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ABSTRACT

Virtual bronchoscopy reconstructions of the airway noninvasively provide useful morphologic information of structural
abnormalities such as stenoses and masses. To date, virtual bronchoscopy has been mainly applied to the central airways.
In this paper, we show how virtual bronchoscopy can be applied to more peripheral airways by making use of the
capabilities of a multi-slice helical CT scanner.
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1. INTRODUCTION

Virtual bronchoscopy is known to be useful for detecting airway stenoses due to inflammation, tumor, or post-operative
changel'G. It is a honinvasive post-processing technique that reconstructs endoluminal views of the airway from helical CT
scans of a patient’s chest. The endoluminal views simulate what a pulmonologist would see during a conventional
bronchoscopy and are useful for diagnosis, communication with referring physicians, treatment planning and medical
education’. Computer-aided diagnostic techniques can be applied to virtual bronchoscopy reconstructions to automatically
identify abnormalities8-10.

To date, we have performed virtual bronchoscopy with a first-generation helical CT scanner. This scanner
produces virtual bronchoscopy reconstructions that are sufficient to detect pathology well in the central airways. We now
present our initial experience with a second-generation helical CT scanner that has multi-slice capability11:12,

2. METHODS

The patient population had Wegener’ s granulomatosis and suspected airway diseasel3. There were seven subjects (mean
age [+ s.d.] 37 £ 12 years, 6 male, 1 female). All had both single-slice and multi-slice helical CT with virtual bronchoscopy
(VB) reconstruction. The single-slice CT scan always came before the multi-slice CT scan. Mean time between the two
scans was 371 + 373 days (range 18 to 920 days).

Thoracic CT scans were first done using a single-slice helical CT scanner (SS-CT) (General Electric HiSpeed
Advantage). Scanning was done from the level of the vocal cords through the costophrenic sulci using 3 mm collimation,
helical pitch 2 (6 mm table motion per rotation), 140 kVp, 160 mAs, 1 sec tube rotation, overlapping reconstructions with a
section interval of 1 mm, and an effective z-axis resolution of approximately 4.6 mm. Scanning was done in two or three
breathholds. A bone reconstruction algorithm was used.

Subsequently, thoracic CT scans were done using a multi-slice helical CT scanner (MS-CT) (G.E. LightSpeed
QX/i). The technique for the MS-CT scans was 1.25 mm collimation, HS mode (helical pitch 6; 7.5 mm table motion per
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rotation), 120 kVp, 100 mAs, 0.8 sec tube rotation, non-overlapping reconstructions with a section interval of 1.25 mm, and
an effective z-axis resolution of approximately 1.6 mm. Scanning was done in two breathholds. The manufacturer’s
“standard” reconstruction algorithm was used.

We switched from the bone to the standard reconstruction algorithm for the MS-CT data because the standard
algorithm produced a smoother and more pleasing reconstruction than the bone algorithm. The bone algorithm produced
extremely noisy virtual bronchoscopy reconstructions from the MS-CT data that were deemed unacceptable.

Virtual bronchoscopy three-dimensional surface renderings of the central airways were generated from the CT
datab. A standard isosurface tessellation algorithm was applied and an Openlnventor scene graph of the airways was
produced415, The surfaces generated with this method can be used for virtual bronchoscopy. The virtual bronchoscopies
were visualized using a generic virtual endoscopy navigation software tool 16, processi ng and display were done on an
Indigo2 workstation with Maximum Impact graphics (Silicon Graphics, Inc.) having 320 MB main memory and using a
single 195 MHz R10000 processor.

The SS-CT scans were compared to the MS-CT scans. We compared the overall quality and extent of visualization
of peripheral airways on virtual bronchoscopy reconstructions produced from the SS-CT and MS-CT scansin the same
subjects. Quality and extent of visualization were determined by counting the number of segmental and subsegmental
bronchi that were visible in the three-dimensional surface reconstruction used for virtual bronchoscopy. A bronchus was
counted if its origin was visible on an exoscopic view of the airway (e.g., see Figure 1a and b). Although there is anatomic
variability and there are differences in nomenclature among various authors, we assumed a normal airway to have 18
segmental and 42 subsegmental bronchil’.

3. RESULTS

Virtual bronchoscopy images of the same patient scanned nine months apart, first with SS-CT and subsequently with MS-
CT are shown in Figure 1. Note that many of the smaller airway branches not seen on the virtual bronchoscopy from the
SS-CT arevisible on the virtual bronchoscopy from the MS-CT.

Virtual bronchoscopy using MS-CT was capable of demonstrating more peripheral airways than the SS-CT. For
example, the mean number of segmental bronchi visible at VB was 13 £ 4 with MS-CT and 8 £ 4 with SS-CT (n=7; p=
0.002, paired t-test). The mean number of subsegmental bronchi visible at VB was 12 + 5 with MS-CT and 2 £ 2 with SS
CT (n=7; p=0.003, paired t-test). There was also less spiral artifact with the multi-row detector CT virtual bronchoscopy
(Figure 1).

4. DISCUSSION

Using the new multi-slice CT scanner, we were able to achieve 3 times greater z-axis resolution (1.6 mm versus 4.6 mm)
for the same radiation dose and anatomic extent of coverage per breathhold. We were able to see five more segmental
bronchi and nine more subsegmental bronchi on VB using MS-CT compared to SS-CT (allowing for round-off error). This
represented an increase in number of visible bronchi of 67% and 440% for segmental and subsegmental bronchi,
respectively. Using the number of bronchi expected anatomically as the denominator, the percentage of visible segmental
and subsegmental bronchi increased from 44% to 72% and 5% to 29%, respectively. Spiral artifact was also less prominent
on the MS-CT virtual bronchoscopy studies, which yields more pleasing reconstructions. The significance of these
capabilitiesis that they allow physicians to visualize smaller more peripheral airways and potentially detect smaller lesions
before they become symptomatic.

Visihility of a small airway branch requires both sufficient resolution and contrast to resolve the interface between
the lumen and airway wall and to segment the airway lumen. Since segmental and subsegmental bronchi have diameters on
the order of one to three mm, voxel resolution must be within this range to detect these smaller airways. We were unable to
attain this resolution with the SS-CT technique while at the same time maintaining the desired extent of anatomic coverage
per breathhold. The MS-CT scanner is able to achieve sufficient spatial resolution and anatomic coverage because it can
scan three to four times faster than the SS-CT scanner. At the same time, the MS-CT images had sufficient contrast



resolution and signal-to-noise ratios necessary to produce three-dimensional models of the smaller airways using a region-
growing segmentation and isosurface extraction algorithm.

The improved z-axis resolution for equivalent extent of anatomic coverage is possible because the multi-slice
scanner takes advantage of multiple rows of x-ray detectors. The multiple rows of x-ray detectors allow the scanner to
produce multiple images per rotation of the x-ray tube, in contrast to the single image produced per tube rotation with a SS-
CT scanner.

Extent of anatomic coverage isimportant because with greater coverage, fewer breathholds are required. With
fewer breathholds, fewer artifacts occur when scans done on different breathholds are aligned to produce a complete three-
dimensional airway model.

Ideally, one would like to compare CT scans done on the same subject on the same day using both types of
scanners but then the patient would receive twice the usual radiation dose. In our project, we compared virtual
bronchoscopy studies from the same subjects scanned at different times on the first- and second-generation helical CT
scanners. Conseguently, the patients’ disease status could have been different when the two scans were done. However, such
changes would not be expected to be so widespread and timed so as to affect only the SS-CT scan. Also, there wasno CT or
clinical evidence to support the presence of widespread disease in these subjects. Therefore, we attribute the marked
superiority of the MS-CT virtual bronchoscopies to the superior spatial and contrast resolution of the MS-CT scanner.

We switched from a bone reconstruction algorithm (for SS-CT scans) to a“standard” algorithm (for MS-CT
scans). We did this because the MS-CT scans had poorer signal-to-noise characteristics which produced noisier VB
reconstructions when the bone algorithm was used. The change of reconstruction algorithm is an additional variable that
could affect the results. For example, the standard algorithm smooths the images, which could make it more difficult to
reconstruct smaller airways. Nevertheless, our results show that we could segment and visualize smaller airways with the
MS-CT data. There are additional potential side effects of using a smoother reconstruction algorithm. Studies of VB of
simulated endobronchial lesionsin an airway phantom scanned with SS-CT showed that smaller lesions are less
conspicuous with the standard algorithm compared to the bone al gorithm18. It is possible, therefore, that the sameistrue
for VB using the MS-CT scans. The improved z-axis resolution may offset the reduced conspicuity of the standard
reconstruction algorithm. Smoothing by the standard reconstruction algorithm may also be responsible in part for the
reduction in spiral artifact which we observed.

The use of overlapping reconstructions could yield further improvement in the quality of virtual bronchoscopy
reconstructionsi®-21, Slice overlap of up to 50% has been shown to improve the quality of three-dimensional CT
bronchoscopy reconstructions?2. Increased slice overlap comes at a cost, however, since the number of images increases
proportionately. Greater computer memory is required and processing time increases. Frame rates for virtual bronchoscopy
“fly-throughs’ also decrease as the number of images increases. The technique we used for MS-CT produces 200 to 300
axial images through the airways, depending on patient size.

Although virtual bronchoscopy reconstructions with the MS-CT scanner are improved compared to those from the
SS-CT scanner, artifacts are still present and need to be recognized. For example, the nature of the spiral artifact is different
with the MS-CT data but the artifact is still present. The artifact appears as a dlight rippling in the wall of the airways.
Motion artifact from cardiac pulsation can still blur the lingular bronchi. Visualization of bronchi that are oriented within
the plane of section will still be somewhat limited (e.g., right middle lobe and lingular bronchi). Respiratory artifact is
reduced but not completely eliminated. Since the chest must be scanned in more than one breathhold, there will till be a
gap and an offset where the clusters of CT data meet.
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C.

Figure 1. Virtual bronchoscopy surface reconstruction of the same patient scanned with (A) single-slice helical CT scanner
and (B, C) nine months later with a multi-slice helical CT scanner. (A, B) External (“exoscopic”) view of the 3-dimensional
surface model. Many more small bronchi are visualized in (B) [17 segmental and 11 subsegmental bronchi] than in (A) [9
segmental and 5 subsegmental bronchi]. Spiral artifacts (curved arrowsin (A)) are also less prominent in (B). Note that
right middle lobe (long black arrow) and lingular (short black arrow) bronchi are seen in (B) but not in (A). Right middle
lobe and lingular bronchi are oriented within the plane of section and are difficult to segment unless z-axis spatial
resolution is adequate. A small amount of segmentation leakage (an artifact) is visible at the periphery of some bronchi in
both (A) and (B) (small, thin black arrows). (C) Perspective virtual bronchoscopy image taken within the posterior
segmental bronchus of the right upper lobe (open arrow in (B)). Two subsegmental bronchi are visible (arrows). These
subsegmental bronchi could not be seen at virtual bronchoscopy on the single-slice CT scanner.



