear model did not fit the data distribution for the
CTVI correlation as measured by Spearman 7 for either ADCBCT reconstruction method,
(Pearson correlation R = -0.24 for MKB-SART and -0.28 for FDK, both with p > 0.4). In
Figure 3(b) we can see a similar result for the amount of overlap between defect regions as
measured by the DSC (R =-0.20 for MKB-SART and -0.21 for FDK, both with p > 0.1).
The (mean + SD) SSI for all scans comparing the 3D time averaged volume to the all
respiratory bins was 0.56 = 0.06 for our in-house MKBSART reconstruction and 0.28 + 0.02
for FDK, indicating better image quality for MKBSART reconstructions.
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Table 1: Comparing 4DCBCT- and 4DCT-based CTVIs in terms of Spearman r-values and
DSC for ventilation defect regions, across all combinations of 4DCBCT reconstruction
method, 4DCT cropping condition and DIR regularization A. Each mean value corresponds to

4DCBCT

51 scan pairs (11 patients). The grey shaded cells show the only case were the CT VI3

4DCBCT

did not show improved reproducibility than CTVIgpg

Spearman correlations A=1
(mean + SD) CTVIViasart | CTVIp® " | CTVRVasarr | CTVIRDRS
i CTVIjew, | 051£024 | 051£024 |0.64+020 |0.60=0.23
CTVIST  ]0.56+£020 |053+£024 |0.63£0.19 |0.60+0.21
s CTVIgep | 0.50£0.21 045+022 |0.64+020 |0.58+0.23
CTVIgs' ] 0.56+0.21 052+023 [0.62+0.18 [0.59+0.20
Dice similarity
coefficients (mean + SD)
i CTVIgap | 0.51£024 | 0.51£024 | 0.64+020 | 0.60+0.23
CTVIgoy' |0.56+020 [0.53+024 |0.63+0.19 |0.60+0.21
s CTVIgep | 0.50+0.21 045+022 |0.64+£020 |0.58+0.23
CTVIgs! | 0.56+0.21 0.52+023 [0.62+0.18 [0.59+0.20

Table 1 shows the (mean + SD) Spearman correlations and DSC between common lung

voxels of the 4DCBCT-based ventilation images (CTVI

4DCBCT
FDK

or CTVIREECT

) and

corresponding 4DCT-based ventilation images (CTVIﬁggT or CTVIﬁEggp) for different values

4DCBCT

of the DIR A. We observed that CTVIyg

correlations with CTVI4DCT, and smaller variance, than CTVI

delivered significantly better Spearman

ﬁB%BCT; p < 0.05 for all

combination of A and cropping, with the exception for the combination shaded grey in Table
1; the DSC show a similar, yet weaker correlation. Table 1 also shows as an example the
moderate yet significant (p=0.03) improvement of mean Spearman correlations between

4DCBCT

CTVIﬁEgOTp (A=1)and CTVIﬁ/][)K%3 T (A =15) when compared to CTVIgpg
each reconstruction method we found no clear correlation of intermodality reproducibility
with the SSI; a linear model does not fit the data for either reconstruction method separately
(Pearson’s R=0.24 and 0.28 for MKB-SART and FDK, respectively, p > 0.4). Increasing A
from 1 to 5 for the 4DCBCT DIR process showed a statistically significant improvement in
correlation with 4DCT-based CTVI irrespective of the reconstruction method or A.
Decreasing A for the 4DCT DIR from 5 to 1 either improves correlation with 4DCBCT-based
CTVI for certain combinations of reconstruction method, or causes no change in mean

values.

(L= 5). Within




14
©

) [y L b) ‘
* * *%
08 ° * Ky *
® g ¥k LX)
*® 0 * 08
00 *
07 o o x5 K 1 ° wx ¥
* o * * *
o * X% o0 00 %
****************** o R K — - — o W o
z 06 * T 07 S o * * *
£ 000 * X z 0 %% * )} i *
2 3
EE % o * " - e ————— —
8505 * *’; 3 g * * L
8 % o 58 06 © x ¥
52 o * * ) O O x X
T804 ) 9
3% o * % * 3 o x % *
3 g ° g o 80
£ os 5 g *|
= o g o 1 2 05f * 4
% MKB-SART - o *
O FDK o % MKB-SART *
02l o — — mean(MKB-SART) * | o ¢ O FDK
- mean(FDK) - 'm“Z::}I%AS}ZVSART) .
* 04 % o
0.1 *
o
*
o
02 025 03 035 04 045 05 05 06 065 07 02 025 03 035 04 045 05 055 06 065 07
305 4DCBCT image quality (SS1) 4DCBCT image quality (SSI)

Figure 3 (a) Intermodality reproducibility between CTVI*"“®T and CTVI*P“" as measured by the
Spearman correlation 7, plotted as a function of the image quality metric (SSI) derived from
4DCBCT. The black dashed and red lines show the mean Spearman r the case where 4DCBCT
was reconstructed using MKB-SART (r = 0.64) and FDK (» = 0.60), respectively. (b) Same as for
(a) but where the intermodality reproducibility is quantified by the DSC for lung defect regions.
The black dashed and red lines show the mean DSC for the case where 4DCBCT was
reconstructed using MKB-SART (DSC = 0.66) and FDK (DSC = 0.64) respectively.

306  Although this work focuses on relative ventilation distributions (rather than absolute
307 ventilation values), we also evaluated the correlations outlined above using the linear Pearson
308 correlation and found similar results.

309
Reference modality: Test modality
(no FOV truncation, high 1Q) (FOV truncation, high 1Q) Ventilation
v True defect
Test modality
(FOV truncation, low 1Q)
A (100%) ‘
1 (100%) y b low

310 Ventilation defect X False ventilation

311  Figure 4: Comparing the impact of FOV and image quality (IQ) on CTVI reproducibility.
312  The ellipses indicate a ventilation defect in the reference CTVI (left panel). The defect is
313  preserved when generating the CTVI from a cropped 4DCT scan (upper right panel) but not
314  in the 4DCBCT scan (lower right) which suffers both FOV truncation and lower image

315  quality. Here IQ = image quality.
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3.2 Impact of 4DCBCT FOV on CTVI reproducibility

We found that the limited FOV of the 4DCBCT reconstructions caused truncations of the
imaged lung for all patients in this study. Lung volumes as calculated from the time-averaged
4DCT ranged from 1.6 L to 7.2 L, with a mean = SD of (3.8 £ 1.6) L while lung volumes in
the aligned 4DCBCT images ranged from 1.5 L to 5.2 L, with a mean + SD of (2.8 £ 1.0) L.
The 4DCBCT imaged lung volumes were on average 77% of the corresponding 4DCT,
ranging from 58% to 96%. We found no correlation between 4DCT imaged lung volume and
level of truncation (R = 0.3, p=0.03).

As is evident from Table 1, the FOV truncation in 4DCBCT (as modelled by cropping of the
4DCT) did not significantly affect the Spearman r-values or DSC values between 4DCBCT-
based CTVIs and 4DCT-based CTVIs on average. In fact, the differences in CTVI correlation
due to 4DCT cropping condition had p-values > 0.13 irrespective of the 4DCBCT
reconstruction algorithm or regularization A.

Figure 4 shows an extreme example of lung truncation in 4DCBCT, where 58% of the

imaged lung volume is truncated relative to the uncropped 4DCT. This is the most extreme

case of truncation in the study, yet the largest difference visually is not between CTVIQ‘E,ST

and CTVIIDST | but rather between CTVI‘C‘BST and CTVI'P“®T. That is, the largest

uncrop »
differences in CTVI reproducibility did not appear to arise strictly due to lung truncation, but
rather the choice of image modality. We note that since all 4ADCBCT were scans acquired as
part of treatment setup, differences lesion position and hence patient positioning influence the
level of truncation.

The intermodality CTVI reproducibility was seen to vary with other patient- and scan-
specific factors, namely the lung volume as determined in the time-averaged 4DCT and the
fraction of lung truncated in the time-averaged 4DCBCT. We found that the intermodality
CTVI reproducibility showed a negative linear correlation (Pearson correlation R =-0.85, p =
0.02) with increasing lung volume as segmented from the time-averaged 4DCT; see Figure
5(a). As shown in Figure 5(b) we observed a similar, though less significant linear correlation
(R=0.55, p=0.07) with the level of lung truncation in the 4DCBCT scans, quantified as
(VolumeCT — Volumer m,p) /Volumey. There is no clear trend between time-averaged
4D-CT lung volume and amount of imaged lung truncation in 4DCBCT scans (R = 0.3,
p=0.08). In Figure 5(c) we also report a positive trend (R = 0.79, p= 0.04) for the mean of the
Jacobian map (a proxy for the respiratory effort, see Discussion) as a function of imaged lung
volume. Figure 5(d) shows a decrease in intermodal correlation (mean Spearman r) with
increasing mean Jacobian (R = 0.84, p = 0.01). In other words, increasing levels of lung
truncation in 4DCBCT, and increasing levels of respiratory effort in 4DCT were both
associated with reduced intermodality CTVI reproducibility; but to complicate matters, lung
volume and respiratory effort were also correlated with each other.

3.3 Impact of DIR accuracy on CTVI reproducibility

We assed DIR accuracy using the MSE and TRE methods on a representative set of
anatomical images used to generate CTVI‘I\‘B%B cr (A=15)and CTVIﬁEc(r:OTp (A=1). As an initial
self-consistency check of the DIR motion fields for 4DCT, we analysed the correlation
between lung volume changes in the 4DCT exhale/inhale lung masks, and the corresponding
sum of Jacobian determinant values in the CTVI. We found a good linear correlation of
(Pearson’s R =0.88, p=10.01) over all 30 4DCT scans. We also investigated the Jacobian
determinant distributions derived from 4DCT (4DCBCT) for significant regions of negative
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364  values. For any given DIR result, no more than 0.2% (0.5%) of lung voxels had negative

365  Jacobian values.

366

367 Interms of the interphase (exhale-to-inhale) DIR, the MSE-based evaluation of DIR accuracy
368 found AMSEpr =21.1% (78.6%) for 4DCBCT (4DCT). This indicates poorer DIR

369 performance for 4ADCBCT compared to 4DCT. However, as can be seen in Figure 5(e), we
370  found no correlation between 4DCBCT AMSEp;r and the intermodality CTVI reproducibility
371  as measured by Spearman correlation (R = 0.14, p=0.7). A moderate linear correlation (R =
372 0.45, p=0.04) was found between 4DCT AMSEpr and Spearman .

373

374  For the landmark-based TRE analysis for interphase DIR, the adaptive SIFT algorithm

375  detected a mean = SD number of landmarks 136 + 44 for 4DCT inhale-exhale image pairs
376  and 192 + 76 for 4ADCBCT. The mean + SD TRE between landmarks after DIR was (1.7 +
377  0.4) mm for 4DCBCT and (2.3 = 0.5) mm for 4DCT. As shown in Figure 5(f), we found a
378  moderately negative correlation (albeit not statistically significant) between TRE and

379  accuracy of CTVIye T (R =-0.50, p = 0.22) but no correlation for the case of CTVIﬁfggp
380 (R=0.27,p=0.7).

381

382  For the landmark-based analysis of the intermodal DIR, we assessed the TRE between SIFT-
383  identified matching features between the time-averaged 4DCBCT and the corresponding

384  time-averaged 4DCT after registration. The mean £ SD number of landmarks was 140 + 54
385 and the TRE was (0.9 £+ 0.4) mm and showed no correlation with intermodal CTVI

386  reproducibility (R =-0.20, p = 0.6).
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389  Figure 5 Dependence of the intermodality CTVI reproducibility (quantified by Spearman 7-
390 value) on: (a) lung volume in the time-average 4DCT, and (b) fraction of lung truncation in
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the corresponding time-averaged 4DCBCT. Also plotted are: (c) the dependence of the mean
Jacobian determinant on the lung volume in time-averaged 4DCT, and (d) the dependence of
Spearman r-values on the mean Jacobian determinant values from (c). The Spearman-r is also
plotted against DIR accuracy metrics including (e) the fraction of intensity MSE differences
resolved by DIR and (d) anatomic landmark based TRE following DIR. All data points refer
to the comparison between CTVIﬁ,ﬁgg cr (withA=5) and CTVIﬁEgOTp (with A =1). Pearson’s

R-values are reported for all linear fits.

4 DISCUSSION

The adaptation of lung cancer radiation therapy treatments to longitudinal changes in
4DCBCT-based CTVIs is a technically demanding task. In the absence of ventilation
changes, it is implicitly required that the DIR should provide comparable ventilation
distributions between daily 4DCBCT scans and the treatment planning 4DCT, despite the
large image quality differences between those modalities. This is important to demonstrate
the potential of 4DCBCT-based CTVI to track longitudinal ventilation changes over a course
of radiotherapy. We found that the choice of 4DCBCT image reconstruction and DIR
parameters have a significant impact on the strength of the intermodality reproducibility.

Using an in-house iterative 4DCBCT reconstruction method, we were able to demonstrate
that improving perceived image quality moderately enhances 4DCBCT-based CTVI accuracy
relative to 4DCT (p=0.03). Within each 4DCBCT reconstruction method we found no clear
correlation of the intermodality reproducibility of 4DCBCT-VI with a perception-based
image quality metric (SSI). This is possibly because the differences in image quality as
measured by the SSI across a single 4DCBCT reconstruction method are minor compared to
the differences between different reconstruction methods; see Figure 3. In addition, MKB-
SART reconstruction uses the time average of all FDK respiratory phase bins as a prior, and
is likely to deliver a higher SSI when computed using our method as described in Sec. 2.3;
there also may be competing effects such as lung volume and truncation that are confounding
the impact of image quality on intermodality reproducibility. Understanding these effects is
important for clinical implementation, and image processing and reconstruction techniques
need to be researched further. Image quality forms a contra-indication for this method when
the reconstructed volume is of poor visual quality.

As pointed out in ref.'' the choice of DIR parameters is important when deriving Jacobian
based CTVI, which is explored in this work through variation of the motion field
regularization. Higher regularization enforces smoother Jacobian maps, and a balance needs
to be struck between intermodality reproducibility and spatial fidelity of regional ventilation
information. Optimization of CTVI parameters becomes difficult without access to actual
gold standards such as contrast-enhanced (Xe) CT, SPECT V/Q or hyperpolarized (3 He)
magnetic resonance imaging (MRI). The intermodality correlation between 4DCBCT-based
CTVIs and 4DCT-based CTVIs compares favourably to other cross modality CTVI
validation studies. Kipritidis et al.’ reported a mean Spearman value of = 0.42 and a DSC of
0.52 for defect regions_ when comparing 4DCT-based CTVI with Galligas PET; meanwhile
Castillo ef al.’” and Yamamoto et al.” reported mean DSC values in the range 0.3-0.5 when
comparing defect regions between 4DCT-based CTVI and *Tc- DTPA SPECT. Kida et
al.'® found that Spearman correlations of around » = 0.4 are consistent with equivalent
functional dosimetry between CTVI- and SPECT-guided functional avoidance treatment
plans.
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It is important to note that the reproducibility between 4DCBCT- and 4DCT-based
ventilation in our study appears less strong than the reproducibility of ventilation images
derived purely from repeat 4DCT. For example, Du et al. 3! found Spearman r ~ 0.8 for
Jacobian-based ventilation image pairs derived from short-interval 4DCT scans of lung
cancer patients. Moreover, both Du et al.*' and Latifi et al.** found that introducing a local
scaling factor, for example based on the tidal volume in each repeat scan, can improve
reproducibility of regional ventilation in absolute terms. We can anticipate that for 4ADCBCT,
the main difficulty with a tidal-volume normalization approach is that poor image quality
may limit the accuracy of the 4D lung segmentation; but in any case the normalization of
ventilation images is an important factor to be considered in further optimising the
reproducibility between 4DCBCT- and 4DCT-based ventilation.

One of the major differences between the imaging modalities in this dataset was the much
smaller FOV of the 4DCBCTs, as exemplified in Figure 4. By cropping the 4DCTs to the
same FOV and comparing to the uncropped CTVIs, we were able to establish that the effect
on the generated VIs was noticeable but not severe, and not significant to intramodal
reproducibility. Furthermore, our results suggest that increasing the motion field
regularization parameter may mitigate the effects of imaged lung truncation, but at the cost of
loss of regional information.

In clinical practice, a limited FOV can be problematic when treating patients with large lungs.
Even if the truncation had no impact on CTVI generation, the lack of regional information for
the entire lung adds complexity to the task of accumulating functional dose for the organ as a
whole. We observed a negative relationship between imaged CT lung volume and correlation
between 4DCBCT- and 4DCT-based CTVIs. Increasing lung volume was also correlated
with increases in the mean DIR motion field Jacobian determinant, which reflects the ratio of
volumes before and after deformation in a specified region. Since the mean Jacobian is a
measure of global volume change in the lung, it can be strongly correlated with respiratory
effort and hence CTVI reproducibility™. It is not clear whether it is lung volume, or
differences in respiratory effort that are the major factor in determining the intermodality
reproducibility; a correction method based on respiratory effort may help to mitigate this
effect. This is further implied by the clear positive linear correlation between the mean
Jacobian and lung volume, and the decrease of correlation between CTVIs with increasing
mean Jacobian.

For the purpose of this study we assumed that 4DCT, after a visual pre-selection process to
exclude severe irregular breathing motion artefacts, always provides a “correct”
reconstruction of the imaged patient, yet not all anatomic truncation or duplication, nor all
respiratory phase binning errors are immediately detectable. Human studies of 4DCT-based
CTVI generally report lower intermodal correlation than studies performed on ventilated
animals (e.g. ref.), an observation that could be attributed to changes in breathing pattern
during or between imaging sessions. As adaptive ventilation guidance may be indicated for
those patients experiencing ventilation changes during treatment, future studies should
address this by, e.g. applying recorded breathing traces on real or virtual thoracic phantoms
for the purpose of optimizing the extraction of CTVIs from 4DCT and 4DCBCT using a true
gold standard.

This study relied on a single DIR implementation for both interphase DIR (for generating
CTVlIs), and intermodal DIR (for aligning intermodal CTVIs); in a sense this is a study
limitation since DIR accuracy can vary from scan to scan and with different DIR algorithm
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parameters. To understand the impact of DIR accuracy on CTVI reproducibility, we
employed an analysis of intensity-based MSE and anatomic landmark-based TRE between
different pairs of deformably registered images. For the interphase DIR in 4DCT, a moderate
relationship was found between the CTVI reproducibility and the AMSEpr, but no
significant relationship was found in terms of the landmark-based TRE. For interphase DIR
with 4DCBCT, we observed the opposite (i.e. there was a significant link between CTVI
reproducibility and TRE but not AMSEpg). For the intermodal DIR, CTVI reproducibility
showed no significant link with the TRE. Based on the above we could not identify DIR
accuracy as being the major factor affecting CTVI reproducibility in this study. We point out
that there are two limitations of our DIR evaluation: (i) a lack of HU equivalence for
4DCBCT may limit a direct comparison between AMSEp g values between 4DCBCT and
4DCT, and (ii) the adaptive SIFT algorithm has not been validated for 4DCBCT.

We note that, while promising, these results are strictly only applicable to one particular DIR
algorithm and one particular (non-clinical) 4DCBCT scan method. Other DIR methods (e.g.
biomechanical DIR or diffeomorphisms) may produce different variable levels of
intermodality CTVI reproducibility given the same input 4DCBCT and 4DCT images.
Clinical 4DCBCT reconstructions may feature varying image quality depending on the
acquisition protocol, number of projections or use of scatter correction. Since the 4ADCBCT
and 4DCT reconstructions are available in a publically available dataset', there is potential to
further improve on these results using more robust DIR algorithms.

5 CONCLUSION

This is to our knowledge the first direct comparison of CT ventilation images for lung cancer
radiation therapy patients using 4DCBCT and 4DCT imaged at similar time points. We found
good intermodal correlation between the CTVIs on average, however the use of 4ADCBCT
scans with iterative reconstruction is recommended to achieve similar results to treatment
planning 4DCT. Additional optimization of 4DCBCT image reconstruction and DIR
algorithms may help to improve the accuracy of 4DCBCT-based CTVI. Breathing effort
correction and patient pre-selection by means of lung volume might be necessary in clinical
applications.
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