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Abstract

Rationale and Objectives—To retrospectively investigate the prevalence of tracheal collapse in
an emphysema cohort. The occurrence of a large degree of tracheal collapse might have important
implications for the clinical management of respiratory symptoms and air trapping in emphysema
patients.

Material and Methods—Paired full-inspiratory and end-expiratory thin-section volumetric CT
scans were available for 1071 long term smokers with clinically and physiologically confirmed
emphysema. The percent reduction in the cross-sectional tracheal lumen area from full inspiration
to end-expiration was automatically computed at 2.5 mm intervals along the centerline of the trachea
using customized software.

Results—The maximum tracheal collapse did not follow a normal distribution in the emphysema
cohort (P<0.0001, skewness/kurtosis tests for normality); the median collapse was 18%, intraquartile
range 11% to 30%. Statistically significant differences were found in the distribution of maximal
collapse by gender (P<0.005, Wilcoxon rank-sum test). Overall, 10.5% of males and 17.1% of
females showed evidence of tracheomalacia based on the criteria of a >50% reduction in the cross-
sectional tracheal lumen area at end-expiration.

Conclusion—Our study offers insights into the prevalence of tracheal collapse in a cohort of
emphysema patients; future work is needed to determine the possible relationship between tracheal
collapse and air trapping in emphysema subjects.
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1. INTRODUCTION

A high degree of tracheal collapse is associated with tracheomalacia, which can be diagnosed
in both children and adults [1]. Tracheomalacia can be congenital or acquired; associated
symptoms include dyspnea, wheeze, cough, sputum production, and hemoptysis. Investigators
have suggested a correlation of tracheobronchomalacia with chronic inflammation and
irritants, such as cigarette smoke [2,3]. Due to its non-specific symptoms, it may be an
underdiagnosed condition.

Bronchoscopy is considered the gold standard for diagnosing tracheobronchomalacia [1]; a
reduction in the cross-sectional lumen area of the trachea greater than 50% is considered
indicative of tracheomalacia. The reported prevalence of the disease has ranged from 1% to
13% for all subjects referred for bronchoscopic evaluation [3-5] and as high as 23% for subjects
with a history of chronic bronchitis [2]. The condition is commonly associated with increased
age and chronic obstructive pulmonary disease (COPD) [3].

Recent studies have investigated the use of CT imaging as a less invasive means for the
diagnosis of tracheomalacia [6—16]. Scanning a subject during a dynamic expiratory maneuver
has been shown to be better at eliciting tracheal collapse than a scan at end-expiration [7,9,
12]; however, in clinical practice end-expiratory scans may be more commonly acquired.

This study focuses specifically on subjects in an emphysema cohort; emphysema is a widely
spread disease and affects around 1.8% of the global population [17]. Patients with emphysema
typically exhibit a progressive increase in dyspnea; determining the underlying causes of their
symptoms is essential for effective clinical care of these patients. Zhang et al. [16] observed a
higher frequency and greater severity of air trapping in patients with tracheobronchomalacia
compared to a controlled group. Investigating tracheal collapse in emphysema subjects may
provide insight into a cause contributing to the air trapping associated with the disease.

The purpose of this research was to investigate tracheal collapse as seen at end-expiration in
a large cohort of emphysema subjects, with a specific interest in determining what percentage
of subjects showed evidence of tracheomalacia. Further investigation into the relationship with
age and gender is also presented.

2. METHODS

2.1 Patients

Image data for this study was selected retrospectively from a database comprised of
anonymized image data from multiple centers. Information regarding the clinical history of
each subject was not available; however, the subjects were known to be long term smokers
with clinically and physiologically confirmed emphysema. Complete (i.e., no missing slices)
thin section image data at both a full inspiration (TLC) and forced end-expiration (RV) were
the inclusion criteria for this study. Overall, image data from 1071 subjects meet the inclusion
criteria. Information regarding age and gender was available for only 431 of the subjects; of
whom 267 were known males (median age 64 years, range 41 to 76) and 164 were known
females (median age 62 years, range 41 to 76). The use of the anonymous image datasets from
an ongoing clinical trial was approved by our local institutional review board.
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2.2 CT Scan Protocol

Image datasets from subjects in an emphysema-related clinical trial in which CT scans were
obtained at total lung capacity (TLC) and at residual volume (RV) were used; no participants
were recruited exclusively for this study. This convenience dataset was chosen because it
provided two image series obtained in the same setting, at different levels of suspended
respiration. For the image series at TLC, subjects were instructed to suspend breathhold after
twice breathing deeply, and then inhaling as deeply as possible, at which point the imaging
would commence. The RV series were obtained after instructing participants to breathe deeply
twice, then exhaling as completely as possible before breathholding, at which point the imaging
would commence.

Subjects were imaged on one of twelve scanner models from four commercial vendors: General
Electric (GE Medical Systems; Waukesha, WI); Philips (Philips Healthcare, Andover, MA);
Siemens (Siemens Medical Solutions, Forcheim, Germany); and Toshiba (Toshiba America
Medical Systems, Tustin, CA). Image acquisition protocols were standardized across all
models to maintain comparable image quality; scanning centers were instructed to use a
standardized scan protocol of 120 kVp, 150 to 300 mA, and a pitch of 1.375 to 1.5 [18]. Thin
section series were reconstructed from the image data for each breathhold; the slice thickness
of the thin series was dependent on the capability of each scanner model, and ranged from 0.6
mm to 3.2 mm. Images were reconstructed with a display field of view containing the widest
cross-section of the lungs, using non-enhancing reconstruction algorithms (e.g., GE Bone
algorithm, Philips D, Siemens B50, or Toshiba FC51).

2.3 Measurement of Tracheal Collapse

The image data was transferred to a noncommercial image analysis workstation and database
for evaluation. Customized software was developed in-house to measure the collapse of the
trachea and generate a report of the analysis to facilitate review (Figure 1). The report shows
reformatted coronal and sagittal views of the trachea at inspiration and expiration, the percent
collapse along the trachea, and cross-sectional images at selected intervals along the trachea
including the location of maximal collapse. The percent collapse, shown in the middle of the
report, is color-coded by the degree of collapse at each measurement location: < 30% collapse
(green), 30 to 40% (yellow), 40 to 50% (orange), and >50% (red).

The centerline of the trachea was automatically extracted from the inspiration and expiration
series of all subjects, using imaging analysis techniques similar to that of 3D region growing
[19,20]. The results were reviewed by a research associate with expertise in the field of airway
segmentation. When necessary, minimal manual editing to correct the tracheal centerline was
performed. Using the extracted centerline, cross-sectional images of the trachea were
reconstructed perpendicular to the orientation of the trachea at 2.5 mm intervals. On each cross-
sectional image, a contour of the inner lumen and the tracheal lumen area were automatically
computed [21]. The measurement technique was evaluated using a tube phantom consisting of
tubes (3 to 17 mm in diameter) embedded in synthetic lung parenchyma; the overall accuracy
of the lumen area measurement was within 5% for all tubes.

At each measurement point, the lumen area was computed at both full inspiration (LAt ¢) and
end-expiration (LARy); in addition, the percent change in cross-sectional area between TLC
and RV was also computed (ALA) using the following formula: 100%*(LAT_c — LARy)/
LATL_c. To minimize effects from the closing of the epiglottis near the superior region of the
trachea, analysis of the trachea was restricted to the lesser of the following: the inferior 100
mm of trachea (as measured from the carina) or 90% of the extracted trachea length; the average
collapse (ALAgyg) and maximum collapse (ALAm,x) Were automatically determined in this
region of analysis.
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2.4 Statistical Analysis

Statistical analysis was performed using Stata 8.0 (Stata Corporation, College Station, Texas).
Non-parametric analysis was performed as neither age, LAt c, ALAayg, NOr ALAq« followed
anormal distribution (P<0.001, skewness/kurtosis tests for normality). The correlation between
age and maximal collapse was evaluated with Spearman’s correlation coefficient. Two-sample
Wilcoxon rank-sum (Mann-Whitney) tests were performed to evaluate if the distribution of
values for each measurement differed significantly by gender.

3. RESULTS

For all subjects, the distribution of the maximum tracheal collapse at end-expiration was
heavily skewed as the median was at 18% and the intraquartile range was between 11% and
30%. The distribution of the maximal tracheal collapse was significantly different by gender
(P<0.003). For men, the median was 16% (intraquartile range 11% to 25%); for women, the
median was 20% (intraquartile range 13% to 37%) (Figure 2).

Table 1 provides a summary of the tracheal measurements. For males, the mean (+ standard
deviation) cross-sectional lumen area of the trachea at TLC was 296 + 60 mm?, which was
significantly larger (P<0.001) than that of females 220 + 38 mm2. The average cross-sectional
lumen area was also significantly larger at end-expiration for males (P<0.001).

The age distribution was significantly different between genders, with the male cohort being
an average of two years older than the female cohort (P<0.005). There was a slight correlation
between age and maximal collapse for each gender; for males, the Spearman correlation
coefficient was 0.15 (P<0.03); for females, the Spearman correlation coefficient was 0.26
(P<0.001) (Figure 3).

Overall, 13.4% (143 of 1071) of the subjects showed evidence of tracheomalacia based on the
criteria of a >50% reduction in the cross-sectional trachea lumen area at end expiration. By
gender, 10.5% (28 of 267) of known males and 17.1% (28 of 164) of known females showed
evidence of tracheomalacia based on the 50% criteria. Other authors have suggested alternative
lower or higher thresholds [6,14]. If the threshold was lowered to 28%, the prevalence would
be 27.7% (297 of 1071) for all, 21.3% (57 of 267) for males, and 35.4% (58 of 164) for females.
If the threshold was raised to 70%, the prevalence would be 5.1% (55 of 1071) for all, 4.9%
(13 of 267) for males, and 6.7% (11 of 164) for females.

Figure 4 presents examples of two subjects whose trachea collapsed by more than 50% during
expiration. For both subjects, the tracheal collapse was not restricted to one portion of the
trachea, but was along the entire length of the trachea. These figures also illustrate how the
shape may differ by subject; one subject had a greater anterior posterior collapse, while the
other subject had a greater lateral collapse of the trachea.

4. DISCUSSION

In this study, we observed a large degree of tracheal collapse >50% at end-expiration in 13.4%
of patients in an emphysema cohort. Female gender and increased age appeared to correspond
with a higher degree of collapse. This might have important implications on the respiratory
symptoms and air trapping in emphysema patients, which warrants further study. Previous
studies have suggested that tracheomalacia may be an underdiagnosed condition [1,2,8,11,
22]; this is possibly due to its unspecific symptoms, which may be associated with other
diseases.
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A number of studies have investigated the prevalence of tracheomalacia using bronchoscopy.
In a study of patients with various respiratory symptoms, Herzog et al. [4] reported that only
1% (16 of 1500) had tracheomalacia. In patients with pulmonary disease, lkeda et al. [5]
reported that 12.7% (542 of 4283) had some form of airway collapse > 50%. In a study of
subjects with a history of chronic bronchitis, Jokinen et al. [2] reported that 23% (50 of 214)
had tracheomalacia.

In a large study of patients with various symptoms, Jokinen et al. [3] reported that 4.4% (94
of 2150) had some form of airway malacia. The age of these 94 subjects with malacia ranged
from 46 to 78 years, and 82% were male and 18% were female. It has been suggested that the
higher reported occurrence in males may be reflective of smoking being more common among
males at the time of this study [1]. However, the demographics of the entire study population
were not presented; thus, the gender differences may also be reflective of a higher number of
males in the study.

The potential of CT for less invasive evaluation of tracheomalacia is exemplified by a recent
study that retrospectively evaluated the sensitivity of dynamic expiration scanning (i.e., a
volumetric image acquisition during expiration) using the results of bronchoscopy as the gold
standard. For 29 subjects, the dynamic imaging showed 98% sensitivity for the diagnosis of
tracheomalacia using a maximum collapse of the cross-sectional trachea lumen area >50% as
the diagnostic threshold [13].

In astudy similar to this one, Hasegawa et al. [11] investigated the frequency of tracheomalacia
incidentally detected on CT pulmonary angiography of 163 patients (73 male, 90 female) with
suspected pulmonary embolism. 10% (16 of 163) of subjects showed evidence of
tracheomalacia based on the 50% collapse threshold; of these 16 subjects, 7 were male and 9
were female. Their ages ranged from 41 to 95 years, with a mean age of 72 years; 15 had a
known cause of tracheomalacia, such as prior tube intubation (n=12) and a history of asthma
or COPD (n=5). A difference of their study was that they used only expiration scans; the degree
of collapse was estimated by comparing a “collapsed” region with respect to a nearby “un-
collapsed” region of the trachea, as compared to this study where the collapse is relative to the
size of the trachea at the same location at inspiration.

Both end-expiratory and dynamic expiratory CT imaging protocols have been investigated for
evaluation of tracheomalacia. Aquino et al. [6] studied trachea collapse in 23 normal and 10
subjects with acquired tracheomalacia using paired inspiration and end-expiratory CT. ROC
analysis showed a threshold of 28% collapse of the lumen area of the midtrachea would have
a positive predictive value of 89-100% and a negative predictive value of 95-100%. However,
recent studies have demonstrated that paired inspiration and dynamic expiratory CT is better
for eliciting tracheal collapse than end-expiratory imaging [7,9,12]. For 14 subjects with
confirmed tracheomalacia, Baroni et al. [7] demonstrated that the dynamic CT elicited an
average of 53.9% collapse of the trachea lumen area at the level of the aortic arch, whereas the
end-expiration scan elicited only an average of 35.7% collapse at the same location.

If the standard criteria of 50% collapse of the tracheal lumen area were alone to be used for a
radiological diagnosis of tracheomalacia, then the prevalence would be 13.4% (143 of 1071)
for our cohort of long term smokers with clinically and physiologically confirmed emphysema.
However, the results of the study by Baroni et al. [7] would suggest that our estimate of the
prevalence of tracheomalacia using a 50% threshold level might be low as a result of the end-
expiratory scan protocol. If the suggested threshold of 28% from the Aquino et al. [6] study
were used on our data, then the prevalence of tracheomalacia would be 27.7% (297 of 1071)
for our emphysema cohort. Since we do not have bronchoscopic confirmation, we cannot say
with certainty which threshold most closely matches the true prevalence.

Acad Radiol. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ochs et al.

Page 6

Care should be taken before making a diagnosis or estimating the prevalence of tracheomalacia
based on a single threshold, which may have been developed using only a limited numbers of
subjects. In a study of 10 young, nonsmoking adult males, Stern et al. [14] found their average
(= SD) collapse of the trachea lumen area to be 38 + 18% (range 11% to 61%), yet four of the
healthy subjects had a collapse greater than 50% during a forced inspiration and expiration
maneuver. The authors suggested a collapse greater than 70% should be used as a threshold
for tracheomalacia. Since an argument could be made for multiple levels, Table 1 reports the
estimated prevalence at 28%, 50%, and 70%; although, it is recognized that the 50% threshold
level has been most commonly applied in previous studies.

There were limitations in our study. First, the emphysema cohort may have confounded the
results. Emphysema restricts lung motion, and likely alters the dynamics of breathing and
tracheal collapse when compared to normal subjects. The differences in the degree of collapse
may also simply be reflective of individual differences in respiratory effort and ability. The
relationship between change in lung volume and collapse, as well as the reproducibility of the
collapse is an area of further investigation. Although the image data was from multiple centers,
our investigations into quality assurance have shown good compliance with the standardized
imaging protocol [18].

Second, dynamic expiratory scans were not used; although, they have been shown to be better
at eliciting tracheal collapse than end-expiratory imaging [7,9,12]. Unfortunately, neither
dynamic expiratory nor bronchoscopic findings were available for our cohort of subjects. The
imaging protocol for the clinical trial in which the subjects were enrolled did not require
dynamic scans. By retrospectively using the available TLC and RV volumetric scans, our study
did not increase the radiation exposure of subjects above what was required for the clinical
trial. It should be noted though that a low-dose dynamic expiratory protocol for analysis of the
central airways has been proposed to help minimize the radiation exposure [15].

Third, clinical histories for our subjects were not available, which limits our understanding of
clinical factors that may influence the tracheal collapse. However, our study may offer insights
into the prevalence of the tracheal collapse seen in a cohort of emphysema subjects as well as
possible gender differences.

Finally, a complete validation of the software was not performed. However, steps were taken
in order to ensure the validity of the results. The measurement technique has been previously
evaluated [21], and the report allows a visual confirmation of the analysis. Although untested,
we would expect the accuracy and reproducibility of the software to be similar, if not better,
than a manual approach on axial images, which requires the following user steps: 1) visually
locating the area of maximal collapse at end-expiration, 2) finding the corresponding location
on the inspiration scan, and 3) manually contouring the trachea on both scans for analysis.

Understanding the effect tracheal collapse has on patient symptoms is important considering
its suggested underdiagnosis in everyday clinical practice. In the future, exploring
physiological, pathological, and technical factors that may influence the measured collapse
will be essential for obtaining reproducible measurements and better understanding the disease.

5. CONCLUSION

In our study of long term smokers with clinically and physiologically confirmed emphysema,
we found that 13.4% of the subjects showed a collapse of the trachea >50% at end-expiration.
This observation might have important implications of possible effect of tracheal collapse on
the respiratory symptoms, air trapping and therapy evaluation in emphysema patients. Further
studies are needed to investigate this postulate further; however, our current work might offer
an important insight into the prevalence of tracheal collapse in patients with emphysema.
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Figure 1.

Example of an analysis report; reformatted coronal and sagittal views along the trachea are
shown at both inspiration (top-left) and end-expiration (top-right) breathhold; the color-coded
degree of collapse is shown at each measurement point along the trachea (top-middle);
examples cross-sectional views of the trachea at both inspiration levels are shown side-by-side
at selected locations (bottom).
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Figure 2.
Histogram of the maximal collapse of the tracheal lumen area elicited with the end-expiration
CT for each gender.
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Figure 3.

Scatter plot of the relationship between age and maximal trachea collapse. There was a slight
relationship between the degree of trachea collapse and age for both genders in the emphysema
cohort.
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The shape of the collapse of the trachea may take different forms. Subject (a), a 71 year old
female, had a greater collapse of the posterior membrane. Subject (B), a 73 year old male,

showed a greater collapse in the lateral axis.

Acad Radiol. Author manuscript; available in PMC 2010 January 1.



Ochs et al. Page 13

Table 1
Summary of the measurements; significant differences were found between the male and female subjects. The mean
+ SD are shown for measurements.
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All (n=1071)" Male (n=267) Female (n=164) P-value™™

Age (years) - 64+7 62+8 P <0.005
Measurement

LA7 ¢ (mm?) 268 + 64 296 + 60 221+38 P <0.001

LAgy (Mm?) 224 + 74 253+ 70 179 +54 P <0.001

ALAGq (%) 16+ 19 14 +17 19+20 P <0.03

ALA 4 (%) 25+ 20 22+19 28+21 P <0.003
Number of Subjects with Maximal Trachea Collapse

>28% 27.7% (n=297) 21.3% (n=57) 35.4% (n=58)

>50% 13.4% (n=143) 10.5% (n=28) 17.1% (n=28)

>70% 5.1% (n=55) 4.9% (n=13) 6.7% (n=11)

*
Age and gender information was available for only 431 of the 1071 subjects in the emphysema cohort.

**k
Two-sample Wilcoxon rank-sum (Mann-Whitney) test between male and female
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