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  Abstract 
The avian respiratory system (the lung-air sac system) is exceptionally structural-
ly complex and functionally efficient. The capacity of powered (active) flight in 
birds is largely attributed to these features. Although it has been investigated for a 
longtime, important questions on the bioengineering of the avian respiratory sys-
tem still remain unclear and controversial. Among these are basis of the airflow 
dynamics in the lung, the structure and topographic arrangement of the airway- 
and the vascular systems and the shapes and sizes of the terminal respiratory 
units. Here, in attempt to resolve some of the issues, the lung of the domestic 
fowl, Gallus gallus variant domesticus, was investigated by three-dimensional 
(3D) serial section computer reconstruction. The bronchial-(airway) and the vas-
cular systems were reconstructed and their morphologies thoroughly assessed to 
determine their morphologies and spatial relationships. Movies of the reconstruc-
tions were prepared and rotated to view the structures from different perspectives. 
Furthermore, the different parts of the pulmonary vasculature were extracted and 
reinserted into the reconstructions to determine whether anastomoses existed. The 
most important findings were: three main branches (= rami) of the pulmonary 
artery deliver venous (deoxygenated) blood to various parts of the lung; three 
main branches of the pulmonary vein drain arterial (oxygenated) blood from the 
lung; the third costal sulcus forms the approximate boundary between the cranial- 
and the caudal blood supply- and drainage regions of the lung and; at least up to 
the level of the interparabronchial arteries and veins, no anastomoses (intercon-
nections) were observed between the branches of the pulmonary artery and vein. 
 
Keywords 
Domestic fowl, Lung, Histological sections, 3D reconstruction, Airways, Blood 
vessels 

 
1. Introduction 

“Visualizing the three-dimensional (3D) organization of organs is critical for understanding their structure and 
function”. [1]  

Through evolution by natural selection [2], cells, tissues, organs and organ-systems that comprise living entities adap-
tively develop to optimally drive the homeostatic physiological and biochemical life-supporting processes. After the in-
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vention of the compound light microscope, about four-and-half centuries ago by Zacharias Jansen (1580-1638) [3, 4, 5], 
for nearly 3 centuries, microscopic study of biological structures was limited to visualization of sectional, i.e., 
two-dimensional (2D), profiles. In the late 19th century, researchers investigating the three-dimensional (3D) properties 
employed rather crude tools to examine serial sections after projecting their outlines and generating an image of the ob-
ject orthogonal to the direction of sectioning [6] or by tracing profiles of the object of interest onto stacks of glass sheets 
[7-9]. Such techniques were still being used when Sydney Brenner in the early 1970’s first applied computers to solve the 
onerous challenge of preparing and robustly examining serial section reconstructions [10, 11]. Modern advances in com-
puting power, software engineering, imaging technology and visualization tools have more recently permitted switch to a 
variety of 3D reconstruction methodologies that have revolutionized the fields of molecular-, cellular-, tissue-, and organ 
biology [12-24]. Presently, at least at mathematically, even four-dimensional (4D) conceptualization of objects is possi-
ble [23, 25-27]. As proposed by Alan Turing [28] in his pioneering work, in biology, function emanates from accretion of 
various infinitesimal physical and biochemical events that happen between and among the individual structural compo-
nents at different levels of organization, from molecular-, cellular- to organ-system levels. Thorough understanding of the 
structure and arrangement of the constitutive components should allow better understanding of the genesis of states and 
conditions such as physiological processes and events and disease- and pathological states.  

Three dimensionality is an ubiquitous property of natural structures [29-31]. The configuration is quintessential to life 
as we know it. For example, structures that perform functions such as transportation, distribution and exchange of mate-
rials and substances such as the bronchial system of the lung that transports air, the gastrointestinal system that conveys 
food and blood vessels that transfers blood have to develop as tubules and not as sheets or layers such as the peritoneal- 
and the meningeal membranes that separate spaces in the body [32, 33]. Experimentally, in cell culture assays, it has been 
shown that 3D preparations best reproduce the in vivo (natural) conditions and states more suitably compared with the 
conventional 2D ones [27, 34-43]: cells in 2D cell cultures lose their tissue distinctive properties [39, 44] as differences 
in mechanical- and biochemical signals disrupt cell-to-cell or cell-to-matrix connections. In drug delivery studies, it has 
been shown that while many preparations may show success in 2D cell cultures, in 3D environments (e.g. in the body or 
in 3D culture), large number of cells form masses that limit the efficiency of drug transfer to individual cells [41]. More-
over, in 2D cell cultures, the cells develop a spheroid shape and the clusters form large masses instead of clusters devel-
oping from division of single cells [37]: the assemblages are significantly larger than those formed by 3D culture.  

Three-dimensional serial section reconstruction is an arduous but highly instructive research technique [19, 45-49]. It 
entails preparation of spatial models of structures from an adequate number of 2D images [50-52]. However, because of 
the long time it takes to execute it and the quantity of materials (e.g. number of sections) required to accomplish it and 
the specialized computational skills needed to perform it well, 3D reconstruction is only rarely employed in morphologi-
cal studies. The 2D images needed to construct 3D shape can be obtained after preparation of serial sections or by tomo-
graphic methods using any measureable signals that can penetrate the specimen such as light, ultrasound, gamma rays, 
X-rays, neutrons or electrons [19, 53-57]. Dating back to the late 19th century [58-60], use of serial sections for 3D re-
construction is the earliest and longest practiced method by which 3D (spatial) micro-morphological data have been ob-
tained. Although alternative more recent techniques that are faster, cheaper and easier to use and which work in an auto-
mated manner are now available, serial histological section 3D reconstruction (SHS-3D-R) still remains an important 
technique. This is fundamentally because the reconstructions that are generated have better contrast and signal-to-noise 
ratio. Furthermore, dyes and markers can be applied to well-distinguish and better detect the structural components by 
coloured or fluorescent signals. SHS-3-R is effective from ~0.2 µm resolution and large volumes (in the 1,0003 voxel 
range) can be sampled. These features make SHS-3D-R highly effective for preparation of proper, high-resolution 3D 
micro-morphological images. Recently, advances in optical (light) microscopical sectioning techniques as well as auto-
matic block-face image capturing methods like episcopic fluorescence image capturing (EFIC) or surface imaging mi-
croscopy (SIM) [54, 61-68] have profoundly advanced the efficiency and accuracy of capturing images by serial section-
ing. Regarding possible sub-micron resolution, compared to the modern 3D reconstruction techniques, conventional light 
microscopical (histological) sections have certain advantages [55, 69, 70]: the foremost ones are the high contrast and the 
large sample size that can be investigated [13, 19, 69-72]. Only a few ultramodern 3D reconstruction techniques, e.g., 
synchrotron-based microcomputer tomography (µCT) or focused ion beam scanning electron microscopy (FIB/SEM) 
tomography rival it in the imaging resolution obtained on histological sections [55, 70]. As more robust methods of ap-
plying 3D reconstruction technology continue to be developed and improved, 3D imaging and animation will form a pi-
votal research method in the morphologist’s toolbox. Earlier studies that applied different methods of investigation will 
need to be re-evaluated. 3D reconstruction has lately found important application in medical fields such as tissue engi-
neering and regenerative medicine [71-74]. Recently, Geyer and Weninger [68] observed that ‘imaging plays a central 
role in all areas of modern science and is one of the most expanding fields of biomedical research’. 

To contribute to understanding of the functional design of the avian (bird) lung, here, we have performed 3D histolog-
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ical section reconstruction of the airway- and the vascular (pulmonary artery and vein) systems using multi-view image 
acquisition of microscopic samples combined with pre- and post-processing steps, including correlation-based image 
registration, filtering and a combination of manual and automated segmentation. Among the extant air-breathing verte-
brates, the avian respiratory system (the lung-air sac system) is structurally the most complex and functionally the most 
efficient [75-84]. Although it has been investigated for nearly five centuries, i.e., since Coitier [85], some aspects of its 
biology remain unclear and controversial [83]. Like for other invaginated vertebrate gas exchangers [86], while the res-
piratory system of birds is on the whole ventilated tidally (i.e., in-and-out), simultaneously, the paleopulmonic part of the 
lung is ventilated unidirectionally and continuously in a caudocranial direction by synchronized bellows-like actions of 
the air sacs while the neopulmonic one is ventilated tidally [78, 87]. In the avian lung, the path taken the inspired air is 
controlled aerodynamically [88, 89] and not by anatomical valves or sphincters as was once envisaged. When animals 
(mammals and birds) of similar body mass are compared, for birds, the avian lung is relatively smaller, has a thinner 
blood-gas barrier, larger respiratory surface area and larger capillary blood volume, structural features that provide higher 
anatomical pulmonary diffusing capacity of oxygen [81, 83, 86, 90, 91]. The morphological specializations of the avian 
lung explain why birds are among the few extant animal taxa that have achieved powered (active) flight, an exceptionally 
energetically greatly costly form of locomotion [92-94]. Some species of birds even fly nonstop over very long distances 
while others fly under the hypoxic conditions of extreme altitude [94-98].  

An account of this work was presented at the 10th International Conference on Computer Methods at Singapore in July 
2019. 

2. Materials and methods 
2.1 Fixation and processing of the lung 

The Animal Ethics Committee of the University of Johannesburg approved the procedures employed in this study 
(Clearance Number: 2017-06-29/Maina). A mature domestic fowl, Gallus gallus variant domesticus, was killed by intra-
venous injection with pentobarbitone sodium (Euthanase®) into the brachial vein at a dosage of 3 cm3.kg-1. The lungs 
were then fixed by intratracheal instillation with phosphate buffered 2.5% glutaraldehyde (350 mOsm L−1, pH 7.4) at a 
pressure head of 3 kPa. The trachea was ligated and the fixative left in situ for six hours before the lungs were removed 
from their costovertebral attachments, processed whole by the standard histological procedures and embedded in paraffin 
wax. 

2.2. Serial sectioning and imaging 
The procedures adopted in preparation of materials and images as well as the techniques applied for 3D reconstruction 

are shown on Figure 1.  
Two-thousand six hundred and eighty-nine (2,689) transverse serial sections were cut at a thickness of 8 µm, stained 

with hematoxylin-eosin (H&E) and mounted in sequence onto glass slides. The complete set of sections comprised the 
entire lung volume. Thirty seven (37) sections were lost or damaged during sectioning and mounting of sections onto 
glass slides. In most instances, the lost sections were not consecutive but in one case nine sections spanned a gap of 72 
µm. An area of ˜12.88 × 9.655 mm2 that included the complete transverse section of the lung was photographed by an 
Axioskop image analyser (Zeiss Instruments) at a magnification of x10 in uncompressed Tiff image format at a resolu-
tion of 2,576 × 1,931 pixels with a calibrated sampling of 5 µm/pixel. 

2.3 Image alignment 
Every fifth image was picked and where a section or sections was/were lost or exhibited defects such as folds, tears, 

compression or insufficient staining, the previous- or the following section was taken. In total, five hundred and thirty 
five (535) sections representing 40 µm in the Z-direction were picked and picked and photographed. The images were 
manually corrected for brightness and contrast using ImageJ Version 1.4.0. [99] and imported into Spider V.15 [100]. 
The images were normalised to a mean of 0 and standard deviation of 1 and down-sampled by a factor of 8 using bicubic 
interpolation to yield a sampling of 40 µm in X and Y. The images were then multiplied by a mask function representing 
a Gaussian falloff and aligned to one another by maximising the cross-correlation function in X, Y and in-plane rotation 
[14]. The resulting alignment was adequate for resolving the parabronchi and the blood vessels.  

2.4 Segmentation of the reconstruction 
To recognize and segment the air-conducting elements for the reconstruction, an automated method which entailed a 

Gaussian filter and a threshold was employed [13, 14, 101]. In certain instances where adjacent parabronchi were sepa-
rated by interparabronchial septa, a borderline was manually drawn around the periphery of the lung. Furthermore, where 
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two air-conducting elements were located next to each other, to ensure that they were distinguishable, lines were manu-
ally drawn between them. The process was repeated until a satisfactory correspondence between the unprocessed images 
and the segmented ones [102, 103] was achieved (Figure 2). Blood vessel segmentation was done by manually defining 
the border of each blood vessel in the original (unprocessed) colour images. These images were then down-sampled and 
aligned to one another by applying the alignment parameters that were previous determined [13, 14, 101]. To ensure that 
blood vessels were not mistaken for the air-conducting elements (particularly those lacking blood and erythrocytes in 
their lumina), the segmented blood vessels were separated from the air-conducting elements. 

2.5 Reconstruction, processing and display  
The above procedure generated three image stacks: ‘air’, ‘blood’ and ‘original images’ that were changed into volumes 

using Spider V.15 [100] and low-pass Fourier filtered to a resolution of 160 µm with a Gaussian falloff [103]. All three 
reconstructions were concurrently displayed in UCSF Chimera 1.12 [104], the proper surface threshold value being de-
termined by comparison with the ‘original images’ volume. Larger blood vessels and airways were visualised by em-
ploying an additional low-pass Fourier filter to a resolution of 0.8 mm and adjusting the threshold value. The segmenta-
tion function in Chimera was applied to further segment the blood vessels into arteries and veins (Figure 2).  

3. Results 
The morphologies of the airway- and the vascular (pulmonary artery and vein) systems of the lung of the domestic 

fowl, Gallus gallus variant domesticus are shown on figures 3-6.  

 
Figure 1. Processes and procedures used in the three-dimensional (3D) reconstruction of the airway- and the vascular systems 

of the lung of the domestic fowl, Gallus gallus variant domesticus. After processing and blocking the tissues, sectioning was 
done 8 μm thickness and all sections stained; every 5th section was picked and photographed and images normalised and 

down-sampled; the images were multiplied by a mask function to prevent the image border and the dust particles from con-
tributing to the alignment score; with the previously aligned image (‘n’) serving as a template, the images were correlated with 

one another; for alignment, the image was rotated and translated relative to the previous one until a maximum correlation 
score was obtained; the newly aligned image was then used as a template to align the next image (‘n+1’) and; the process was 
repeated for the remaining sampled sections. The 3D was done using the UCSF Chimera Package from the Resource for Bio-

computing, Visualization and Bioinformatics at the University of California, San Francisco [104]. Further technical details are 
given in [13, 14, 101]. 
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Figure 2. Sampled section (number 525) showing the process of segmentation. Hematoxylin and eosin stained section showing 
various structural components (A). PB, primary bronchus; asterisks, secondary bronchi; arrows, blood vessels; Pr, parabron-

chi. The same resampled, normalised and aligned section showing the structural components of the airways (cyan) that are 
well-resolved (B). Blood vessel- (red) (C) and airway (cyan) (D) segmentation. Excellent match between the structures identifi-

able on the stained section (A) was obtained (E). Scale bar, 1 cm. 

3.1 Bronchial (airway) system 
The left- and the right extrapulmonary primary bronchi enter the lung at the hilum to form the intrapulmonary primary 

bronchi (IPPB) or mesobronchi that pass through the lung, changing in shape, size (diameter) and location before exiting 
on the caudal edge of the lung to deliver air to the caudal air sacs (Figs. 3a-c, e, f; 4; 5a, b, i, j). Figure 4 shows different 
views of the reconstruction after rotation across various angles. On Figure 5, the arrangement of the airway- and the vas-
cular systems are shown with a transverse section of the lung in the background to show the topographic relationships 
between the reconstructions. As the IPPB transits the lung, it gives rise to different groups of secondary bronchi on vari-
ous aspects along its luminal surface (Figs. 3a, c-f; 4; 5 a, b, i, j). Tertiary bronchi or parabronchi interconnect the sec-
ondary bronchi (Figure 6): those that join the medioventral secondary bronchi (MVSB) to the mediodorsal secondary 
bronchi (MDSB) comprise the paleopulmo or the so-called ‘old lung’ while those that link the MDSB, the lateroventral-, 
the laterodorsal- and the MVSB form the neopulmo or the so-called ‘new lung’ [75]. The paleopulmonic parabronchi are 
arranged as stacks of parallel passageways that are mainly found on the dorsolateral aspect of the lung while the neopul-
monic ones are found on the medioventral aspect of the lung (Figure 6). The paleopulmonic parabronchi are larger in size 
(diameter and length) and anastomose regularly while the neopulmonic ones are smaller in size and interconnect pro-
fusely (Figure 6).  

3.2 Pulmonary vein (PV)  
On entering the lung at the hilum just ventral to the origin of the first MVSB, three main branches or rami connect to 

form the PV (Figs. 3b, d, e, f; 4): these are the accessory-, the cranial- and the caudomedial branches. The PV drains ar-
terial (oxygenated) blood from different parts of the lung and return it to the heart for circulation to the rest of the body. 
The accessory branch which is the last branch to join the other branches to form the PV drains blood from a smaller part 
of the lung ventral to hilum; the cranial branch drains blood from the craniodorsal region of the lung immediately before 
the third costal sulcus and the caudomedial branch (which is the most direct continuation of the PV collects blood from 
most of the lung caudal to the third costal sulcus (Figs. 3b, d-f; 4; 5c, d, g-j). The three rami of the PV essentially divide 
the lung into roughly a cranial- and a caudal drainage areas along a transverse plane that passes between the second- and 
third costal sulcus (Figs. 3c-f; 5c, d, g-j), with the cranial part of the lung drained by the accessory- and the cranial 
branches and the caudal part by the caudomedial branch. Along the median longitudinal plane that is more or less marked 
by the course followed by the IPPB, the lateral aspect of the caudal part of the lung is drained by a smaller caudolateral 
branch of the main caudomedial branch (Fig. 5d, h, j). Up to the level of the interparabronchial veins, no connections 
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(anastomoses) were observed between the branches of the PV and the PA.  

3.3 Pulmonary artery (PA) 
At the hilum, the PA is separated from the PV by the primary bronchus (Figs. 3e; 4; 5g, h, i, j). Delivering venous 

(deoxygenated) blood to the lung, the PA branches into craniomedial-, caudomedial- and accessory branches close to the 
hilum (Figs. 3c-f; 5e, f-j): it lies lateral to the PV (Fig. 3d-f). In this study, the hilal region was not included in the recon-
struction as it was inadvertently removed while clearing the tissues adhering on the surface of the lung. The largest part 
of the craniodorsal part of the lung is supplied with venous blood by the cranial branch of the PA (Figs. 3c-f, 5e-j); the 
caudomedial branch supplies blood to the part of the lung caudal to a transverse plane passing along the third costal sul-
cus and gives off as many as four small branches that radiate out towards the dorsal and ventral parts of the lung and; the 
accessory branch delivers blood to the ventral part of the lung (Figs. 3c-f; 4; 5e-j). Up to the level of the interparabron-
chial arteries, no connections (anastomoses) were observed between the branches of the PA and the PV. 

 
Figure 3. Three-dimensional (3D) computer reconstruction of the airway- and vascular systems of the lung of the domestic fowl, 

Gallus gallus variant domesticus that are computationally cropped to well-show the structures: medial- (a-e) and lateral (f) 
views. The airways are shown in cyan, the pulmonary artery in blue and the pulmonary vein in red. The numbering 1-5 (Figs. 

d, e) shows costal sulci (impressions made by the ribs) in a craniocaudal direction. Three main branches, namely the accessory- 
(AcB), the cranial- (CrB) and caudal medial (CMB) branches form the pulmonary vein and the pulmonary artery comprises 
similar braches, namely the accessory- (AcB), the cranial- (CrB) and caudal medial (CMB) branches. PB, primary bronchus; 
MVSB, medioventral secondary bronchi; MDSB, mediodorsal secondary bronchi; LVSB, lateroventral secondary bronchi. 

Scale bar, 0.5 cm. 
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Figure 4. Different views of the reconstructions of the airway- and the vascular systems of the lung of the domestic fowl, Gallus 

gallus variant domesticus, shown on Figure 3. 
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Figure 5. Medial and lateral views of the three-dimensional (3D) reconstructions of the airways (bronchi) shown in cyan (Fig. 
4a, b, i, j) and blood vessels, i.e., pulmonary vein (red) (Fig. 4c, d, g-j) and pulmonary artery (blue) (Fig. 4e-j). The reconstruc-
tions are overlaid on a cross-section of the lung to show the locations and topographical relationships of the airway- and vas-
cular structures. The numbers 1-5 [shown with arrows on figure 4a and in consecutive numbers (1-5) on figure 4g, i are the 
costal sulci, i.e., the markings made by the ribs on the surface of the lung]. PB, primary bronchus; MVSB, medioventral sec-

ondary bronchi; MDSB, mediodorsal secondary bronchi; LVSB, lateroventral secondary bronchi. Scale bar, 0.5 cm. 
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Figure 6. Three-dimensional (3D) reconstructions of the airway (bronchial) system of the lung of the domestic fowl, Gallus 
gallus variant domesticus. Fig. 5a is a lateral view and Fig. 5b medial one showing the paleopulmonic- (PP) and the neopul-
monic (NP) regions of the lung. MDSB, mediodorsal secondary bronchi. Fig. 5b) shows the hilal region of the lung (dashed 

circle), the primary bronchus (PB) and branches of the pulmonary vein (arrows). Fig. 5c is a dorsolateral view of the recon-
structed lung showing paleopulmonic parabronchi (Pr) from the mediodorsal secondary bronchi connecting with those from 

the medioventral secondary bronchi (MVSB) (located on the medial aspect of the lung) and joining at the linea anastomotica or 
the line of anastomosis (dashed line). The costal sulci which are the markings left by the ribs on the lung are shown by stars. 
Fig. 5, d, e: Transverse section of the reconstructed lung showing primary bronchus (PB), paleopulmonic- (PP) and neopul-
monic (NP) regions of the lung. Stars, secondary bronchi; arrows, branches of the pulmonary artery; dots, branches of the 

pulmonary vein. Fig. 5f, g: Close ups of the lateral aspects of the reconstructed lung showing paleopulmonic- (PP) (originating 
from MDSB) and neopulmonic (NP) parabronchi of the lung: the former are larger in diameter and are arranged in stacks 

while the later are relatively smaller and anastomose profusely. Fig. 5h, i: Longitudinal section of the lung showing paleopul-
monic parabronchi (PP) (cut transversely) that are arranged in stacks and neopulmonic parabronchi (NP) that anastomose 

profusely. On Fig. 5h, the branches of the pulmonary vein are shown by arrows and those of the pulmonary artery by arrows. 
PB, primary bronchus; dots, costal sulci. On Fig. 5i, a branch of the pulmonary vein (star) is seen passing across paleopul-

monic parabronchi (PP) (arrows). NP, neopulmo. Scale bars: a, b, 1 cm; c, 0.5 cm; d, e, 1 cm; f, 0.5 mm; g, 0.2 mm; h, 0.5 mm; 
i, 0.2 mm. 
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4. Discussion  
The structure and function of the avian lung have been investigated by various techniques that have among others 

comprised injection of markers such as microspheres into the blood vessels and following the paths they have taken mi-
croscopically, casting the airways and the blood vessels with materials such as microfilm, silicone, mercox and latex 
rubber and by different types of instruments such as confocal- and transmission- and the scanning electron microscopes 
[75-81, 84, 86-88, 90, 91, 105-118]. While highlighting the notable structural features that were observed in this study, 
previous observations are corroborated and the robusticity of the technique of 3D computational reconstruction as means 
of investigating the morphologies of complex biological structures is underscored. The shapes, the connections and the 
topographic relationships of the structural components that comprise the avian lung are unclear and contentious [83, 115, 
116] and where interspecific differences occur, it is uncertain whether the variations have originated from developmental 
processes or have emanated from the environmental conditions under which eggs were incubated and hatched and the 
lifestyles that birds pursued on maturity.  

As observed by Abdalla [105] and Abdalla and King [106, 107] and corroborated in this study, compared with the 
mammalian lung where the pulmonary artery closely tracks and patterns the airways and the vein located intersegmen-
tally [119], for the avian lung, such close relationship does not exist between the airway- and the vascular systems. The 
morphological differences between the mammalian- [120] and the avian [121] lungs may explain the more complex ar-
rangement of the structures of the avian lung and its relatively greater respiratory efficiency [79, 102, 122-124]. In more 
derived species of birds, e.g., the songbirds or passeriforms, the lung comprises two structurally and functionally distinc-
tive parts, namely the relatively larger paleopulmo (old lung) that develops before the smaller neopulmo (new lung) [75, 
122-124]: the paleopulmo is largely located on the dorsal aspect of the lung and is ventilated continuously and unidirec-
tionally in a caudocranial direction by synchronised actions of the air sacs while the neopulmo is mainly found on the 
ventral aspect and is ventilated tidally [75, 78, 87]. While the paleopulmo exists in all adult avian lungs [75, 78, 79], in 
less derived birds such as the kiwi (Genus: Apteryx), the neopulmo is lacking [79]. As corroborated in this study, the 
paleopulmonic parabronchi are arranged in parallel stacks that anastomose periodically while those of the neopulmo an-
astomose more profusely. The topographic and the morphologic differences between the airways and the blood vessels of 
the avian lung (compared to the mammalian one) may arise from the fact that the two parts of the lung (paleopulmo and 
neopulmo) develop at different times in different locations [123, 124]. In the nascent lung bud of the mammalian- and the 
avian lungs, the mesenchymal cells that form the airways and the blood vessels originate at the hilum and extend out-
wards [119, 120, 123-126].  

Regarding the studies by Abdalla [105] and Abdalla and King [106, 107] that entailed detailed study of the morpholo-
gies of the pulmonary vasculature of the domestic fowl, Gallus gallus variant domesticus by microsphere injection fol-
lowed by microscopic follow ups, while corroborating most of the observations made by the investigators, here, 3D 
computer recostruction revealed certain variations. While main branches of the PA, namely the accesory-, the caudolater-
al-, the caudomedial- and the cranial branches were reported by Abdalla [105] and Abdalla and King [106, 107], we ob-
served only three main branches (= rami); for the PV, we observed three main branches while Abdalla [105] and Abdalla 
and King [106, 107] reported two branches, namely a cranial- and a caudal branch. Both in Abadalla [105] and in this 
study, the third costal sulcus formed the approximate boundary between the cranial- and the caudal blood 
supply/drainage regions of the lung occur and at least up to the level of the interparabronchial arteries and veins, no 
anastomoses (interconnections) were found between the branches of the PA and the PV. Because of the capability of ro-
tating the reconstructions and extracting and repositioning the various parts of the reconstructions, it can be confirmed 
that arterial-venous anastomoses do not occur between the vascular systems of the avian lung ahead of the interpara-
bronchial arteries and veins of at least that of the domestic fowl. It suggests that in such lungs, the air flowing along the 
parabronchial lumina and the venous blood flowing in the parabronchial exchange tissue do not equilibrate and that gas 
exchange should occur all along the parabronchial exchange tissue. Potentially, such a design forms a highly efficient gas 
exchange system with functional reserve.  

5. Conclusion 
Compared with other techniques that have hitherto been employed to study the morphologies of the airway- and the 

vascular systems of the avian lung, 3D computer reconstruction is highly instructive. Here, movies of the reconstructions 
and ability to extract and reposition the various structures allowed for thorough assessment of the preparations. As hig-
hlighted by Baghaie et al. [21], contrary to general assumption, the scanning electron microscope (SEM), an instrument 
commonly used to view surfaces of biological structures at micro-scale does not provide 3D images. The visuals are es-
sentially 2D since they lack a measure of true depth. Furthermore, although the preparations can to an extent be mechan-
ically rotated for the surface to be viewed from different angles, the mounted side cannot be accessed. However, recently, 
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several SEM techniques that can be used to obtain 3D details of a biological sample have been developed [127-129]. 
Some of the techniques can be performed on most microscopes while others require specialized instrumentation and 
software.  
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