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Abstract
Objective: To demonstrate the possibilities, advantages and limitations of virtual bronchoscopy using data sets from
positron emission tomography (PET) and computed tomography (CT).
Materials and Methods: Eight consecutive patients with non-small cell lung cancer (NSCLC) underwent PET/CT. PET
was performed with a glucose analog, 2-[fluorine-18]-fluoro-2-deoxy-D-glucose (18F-FDG), using a state-of-the-art full-
ring Pico-3D PET scanner. CT was performed with a venous-dominant contrast-enhanced phase using a 16-slice CT
scanner. The tracheobronchial system was segmented using the CT data set with an interactive threshold interval volume-
growing segmentation algorithm. The primary tumors and lymph node metastases were segmented for virtual
CT-bronchoscopy using the CT data set and for virtual hybrid bronchoscopy using the PET/CT data set. The structures
of interest were visualized with a color-coded shaded-surface rendering method.
Results: The use of CT and virtual CT-bronchoscopy primarily facilitates visualization of the anatomical details of the
tracheobronchial system and detection of anatomical/morphologic structural changes caused by disease. PET/CT and
virtual hybrid bronchoscopy, or virtual PET/CT-bronchoscopy, give superior results to virtual CT-bronchoscopy because
the hybrid bronchoscopy uses both the CT information and the molecular/metabolic information about the disease
obtained from PET.
Conclusions: PET/CT imaging has proven to be a highly valuable oncological diagnostic modality. Virtual hybrid
bronchoscopy can be performed using a low-dose CT scan or diagnostic CT. However, it is expected to improve diagnostic
accuracy in identification and characterization of malignancies, verification of infections, and differentiation of viable tumor
tissue from atelectases and scar tissue, as well as assessment of tumor staging and therapeutic response, and detection of
early stage recurrences that are not detectable or are liable to be misjudged using virtual CT-bronchoscopy. It could also be
useful as a screening examination method for patients with suspected endobronchial malignancy. Virtual hybrid
bronchoscopy with a transparent color-coded shaded-surface rendering model offers a useful alternative to fiberoptic
bronchoscopy, and is particularly promising for patients for whom fiberoptic bronchoscopy is not feasible, contraindicated
or refused.

Keywords: Tracheobronchial system, three-dimensional visualization, image fusion, virtual endoscopy, virtual CT-bronchoscopy,
virtual hybrid bronchoscopy, PET/CT, PET-CT

Introduction

Computed tomography (CT) is the standard mod-

ality for thoracic imaging and provides important

information regarding the operability and prognosis

of lung tumors [1, 2]. The use of thin-section helical

CT for the depiction and diagnosis of endotracheal

and endobronchial disease and for planning the

treatment of airway abnormalities is well established

[3–7]. The increasing use of multi-detector CT

(MD-CT) scanners allows the acquisition of data

sets from large areas of the body with reduced slice

thickness, without increasing the total scanning time

required or compromising the tissue volume

scanned within a given time. Although the volume
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data sets of helical CT are usually reconstructed into

a large number of axial images for diagnostic

interpretation, the commonly used axial image

representation is not ideal for understanding com-

plex 3D anatomy and abnormalities, and patholo-

gical findings make interpretation even more

complicated [8, 9]. Numerous studies have reported

that alternative reconstruction techniques are a

valuable diagnostic complement to axial source

images, providing quantitative and qualitative

improvements in the diagnostic assessment of

airway stenoses [4, 8–15]. Consequently, high-

quality image data processing methods have

become increasingly important in clinical practice

over the last few years [16–19]. However, disease

detection from CT data relies primarily on changes

in anatomical structure and morphology.

Positron emission tomography (PET) facilitates

the evaluation of molecular aspects and metabolic

alterations that are fundamental to the detection

of a wide variety of malignancies. PET imaging

can be performed with different radiotracers. The

most commonly used radiopharmaceutical is a

glucose analog, 2-[fluorine-18]-fluoro-2-deoxy-D-

glucose (18F-FDG). Imaging relies on the detec-

tion of an increased rate of aerobic glycolysis. In

most cancers, malignant cells are associated with

increased metabolic activity. Therefore, increased

uptake of 18F-FDG molecules can be used to spot

areas of malignancy and tumor growth. In general,

the accelerated radiotracer activity can be seen

before anatomical structure changes become

apparent. Variable physiologic radiotracer uptake

can mimic metastatic lesions, but the main

difficulty with PET is the lack of an anatomical

reference frame.

The combination of PET with CT can compen-

sate for their respective disadvantages and therefore

offers several advantages over PET or CT alone. In

the literature, the fusion of molecular/metabolic and

anatomic/morphologic information has been shown

to improve diagnostic accuracy in the identification

and characterization of malignancies, and the

assessment of tumor stage, therapeutical response

and tumor recurrence [20, 21].

The purpose of this study was to demonstrate the

possibilities, advantages and limitations of clinical

application of a virtual endoscopic examination

using data sets from PET/CT. To this end,

a transparent color-coded surface-rendered virtual

hybrid bronchoscopy was used to quantitatively

evaluate tumor lesions and lymph node metastases

and compare the results with those from a

transparent color-coded surface-rendered virtual

CT-bronchoscopy.

Material and Methods

Patients

In a three-month period, eight consecutive patients

(5 men and 3 women) with extended disease from a

non-small cell lung cancer (NSCLC) (central n¼ 5

and peripheral n¼ 3) underwent PET/CT imaging

from the base of the skull to the proximal thigh.

The diagnostic imaging procedure was performed in

the pretherapeutic tumor staging. All patients

provided informed consent. The mean age�

standard deviation of the patients was 65.6� 10.6

years (range: 44–78 years).

Data acquisition

Positron emission tomography (PET) data were

acquired from the base of the skull to the proximal

thigh with the high-count-rate lutetium oxyorthosi-

licate (LSO) detector full-ring Pico-3D PET scan-

ner of a PET/CT scanner (biograph Sensation 16�,

Siemens AG, Erlangen, Germany). All patients had

to have fasted for at least 6 h beforehand, and their

blood glucose level had to be <120mg/dl. A glucose

analog, 2-[fluorine-18]-fluoro-2-deoxy-D-glucose

(18F-FDG), was used as the radiopharmaceutical.

An activity of 200� 18MBq was intravenously

injected 60� 5.6min before starting the measure-

ments. Depending on patient height, seven to eight

bed positions (4min emission per bed position) with

a 700-mm field of view (FOV) were measured. Data

acquisition was performed in a cranio-caudal direc-

tion. Images were reconstructed by means of an

iterative procedure (4 iterations) with ordered

subsets (8 subsets). Matrix size was 128� 128.

Computed tomography (CT) data were acquired

with the 16-slice CT scanner of the same PET/CT

scanner (biograph Sensation 16�). For an optimal

assessment of the gastrointestinal tract, oral admin-

istration of 1,500ml diluted diatrizoate meglumine

(Gastrografin� 1.5%, Schering AG, Berlin,

Germany) was performed beginning 60min before

the start of the examination. An anterior-posterior

scout-view was obtained for planning and determin-

ing the location of the scanning volume. All CT scans

were acquired in a cranio-caudal direction. First,

a low-dose examination was performed from the base

of the skull to the proximal thigh. Scanning

parameters were 120 kV, 20 mAs, CARE Dose,

16� 0.75-mm section collimation, 500-ms rotation

time, and 15.0-mm table feed per rotation.

Images were reconstructed using an increment of

2.5mm with a 700-mm field of view (FOV) and

a kernel of B30f medium smooth. Matrix size was

512� 512. After data acquisition with PET,

the contrast-enhanced examination was performed.
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All patients received a total of 130ml of a nonionic

contrast agent (Imeron� 300, Bracco ALTANA,

Pharma GmbH, Konstanz, Germany) infused

through an 18-gauge intravenous antecubital cathe-

ter using a biphasic contrast-enhanced protocol

(85ml at a flow rate of 3ml/s and then 45ml at

1.8ml/s) plus a chaser bolus (30ml saline with a flow

rate of 1.8ml/s) using a dual-head power injector

(Missouri XD 2001�, UlrichMedical Technic, Ulm,

Germany). A venous-dominant contrast-enhanced

examination was started 80 s after intravenous

contrast media injection from the base of the skull

to the proximal thigh. Scanning parameters were

120 kV, 160 mAs, CARE Dose, 16� 0.75-mm

section collimation, 500-ms rotation time, and

15.0-mm table feed per rotation. Axial CT images

were reconstructed using an increment of 2.5mm

with a 500-mm field of view (FOV) and a kernel of

B30f medium smooth. Matrix size was 512� 512.

Image postprocessing

The PET and CT data sets were automatically

superimposed (MSViewer, Navigator, Siemens AG)

and transferred to a high-performance LINUX

cluster (HELP VR by Siemens; Amira by Mercury

Computer Systems). A software package developed

in-house was used to create the 3D models

and perform virtual endoscopic examinations. The

software program allowed highlighting of the PET

and CT images of the PET/CT data sets, manual

image control, and magnification of each region.

For virtual CT-bronchoscopy, the tracheobronchial

system and the pathological findings of the chest,

mediastinum and hilar region were segmented

interactively by volume-growing using the CT data

sets. For virtual PET/CT-bronchoscopy, the tra-

cheobronchial system was segmented interactively

by volume-growing using the CT data sets, and the

pathological findings of the chest, mediastinum and

hilar region were segmented interactively by

volume-growing using the PET and CT data sets.

For performance of an interactive, automatic,

volume-growing segmentation process, an

individual threshold-based interval value for each

anatomical and pathological structure had to be

defined.

For the evaluation of the PET images,

standardized uptake values (SUVs) were used to

increase lesion detectability. Any focal tracer uptake

higher than an SUV of 5 was rated as pathological

tracer accumulation. Within the lung parenchyma it

was classified as primary tumor, and within the

mediastinum and hilar region it was classified as

lymph node metastasis. For the evaluation of

the CT images, lesions with a pathological

appearance within the lung parenchyma were

rated as primary tumor, and lesions with a nodular

shape and a diameter of more than 10mm within

the mediastinum and hilar region were staged as

lymph node metastases. Only lesions for which

the confidence rate was high were taken into

account. The manual placement of a seed point

in the central region of a structure of interest

partially automated the volume-growing segmenta-

tion process. Adjoining voxels with a value within

the chosen segmentation range belonging to other

anatomical and pathological structures were

included from the segmentation process and had

to be manually removed from the segmented

volume. The use of additional seed points allowed

fine-tuning and greater control of the segmentation

and helped to reduce the amount of segmentation

leakage.

After complete segmentation, the tracheobron-

chial system and the malignancies of the chest,

mediastinum and hilar region were color coded and

displayed using a shaded-surface rendering method.

Freely defined virtual light sources projected both

texture and shadow contours onto this network,

resulting in a realistic visual impression. The soft-

ware program allowed measurements of volume

and distance on any plane. The viewer allowed

intraluminal visualization and examination of

the tracheobronchial system in real time. Virtual

CT-bronchoscopy was performed using the

information from the CT data sets, and virtual

PET/CT-bronchoscopy was performed using the

information from the PET/CT data sets. At any

time during virtual bronchoscopy, it was possible

to vary the degree of transparency of the

tracheobronchial system, shifting from a color-

coded shaded-surface view to a transparent

color-coded shaded-surface view.

Image interpretation

The transparent color-coded shaded-surface virtual

CT-bronchoscopy and transparent color-coded

shaded-surface virtual PET/CT-bronchoscopy

were separately interpreted by a specialist (in

radiology and nuclear medicine) on a high-perfor-

mance LINUX cluster (HELP VR, Siemens). The

reviewer knew that all patients had an NSCLC. The

presence of the primary tumor and the number of

mediastinal and hilar lymph node metastases were

described.

Results

For this study, the routine chest data set from a

whole-body PET/CT examination was used
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(a) (b)

(c) (d)

(e) (f)

Figure 1. A 68-year-old woman with a non-small cell lung cancer (NSCLC) in the right lower lobe and mediastinal
lymph node metastases. (a–c) Coronal view, showing a CT-based attenuation-corrected 18F-FDG PET image (a),
a venous-dominant contrast-enhanced diagnostic CT image (b), and the PET/CT image (c). 18F-FDG PET and CT show
the NSCLC in the caudal region of the right hilus. (d–f) Image postprocessing, showing a color-coded shaded-surface
rendering model of the tracheobronchial system (yellow), the NSCLC (red) and the mediastinal lymph node metastases
(orange), and a volume rendering model of the thorax (transparent, gray) (d); and virtual hybrid bronchoscopic views (e, f)
of the right lower lobe bronchus, showing the NSCLC (red) in the transparent color-coded shaded-surface model (f). The
tracheobronchial system was segmented using the CT data set. The bronchial carcinoma and the lymph node metastases
were segmented using the PET data set. [Color version available online.]
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(Figure 1a–c). The acquisition of PET emission

data requires a relatively long time (several minutes)

and represents an average of patient movement and

respiratory and cardiac motion. The acquisition of

CT data is comparatively short (a few seconds) and

is therefore performed using a breath-hold techni-

que. The deep inspiration normally used to ensure

optimal expansion of the bronchial system and avoid

artifacts caused by movement and breathing could

not be performed. To avoid a marked discrepancy in

the average position of organs, a normal expiration

technique, where the patient halts respiration at the

level of a normal expiration, was used during

the CT data acquisition to facilitate matching of

the PET and CT images.

Using high-quality interactive threshold interval

volume-growing segmentation, it takes 20min to

depict the complete color-coded surface rendering

model of the tracheobronchial system and the

malignancies of the chest and mediastinum shown

in Figure 1d. The generation of the surface-

rendered images was the most operator-dependent

part of the image processing, in which data can be

included or excluded from the volume data set.

Virtual bronchoscopy was performed using a

color-coded shaded-surface model (Figure 1e) and

a transparent color-coded shaded-surface model

(Figure 1f). The color-coded shaded-surface

model allowed only an assessment of the intralum-

inal airway surface. The transparent color-coded

shaded-surface rendering model of the tracheobron-

chial system enables the simultaneous visualization

and assessment of the airways and the extraluminal

pathological structures, as well as quantitative

assessment of the spatial relationship between

these structures.

The transparent color-coded surface-rendered

virtual hybrid bronchoscopy represents the findings

from the PET/CT data sets, while the transparent

color-coded surface-rendered virtual CT-broncho-

scopy represents the findings from the CT data set.

Using both virtual bronchoscopic methods, all

NSCLCs (n¼ 8, 100%) were depicted (Table I).

All patients showed lymph node metastases. For the

detection of lymph node metastases, the transparent

color-coded surface-rendered virtual hybrid

bronchoscopy (n¼ 49, 100%) was more sensitive

than the transparent color-coded surface-rendered

virtual CT-bronchoscopy (n¼ 43, 87.8%), because

PET showed a clearly increased tracer uptake in 6

lymph nodes that were smaller than 10mm

and were therefore not rated in the CT scan.

All lymph nodes with a size greater than 10mm in

the CT scan showed increased tracer uptake in the

PET scan (Table I).

Discussion

CT and virtual CT-bronchoscopy primarily

facilitate the detection of anatomical structural

changes due to disease, and the assessment of

the morphological appearance of the intraluminal

surface of the airways of the tracheobronchial

system, airway lesions, bronchial irregularities or

discrete intraluminal filling defects. The main

advantage of PET is its high sensitivity in identifying

cancerous areas at an early stage. In general, the

accelerated radiotracer activity can be seen before

anatomical structural changes become apparent.

The main difficulty with PET is the lack of an

anatomical reference frame. The combination of

PET with CT facilitates the accurate correlation and

evaluation of molecular aspects and metabolic

alterations of malignancies with anatomical and

morphological findings, and can compensate for the

respective disadvantages of the two modalities and

therefore offer several advantages. In the literature,

the fusion of molecular/metabolic and anatomic/

morphologic information has been shown to

improve diagnostic accuracy in the identification

and characterization of malignancies, and in the

assessment of tumor stage, therapeutical response

and tumor recurrence [20, 21]. In this study,

PET/CT and virtual hybrid bronchoscopy was the

most sensitive imaging procedure for detection of

both primary tumors and lymph node metastases.

Virtual hybrid bronchoscopy with a transparent

color-coded shaded-surface rendering model of

the tracheobronchial system allows individual

qualitative and quantitative localization and assess-

ment of the intraluminal airways and the adjacent

extraluminal mediastinal anatomical and pathologi-

cal structures, particularly for small mediastinal and

hilar lymph nodes and tumors. Therefore, virtual

hybrid bronchoscopy will improve diagnostic

accuracy in the diagnosis of endotracheal and

endobronchial diseases. This is also supported by

Pasic et al. [22], who suggested that 18F-FDG PET

might be useful for the evaluation of early

central airway lung cancer that is occult on high-

resolution CT.

Table I. Quantitative assessment of primary tumor and
mediastinal lymph node metastases using virtual
CT-bronchoscopy and virtual hybrid bronchoscopy
(n¼ 8). (Values are number of lesions detected.)

Primary tumor

metastases

Mediastinal

lymph node

Virtual CT-bronchoscopy 8 43

Virtual hybrid bronchoscopy 8 49
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D
ow

nl
oa

de
d 

by
 [

H
el

m
ho

ltz
-Z

en
tr

um
 M

ue
nc

he
n]

 a
t 0

2:
39

 0
9 

M
ar

ch
 2

01
6 



18F-FDG PET imaging has become an accepted

and valuable diagnostic imaging tool for patients

with cancer. Kamel et al. [23] reported that
18F-FDG PET is a highly valuable diagnostic tool

and has a major impact on the management of

patients with small cell lung cancer (SCLC),

influencing initial staging, restaging after

chemotherapy or radiation treatment, and

management by reducing the probability of

overlooking involved areas. Marom et al. [24]

reported that whole-body 18F-FDG PET was

significantly more accurate than thoracic CT in

staging bronchogenic carcinoma. 18F-FDG PET

can differentiate viable tumor tissue from atelectases

and scar tissue and is therefore helpful in planning

radiotherapy of bronchial carcinoma. A further

advantage of PET is the sensitive detection of

lymph node metastases smaller than 10mm which

are not unequivocally assessable with morphologic

imaging, and whose identification thus leads to

an improvement in the reference standard.

The weakness of morphologic lymph node staging

is the known lack of reliable criteria, since assess-

ment can be made only on the basis of size [25].

Nevertheless, an overall lesion-based sensitivity of

100% for lymph node metastases with the combina-

tion of PET and CT is not a realistic value, because

it is possible that individual metastases showed no

FDG accumulation and were not seen in the

morphologic imaging or not enlarged. However,

lymph nodes of a size greater than 10mm could also

be caused by an inflammatory response [26].

Van Haag et al. [27] compared 18F-FDG PET

and CT in early stage non-small cell lung cancer

(NSCLC) and found 18F-FDG PET superior to CT

for clinical staging of the mediastinum. Therefore, a

more confident decision regarding stratification of

patients into current treatment algorithms can be

made when the decision is based on PET/CT

scanning rather than the current ‘‘gold standard’’

of CT scanning. Although breath-holding is the

standard technique for CT, it is impractical for

PET. Misregistration of central lung nodules on

PET and CT was determined to be 7.6mm on

average for 18F-FDG-avid lung lesions, with

a tendency to be more marked in the lung base

than in the middle lung zone and apex [28–30].

At the chest-abdomen interface, the discrepancy in

the position of the diaphragm between the PET and

CT examination results in the appearance of

an infrequently severe curvilinear ‘‘cold artefact’’

paralleling the dome of the diaphragm in 84% of

patients [31]. Therefore, adjusted breathing techni-

ques to improve registration in the lung have been

evaluated extensively [29, 30]. Goerres et al. [29,

30] reported that use of a normal expiration

technique during CT acquisition, where the patient

halts respiration at the level of a normal expiration,

yields the best match of PET and CT images.

Virtual hybrid bronchoscopy is a special 3D

visualization technique that uses PET/CT data

sets of the thorax to produce realistic simulated

endobronchial views. The quality of the image

postprocessing is directly affected by the PET and

CT data acquisition parameters and any PET and

CT limitations relating to spatial and contrast

resolution [32]. Virtual hybrid bronchoscopy has

several advantages over fiberoptic bronchoscopy in

that it is well tolerated by patients, non-invasive,

and does not require sedation. As with virtual

CT-bronchoscopy, virtual hybrid bronchoscopy can

pass even high-grade stenoses caused by tumors,

enabling an assessment of the length of stenoses that

are too severe to pass with fiberoptic bronchoscopy,

and thus offering the advantage of visualizing areas

beyond high-grade stenoses [4, 33]. It is always

possible to correlate virtual hybrid bronchoscopic

findings with the corresponding cross-sectional

PET/CT images. As with virtual CT-bronchoscopy,

this permits the detection and evaluation of

extraluminal causes of lumen compression and

facilitates differentiation of the reasons for partial

and complete occlusions caused by anatomical

structures (e.g., the aortic arch and tracheal

cartilage), artificial changes (due to respiratory and

movement artifacts resulting from cardiac and

arterial pulsation and secretions) and pathological

structures (caused by tumors and/or lymph nodes)

[3, 5, 6, 33, 34]. Virtual hybrid bronchoscopy with

a transparent color-coded shaded-surface model

offers a practical alternative to fiberoptic broncho-

scopy and is particularly promising for patients in

whom fiberoptic bronchoscopy is not feasible,

contraindicated or refused. It could be used as

a complementary procedure to fiberoptic

bronchoscopy in the evaluation of airway stenosis,

guidance of transbronchial bronchoscopic interven-

tion biopsy (especially in small tumors and lymph

nodes), short-term monitoring in cases of primary

suspect findings in fiberoptic bronchoscopy, and

screening of airways for endobronchial malignancy

in patients with a low clinical suspicion, e.g.,

young patients presenting with either infection

or haemoptysis. Furthermore, virtual hybrid

bronchoscopy could be an important tool in the

pre-operative clarification of operability, as well as

in the precise individual planning, simulation, and

training of the appropriate operative technique

and in the development of surgical, interventional

and palliative therapies. It is potentially very useful

in tumor aftercare, in detecting an early stage of

recurrence, for follow-up examination of surgical,
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interventional and palliative therapy, and in alter-

native approaches such as endoscopic laser

and cryotherapy, dilation, application, after-loading

and so on.

The disadvantages of virtual hybrid bronchoscopy

are derived from the PET and CT technology.

Any limitations of PET and CT in terms of spatial

and contrast resolution directly affect the quality of

the image processing methods [32]. A significant

disadvantage is the radiation exposure required for

scanning the PET and CT data sets, which is

especially dependent upon the CT parameters

chosen. As with virtual CT-bronchoscopy, distally

located portions of the bronchial system can only be

evaluated with virtual hybrid bronchoscopy

using special threshold intervals, and they must be

free of viscous secretions or coagulated blood [33].

A further disadvantage of virtual hybrid

bronchoscopy is the inability to reproduce specific

bronchoscopic findings, especially those portraying

the mucosal surface and accurately depicting

changes in color and friability of bronchial

mucosal abnormalities [4, 5, 33]. Like virtual

CT-bronchoscopy, virtual hybrid bronchoscopy

cannot be used to obtain specimens for further

cytological, microbiological or histological clarifica-

tion [33]. Detailed and systematic studies are

necessary to clearly define the value and clinical

impact of this postprocessing technology.

Conclusions

PET/CT imaging is a highly valuable oncological

diagnostic modality and will probably become very

important for use in cancer screening. A PET/CT

scanner offers the capability for accurate correlation

of molecular/metabolic aspects of the disease and

anatomical/morphological findings, and provides

a clear improvement in diagnostic accuracy by

combining two already excellent modalities.

The increasing use of PET/CT scanners with

incorporated MD-CT scanners allows the acquisi-

tion of high-quality CT data for image postproces-

sing and the performance of virtual hybrid

endoscopy with the same data set. We have

specifically highlighted its use in the visualization

and assessment of the tracheobronchial system

and pathological changes of the chest. The CT

component will primarily provide anatomical details

of the tracheobronchial system and morphological

structural changes due to disease, while the PET

component will identify lesions with the highest

radiotracer uptake. Virtual hybrid bronchoscopy

with a transparent, color-coded, shaded-surface

rendering model offers new perspectives and can

be performed using a low-dose CT scan or

diagnostic CT. It is expected to increase diagnostic

accuracy in the detection of endotracheal/endo-

bronchial, submucosal or peribronchial extension

and discrete infiltrations, and mediastinal lymph

node metastases; the differentiation of viable tumor

tissue from atelectases and scar tissue; and the

verification of infections that are not detectable

or are liable to be misjudged with virtual

CT-bronchoscopy.
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