
 

 
 
 
 
 

Early View 
 
 
 

Original article 
 
 
 

Comparison of histologic and computed 

tomographic measurements of pig lung bronchi 
 
 

Volker H. Schmitt, Christine Schmitt, David Hollemann, Andreas Mamilos, Willi Wagner, Oliver 

Weinheimer, Christoph Brochhausen 

 
 
 

Please cite this article as: Schmitt VH, Schmitt C, Hollemann D, et al. Comparison of histologic 

and computed tomographic measurements of pig lung bronchi. ERJ Open Res 2020; in press 

(https://doi.org/10.1183/23120541.00500-2020). 

 
 
 
 
 
 

This manuscript has recently been accepted for publication in the ERJ Open Research. It is published 

here in its accepted form prior to copyediting and typesetting by our production team. After these 

production processes are complete and the authors have approved the resulting proofs, the article will 

move to the latest issue of the ERJOR online. 

 
 
 
 

Copyright ©ERS 2020. This article is open access and distributed under the terms of the Creative Commons 

Attribution Non-Commercial Licence 4.0. 



Original article 

 

Comparison of histologic and computed tomographic measurements of pig lung bronchi  

 

Volker H. Schmitt
1,2*

, Christine Schmitt
3*#

, David Hollemann
4
, Andreas Mamilos

5
, Willi 

Wagner
6,7

, Oliver Weinheimer
6,7§

, Christoph Brochhausen
5,8§

 

 

1
Department of Cardiology, University Medical Centre, Johannes Gutenberg University of 

Mainz, Mainz, Germany 

2
German Center for Cardiovascular Research (DZHK), Partner Site Rhine Main, Mainz, 

Germany 

3
Practice Dr. Wolf and Colleagues, Mainz, Germany 

4
Institute of Clinical and Molecular Pathology, State Hospital Horn, Horn, Austria 

5
REPAIR-lab, Institute of Pathology, University of Regensburg, Regensburg, Germany

 

6
Department of Diagnostic and Interventional Radiology, University Hospital Heidelberg, 

Heidelberg, Germany 

7
Translational Lung Research Centre Heidelberg (TLRC), German Lung Research Centre 

(DZL), Heidelberg, Germany 

8
Central Biobank Regensburg, University Regensburg and University Hospital Regensburg, 

Regensburg, Germany 

 

*Both authors contributed equally to this work and share first authorship  

#
This work contains parts of the MD thesis of C. Schmitt 

§
Both authors contributed equally to this work and share senior authorship 

 

Corresponding author: 

Prof. Dr. Christoph Brochhausen 

REPAIR-lab, Institute of Pathology 

European Institute of Excellence for Tissue Engineering & Regenerative Medicine 

University of Regensburg 

Franz-Josef-Strauß Allee 11 

93053 Regensburg, Germany 

Tel.: ++49 0941 944 6636 

e-mail: christoph.brochhausen@ukr.de 

mailto:brochhausen@pathologie.klinik.uni-mainz.de


Summary of take home messages 

Automated measurement techniques advance diagnostics of lung diseases. Pig bronchi wall 

size varied between MicroCT, CT IBM, CT FWHM and histology. CT IBM was closest to 

histologic results followed by MicroCT. CT FWHM highly differed to all other groups. 

 

 

Abstract 

Aim: Light microscopy is used as template in the evaluation and further development of 

medical imaging methods. Tissue shrinkage caused by histological processing is known to 

influence lung tissue dimensions. In diagnostic of chronic obstructive pulmonary disease, 

computed tomography (CT) is widely used for automated airway measurement. We compared 

the bronchus wall thickness in histological and different image analysis methods. 

Methods: Airway measurements of pig lungs were performed after freezing under controlled 

inflation pressure in a liquid nitrogen bath. The wall thickness of seven bronchi was measured 

via MicroCT and CT using the integral based method (IBM) and the full-width-at-half-

maximum method (FWHM) automatically and histologically on frozen and paraffin sections. 

Statistical analysis was performed using the Wilcoxon test, Pearson’s correlation coefficient 

with a significance level at P < 0.05, scatter plots and Bland Altman plots. 

Results: Bronchus wall thickness was smallest in frozen sections (median 0.71 mm) followed 

by paraffin sections (median 0.75 mm), MicroCT (median 0.84 mm) and CT measurements 

using IBM (median 0.68 mm) and FWHM (median 1.69 mm). Statistical significant 

differences were found among all tested groups (p < 0.05) except for CT IBM and paraffin 

and frozen sections and MicroCT. High correlation was present between all parameters with 

statistical significance (p < 0.05). 

Conclusions: Significant differences in airway measurement were found in the different 

analyzing methods. The absolute measurements with CT IBM were closest to the histological 

results followed by MicroCT, whereas CT FWHM revealed a distinct divergence to the other 

groups. 

 

 

 

 

 



Introduction 

Imaging procedures such as sonography, x-ray radiography, computed tomography (CT) and 

magnetic resonance imaging (MRI) represent integral diagnostic routes and play a crucial role 

in clinical science. In the evaluation of imaging techniques the correlation to light 

micrographs of histological slides is a commonly used method and crucial to assess the 

genuineness of the medical image compared to the original object in vivo [1-3]. Exemplarily, 

in the development of ultrasonic carotid artery wall thickness measurement and its 

implementation into clinical use the accuracy and interpretation of sonographic measurements 

gathered in epidemiological studies and clinical trials were verified via ultrasonic-pathologic 

comparison by correlating ultrasound data against histological measurements of cadavers in 

vitro and in situ [1, 2]. Interestingly, the histologic specimens in these studies were already 

corrected for shrinkage due to histologic processing [1, 2]. Also in CT the ability of 

appropriate sizing plays a decisive role. An appropriate example is given by the CT evaluation 

of renal masses [4], where appropriate sizing in imaging techniques is a matter of discussion 

since studies exist showing a relevant discrepancy between radiologic and pathologic 

measurements with overestimation of tumor size in CT measurement [5]. This has relevant 

implications for pre-operative patient management regarding prognosis [6] and, in renal 

surgery, discrepancies in measuring methods even affect decisions on nephron-sparing 

surgery in certain patients [7].  

In thoracic radiology, CT technology has become indispensable [8], especially the 

automized assessment of airway geometry derived from high resolution CT scans are of great 

importance in diagnostics and surveillance of pulmonary diseases [9]. Since various lung 

diseases are accompanied with an increase in airway wall thickness due to airway remodeling 

[10-12], which is based on changes in the airway structure including subepithelial fibrosis, 

increased smooth muscle mass, submucosal gland enlargement, revascularization and 

epithelial alterations [13], qualitative and quantitative analyses of CT images of the lungs are 

becoming increasingly important not only for the better understanding of lung disease 

mechanisms and drug targeting strategies but also in the medical and surgical management of 

these patients [14-16]. Kosciuch et al. demonstrated a significant correlation between small 

airway wall thickness and lung function measured via spirometry in patients with bronchial 

asthma and chronic obstructive pulmonary disease (COPD). This group found increased air 

trapping in asthma to be reflected by the thickening of the airway wall and elevated airway 

resistance and responsiveness as a result of airway thickening in COPD [11]. Thus, asthma 

and COPD can be differentiated via airway dimension measurement in high resolution CT 



since the bronchial walls in asthmatic patients are thicker than in subjects with COPD, 

whereas airway diameter in asthma seems to be smaller than in COPD [17]. In both diseases, 

the airway wall thickness and the lumen diameter are related to disease severity. The airway 

wall thickness measured in high resolution CT images was shown to correlate with functional 

parameters of airflow obstruction in COPD patients. Moreover, it was demonstrated that the 

bronchial wall thickness in smokers was significantly higher than in non-smokers [18]. In 

COPD the bronchial dimensions were shown to depend on the smoking status and smoking-

induced airway remodeling was partially reversible after smoking cessation even in long-term 

heavy smokers [19]. Further, it was demonstrated that short-time airway geometry changes 

can be detected in severe COPD with quantitative CT [20]. Therefore, huge efforts have been 

made to develop radiological measurement methods using CT, such as non-invasive 3D 

measurements and quantifications of airway geometry and lung parenchyma aiming to 

advance diagnostic and prognostic methodologies for several diseases like asthma, 

emphysema, COPD and cystic fibrosis [10-12, 21-24]. Several high resolution techniques 

exist such as synchrotron radiation-based CT, which allows the in vivo study of regional lung 

ventilation in mice and high resolution lung imaging on human scale [25], as well airway 

function measurements by direct quantification of stable Xenon gas inserted as an inhaled 

contrast agent using K-edge subtraction imaging and the dynamics of Xenon wash-in can be 

used to calculate quantitative maps of regional specific lung ventilation [16]. Spiral-CT opens 

the possibility of acquiring 3D images of the pulmonary bronchial tree and gives access to 

quantitative measurements of regional lung volume, ventilation and mechanical properties 

[16]. Micro-CT represents a promising technique in non-destructive 3D imaging and 

morphometric analysis with almost microscopic resolution and sufficient soft tissue contrast 

and opens further possibilities in the assessment of lung micro-architecture [26]. However, 

conventional methods rely on a large gray value contrast between lung and surrounding 

tissues and fail on scans with lungs that contain dense pathologies [27]. Also, accurate 

determination of inner and outer airway wall surfaces of a complete 3D tree structure is 

challenging because of its complex nature [9]. Moreover, the assessment of thin structures 

like airway walls causes difficulties in the measurement of the density and the thickness of 

these structures due to the limited spatial resolution of clinical CT scanners [10]. Therefore, 

different CT measurement techniques exist like the full-width-at-half-maximum method 

(FWHM) and the more advanced integral based method (IBM). FWHM is thought to 

overestimate the thickness of bronchus walls and IBM was developed with the intent to more 

accurately approach the true anatomic size [10].  



In the further development and evaluation of lung imaging methods the comparison of 

radiologic images and radiologic measurements of the airway with histologic slides is a 

necessary tool. However, volume alteration of tissue due to fixation and histologic processing 

is a well-known phenomenon in surgical pathology [28-30] and has also been described in 

lung tissue [31-40]. As a consequence, in the assessment and further development of imaging 

techniques and radiologic methods it is also crucial to investigate the histologic correlate to 

which these procedures are compared to - with the aim of discovering the histologic 

procedure, which qualifies best for reflecting the in vivo structure most accurately. Hence, it is 

necessary to assess the fixation and processing induced volume alteration in a tissue type 

when it shall be used as a template for imaging procedures. Overall, the histologic method 

which best reflects the in vivo situation supposedly should be assessed for each tissue. In the 

present study, for the first time, measurements of the bronchus wall thickness were compared 

between paraffin and frozen sections as well as MicroCT and the two CT methods IBM and 

FWHM. 

 

Materials and Methods 

The present study was performed with four pig lungs. Since two of these were gained from 

another animal study and the two remaining lungs were obtained from the local abattoir 

immediately after slaughtering no animals were killed for the sole purpose of this study. The 

experimental method used in this investigation was already described in detail elsewhere [40, 

41]. In brief, four excised pig lungs were intubated using a conventional tracheal tube (Willy 

Rüsch GmbH, Kernen, Germany) and frozen in liquid nitrogen (temperature -183°C) in 

ventilated condition when visually inflated to total lung capacity by use of a mechanical 

ventilator (SV 900, Siemens-Elema AB, Sweden) with a positive end expiratory pressure set 

to 20 mmHg. The frozen lungs were given in a box which was partly filled with curd to 

optimize stabilization for later cutting and was subsequently given into the liquid nitrogen 

bath again. This compound was scanned with a routine chest CT examination protocol 

(Brilliance 16, Philips Medical Solutions, Leiden, Netherlands, tube voltage – 120 kV, tube 

current – 120 mAs, slice thickness – 1.0 mm, increment – 0.8 mm, kernel D). The used 

clinical CT scanner underwent dedicated routine calibration for water every three months and 

for air daily, also the MicroCT scanner was calibrated to the Hounsfield scale routinely. 

Immediately after CT image reconstruction, optimal localizations where bronchi crossed the 

image plane perpendicularly were marked with ink and wire by helps of the CT gantry’s laser 

light. Guided by these marks the boxes were cut using an anatomical saw (Selekta 3, Mado, 



Dornhan/Blackforest, Germany) and slices with correlating bronchi were selected based on 

macroscopic and CT image examination. Small cuboids containing the selected bronchi were 

prepared. These cuboids were scanned with a desktop cone-beam Micro-CT scanner 

(SCANCO Medical, µCT 40) with an isotropic spacing of 0.02 mm. Afterwards, of these 

cuboids, frozen sections of 5 µm thickness were performed using a cryomicrotome and 

stained with hematoxylin and eosin (HE) according to standard protocols. On the remaining 

tissue the surface of the cutting edge was marked and the specimens were fixed in 4% 

formalin for at least 12 hours under room temperature. Then, paraffin sections of exactly the 

same cutting edge as the frozen sections were performed and stained with HE. Exclusion of 

specimens occurred once the bronchi could not be microscopically and 

computertomographically correlated or due to missing intactness of anatomic structures, e.g. 

lack of the entire intact bronchial wall including the epithelium. So, in the end, only exactly 

and perfectly preserved bronchus specimens were used. After this rigorous selection 

procedure, a total of 7 bronchi remained for further evaluation (Figure 1). Histological 

investigation and measurement were performed using a light microscope (BX45, Olympus, 

Hamburg, Germany) and microscope software (Cell sense entry, Olympus, Hamburg, 

Germany). The optical system of the microscope underwent calibration yearly during the 

routine service performed by the manufacturer. Digital Images were taken with a microscope 

camera (Olympus SC30, Olympus, Hamburg, Germany). From the chosen bronchi one frozen 

and one paraffin section were analysed, in each slide the wall thickness of the bronchus was 

investigated using high power fields (hpf) of 400-fold magnification. For every bronchus 40 

measurements were implemented at different positions of the bronchus wall in both the 

paraffin and the frozen section, as previously described [40]. The corresponding CT 

measurements were performed using the scientific software system YACTA (yet another CT 

analyser, version 1.1.4.1), as described in detail before [10]. The grey scale profile across the 

airway wall was detected by 256 centrifugal rays. The integral-based method was used to 

quantify the median airway wall thickness. The wall thickness was determined in areas where 

the bronchus was surrounded by parenchyma. Localizations which could not be reasonably 

assessed by the grey scale profile, e.g. when the airway wall was attended by bronchial 

arteries, were automatically excluded. Data collection occurred using Microsoft Excel 

(Microsoft Excel 2010, Microsoft Corporation, Redmond, WA, USA) and statistical analyses 

was conducted with SPSS Statistics 20 (IBM Deutschland GmbH, Ehningen, Germany). 

Wilcoxon test and Pearson’s correlation coefficient were performed with a significance level 

at 0.05 and scatter plots as well as Bland Altman plots were conducted. 



 

Results  

The thickness of the pig bronchus walls was smallest when measured by CT using IBM 

(median 0.68 mm, mean 0.72 mm, minimum of 0.43 mm, maximum of 0.9 mm) followed by 

measurement in frozen sections (median 0.71 mm, mean 0.66 mm, minimum 0.42 mm, 

maximum of 0.83 mm) and paraffin sections (median 0.75 mm, mean 0.75 mm, minimum 

0.05 mm, maximum 0.91 mm). Bronchus wall thickness measured with Micro-CT amounted 

to 0.84 mm at the median (mean 0.82 mm, minimum 0.56 mm, maximum of 0.95 mm). CT 

measurement using FWHM resulted in the highest wall thickness with the largest distance to 

the other groups (median 1.69 mm, mean 1.64 mm, minimum 1.36 mm, maximum 1.77 mm). 

The results are summarized in Table 1 and Figure 2. Wilcoxon test with a significance level 

at p < 0.05 revealed statistical significance for all groups except for CT using IBM and 

paraffin section (p = 0.237), frozen sections (p = 0.176) as well as MicroCT (p = 0.063) 

(Supplement Table 1) [40]. 

Pearson’s correlation coefficient revealed high correlation between all groups and for 

all statistical significance was present. The highest correlation was found between MicroCT 

and CT using FWHM [R = 0.929 (95%CI 0.046; 0.994), p = 0.003], followed by paraffin and 

frozen sections [R = 0.902 (95%CI 0.638; 0.988), p = 0.005] as well as paraffin sections and 

MicroCT [R = 0.902 (95%CI 0.309; 0.997), p = 0.005]. High correlation was also present 

between MicroCT and CT using IBM [R = 0.898 (95%CI 0.721; 0.988), p = 0.006], frozen 

sections and CT using FWHM [R = 0.866 (95%CI 0.240; 0.981), p = 0.012], paraffin sections 

and CT using IBM [R = 0.860 (95%CI 0.291; 0.995), p = 0.013], frozen sections and 

MicroCT [R = 0.813 (95%CI 0.169; 0.994), p = 0.026], paraffin sections and CT using 

FWHM [R = 0.811 (95%CI -0.243; 0.989), p = 0.027] as well as frozen sections and CT using 

IBM [R = 0.805 (95%CI 0.146; 0.987), p = 0.029]. The smallest correlation, which still was 

high, was present between CT using IBM and CT using FWHM [R = 0.794 (95%CI -0.151; 

0.991), p = 0.033] (Table 2 and Supplement Table 2). These results are illustrated by 

regression plots in Figure 3, Figure 4 and Supplement Figure 1.  

Mean differences and limits of agreement in accordance with the approach of Bland 

and Altman were calculated between all groups. The smallest mean difference was found 

between CT IBM and the paraffin sections with 0.034 mm, the agreement limits ranged from -

0.148 mm to 0.217 mm. The largest mean difference was found between CT FWHM and the 

frozen sections with -0.989 mm and agreement limits ranging from -1.134 mm to -0.844 mm. 



The Bland Altman plots are shown in Figure 5, Figure 6 and Supplement Figure 1, the 

mean differences between all groups are summarized in Supplement Table 3. 

Altogether, the present results revealed close measurements of bronchial walls in 

paraffin and frozen sections which differed significantly but revealed a high correlation 

between the two methods (median paraffin sections 0.75 mm, median frozen sections 0.71 

mm, divergence of median values 0.04 mm, relative divergence 5%, Wilcoxon p = 0.018, R = 

0.902, p = 0.005). CT using IBM presented the measurements which were closest to the 

results of the histological data with a slight underestimation of the bronchial wall thickness 

compared to paraffin and frozen sections (median CT IBM 0.68 mm, divergence to median 

paraffin sections 0.07 mm, relative divergence to paraffin sections 9.3%, divergence to 

median frozen sections 0.03 mm, relative divergence to frozen sections 4.2%). Wilcoxon test 

revealed no significant difference [p = 0.237 (paraffin sections), p = 0.176 (frozen sections)] 

to the two histological methods, and simultaneously correlation was high to both groups 

(paraffin sections and CT IBM: R = 0.860, p = 0.013; frozen sections and CT IBM: R = 

0.805, p = 0.029). The difference of MicoCT measurements to histology differed by 12.0% to 

paraffin sections and by 18.3% to frozen sections (median MicroCT 0.84 mm, divergence to 

median paraffin sections 0.09 mm, relative divergence to paraffin sections 12.0%, Wilcoxon p 

= 0.043, R = 0.902, p = 0.005; divergence to median frozen sections 0.13 mm, relative 

divergence to frozen sections 18.3%, Wilcoxon p = 0.018, R = 0.813, p = 0.026). CT using 

FWHM (median 1.69 mm) revealed a considerable difference to the results of the other 

methods. Compared to histology, there was a divergence of 125.3% to paraffin sections 

(divergence to median paraffin sections 0.94 mm, relative divergence 125.3%, Wilcoxon p = 

0.018, R = 0.811, p = 0.027) and 138.0% to frozen sections (divergence to median frozen 

sections 0.98 mm, relative divergence 138.0%, Wilcoxon p = 0.018, R = 0.866, p = 0.012). 

The difference of CT using FWHM to MicroCT was 0.85 mm (relative divergence 101.2%, 

Wilcoxon p = 0.018) with a high correlation of the measurements of both groups (R = 0.929, 

p = 0.003). The highest difference of all assessed groups was present in the divergence 

between the two CT methodologies IBM and FWHM, which amounted the highest difference 

of all assessed groups (median CT IBM 0.68 mm, median CT FWHM 1.69 mm, absolute 

divergence 1.01 mm, relative divergence 148.5%, Wilcoxon p = 0.018, R = 0.794, p = 0.033). 

An overview of absolute and relative median differences between all groups is given in 

Supplement Table 4. 

 

Discussion 



The present study represents the first comparing analysis of different histologic and radiologic 

methods, namely paraffin and frozen sections, Micro-CT and CT including the two CT 

approaches IBM and FWHM, in the quantitative assessment of the airway structure by 

measuring the bronchus wall thickness of pig bronchi. The difference between paraffin and 

frozen sections amounted 5%. CT using IBM revealed the measures closest to histology with 

a divergence of 4.2% to frozen and 9.3% to paraffin sections. Interestingly, no statistically 

significant difference but a high and significant correlation was present between CT using 

IBM and both histological methods. The measurements of MicroCT and CT with IBM 

differed by 19.0%. Interestingly, the two CT methods FWHM and IBM revealed the highest 

divergence of all groups (148.5%). By this, while the measurements of CT using IBM only 

differed slightly from histology (9.3% and 4.2%, respectively) and MicroCT (19%), a large 

difference was present between all groups and CT using FWHM (divergence of 125.3% to 

paraffin and of 138% to frozen sections, divergence of 101.2% to MicroCT). These 

differences were statistically significant and revealed a high correlation. The divergence of 

MicroCT to histology was 12.0% (paraffin sections) and 18.3% (frozen sections). 

The diagnostic assessment of the airway wall by CT offers the advantage of minimal 

invasiveness and thus has become a useful and authentic tool for airway imaging [13] to 

enhance understanding and diagnostics of several lung diseases [11, 15, 17, 18]. For accurate 

airway quantification several methods are being tested and are subject to continuous further 

development [9, 42]. To assess and advance imaging techniques it is necessary to compare 

radiologic image data to histologic data [43] as shown in several developments like carotid 

artery sonography [1, 2] and mammography [44] or even to expose limited usefulness of 

radiologic methodologies as shown in the assessment of optic nerve invasion of 

retinoblastoma [45] and the characterization of adnexal masses [46]. In diagnosing lung 

diseases like pulmonary adenocarcinomas, CT assessment represents a useful aid in 

determining the best surgical method [47] by measurement of the tumor size [48]. However, 

volume alteration caused by fixation and processing which also occurs in lung tissue [31-39] 

evokes the need to investigate the volume alterations due to histologic tissue processing. In 

this context, a comparison of lung adenocarcinoma assessment by CT and gross pathology 

measurements revealed a statistically significant difference between the mean CT and mean 

pathology measurement of 18.3% [49]. The results of the present study revealed considerable 

differences in bronchial wall measurements between histology and CT. These findings are in 

line with previous investigations in the literature. In a study by Isaka et al. the tumor size of 

lung adenocarcinoma depicted by CT and the measurements performed by the surgical 



pathologist were compared and significantly smaller lung tumor sizes in macroscopic 

measurement as well as in paraffin and frozen sections were found compared to CT data [50]. 

In detail, the specimens were macroscopically already significantly smaller compared to the 

radiologic data but the most considerable loss in size was seen after histologic processing. 

Interestingly, in contrast to the results of the present study concerning the bronchus wall, in 

the investigation by Isaka et al. the tissue size in paraffin sections was slightly smaller than in 

frozen sections [50]. Multiple reasons for possible tissue shrinkage exist in the context of 

fixation and histologic processing like exposition to air [30, 51], fixation in alcohol, formalin 

[52] or formaldehyde [53, 54], freezing [55], embedding in paraffin, cutting and stretching 

[54]. However, the dimension of volume loss was shown to vary with tissue type, specimen 

size, used fixatives, and tissue processing method [30, 56]. In their study Isaka et al. assumed 

the discordance observed between CT measured tumor size and light microscopic tumor size 

to be due to shrinkage of the lepidic component in the tumor [50]. Regarding the present 

results, unlike lung adenocarcinoma the size of the bronchial wall thickness was smaller in 

frozen than in paraffin sections. This might be caused by the different tissue structure of the 

airway compared to a solid soft tissue tumor like lung adenocarcinoma, which contains also a 

considerable amount of cartilage tissue and therefore may underlie other shrinkage properties 

than soft tissue. Since besides evaluating imaging methods in biomedical research the 

comparison of image features with corresponding histopathology represents the current gold 

standard for disease assessment [37], knowledge about fixation and processing induced tissue 

shrinkage is crucial for the particular assessed tissue type, especially when samples are 

compared after different processing procedures [57]. The results of the present study revealed 

frozen sections and CT using IBM to match best and CT using FWHM to differ most in size 

from other radiologic as well as histologic data. However, the review of the literature makes 

clear that each of the used methods in former and the present study might reveal different 

measurements compared to the in situ situation in the body. Therefore, the impact of size 

differences of bronchial structure between paraffin and frozen sections has to be further 

investigated and further studies are required to assess which histologic method represents the 

in vivo size proportion of the bronchial wall best. In addition, it is a matter of fact that the 

extent of tissue shrinkage depends on the several processing parameters such as fixation agent 

and concentration. This is the reason why results should be interpreted in the context of the 

procession methods. Knowledge about volume alteration due to fixation and processing 

together with the further development and improvement of medical imaging methods is 

crucial since differences between radiologic and pathologic tissue volumes could have 



considerable implications in the treatment and prognosis of patients [49]. Furthermore, 

regarding the lung, tissue shrinkage due to fixation, embedding and staining was shown to 

vary considerably among mammalian species revealing the necessity of assessing these 

volume changes in different species, particularly with regard to interspecies studies and 

comparability [31]. Hence, the present study reveals crucial results for histologic and 

radiologic airway measurement, especially in the context of further development of radiologic 

methods. 
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Figure legends:  

 

Figure 1: Depiction of the same bronchus with different imaging methods. Clear differences 

in resolution are present between CT (left) and MicroCT (middle) images. Detailed tissue 

illustration like differing between cartilage clasps or identifying ciliated epithelium is possible 

with light microscopy of histologic sections only (right, HE staining). CT pixel spacing 0.68 

mm, MicroCT pixel spacing 0.02 mm, histologic section 20-fold magnitude. 

 

Figure 2: Boxplots showing the bronchi wall thickness measurements of frozen and paraffin 

sections as well as in MicroCT and CT measurements using the integral based method (IBM) 

and the full-width-at-half-maximum method (FWHM). There was a significant difference 

between the groups. When histologic and computed tomographic measurements were 

compared, the scoring in paraffin sections and with MicroCT were closer than the evaluation 

via frozen section or CT. CT using FWMH revealed a high divergence to the other groups 

while CT using IBM were close to the results of the other imaging methods. The scale bar is 

scored in the measurement unit mm. [40] 

 

Figure 3: Regression plots correlating the two histologic methods paraffin sections (top row) 

and frozen sections (bottom row) with the computertomographic measurements of Micro-CT 

(left line), CT using the integral based method (IBM, middle line) and CT using the full-

width-at half-maximum method (FWHM, right line). R: Pearson’s correlation 

 

Figure 4: Regression plots of Micro-CT, CT using the integral based method (IBM) and CT 

using the full-width-at-half-maximum method (FWHM). R: Pearson’s correlation 

 

Figure 5: Bland Altman plots showing the distribution between paraffin sections (top row) or 

frozen sections (bottom row) with Micro-CT (left line), CT using the integral based method 

(IBM, middle line) and CT using the full-width-at-half-maximum method (FWHM, right 

line).  

 

Figure 6: Bland Altman plots showing the distribution between Micro-CT, CT using the 

integral based method (IBM) and CT using the full-width-at-half-maximum method (FWHM). 

 



Tables and table legends: 

 

 

Table 1: Results of the bronchus wall measurements of frozen and paraffin sections as well as MicroCT and CT measurements. 

 Paraffin sections Frozen sections MicroCT CT IBM CT FWHM 

N 7 7 7 7 7 

Median 0.75 0.71 0.84 0.68 1.69 

Mean value 0.75 0.66 0.82 0.72 1.64 

Standard deviation 0.14 0.15 0.13 0.18 0.14 

Minimum 0.05 0.42 0.56 0.43 1.36 

Maximum 0.91 0.83 0.95 0.90 1.77 

Percentiles 
25 0.72 0.55 0.77 0.61 1.59 

75 0.91 0.76 0.90 0.89 1.75 

All values are given in the dimensional unit millimeters except for the count of evaluated bronchi (N). Partly according to [40]. 

 

 

 

Table 2. Heat map showing Pearson’s correlation among the investigated imaging modalities. 

 

Paraffin sections Frozen sections MicroCT CT (IBM) CT (FWHM) 

Paraffin sections  

 

0,902 0,902 0,86 0,811 

Frozen sections 0,902 

 

0,813 0,805 0,866 

MicroCT 0,902 0,813 

 

0,898 0,929 

CT (IBM) 0,86 0,805 0,898 

 

0,794 

CT (FWHM) 0,811 0,866 0,929 0,794 
 Highest correlation is given in intense red. Fading colour intensity with declining Pearson's correlation 

coefficient. 

 



 



 



 





 



 



Supplement 

 

Supplement figure legend 

 

Supplement Figure 1. Regression plot and Bland Altman plot of paraffin and frozen sections showing the correlation as well as the distribution 

between the two histologic methods.  

 

 

 

Supplement Tables and Table legends 

 

Supplement Table 1: Evaluation of statistical differences between the measurements among the investigated imaging modalities.  

Test groups p-value 

 Paraffin sections and Frozen sections 0.018 

Paraffin sections and MicroCT 0.043 

Paraffin sections and CT IBM 0.237 

Paraffin sections and CT FWHM 0.018 

Frozen sections and MicroCT 0.018 

Frozen sections and CT IBM 0.176 

Frozen sections and CT FWHM 0.018 

MicroCT and CT IBM 0.063 

MicroCT and CT FWHM 0.018 

CT FWHM and CT IBM 0.018 

Wilcoxon test with a significance level at p < 0.05. Partly according to [40]. 

 



 

Supplement Table 2. Pearson’s correlation between the measurements among the investigated imaging modalities. 

 R  95% confidence interval Standard deviation P-value 

 Paraffin sections and Frozen sections 0.902 0.638; 0.988 0.092 0.005 

Paraffin sections and MicroCT 0.902 0.309; 0.997 0.193 0.005 

Paraffin sections and CT (IBM) 0.860 0.291; 0.995 0.215 0.013 

Paraffin sections and CT (FWHM) 0.811 -0.243; 0.989 0.378 0.027 

Frozen sections and MicroCT 0.813 0.169; 0.994 0.221 0.026 

Frozen sections and CT (IBM) 0.805 0.146; 0.987 0.252 0.029 

Frozen sections and CT (FWHM) 0.866 0.240; 0.981 0.303 0.012 

MicroCT and CT (IBM) 0.898 0.721; 0.988 0.066 0.006 

MicroCT and CT (FWHM) 0.929 0.046; 0.994 0.241 0.003 

CT (IBM) and CT (FWHM) 0.794 -0.151; 0.991 0.296 0.033 

Linear regression analyses calculating Pearson's correlation coefficient with a significance level at P < 0.05. N = 7.  

R: Pearson’s correlation. 

 

 

Supplement Table 3: Mean differences of bronchus wall measurements between the investigated imaging methods. 

 Paraffin sections Frozen sections MicroCT CT IBM CT FWHM 

Paraffin sections mm (%)  0.09 (12.0) 0.07 (9.3) 0.03 (4.0) 0.89 (118.7) 

Frozen sections mm (%) 0.09 (12.0)  0.16 (24.2) 0.06 (9.1) 0.98 (148.9) 

MicroCT mm (%) 0.07 (9.3) 0.16 (24.2)  0.10 (12.2) 0.82 (100.0) 

CT IBM mm (%) 0.03 (4.0) 0.06 (9.1) 0.10 (12.2)  0.92 (127.8) 

CT FWHM mm (%) 0.89 (118.7) 0.98 (148.9) 0.82 (100.0) 0.92 (127.8)  

Mean differences of bronchus wall measurements between the investigated imaging methods in absolute (mm) and relative (%, 

brackets) values. 

 



 

 

Supplement Table 4: Median differences of bronchus wall measurements between the investigated imaging methods. 

 Paraffin sections Frozen sections MicroCT CT IBM CT FWHM 

Paraffin sections mm (%)  0.04 (5.0) 0.09 (12.0) 0.07 (9.3) 0.94 (125.3) 

Frozen sections mm (%) 0.04 (5.0)  0.13 (18.3) 0.03 (4.2) 0.98 (138.0) 

MicroCT mm (%) 0.09 (12.0) 0.13 (18.3)  0.16 (19.0) 0.85 (101.2) 

CT IBM mm (%) 0.07 (9.3) 0.03 (4.2) 0.16 (19.0)  1.01 (148.5) 

CT FWHM mm (%) 0.94 (125.3) 0.98 (138.0) 0.85 (101.2) 1.01 (148.5)  

Median differences of bronchus wall measurements between the investigated imaging methods in absolute (mm) and relative (%, 

brackets) values. 

 

 

 




