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Preface

There has always been a need to understand the reality "through figures." Morphometry is a
set of techniques, procedures, and computer resources that allow, thanks to a software of
image analysis, to objectivate figure parameters of the object of study. A body figure is, in
fact, a mathematically descriptive curve.

In its beginnings, morphology focused on simple descriptions of the observed structures. Ini-
tially, descriptions and comparisons were made qualitatively, i.e., compared with some easily
recognizable form, using, for instance, terms such as "circled," "elongated," "fusiform," etc.

At the beginning of the twentieth century, the transition from descriptive studies to a more
quantitative field occurred. Studies started to base on the analysis of the differences of their
linear dimensions (measures, distances, angles, and proportions as variables). These meas-
ures were initially analyzed by univariate and bivariate statistical methods. The mathemati-
cal approximation to morphology originated directly from Francis Galton (1822-1911), Karl
Pearson (1857-1936), Walter Frank Raphael Weldon (1860-1906), and Ronald Aylmer Fisher
(1890-1962), to cite some. They developed methods of analysis with the aim of describing
morphological variation patterns of intra- and intergroup. With technological advancement,
their study acquired greater complexity and began to use multivariate statistical analysis—
component analysis, canonical variables, discriminant function groups, etc. This approach is
currently known in biometrics as "traditional morphometry."

Traditional morphometry provides the investigator of a set of analytical techniques to quan-
tify morphological variation and to study the components that alter such variation. From
variance-covariance matrices, it builds distances and uses multivariate analysis to all the
original variables, each of which gives an account of a portion of the original variance. Con-
ventional analyses are divided into those used for unique samples, without an assignment
"a priori" of individuals in groups previously defined (principal components analysis), and
those used for the analysis of two or more samples (discriminant function analysis).

The new variables derived from traditional morphometry correspond to major components
or factors, with a number of useful properties:

1. They are orthogonal, that is, the values of each component are not correlated with
the values of the other components.

2. The components are arranged in descending order according to the original var-
iance percentage by which each responds, i.e., the first component will be the one
which will see the highest percentage of the original variation.

3. The sum of the variance explained by each component will equal the sum of the
variances of the original. These properties mean that summarizing the initial data in
a few dimensions, but without losing the original information, so one can represent
the better study objects and their relations on the basis of the characters studied.
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Preface

Morphological analyses are currently widely used in different biological and non-biological
fields, from microbiology to zoology and botany, paleontology and medicine, and even ge-
ology and hydrology.

This text is distinctive because of its emphasis on diversity issues. Each chapter shows bril-
liant applications in the study, analysis, and quantification of the variations in biological
morphology. In the chapter "Morphometrics in Developmental Neurobiology: Quantitative
Analysis of Growth Cone Motility In Vivo," there are fixed quantitative values for different
morphological and motility parameters for growth cones on the optic tract of the African
clawed frog (Xenopus laevis). In the chapter "Morphometric Growth Characteristics and Body
Composition of Fish and Amphibians,” authors describe that the relative growth and allo-
metric coefficients of body components of fish and amphibians are described, classifying the
growth of their corporal components. In "Application of Morphometric and Stereological
Techniques on Analysis and Modeling of the Avian Lung," the researcher considers the ver-
satility of stereological techniques in analyzing the avian lung. And, in the chapter "MRI
Morphometry of the Brain and Neurological Diseases," the author studies brain structures in
multiple sclerosis, Parkinson's disease, and cerebrovascular diseases. The characteristics re-
lating to the nature of the primary data and the application of statistical treatment are abso-
lutely different between all these studies, but all of them demonstrate the power capacity of
modern morphometry to cope with a range of topics.

While reading of the book, it will appear clear to the reader that the technique is a powerful tool
assessment objective which changes in form, presenting a wide research applicability. As an
integrative discipline, morphology is well suited to show the workings of science itself.

This book, New Insights into Morphometry Studies, is written for you to increase your appreci-
ation of morphometry applied on quite different fields and with different goals. With the
lens of flexible techniques and mastery of concepts, all authors thread brilliantly a variety of
material within a very different theme. Hence, the book can be viewed as an advanced text
that should appeal to a wide audience, from researchers to medical practitioners who are
searching for novel applications of morphometry, as well as to specialists in each considered
chapter field. In conclusion, every advanced scholar interested in morphometrics will find
this monography a must-read.

Pere M. Parés-Casanova, DVM

Lecturer

Dept. of Animal Science, University of Lleida
Catalonia, Spain
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Chapter 1

Introductory Chapter - Morphometric Studies: Beyond
Pure Anatomical Form Analysis

Pere M. Parés-Casanova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69682

Morphometrics (or morphometry)' refers to the study of shape variation of organs and
organisms and its covariation with other variables [1]: “Defined as the fusion of geometry and
biology, morphometrics deals with the study of form in two- or three-dimensional space” [2]. Shape
encompasses, together with size, the form in Needham’s equation (1950) [3], two aspects with
differing properties.

Scientific production in the morphometric field has increased dramatically over the last few
decades. I do not doubt that largely this has resulted from easily available and (usually) fairly
comprehensive computer programs, cheaper and more powerful personal computers, and
more specialized and less expensive equipment for raw data acquisition: “Fortunately, the mor-
phometric community is replete with theorists who also generate software, and thus numerous packages
are available” [4].

Therefore, in addition to the “classical” tools for obtaining data (such as images), there is
currently a wide spectrum of very advanced technology available, making measurements of
any type easier, with more resolution, three-dimensional, less invasive and more complex:
computed tomography, magnetic resonance imaging, ultrasound, surface scanners and other
three-dimensional data-collection devices, scanners.>? An example of this “new technological
age” is the estimation of body surface area (BSA). The estimation of BSA can be traced back
to 1793, when Abernathy directly measured the surface area of the head, hand, and foot in
humans using triangular-shaped paper, estimating the remaining segments of the body using
linear geometry [5]. Similarly in animals, initial BSA data were obtained by pasting strips of
strong manila paper, gummed on one side, to the hair of the animals [6] or rolling a revolv-
ing metal cylinder of a known area, attached to a revolution counter [7]. Recently, however,

‘From the Greek popdn, morphe, meaning “form”, and —WeTpia, metria, meaning “measurement.” The term “morpho-
metrics” seems to have been coined in 1957 by Robert E. Blackith from Dublin University, who studied the subject in
relation to locusts [1].

*No single type of imaging is always better; each has different potential advantages and disadvantages, and obviously
their interpretation is subject to the hypothesis at hand.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINN
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complex techniques, such as computed tomography have been applied [8], and these have
undoubtedly improved the quality (precision, ease) of data (and, frankly, I cannot imagine a
live ferret being wrapped in a sheet of paper to estimate its BSA!).

A personal comment is in order here. These considerations have not been developed accord-
ing to any deeper theoretical considerations. They are mainly based on personal experience of
working with morphology in different contexts. Their aim is to provide an intuitive overview
of how and for what purpose morphology can be applied, rather than attempting to formulate
a strict thesis. Perhaps, needless to say, this is a text aimed at presenting certain personal ideas
about morphometrics and morphology, not an attempt to give an exhaustive presentation
of the literature on the topic. The bibliography presented is simply for things to make more
sense and to demonstrate how I justify some assumptions on conceiving the ideas set forth.

Let us continue. Current software for morphometry can analyze data whatever their origin,
and normally, it allows the construction of relevant images (the role of visual representations
is very important in morphometrics, although algorithms sometimes cannot show completely
accurate results, for instance, because they are not well adapted to a discrete framework).

Morphometrics was initially performed on organisms (“Morphometrics is simply a quantita-
tive way of addressing the shape comparisons that have always interested biologists”) [9], extracting
information by means of mathematical operations. Tools of morphometrical methods initially
applied to study merely form (size + shape)® can be applied to other nonbiological fields. In
this context, “morphometrical analysis” refers to the analysis of form within the particular
scientific discipline where this term is used, including nonbiological forms. Many of the mor-
phometrical concepts can, however, be generalized to encompass nonbiological hypotheses,
and their applications are not currently restricted to biological uses. We now therefore have
many branches of morphometrics which have emerged as a praxis of their own, such as “geo-
morphometry” [10] and “archaeometry” [3]. For a wider vision of morphology applications,
it is recommended to read Zwicky’s publications, which are listed on the website of The Fritz
Zwicky Foundation (FZF) at: http://www.zwicky-stiftung.ch/index.php?p=618 | 8&url=/Links.
htm. Furthermore, current morphological mathematical tools have similar advantages when
applied to the study of “other-than-form” traits: color [11], pigmentation patterns, textures,
etc. This is also the case when applied to meristic (countable) characters (for instance, fin rays
in fish, cephalic foramina in skulls, etc.).

With this availability of many computational facilitations and so wide a spectrum of applica-
tions, current morphometric research cannot simply be applied to such a wide range of fields,
but also requires the combination of many disciplines. All of these factors add up to a complex
task, which should not be beyond our power as ordinary scientists. Morphometrics increas-
ingly calls for an integrative research approach, in addition to a good understanding of the
mathematical or logical basis of the approach considered.

In summary, we can give many answers based on any motivation of measurement, not only
form, the morphé, on biological bodies. The important question in morphometrical analyses is
frequently more related conceptually to how and what we measure than to how we should

3Shape contains the whole geometry (i.e., proportions) of objects, but it does not always take into account the overall
complexity of the geometry of the specimens [3].
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proceed mathematically. For instance, same samples measured by means of geometric mor-
phometrics or lineal morphometrics show totally different results, although statistical mul-
tivariate analyses are similar (comparing, for instance, [12, 13], it is clear how results can
change according to a mere difference in how crude data were obtained (obviously I refer to
technique, not quality)).

Morphology* “refer(s) to the study of the structural relationships between different parts or aspects of
the object of study” [14]. It therefore includes aspects of outward appearance (shape, size, struc-
ture, color, pattern, i.e., external morphology or eidonomy), as well as the form and structure
of the internal parts, like bones and organs, that is, internal morphology (or anatomy)°. Not
only internal traits but also other external traits can therefore be mathematically analyzed
with morphometric methods. We then have a huge cloud of research in a completely morpho-
logical —rather than merely morphometrical —field: biological or nonbiological specimens, on
form or more structural traits, etc. For instance, in a study of mine of 322 eggs belonging to
different Catalan hen breeds and varieties (data unpublished but available upon request from
the author), the mere analysis of shape (using 3 classic descriptors “egg surface”, “egg vol-
ume” [15], and “shape index” [16]) allowed 3.7% of correct identifications. When the analysis
included fresh weight (which could be interpreted as size), they increased to 18.0%; and when
the traits studied included color (cream or tinted, white or brown), successful classification
reached 20.8%. This is just an example of how results can be obtained by means of a produc-
tion process—in some cases, a complex one —but which will be influenced by decisions on the
hypothesis taken rather than by the mathematic algorithms concerned.

In conclusion, morphometrics, being a branch of statistics, must be viewed as a branch of
morphology in the widest sense.® Also, on emphasizing the broad component of morphology,
we do not rule out the significance of its mathematical component.

Author details

Pere M. Parés-Casanova
Address all correspondence to: peremiquelp@ca.udl.cat

Department of Animal Science, University of Lleida, Catalonia, Spain
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Abstract

Describing animal growth through the nonlinear models allows a detailed evaluation
of their behavior, besides revealing important information of the response to a particu-
lar treatment. In this chapter, the parameters of mathematical models (Gompertz, Von
Bertalanffy, Logistic and Brody) for live weight, feed and protein intakes, total and stan-
dard lengths and nutrient deposition are described systematically and comprehensively.
Also the relative growth and allometric coefficients of body components in relation to
body weight of fish and amphibians are described, explaining better the use of the allo-
metric equation and classifying the growth of the body components.

Keywords: mathematical models, allometry, body components

1. Introduction

The growth of an animal is directly related to its weight gain, constituted by water retention,
protein, fat, and minerals, the quantity of which may vary from organism to organism. The
order of formation of tissues and bone, muscle or fat, depending on the physiological maturity,
that is, the development of each tissue occurs in an isometric way, besides that each compo-
nent stimulates its growth in different phases of the animal life [1, 2]. Through this sequence,
the final target of the nutrients in the animal’s body has been observed. It is therefore impor-
tant to know the weight and/or age at which the body growth rate declines and most part of

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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the nutrients goes to the adipose tissue due to the increased demand for energy expenditure
[3]. Research is needed to determine the body growth in order to describe well the increased
animal production. However, a proper animal’s physical growth requires good maintenance
conditions which are provided by the bone structure, whose development should be closely
linked to the development of muscles for obtaining optimal body growth [4].

In aquatic animals, the adipose tissue may occur as individual deposits, like visceral fat exist-
ing in the form of body fat [5]; or less diffusely distributed in muscles, liver, skin, kidneys,
lungs, bones, and connective tissues [6]. The fat deposits in tadpoles are acquired from the
genes that are transferred to them from their parents [7]. However, other factors also contrib-
ute to the accumulation of fat in animals, such as diet and environmental conditions [8].

Animal growth is directly related to the feed it receives and the climate conditions of the region
where it is found. Moreover, it is also associated with other factors such as the genetics, bio-
type, race, weight, age, and body state [9]. Emmans [10] stated that an ideal method of calcu-
lating nutritional requirements and indicating an animal’s feed intake during its development
is first to start discovering its growing potential. The nutrient requirements and development
of an animal are fully interconnected. Through the understanding of these interactions, it is
therefore, possible to find out the nutritional deficiencies, and to obtain the maximum animal
performance while discerning the limits of production and making the appropriate changes
to improve the animal productivity [11].

2. Animal growth characteristics

Growth involves an increase in the size of the animal, accompanied by the changes in body
components, the latter being known as “development.” The body components change in
response to the age-related changes in cellular structures and functions [12]. Growth begins
after fertilization of the ovum and ends when the body gains the adult weight [13].

Muscle growth in fish differs from that in mammals and continues for much of the life
cycle [14] or fishes do not stop growing even after breeding. In mammals, Gomez et al. [15]
described that weight gain is produced by three processes—the hyperplasia, an increase in
the number of muscle cells; the hypertrophy, an enlargement of the cells; and metaplasm, the
transformation of cells. Thus, animal growth is a cellular response to different internal and
external factors.

In fish, three phases of muscle formation are distinguished: the first phase leads to the forma-
tion of embryonic muscle fibers that are grouped as undifferentiated myoblasts, which are
the source of subsequent growth. In the second phase, the yolk sac larvae are observed, the
differentiation of the germinal and proliferative zone of the myoblasts, where the dorsal and
ventral apex of the myotomes is observed. Thirdly, the myoblasts on the surface of the embry-
onic muscle fibers are activated in a process that can continue for the entire life [15].

In amphibians, more precisely in bullfrog tadpoles, the life cycle is divided into three phases—
embryonic, larval, and metamorphosis. The embryonic stage constitutes the period of fertilization
and development within the egg. The second stage, larval, begins with the hatching of the egg
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and the entire period of development of the tadpole. In the third and last phase, metamorphosis,
the tadpole changes into an adult amphibian [16]. Gosner [17], while taking into consideration
the morphological changes that occur in the three phases, subdivided them into 46 developmen-
tal stages. The first embryonic phase includes the 1-25 stages; the second phase, of body growth
and early development of the hind limbs, includes the 26-35 stages. During the stages 3641,
the stabilization of the corporal growth and the development of hind limbs occur and, in 4246
stages, the metamorphosis ends up with the externalization of the forelimbs, reabsorption of
the tail, and modification of the mandible. However, the bullfrog, like all anuran amphibians, is
carnivorous during the adult (terrestrial) phase, generally requiring higher levels of protein in its
diet than those of other eating habits [18-21].

2.1. Factors regulating the animal growth

The growth of an animal depends on the genotype-environment interaction and factors such
as quality and quantity of food, management, and health status. Body weight and length
are the main parameters for producers (breeders) to determine whether the feeding level is
adequate or not. For the diet to meet rapid growth is essential to understand the relationships
between the weight or length and growth, so if the food is insufficient for maintenance and
growth, the latter may inhibit or cease altogether [22].

In addition to weight and feed consumption, growth is influenced by other factors, which
often interact with the amount of feed and body weight. According to Hepher [22], these
factors can be internal and external (environmental) factors. Thus, for example, some species
show a clear difference according to sex ranging from 5 to 10% [23]. Dutta [24] describes that
males of Xiphophorus and Poecilia reach a “specific size,” however the females continue to
grow after maturity while the rate of growth decreases over time. Another example is tilapia,
where males grow faster than females, even yet in common carp (Cyprinus carpio) and eel
(Anguilla anguilla), there is a greater growth of the female in relation to the male [22].

When the female has a lower weight than its male counterpart, the values of the initial growth
rate, the inflection point and the asymptotic weight are smaller; nevertheless, it has less time
to reach maturity. These differences of precocity between the sexes can be observed in the
growth of the different tissues [23, 25], in some genetic characteristics, and in the physiologi-
cal state of the animal. The growth of some fish decreases when they reach to sexual maturity.
Some species of the genus Oncorhynchus and Anguilla migrate to spawn and die. On the other
hand, the Salmo salar can repeat this procedure many times, that is, its individuals feed and
grow between each spawn. In case of some tropical fish such as Heterandria, the growth
is interrupted when the animal reaches a “specific size” [24]. External factors included that
affect growth are the temperature, light, and water quality, which may interact with the geno-
type of the fish and amphibians and can induce variations in the muscle growth rate [26].

In frog culture, the time of production of the “imago,” to reach slaughter weight can range
from 77 [27] to 166 days [28]. The main interference factor is the temperature because it directly
influences the metabolism of the animal. Similar to all anuran amphibians, the bullfrog is
dependent on the temperature of the environment in which it is found [29]. Sometimes, an
increase in the water temperature above the level considered to be optimal for bullfrog may

9
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influence growth performance. Braga and Lima [30], observed a better growth and weight
gain of bullfrogs with a live weight between 37 and 90 g at the temperature between 25.1
and 30.4°C. Figueiredo et al. [31] already have observed the better performance parameters
in bullfrogs weighing more than 100 g at temperature between 27.6 and 28.2°C. The envi-
ronmental temperature also affected the adipose and hepatic tissue weights, presenting the
higher values at temperatures of 27.27 and 26.81°C, respectively [32].

2.2. Mathematical models for describing animal growth

According to Tedeschi [33], models are mathematical representations of the mechanisms
governing natural phenomena that may not be fully recognized, controlled, or understood.
A mathematical model is an equation or set of equations which represent the behavior of a
system, where there is a correspondence between the variables of the model and the quan-
tities observed [34]. According to Dumas et al. [26], mathematical models are analytical
solutions for the differential equations that can be adjusted to the growth data using non-
linear regression. Likewise, regression analysis uses the relationship between two or more
quantitative variables, so that one variable can be assumed as a function of another. The
main objectives of regression analysis are based on three purposes: description, control, and
prediction [35].

The modeling process includes the definition of objectives, construction of a diagram to
identify the main factor involved in the system to be modeled, formulate the appropriate
mathematical functions, collection of the data to estimate the parameters, solving equations,
evaluation and verification of the model and programming the simulation [36].

Growth in animals can be explained by mathematical functions. These functions can predict
the development of live weight, which helps to evaluate the productivity of a breed under
a specific breeding condition [15, 37]. Growth can usually be described and predicted using
conventional mathematical models, since it does not occur in a chaotic way [26]. In order to
understand the random variation between the measurements of an animal, growth curves can
be used with the aim of adjusting and standardizing the variation of weight and age during
the life of an individual.

Growth models have been used to provide a mathematical summary of the development of
animal growth or its parts as a function of time [34]. The growth model expression is used
to describe an analytical function described by a single equation: y = f (), where “y” is the
response variable (weight) that depends on the functional relationship, which is established
as a function of the independent variable “t” (time).

According to Thornley and France [34], growth models can be categorized according to the
functional behavior “f” as curves describing a decreasing yield (Monomolecular), those which
have a sigmoidal behavior with a inflection point (e.g., Logistic, Gompertz, and Schumacher)
and those with a flexible inflection point (as Von Bertalanffy, Richards, Lopez, and Weibull).

Growth curves which involve a series of measurements of some interest over time (body
weight, body composition, diameter, and longitude) [38] are usually adjusted under controlled
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conditions, and are the first steps in predicting nutrient requirements for animals of different
genotypes [26, 39]. Moreover, they evaluate various parameters such as growth rate, maturity
rate at different ages and weight at slaughter time and thus allow and help in establishing zoo
technical breeding programs [15].

According to Brown and Rothery [40], each model has the ability to calculate an esti-
mate of mean weight at maturity and early maturity periods. The closest asymptote is
the weight at maturity, as a constant condition relative to a model for body composition
under productive environments. Dumas et al. [26] showed that the growth trajectory of
the animals presents an initial phase of acceleration, and the levels when the animal is
close to its adult stage or induces its reproductive growth, being called the growth inhibi-
tion phase (Figure 1). Many species of fish, molluscs, crustaceans, and amphibians can
even grow after reaching the maturity size and the final stage of growth presents a greater
plasticity [26].

2.3. Models applied for growth assessment

To describe the growth in fish and amphibians, it is common to use nonlinear mathemati-
cal models. The most used models are included, the Brody, Gompertz, Logistic, Richards,
and von Bertalanffy [40-44], however, there is a much larger range of functions that can
be used to help in the simulation of body growth and body components such as, the
scales, skin, viscera, fillet or nutrients such as, the protein, fat, and ash content. These
functions are used in simulation models to estimate the body composition of animals at
any stage of development, requiring little information on their growth and initial body
composition [26].

These models contain several common parameters though there are variations regarding
their interpretation and content, and are possible to associate any biological meaning to each
of them [25]. Gompertz, Y = Aexp(—exp(-b(t — T))); Von Bertalanffy, Y = A(1 - K exp(-Bt))’;
Logistic, Y=A(1 + Kexp(-Bt))™; and Brody, Y = A(1 - K exp(-Bt)). The parameters used in these
models are defined as: Y = measurement values (g or cm); t = experimental days; A = body

Body weight

Age

Figure 1. Typical growth trajectory in fish (source: Dumas et al. [26]).
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weight or length at maturity; K = scale parameter with no biological interpretation for the Von
Bertalanffy, Logistic, and Brody models; b and B = growth rate at maturity; T = growth rate
at maturity for the Gompertz model, where it represents the day of maximum growth. These
parameters can be estimated by the modified Gauss-Newton method, through the program
of SAS by procedure “PROC NLIN” (nonlinear regression).

2.4. Assessment of the accuracy of mathematical models

According to Tedeschi [33], the evaluation of the accuracy of a model is an essential step in the
modeling process which indicates the level of precision in the prediction adjustments. The evalu-
ation of the model can and should proceed up to the level of the predicted results (upper level)
and up to the level of the assumptions (lower level), while the parameters should be determined
by the researchers. Unfortunately, this is not always possible, and some “tuning” or “calibration”
of the parameters is usually necessary. A higher evaluation may consider model properties, such
as simplicity, fit plasticity, applicability, and quality and quantity of prediction adjustment.

According to Santos et al. [45], to choose the model that best fits the data, the following criteria
are considered: mean square of residue (MSR), coefficient of determination (R?), and biologi-
cal interpretability of parameters.

Some criteria can be used to select the models and describe correctly that which one is better
for a given data. The most commonly used adjustment quality evaluators are determination
coefficient (R?) [46, 47], adjusted coefficient of determination (R%aj.) [48], the mean squared
error (MSE) [46, 47]; value of the Akaike criterion (AIC) [47, 48], value of the Bayesian infor-
mation criterion (BIC) [47, 48]; convergence percentage (C%) [47, 48], the number of iterations
(NI) [44, 45, 46]; mean absolute deviation of residues (MADR) [49-51], dispersion of the waste
estimated by the models and the distribution of studentized waste [50].

The adopted set of adjustment evaluators should be fitting to assist in the decision making of
the choice of the better model studied. Evaluation criteria for selecting an appropriate model
should be well adopted, since information provided by fit quality assessors can indicate that
which model is most appropriate to describe the body growth of a population [52, 53].

2.5. Mathematical models for evaluating animal growth

Each animal species has a particular growth curve where it should be in a suitable and non-
limiting environment. The fact that several aspects such as maturity, composition, and depo-
sition rates of body nutrients can interfere with the growth curve should be emphasized.
Therefore, care must be taken in choosing the best model, since there are a lot of models that
will fit one’s data. However, attention should be paid about those who describe the growth of
animals with greater precision and clarity according to their age. Once the wrong model has
been chosen, the error will be reflected in future researches and feeding programs.

In the ongoing nutrition research, several studies on the application of mathematical models
are available about amphibians and fish. Thus, some of the previous literature has been chosen
to characterize their application in research studies. Next will be described the weight or length
of the animal at maturity (A) and growth rate relative to maturity (K) of some species.
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As for the parameter A that refers to the asymptotic weight, Amancio et al. [54] evaluated
fitting of five mathematical models (Gompertz, Logistic, Linear Hyperbolic, Quadratic, and
Logarithmic Quadratic) to describe the growth curve of genetically improved farmed tilapia
(GIFT) Nile tilapia (Oreochromis niloticus). Nile tilapia fingerlings of the initial weight 2.4 g
stocked in 20 concrete tanks of 2 m® with a density of 25 m™ fish for a period of 180 days. An
asymptotic weight of 763.6 g in the Gompertz model and 509.8 g in the Logistic model was
reported. These values are lower than those found by Carvalho [55], who worked with several
families of tilapia in a genetic improvement program, using the Gompertz model and found
values of 3921.4 g (family 40), 4554.7 g (family 6), and 4613.5 g (family 53).

Similarly, the values for the T parameter were obtained, which refers to the age at the inflec-
tion point of 186.6 days of the Gompertz model and 208.2 days of the logistic model. These
values also are less than those found by Carvalho [55], such as 495.4 days (family 53), 479.8
days (family 6), and 415.2 days (family 40). It is then realized that such differences of the vari-
ety between the Nile tilapia families imply that studies can still be carried out for the improve-
ment of the variety in question, as well as the validation and concluding the fish growth, or
even studies for the formation of a new variety.

In conclusion, Carvalho [55] concludes that Gompertz model was the one that better adjusted
the characteristics evaluated in the study of growth curves of Nile tilapia. Similar result was
seen by Hernandez-Llamas and Ratkowsky [56] and Katsanevakis and Maravelias [57] evalu-
ating mathematical models to describe the fish growth. However, in a study carried out by
Aguilar [58], using the Chitralada variety of Nile tilapia, a better adjustment of body growth
rate for the von Bertalanffy model, Gompertz, and Logistic has been found. The other mod-
els also presented a satisfactory fit with the estimated asymptotic weight between 614.13
and 820.44 g. On the other hand, Costa et al. [59] used the Brody, von Bertalanffy, Logistic,
Gompertz, and exponential models evaluating the growth of the Chitralada, GIFT, and red
Nile tilapia lines and observed that the fit of the exponential model was the most adequate. In
the present experiment, the Gompertz model was the one that better adjusted the data.

In the same way as evaluated for fish, in amphibians more specifically in bullfrog tadpoles,
different models (Gompertz, Brody, von Bertalanffy, and Logistic) were applied for evaluation
and simulation of their growth [50]. The values of the parameters found for each growth model
adopted in weight and total length have been found in the study of Mansano et al. [50]. The
Gompertz, von Bertalanffy, and Logistic, were the only featured models in which the conver-
gence criterion was achieved; however, the Brody model did not converge for the observed data
set of weight and length. A possible explanation may be that the model does not have an analyti-
cal solution of the normal equations, being the estimations of the parameters of the nonlinear
models obtained by iterative algorithms [60]. The weight at maturity or asymptotic weight (A)
found for the logistic model (8.90 g) was the one with the lowest value, followed by the Gompertz
model (10.66 g), which was lower than that found by the model von Bertalanffy (13.36 g) [50]. For
the total length at maturity, parameter A presented the same behavior. The simulated values for
parameter A adopted in the study are biologically interpretable for bullfrog tadpoles.

The parameter of B of the Gompertz, von Bertalanffy, and Logistic models represents the
growth rate relative to maturity, and the lowest value of this parameter represents the highest
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weight and total length at maturity [61]. In the study of Mansano et al. [50], the logistic model
presented the highest value, among the three models that were presenting the lowest weight
and total length at maturity. Inversely, the von Bertalanffy model presented the lowest B value
for the parameter B and, consequently, higher weight and total length at maturity. In the same
study of the evaluation of these models, the R? values found for all the models were excellent
>0.98, with small differences for both live weight and total length. However, R? is not a good
differentiator for choosing nonlinear models [60]. From the mean squared error (MSE) found
for the models, it can be seen that there was no difference between the studied models, for both
live weight and total length. In the absolute average deviation (AAD) evaluation, it was pos-
sible to verify that the von Bertalanffy and Logistic models underestimated the values. They
presented lower values than those observed in the initial weight studies which are a serious
error to be considered. Since for animals such as bullfrog tadpoles that have an initial weight
around 0.1 g, it cannot be considered that an animal has a negative weight because it is biologi-
cally impossible.

In a study of captive bullfrog during its terrestrial phase, Pereira et al. [62] tested two nonlin-
ear models. The authors have found quite different values among which the estimated value
of A for live weight of 1051.5 g of the Gompertz model was considered high to represent the
study period. Bullfrog specimens may reach this value throughout their life with more than 2
years. However, the estimated value for mean weight of 343.7 g of the logistic model was con-
sidered adequate for the growing period of the “Froglets” until the slaughter weight, since the
frogs had an average weight of 214.56 g with 126 days. The adjusted K value for live weight
of 0.0088 (g/day) by Gompertz model presented the same incoherence for the A value of the
same model. Since it is believed that the bullfrog presents a maximum growth rate during
the period of the 126 experimental days, estimed as 0.0313 (g/day) by logistic model with its
maximum peak at 109th day of the experiment.

According to Pereira et al. [62], the logistic model presented a characteristic of estimating
baseline values lower than the Gompertz model, underestimating the initial live weight in the
mean of 4.12 g. This behavior was also observed in bullfrogs created in mini bays, where the
logistic model underestimated the initial weight by 21.8 g [51], and the study performed in
294 days with frogs beyond the slaughter weight range. These values underestimated by any
type of model provided can be considered that this value is not negative, since no animal is
born with a negative weight. It is important to point out that the results found in the previ-
ous literature aimed finding the equations representing growth may vary among the various
species of amphibians and the conditions adopted [6]. The choice of a suitable growth model
is important, since it can have a decisive effect on the results of simulation of an ecological
dynamics model. For example, the logistic model has been indicated to describe growth over
short periods of time (days and months) and in environments that have some control such as
nutrition [63].

The use of nonlinear models may have a wide application area, using the Gompertz model
described by Mansano et al. [50], to describe the growth curve and body composition (protein
crude, fat, water, and ash content) of bullfrog tadpoles [64] (Table 1). In addition to the evalu-
ation and simulation of growth using Gompertz model, it was possible to verify that which of
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Variable Diet Parameter
Pm b (per day) t

Live weight (g) ED 10.66 +1.0517° 0.0558 + 0.0088 38.195 +2.2956
CD 9.54 +0.4174° 0.0590 + 0.0044 37.571 +0.9918

P value 0.0028 0.3628 0.3020

Total length (mm) ED 120.0 £ 3.8715 0.0394 + 0.0022 21.813 +1.0297
CD 122.1£3.1691 0.0371 = 0.0016 23.516 + 0.8630

P value 0.3124 0.2764 0.1046

Partial length (mm) ED 37.26 +1.0098* 0.0415 + 0.0023 16.465 + 0.8371
CD 35.56 + 0.8304° 0.0425 + 0.0021 15.978 £ 0.7135

P value 0.0199 0.5618 0.4519

Cumulative food intake (g) ED 15.19 £ 0.6551 0.0482 + 0.0026 42.563 +1.0919
CD 15.33 +0.5732 0.0485 +0.0023 42.656 +0.9413

P value 0.5828 0.7863 0.5979

Cumulative protein intake (g) ED 4.56 +0.1970° 0.0482 + 0.0026 42.563 +1.0919
CD 5.42 +0.5732* 0.0485 +0.0023 42.655 +0.9413

P value 0.0001 0.7863 0.8405

Total body protein (mg) ED 873.8 £0.1837° 0.0478 +0.0122 43.759 +2.3173
CD 697.0 £0.0373° 0.0672 + 0.0062 41.271 +1.0896

P value 0.0265 0.0817 0.2525

Total body water (mg) ED 9.103.8 + 0.8588° 0.0564 + 0.0088 37.461 +2.2084
CD 8.168.8 + 0.3603° 0.0599 + 0.0048 36.467 +1.0097

P value 0.0028 0.5940 0.1574

Total body fat (mg) ED 469.4 + 0.0864 0.0568 + 0.0154 43.961 + 3.9850
CD 421.5+0.0330 0.0592 + 0.0061 46.103 +1.6829

P value 0.6612 0.4787 0.1197

Total body ash (mg) ED 195.6 +0.0444 0.0443 + 0.0105 48.064 +2.932
CD 169.6 £ 0.0124 0.0528 + 0.0043 47.024 +1.706

P value 0.1044 0.0545 0.7943

Pm = weight or length at maturity; b (per day) = maturation rate; f' (days) = time of maximum growth rate. Means in
the same column followed by different superscript letters differ significantly (P < 0.05, F test).Source: Elaboration of the
authors. Wt = sWm x exp x (—exp x (- b x (t — t'))), where Wt = nutrient weight (g) of the animal at time ¢, expressed as a
function of Wim; Wi = nutrient weight (g) at maturity of the animal; b = maturation rate (per day); ' = time (days) when
the growth rate is maximal. 'ED = 26.23% digestible protein and 32.68% crude protein; 2CD = 37.92% crude protein.

Table 1. Parameter estimates obtained with the Gompertz equation for live weight, feed and protein intake, total and
partial lengths and nutrient deposition of bullfrog tadpoles fed the experimental (ED)' and commercial (CD)? diets.
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Age (days)  Protein (g/dia) Lipid Water Ash
CONS DEP" CONS DEP’ DEP’ CONS DEP’

1 0.0058 0.00064 0.0008 0.00016 0.0104 0.00109 0.00005
12 0.0155 0.00399 0.0023 0.00128 0.0569 0.00294 0.00053
20 0.0254 0.00796 0.0037 0.00293 0.1069 0.00482 0.00126
29 0.0414 0.01147 0.0061 0.00485 0.1475 0.00787 0.00201
42 0.0537 0.01207 0.0079 0.00600 0.1497 0.01019 0.00226
54 0.0642 0.00947 0.0094 0.00527 0.1155 0.01218 0.00179
63 0.0608 0.00711 0.0089 0.00711 0.0862 0.01155 0.00134

"Deposition values were estimated by the derivative of the Gompertz equation.

Table 2. Consumption (CONS) and deposition (DEP) of nutrients according to age of bullfrog tadpoles.

the diets presented the best performance for the animals. Thus, it was possible to conclude that
the Gompertz model provided a good fit of the data to describe the morphometric growth curve
and carcass nutrient deposition of bullfrog tadpoles. A higher growth rate and nutrient deposi-
tion was observed for tadpoles receiving the experimental diet (26.23% digestible protein).

On the basis of the estimated equation, growth rates (g/day) were calculated as a function of
time (t) by the derivative dWt/dt =bWt exp(-b(t - 1)) of the equation described by Winsor [65].

Still taking as an example the Gompertz equation, the growth, consumption, and nutrient
deposition rates (g/day) as a function of time (f) can be calculated by means of the derivative
of the equation dY/dK = bPt exp(-b(t - t')), Winsor [65]. These parameters are very simple to
obtain, an example of which is their estimation by the modified Gauss-Newton method using
nonlinear regression using the NLIN procedure of SAS or another statistical program.

It was possible to verify that the values of the consumption, deposition, protein, fat, moisture,
and ash content weights showed as the tadpoles gained body protein weight, there was an
increase in the deposition of the other nutrients. After deposition of nutrients in the tadpole
body, ash, protein, and water deposition occurred in the initial phase (Table 2). The authors
concluded that nutrient consumption is greater than the nutrient deposition in the carcass of
the bullfrog tadpoles (Lithobates catesbeianus) and the high protein content of 57.53% of the
commercial feed used is not fully utilized by the bullfrog tadpoles.

3. Relative growth and allometric coefficients of body components
of fish and amphibian
3.1. Allometric growth

The body composition of the fish changes throughout the life cycle and its utilization is
affected by endogenous (species, size) and exogenous factors such as time of year and diet
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composition [66]. According to Bureau et al. [67], the nutritional factors of the rations such as
the balance of available amino acids, essential amino acids, amount of protein and the ratios
of protein: energy is important in the deposition of protein and lipid in the tissues. Therefore,
during the growth, there are seasonal changes in body composition, associated with the endo-
crine states and the special physiological stages. At the reproduction stage, there occur the
syntheses and reserves of new tissues [26]. In order to analyze this dynamics, the nutrient
prediction models can be used. These are mechanistic models which are used to define the
destination of dietary nutrients, considering the use of amino acids, fatty acids and their pre-
cursors [26]. Thus for example, the amount of protein in the body can be described by means
of a growth function. However, the increase in water, ash, and lipid deposition may be linked
to protein to determine the whole body growth [39].

3.2. Equations for predicting allometric growth

The isometric and allometric relationships based on regression analysis are still successful
to estimate the body composition in fish and other animals in the production sector [26].
The different genotypes may differ in aspects that are estimated from growth curves, such
as the maturity, body composition at maturity, fat content, and maturity rates of the body
chemical components. The chemical composition varies over time [39]. The energy gain can
be predicted using the bioenergetic models, but these do not provide much information on
the chemical composition and biomass gain [26].

Allometry refers to changes in the different dimensions of body parts that are correlated with
changes in the whole body [68]. According to Thornley and France [34], allometry means
growth of a part of the body (W,) related to a different proportion of the whole body (W). It
may be expressed as follows: y = aX®, where 7 is the normalization constant, b is the dimen-
sions of allometric parameters. This equation can be linearized as follows: Iny = Ina + b InX.
When the value of b is equal to 1, the growth is considered isogonic and the rates of develop-
ment of Y and X are similar in the considered growth interval. In the case of b being greater
than 1, the growth is called heterogenic positive and the growth rate of Y is greater than X,
characterizing a late development. When the value of b is less than 1, the growth rate of Y is
less than X characterizing an early development.

3.3. Allometric evaluation to describe growth variables

As an example, in a study conducted with the freshwater angelfish [69], it was possible to better
understand the applicability of allometry. The allometric coefficients for length, weight, protein,
fat, ash, and water were determined. The allometric equations and their components in addition
to the coefficient of determination (R?) of the standard length (SL), head length (HL), height (H)
and width (W) ratios are shown in Table 3. For the height component, the value of b was 1.095
indicating that the fish presented a positive allometric growth or isogonic growth (b =1), that s,
from 30 to 233 days of age, the height increased by the same magnitude as the standard length.

Other components, such as the head length and width, showed an early growth (b < 1),
increased at a lower rate than height, but with more intensity in the final phase of the growth
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Components Coefficients Ln a B R?

Head length -0.678 0.907 0.907
Height -0.728 1.095 0.900
Width -1.029 0.749 0.886
Weight -10.25 3.060 0.989

Length (L), width (W), weight and standard length (SL), natural logarithm of the normalization constant (Ln a),
dimensions of allometric parameters.

Table 3. Allometric coefficients of P. scalare juveniles from 30 to 233 days of age in relation to the standard length.

period (Figure 2). According to Santos et al. [70], head growth is early to ensure feed con-
sumption during the early stages of fish growth; in late adult years there is a late growth.

In this study, males and females were kept together in the aquariums and it was not possible to
estimate the sex ratio due to the difficulty in identifying sexual dimorphism in the early stages
of growth. The difference between the growth rates of the different parts of the fish was more
noticeable throughout the structuring period and stabilized when they got maturity level.

In production fish, it is useful to know the growth of the fillet in relation to its body weight
in order to estimate the possible slaughter weight of the animal. Gomiero et al. [44] evaluated
the development of fillet in relation to body weight in Piracanjuba fish, which presented an
isogonic growth. According to the results obtained by Almeida et al. [71] about Oreochromis
niloticus grown in a semi-intensive system, the fillet growth was smaller than the body growth,
whereas in an intensive rearing system, the fillet presented an enlargement equal to the body
weight with a value of b = 0.9690.

Taking as an example, the result of the analysis of the standard length and weight ratio
of freshwater angelfish presented in Figure 3a and b, we can observe that this fish has an
isogonic growth indicating a proportional increase in weight and length. In Figure 3b, the

4.000 y=1.0957x - 0.7284
R?=0.9001
3.500
y =0.9079x - 0.6784
3.000 R2=0.9078
2 2500
5 y=0.7491x - 1.0292
5 2.000 R2=10.8865
=
1.500 OLn CC
OlnA
1.000 AlnL
0.500

2.700 2.950 3.200 3.450 3.700 3.950 4.200 4.450
Ln Standard lenght SL

Figure 2. Allometric lengths of head (H), height (H), width (W), and standard length (SL) in P. scalare from 30 to 233 days
of age.
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Figure 3. Allometric relationships between weight and standard length in P. scalare from 30 to 233 days of age. A is the
linear regression and B is the determination coefficient.

exponential relation between standard length and weight can be observed. The coefficient of
determination was 9.089 for the two regressions.

The value of b obtained for freshwater angelfish was 3.06 (Figure 3a). Results are close to
those already found for the same and other fish species. For example, in Arapaima gigas grown
in a semi-intensive system in the state of Amazonas, Tavares-Dias et al. [72] obtained for the
coefficient b a value of 3.068. Silva-Junior et al. [73] obtained a value of b between a range
of 2.4 and 3.4 for 33 estuarine fish species. Sani et al. [74], studying 14 species of freshwater
fish in India, also have found a range of the value of b between 2.4 and 3.52. These values are
within the ideal for fish, which should be close to 3 [75]. The time of year had influence on the
weight-to-length relationship in salmon (Salmo trutta); in winter, there was negative allometry
and in the other seasons the growth was isometric for females, males, and the mixed group
[76]. According to Tavares-Dias et al. [72], knowing the value of body weight can estimate the
value of the standard length or vice versa.

Due to the difficulty in identifying the sexual dimorphism in the flag mites at the time of the
beginning of the experimental phase, the fishes were not separated by sex, and for the bio-
metric analysis, the fishes were randomly selected. In order to evaluate the length-to-weight
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relationship in Buglossidium luteum, separating the fish in groups by sex and also in mixed
groups, Ilkyaz et al. [77] concluded that although the length between sexes presented dif-
ferent values, the weight-length curves were very similar thereby growth was isometric for
females, males, and for the mixed groups.

Several allometric relationships exist in the literature describing the relationship between
surface area (SA) and body mass (BM) for different species of Anurans and these are fre-
quently used in physiological studies. However for species of production such as bullfrog,
little studies exist on such allometric relation. In the study conducted by Klein et al. [78], the
bibliographic data such as, surface area (SA) (cm?) and body mas (BM) (g) was collected, and
the allometric relationships between SA and BM were evaluated using linear regressions and
phylogenetic generalized least squares (PGLS). Data from 453 specimens of 44 species were
included. Intraspecific allometric relationships between SA and BM were determined for 18
species, of which 10 presented regressions significantly different from the respective family
regression, four species showed a significantly different intercept-y, and three species exhib-
ited a significantly different slope. Only the Bufonidae, Ranidae, and Hylidae families were
represented by several species (9, 11, and 12, respectively) and with a larger number of speci-
mens (54, 215, and 127, respectively). These three families showed significantly different OLS
linear regressions on log-transformed data, with Hylidae being the steepest (0.7735 + 0.0110),
Bufonidae an intermediate (0.6772 + 0.0220), and Ranidae the lowest slope (0.6091 + 0.0114).
The relationship between SA and BM for Anura could be described by linear regression SA =
9.8537 BM 0.6745 or by the regression of PGLS SA = 8.7498 BM 0.685.

3.4. Allometric evaluation for dynamics of macromolecules

With the allometric equations, it is possible to determine the relationship of body nutrients
in relation to protein weight or live weight. Thus, nutrient prediction as a function of pro-
tein weight corrects changes in body fat related to diet [79]. The amount of protein may be
described as a growth function, and then the growth of water, ashes, and lipids may be linked
to protein to determine the growth rate of the whole body [39]. Although the lipid and ash
contents separately are not good predictors of body weight [80].

Figure 4 shows the allometric coefficients for the freshwater angelfish body components. The
allometric relationship between body protein and live weight showed an isogonic tendency
(b =1.037), protein increased in the same proportion as body weight and these observations
agree with the study done by Dumas et al. [80] with trout. This can be explained by the fact
that the weight of the protein is linked to the live weight [80] mainly by the muscular gain.
The fat performance regarding live weight was higher and 1105 units of fat were deposited
per unit of live weight. Fat is the most dynamic macromolecule, and its rate of change is easily
affected by the temperature of the water in which the fish exist, amount of fat (energy) in the
diet, in addition to if the diet that has a protein imbalance. For each component, the coefficient
of determination R? was above 0.99 presenting a good fit of the model to the data.

In allometric study of Nile tilapia of GIFT strain, due to the body weight, Amancio et al. [81],
found that as the fish gained body weight, there was an increase in the proportion of protein
(b =1.039), fat (b =1.089) and ash (b = 1.051) and a reduction in body water ratio (b = 0.983).
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Figure 4. Allometric relationships between live weight and fat, ash, water and protein in P. scalare from day 30 to day
233 of age.

This lower water weight ratio may be a result of the increased fat proportions in the carcass,
since this was the component that presented the highest allometric coefficient.

In the study conducted by Silva [82], it was verified that in Nile tilapia of supreme strain, the
body nutrient that increases largely as body weight increases is fat, mainly to the detriment
of moisture content. The inverse relationship between lipid and water contents in the fish
muscle was also observed by Guinazi et al. [83], Caula et al. [84], and Neves [85]. Even with
the use of allometric equations derivative, it is possible to gain weight of certain nutrients per
gram of body weight or protein weight. According to Bureau et al. [67], protein deposition
governs the growth of the animal, since for each gram of protein deposit, three and six grams
of water deposited, while the deposition of lipids can be done by replacing the water.

Allometric equations are important in determining the relationship of body nutrients, organs,
muscle, bone, and skin to protein weight or live weight. The equations can estimate the con-
tent of nutrients that the animal deposits are based on the protein weight or live weight [79].
Allometry has been used in mathematical modeling because the body composition of lipid-
free dry matter does not change during animal development, but the lipid content of growing
animals can be affected by the diet [86].

When allometry has been used in relation to the proportion of protein in the body, the dif-
ferences between sex and lineages are small. Thus, the use of protein weight in allometric
relationships makes the equations more precise. However, the development of allometric
equations in relation to fasting live weight would be the most practical method to predict
body weight and body nutrient deposition [79].

4. Final considerations

Growth models are useful tools that besides evaluating variables within a population, allow
measures to improve the points of the curve, make a selection of the desirable characteristics
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within a production system and allow improving the feeding strategies for the animals. For
future allometric growth research in order to improve the standardization of values, different
animal groups can be selected for conducting trials while separating them on the basis of their
sex, age, sexual maturity, and the time of year.
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Abstract

In order for the nervous system to function properly, neurons in the brain must estab-
lish specific connections during embryonic development. Formation of neuronal circuits
involves axons extending from cell bodies and navigating through diverse tissues to
reach their targets in the brain. Once axons reach their target tissues, they arborize and
make synaptic connections. Axon pathfinding is driven by dynamic motility behaviors
expressed by terminal growth cones at the tips of the axons. Here, we applied morpho-
metrics to determine quantitative values for six morphological and motility parameters
for growth cones of optic axons navigating through the optic tract of a living brain
preparation from a Xenopus laevis tadpole. Our results demonstrate an increase in length,
decrease in width, increase in perimeter, decrease in area, increase in number of filo-
podia, and a decrease in number of lamellipodia, of the growth cones in the optic tract.
Therefore, optic axonal growth cones become less circular and more elongated and pro-
trusive during their navigation through the optic tract. Quantitatively deconstructing
parameters of growth cone motility is necessary to determine molecular, cellular, and
biophysical mechanisms of axon pathfinding, and to formulate computational analyses
of developing neuronal connectivity in the brain.

Keywords: morphometrics, axon, growth cone, optic axons, filopodia, lamellipodia,
optic tract, Xenopus laevis
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1. Introduction

In order for the nervous system to function properly, accurate wiring of the brain must be
established during embryonic development. Wiring of the brain depends in large part on
axons extending from neuronal cell bodies and subsequently navigating through tissues to
reach appropriate targets in the brain. Axon pathfinding is driven by specific and patterned
motility behaviors expressed by growth cones at the terminal ends of the axons. Quantitatively
deconstructing distinct motility parameters of growth cones will aid studies exploring the
molecular and mechanical control of axonal pathfinding, as well as facilitate the development
of computational analyses of growth cone motility. Here, we have applied morphometric
analyses to determine values, and spatiotemporal patterns in those values, for six parameters
of motility from a time-lapse video of two growth cones of optic axons navigating through the
optic tract of a living brain preparation from a young Xenopus laevis tadpole.

During embryonic development of the visual system, optic neurons extend axons from the
eye to the tectal midbrain, where they make synaptic connections essential for visual function.
The ability of these optic axons to navigate and propel through the optic tract, and to even-
tually reach the tectum, is due to the growth cone of the axon. The growth cone is a highly
motile structure located at the distal end of the axon that mediates its directional growth
and extension by interacting with molecular and mechanical cues in the environment. The
growth cone can be divided into three sub-compartments, the peripheral (P), transitional (T),
and central (C) domains (Figure 1). The P-region of the growth cone contains a meshwork of
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Figure 1. Schematic of growth cone with intracellular domains and protrusions demarcated.
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actin filaments and long parallel bundles of actin filaments that underlie two types of protru-
sions (Figure 1). Lamellipodia are short and broad protrusions that are thought to function
to generate force for the growth cone advance (Figure 1). Filopodia are long and finger-like,
and primarily sense the environment and guide the axon (Figure 1; [1]). A combination of
actin treadmilling and retrograde actin flow allows for continual remodeling of the P-region
(and of the lamellipodia and filopodia within this region), required to generate growth cone
motility. ATP-actin is assembled into filaments in the distal P-region and then transported
rearward to the T-region as polymeric F-actin. In the T-region, F-actin is polymerized and
recycled back to ATP-actin and the cycle restarts. Actin is transported retrograde from the P
region to the T-region via a myosin motor driven process [2]. The C-region, which is proximal
to the P-region, is filled with a dense microtubule array and cellular organelles like mito-
chondria that support growth cone movement (Figure 1; [1]). The microtubule system within
the C-region affects cell motility by steering growth cone advance in response to guidance
cues from the P-region [3]. The plus end of microtubules exhibits dynamic instability, cycling
through periods of growth and shrinkage, allowing them to probe the intracellular space [2].
Similar to actin, microtubules are involved in a transport mechanism involved in maintain-
ing the axon and the growth cone. The majority of microtubules are found in the axon shaft
and are stationary. However, in active regions like the growth cone, stable microtubules are
tyrosinated to become dynamic [2].

As the growth cone progresses, the P-region senses changes in the extracellular environment,
and relays those cues to the C-region. These cues can be either attractive or repulsive [4].
Although the majority of microtubules end in the C-region, single microtubules protrude
into the filopodia of the P-region, mediating interaction between the actin and microtubule
cytoskeleton (Figure 1; [1]). Interactions between microtubules and actin in filopodia are nec-
essary for growth cones to turn. Microtubule and actin interactions also occur in the T zone
and C domain of the growth cone, where actin arcs in the T zone exert compressive forces on
microtubules in the C domain, facilitating microtubule bundling and aiding in axon naviga-
tion (Figure 1; [5]). Previous and current studies from our laboratory show that molecules
downstream of Cadherin and Wnt signaling ligands such as f-catenin and APC, that regulate
the actin and microtubule cytoskeleton, modulate optic axon growth cone morphology and
motility in the optic tract as well as targeting and branching in the optic tectum [6, 7]. More
generally, it is now clear that the actin and microtubule cytoskeleton of the two growth cone
regions are dynamically related, and may influence each other via signaling molecules such
as APC [8]. The functional studies of APC in vitro from other laboratories also suggest that
APC is crucial for growth cone advance and turning [5].

In order to gain a better understanding of the motility, and morphological dynamics of the
growth cone, we quantitatively analyzed an in vivo time-lapse image sequence of retinotec-
tal axon pathfinding in living brains from X. laevis tadpoles. Initial observation of the time-
lapse sequence showed that optic axonal growth cones change their morphology and motility
depending on where they are in the retinotectal circuit (Figure 2). Conceptually, progressing
through the optic tract, the growth cone requires greater propulsive properties to get to the tec-
tum but as it reaches the tectum, these propulsive properties decrease as the goal becomes to
start making branches and individual synapses with target neurons. We can better understand
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Figure 2. Tracings of still images of two optic axonal growth cones in the optic tract taken from a time-lapse video
illustrates how their morphology changes as they navigate through the optic tract. GC1: growth cone 1; GC2: growth cone
2; VOT: ventral optic tract; MOT: mid optic tract; DOT: dorsal optic tract.

how the growth cone behaves and its morphology changes as it progresses through the reti-
notectal circuit by measuring parameters such as length and width, perimeter and area, and
number of filopodial and lamellipodial projections at each time interval [9]. Measurements
of length and width, and of perimeter and area, of the growth cone could reflect the details
of how the dynamics of actin and microtubule cytoskeleton interactions change as the axon
progresses from navigation and propulsion to synapsing. These morphological observations
could also help better explain functions of molecular mechanisms such as microtubule tyros-
ination on the shape of the growth cone. In addition, quantifying the number of filopodial
and lamellipodial projections on the growth cones could suggest information on the types of
extracellular cues the growth cone is responding to, and their effects on branching of filopodia
as the growth cone nears the tectum [9]. Also, observing and quantifying filopodial and lamel-
lipodial morphology could potentially aid researchers to better understand the retrograde
actin flow and how it links to the microtubule cytoskeleton through intracellular signaling.
Observing and analyzing these different morphological parameters can lead to a better under-
standing of how intracellular signaling molecules such as 3-catenin and APC, or mechanical
cues such as tension, affect growth cone motility as well.
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2. Methods

An in vivo time-lapse video of X. laevis optic axons navigating in the optic tract and dorsal tec-
tum was made by Sonia Witte in Christine Holt’s laboratory at Cambridge University (http://
www.pdn.cam.ac.uk/directory/christine-holt; also see Ref. [10]). The video was a collection of
119 individual frames captured at 3-min time intervals of two GFP-expressing growth cones
of optic axons navigating through the optic tract of a living brain preparation taken from a
young tadpole at approximately developmental stage 33/34 (Figure 3; [11]). The time-lapse
video sequence encompassed an approximately 6-h (357 min) time period during which
two growth cones (labeled with membrane bound GFP) navigate through the optic tract.
Analysis of the two growth cones in each frame was performed using the image analysis soft-
ware Image] (NIH, Bethesda, Maryland, USA). Before beginning the analysis, criteria were

Figure 3. Still images from the time-lapse video sequence of two GFP-labeled optic axons in a living brain preparation
from a young Xenopus laevis tadpole. (A) Marking for length (thick vertical line) and width (thick horizontal line)
measurements of growth cones. (B) Outlines of growth cones for perimeter and area measurements. (C1) Growth cones
with protrusions evident. (C2) Filopodia (thin lines) and lamellipodia (thick lines) are marked in the growth cones.
Numbers indicate growth cones 1 and 2. Scale Bar—10 um.
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established to standardize the measurements of growth cone parameters (Figure 3). A scale
bar was set based on a previous publication showing growth cones of optic axons in living
brain preparations from X. laevis embryos [10].

The length of each growth cone was determined by drawing a line extending along the axonal
axis, from the base to the leading edge of the growth cone (thick vertical lines, Figure 3A). The
base of the growth cone was defined as the first protrusion of the growth cone near the axon
shaft (thick lines, Figure 3A; [9]). The leading edge of the growth cone was established as the
tip of the growth cone, including all protrusions. Width of the growth cone was measured by
creating two parallel lines to the length line, at the tips of the distal edges of the growth cone
(including its protrusions) (thin vertical lines, Figure 3A). The perpendicular distance between
these two parallel lines was measured as the maximal width of the growth cone (thick horizon-
tal lines, Figure 3A; [9]). This was done for both growth cones for each frame of the time-lapse
sequence.

To measure the perimeter of the growth cones, the growth cone boundaries were traced using
the polygon drawing tool in Image]J (yellow outlines, Figure 3B). The base of the growth cone
was used as the starting point, and the distal edges of the growth cone were traced until
reaching the starting point. Similar to the measurement of growth cone length, the base of
the growth cone was determined to be where the first protrusion of the growth cone near
the axon shaft was located and the growth cone boundary contained all protrusions of the
growth cone (Figure 3B). Filled area was calculated using the measurement tool in Image].

The number of filopodia and lamellipodia in each image was measured using Image]J as well
(thin lines- filopodia, thick lines - lamellipodia, in Figure 3C). Criteria for identifying filopodia
and lamellipodia were based on a previous review studying cellular protrusions in vitro [12].
This report stated that lamellipodia can vary from 1 to 5 pum in width. Therefore, any protrusions
extending from the growth cone body between 1 and 5 pm in width were considered lamelli-
podium, and any protrusions less than 1 um in width were considered filopodia. The number
of filopodial and lamellipodial protrusions was recorded for both growth cones in each frame.

To avoid researcher-dependent bias in morphometric measurements, five different research-
ers performed the measurements for length, width, perimeter, and area on the two growth
cones at each time point, using the protocols described above. Their values were averaged
to obtain final measurements for these size parameters for the growth cones at each time
point. All measurements (length, width, area, perimeter, and number of filopodia and lamel-
lipodia) were initially plotted against time in a scatter plot. However, to better display the
changes in the data, and to depict the changes in the growth cones as they progressed from
ventral, to mid, to finally, the dorsal optic tract, we subdivided the time-lapse video into
three time bins. The time-lapse video was composed of 119 frames at 3-min intervals, span-
ning a total time of 357 min. Therefore, first time bin encompassed 3-117 min (39 images),
the second 120-237 min (39 images), and the third 240-357 min (39 images). Averages were
calculated for the morphometric measurements for each of the three time groups for both
growth cones, and then averages of those averages were determined over the two growth
cones. These average growth cone parameters were plotted on bar graphs to determine if
there were any differences between their values during the three time bins (Figures 4-6).



Morphometrics in Developmental Neurobiology: Quantitative Analysis of Growth Cone Motility...

Figure 4. Plots of average growth cone length and width versus time. VOT: ventral optic tract; MOT: mid optic tract;
DOT: dorsal optic tract.

Figure 5. Plots of average growth cone perimeter and area versus time. VOT: ventral optic tract; MOT: mid optic tract;

DOT: dorsal optic tract.
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Figure 6. Plots of mean number of filopodia and lamellipodia per growth cone versus time. VOT: ventral optic tract;
MOT: mid optic tract; DOT: dorsal optic tract.

3. Results

3.1. Quantitative analysis shows morphological changes in growth cones in vivo
3.1.1. Growth cone length increases, while width decreases over time

The lengths and widths of the growth cones were measured using specific criteria described
in Section 2. Measurements were taken for both growth cones in each of the 119 frames of the
time-lapse video. The time-lapse video was broken up into three equal time bins, and the aver-
age length and width for the growth cones were calculated for each of the time bins and plot-
ted on bar graphs (Figure 4). Trend lines were added to the graphs. The results revealed that
as the growth cones progressed through the optic tract, on average, their length increased, and
their width decreased (Figure 4). However, the length of the growth cones increased a smaller
amount than their width decreased during their navigation through the optic tract (Figure 4).

The mean length for growth cone one was initially 45.9 um (SD = 2.52 um, n = 39 images),
in the ventral optic tract/time bin one. The mean length for growth cone one increased to
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47.9 pym (SD = 0.78 um, n = 39 images), in the third time bin, corresponding to the dorsal
optic tract. The mean length for growth cone two was initially 35.7 um (SD = 8.8 um, n =
39 images), in the ventral optic tract/time bin one. The mean length for growth cone two
increased to 40 pm (SD =12.04 um, n = 39 images), in the third time bin, or the dorsal optic
tract. On average, the two growth cones increased their lengths by 8% (SD = 5.5%, n = two
growth cones) as they progressed from the ventral to the dorsal optic tract. This corresponds
to an average rate of increase of length of 1.4%/h (SD = 0.92%/h, n = two growth cones) for
growth cones of optic axons navigating in the optic tract.

The mean width for growth cone one was initially 16.1 um (SD = 1.81 um, n = 39 images), in
time bin one, or the ventral optic tract. The mean width for growth cone one changed to 13.9 um
(5D =3.61 pm, n =39 images), in the third time bin, corresponding to the dorsal optic tract. The
mean width for growth cone two was initially 15.3 um (SD = 3.12 um, n = 39 images), in time
bin one, or the ventral region of the optic tract. The mean width for growth cone two changed
to 16.3 um (SD = 5.79 um, n = 39 images), in the dorsal optic tract. For the two growth cones,
we calculated an average decrease of width of approximately 4% (SD = 14.3%, n = two growth
cones) as they navigated through the optic tract of the living brain preparation. This corre-
sponded to an average rate of decrease in growth cone width of 0.6%/h (SD = 2.38%/h, n = two
growth cones) during optic axon navigation from the ventral to the dorsal optic tract.

3.1.2. Growth cone perimeter increases, while area decreases over time

The perimeter and area of the growth cones were measured using the techniques described in
Section 2. Measurements were taken for both growth cones in each of the 119 frames. Again, the
time-lapse video was decomposed into three equal time bins and average growth cone perime-
ter and area were calculated for each of the time bins and plotted as bar graphs with trend lines
(Figure 4). The results revealed that, on average, the growth cone perimeter increased, and the
area decreased as the optic axons progressed through the optic tract (Figure 5). In addition, the
growth cone perimeter increased more than the growth cone area decreased as the optic axons
navigated through the optic tract in a living brain preparation (Figure 5).

The mean perimeter of growth cone one for time bin one was approximately 112 pm (SD =
13.5 um, n = 39 frames), whereas the mean perimeter for growth cone one for the third time
bin, corresponding to the dorsal optic tract, increased to 134 um (SD = 30.7 um, n = 39 images).
The mean perimeter of growth cone two for time bin one was 98 pym (SD = 14.3 um, n = 39
images), whereas the mean perimeter for growth cone two for the third time bin, correspond-
ing to the dorsal optic tract, was 124 pm (SD = 26.3 um, n = 39 images). This corresponds to
an average increase of 23% (SD = 4.9%, n = two growth cones) for the perimeter of the growth
cones as they navigated through the optic tract. We also calculated an average rate of increase
in growth cone perimeter of 3.8%/h (SD = 0.8%/h, n = two growth cones) during their naviga-
tion through the optic tract.

The mean area of growth cone one for time bin one was 392 um? (SD =48.9 um?, n = 39 images),
whereas the mean area for the third time bin, corresponding to the dorsal optic tract was decreased
to 346 um? (SD = 112.3 um?, n = 39 images). The mean area of growth cone two for time bin one
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was 333 um? (SD =71.1 um?, n = 39 images), whereas the mean area for growth cone two for the
third time bin, corresponding to the dorsal optic tract was 321 um? (SD =71.3 um?, n =39 images).
On average, the two growth cones decreased their area by 8.6% (SD = 6.65%, n = two growth
cones) during their navigation through the optic tract. This corresponds to a rate of decrease of
area of 1.4%/h (5D =1/1%/h, n = two growth cones) for optic axonal growth cones in the optic tract.

3.1.3. Filopodial protrusions increase, and lamellipodial protrusions decrease over time

To further decompose growth cone motility in the optic tract, the number of filopodial and
lamellipodial protrusions in the growth cones was measured using criteria described in
Section 2. The number of protrusions was calculated for both growth cones in each of the
119 frames of the time-lapse sequence. The average number of filopodia and lamellipodia
for the growth cones for each of the time bins were calculated and plotted as bar graphs with
trend lines (Figure 6). The results revealed that the mean number of filopodial protrusions
increased, and the mean number of lamellipodial protrusions decreased, as the growth cones
navigated through the optic tract toward the optic tectum (Figure 6). However, the mean
number of filopodia per growth cone increased much more than the mean number of lamelli-
podia decreased during the time the optic axons extended through the optic tract (Figure 6).

The mean number of filopodia in growth cone one during time bin one (117 min) or the ventral
optic tract was 4.4 (SD = 1.69, n = 39 images), whereas the mean number of filopodia for this
growth cone for the third time bin, corresponding to the dorsal optic tract, was 10.3 (SD = 1.49,
n = 39 frames). The mean number of filopodia displayed by growth cone two during time bin
one was 3.8 (SD = 1.48, n = 39 images), whereas the mean number of filopodia for this growth
cone in the third time bin, corresponding to the dorsal optic tract, increased to 10 (SD=2.1, n =39
images). On average, the two growth cones increased their average number of filopodia by 148%
(5D =16.6%, n =two growth cones), or at a rate of 25%/h (5D = 2.8%/h, n = two growth cones).

The mean number of lamellipodia of growth cone one for time bin one was 2.4 (SD =0.97, n =
39 images), whereas the mean number of lamellipodia for the third time bin, corresponding to
the dorsal optic tract, was 2.1 (SD =0.68, n =119 images). The mean number of lamellipodia of
growth cone two for time bin one was 2.4 (SD = 0.75, n = 39 images), whereas the mean num-
ber of lamellipodia for the third time bin, corresponding to the dorsal optic tract decreased
to 1.9 (SD = 0.63, n = 39 images). On average, the two growth cones decreased their average
number of lamellipodia by 17% (SD = 5.3%, n = two growth cones), which corresponds to a
mean rate of decrease of lamellipodia of 2.8%/h (SD = 0.87%/h, n = two growth cones).

4. Discussion

4.1. Changes in optic axonal growth cone morphologies in the optic tract

This quantitative analysis of growth cone motility of the in vivo time-lapse video demonstrates
six morphological changes in growth cones of optic axons navigating in the optic tract of X. lae-
vis brains. There was an increase of length, decrease of width, increase in perimeter, decrease in
area, increase in number of filopodia, and a decrease in number of lamellipodia of the growth
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cones (Figures 4-6). These results show that as the growth cones progress through the optic
tract, they become less circular, and more elongated and protrusive (Figure 2). These findings
could help us gain a better understanding of the intracellular changes that may be influencing
the morphology of the growth cones. From in vitro and in vivo studies, we know that growth
cones comprise three domains: the C-domain composed of microtubules, the T-domain con-
taining actin arcs, and the P-domain composed of actin as well (Figure 1). The P-domain has
also filopodial protrusions, composed of actin bundles, and lamellipodial protrusions, com-
posed of a meshwork of actin (Figure 1; [1-3]). The change in the morphology of the growth
cone as it progresses through the optic tract could be due to the intracellular changes in these
filaments. As the growth cone loses its circularity and becomes a more protrusive structure,
microtubules could be consolidating in the axon shaft, and actin could be remodeling to
influence the growth cone morphology once it reaches the dorsal optic tract. The changes in
morphology of the growth cone could also be due to the different extracellular cues, such as
Netrins, Wnts, Cadherins and CAMS, the growth cone encounters as it progresses through the
optic tract [13]. One possibility is that there could be more and/or different extracellular cues
in the dorsal tectum, causing the growth cone to project more filopodia. Since filopodia sense
extracellular cues and are composed of actin bundles, this could mean that actin bundles take a
prominent role, whereas microtubules in the C-domain of the growth cone begin to play a less
important role in the structure of the growth cone. The predominance of bundled actin could
also be attributed to decreased retrograde actin flow or to changes in motor driven transport
proteins like Myosin II [14]. How actin and microtubules communicate these extracellular cues
to intracellular changes could in turn be due to signaling molecules like APC that bind both
actin and microtubules. Microtubules may become less predominant as the axons reach the
end of the tract because of increased levels of APC within the growth cone [15-17]. APC could
also influence retrograde actin flow in the growth cone. These intracellular molecular mecha-
nisms underlying growth cone form and motility could be examined with further research.
It is clear through analysis of the time-lapse video that specific morphological changes in the
growth cone do occur in the optic tract. Our quantitative analysis can help us refine our under-
standing of the complicated intracellular mechanisms present within the growth cone.

4.2. Previous quantitative analysis of growth cones of optic axons in situ

Previous study quantified morphologies of growth cone of optic axons in the optic tract of
brains from X. laevis tadpoles [18]. In this earlier study, growth cones of optic neurons injected
with Lucifer yellow dye were examined in the optic tract in transverse sections of fixed brains.
From the images of these growth cones, the author measured size parameters (area, length,
and width), as well as number of processes in different regions of the optic tract. However,
there were several differences between these previous measurements of growth cone param-
eters in fixed brains and the measurements we present here based on a living brain prepara-
tion. First, the previous study defined the base of the growth cone as the region of the axon
where there was an abrupt thickening, or as the point halfway between the thickest region of
the growth cone and the axon [18]. In contrast, we defined the base of the growth cone as the
point where the first protrusion of the growth cone appeared on the axon [9]. In addition, in
contrast to our measurement of width of the growth cone at its maximum point, the previ-
ous study measured growth cone width at 4-6 different points along the growth cone and
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averaged these measurements to obtain a final width [18]. Finally, and most significantly,
our growth cone size measurements included the protrusions of the growth cone, whereas
these previous growth cone dimensional parameters did not include filopodial or lamellipo-
dial protrusions [18]. These differences in experimental approach (living versus fixed brains)
and morphometric criteria (definition of base of growth cone, of width of growth cones, and
inclusion or lack thereof of filopodia in growth cone size measurements) between the earlier
study and our report clarify why our measured values for width, length, and area of growth
cones of optic axons are significantly greater (~2x greater for length, width, and area) than
those presented in the previous study. The previous study also applied different criteria for
classifying filopodia and lamellipodia in optic axonal growth cones than we did in this study.
The author considered filopodia to be protrusions (between 0.2 and 0.5 um in width) that
projected 2 um or more from the growth cone surface, whereas lamellipodia were processes
shorter than 2 pum [18]. In contrast, based on a different study, we considered any protrusion
extending from the growth cone body between 1 and 5 pm in width as lamellipodia, and any
protrusions less than 1 um in width as filopodia [12]. However, despite these differences in
classification of filopodia and lamellipodia, we counted similar numbers of protrusions in
optic axonal growth cones in the ventral and mid-optic tract as in the earlier study.

4.3. Limitations and future directions for measurements of growth cones in vivo

In this quantitative analysis of growth cone morphology, researchers measured dimensions and
protrusions of growth cones of optic axons manually outlining and delimiting boundaries of
growth cones themselves (based on set criteria). One concern with having human researchers
perform morphometric analyses is the potential variability in their delimitation of growth cone
boundaries, and accordingly, the lack of reproducibility in their measurements. To circumvent
this issue, we had five different researchers who make the same morphometric measurements
on the two growth cones in each frame of the time-lapse sequence. We then averaged the val-
ues obtained by the different researchers to calculate our final values for size measurements of
growth cone morphologies. Another approach to ensure reproducibility in quantitative analysis
of growth cone morphology would be to have an automated computer program performing the
measurements. However, before applying an automated approach, several issues would need to
be resolved. First, the growth cones would need to be resolved with computer vision in a three-
dimensional brain (Figure 3). Most automated algorithms work well on growth cones imaged in
vitro (in two-dimensional cultures) but have difficulty establishing realistic boundaries for growth
cones imaged in intact, three-dimensional tissues. Second, one would need to algorithmically
define the base of the growth cone using a specific criterion, such as the point of the first protru-
sion on the axon near the growth cone. Currently, any automated computer program that is able
to perform this type of analysis on extending axons and growth cones in vivo is not known.

In addition, in this study, we measured morphometric parameters for a relatively small number
of growth cone of optic axons based on a time-lapse video captured of two fluorescently-labeled
growth cones navigating in the optic tract of a single living brain preparation. Therefore, it is
possible that our measurements are not representative of growth cones of optic axons in living
brains generally. Instead, our growth cone measurements may be biased by the experimental
conditions of this brain preparation. For example, the pressure exerted by the cover slip on the
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living brain preparation can alter the morphology of the growth cones as they navigate through
the optic tract. To expand and generalize these morphometric measurements, we would need
to make measurements on additional GFP expressing growth cones in different living brain
preparations. An appropriate sample number would be 10-15 growth cones in five different
living brain preparations. This would allow us to determine whether our morphometric mea-
surements are generally representative of growth cones of optic axons from X. laevis tadpoles.

Limitations notwithstanding, the detailed measurements that we made of growth cone param-
eters advance our understanding of the dynamics of optic axon pathfinding in the optic tract
of X. Iaevis brains in vivo. Our study establishes a template for the types of morphometric mea-
surements that could be made from additional time-lapse video sequences of optic axons navi-
gating in the optic tract of living brains. In the future, the motility parameters we measured for
optic axonal growth cones of Xenopus brains could be compared to similar parameters obtained
for growth cones of other types of neurons in different tissues. This would allow researchers to
determine in a precise, quantitative manner how growth cone motility varies in different cell
types and/or species. Moreover, this detailed quantitative analysis of growth cone motility of
wild type optic axons will be fundamental for future studies examining how mechanical and
molecular cues regulate the growth cone motility of optic axons in vivo. Finally, researchers
aiming to develop computational visualizations of growth cone motility could use the quanti-
tative parameters we measured for optic axonal growth cones to develop more accurate in silico
representations of developing axonal connectivity in neuronal projections [19].
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Abstract

The diagnosis of diseases of the brain is based on additional methods, confirming the
clinical diagnosis. One of the most objective methods is magnetic resonance imaging
(MRI). A detailed quantitative evaluation became possible after the introduction of MRI
voxel-morphometry—statistical analysis of structural MRI images using a computerized
segmentation matter of the brain gray and white matter. The decrease in the volume of
the brain, as a manifestation of cerebral atrophy, is a common feature of many neurologi-
cal diseases. We performed a study of brain structures in multiple sclerosis, Parkinson’s
disease, and cerebrovascular diseases. In patients with multiple sclerosis the correla-
tion was found between the score on a scale of Expanded Disability Status Scale and the
total thickness of the cerebral cortex. In our study of the brain in Parkinson’s disease,
the amount of the substantia nigra was slightly lower than in the control. In patients
with long-following Parkinson’s disease, the volume of substantia nigra was significantly
higher than in patients with early stage. The increased volume was determined by the
accumulation of organic iron compounds as a sign of neurodegeneration.

Keywords: magnetic resonance imaging, voxel morphometry, brain, gray matter, white

matter, neurodegeneration, multiple sclerosis, Parkinson’s disease

1. Introduction

The human brain is the most important organ that controls the functions of all the other
organs in the human body through neuronal connectivity and neuronal signal transmission.
Central nervous system (CNS) is the most complex but a very poorly understood structure in
the human body. The diagnosis of many diseases of the brain is based on additional research
methods, confirming the clinical diagnosis. One of the most objective and intuitive methods
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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is magnetic resonance imaging (MRI). The technology to image the structure and function of
the brain noninvasively (MRI, other methods of neuroimaging) has transformed our under-
standing of neurological disorders, opening new approaches to treatment and prevention.
For a long time, MRI was based on a visual qualitative analysis of the obtained images. The
development of the method led to the emergence of different modes of research, there are
fundamentally new methods—diffusion-weighted image, the tensor image, perfusion MRI,
functional MRI, and a method of MRI spectroscopy. However, these methods are mostly
qualitative.

Neuroimaging may be divided into structural neuroimaging, which evaluates anatomic
changes that occur in neurodegenerative conditions, and functional neuroimaging, which
evaluates CNS activities such as blood flow and metabolism. For example, structural neu-
roimaging with computed tomography (CT) and magnetic resonance imaging (MRI) has
defined patterns and rates of brain volume loss in neurodegeneration. Moreover, structural
neuroimaging may detect treatable conditions that may present with dementia-like symp-
toms. Functional neuroimaging with MRI (fMRI), single photon emission CT (SPECT), and
positron emission tomography (PET) have greatly assisted in the understanding of blood
flow, metabolism, and amyloid deposition. Application of MR spectroscopy (MRS) has also
yielded novel information about neurodegeneration [1, 2].

A detailed quantitative evaluation became possible after the introduction of MRI voxel-mor-
phometry-statistical analysis of structural MRI images using a computerized segmentation
matter of the brain GM and WM. Data about this technique were first published in 2000 [3].
MRI voxel morphometry requires the processing of data obtained by MRI study in the mode
of the T1-weighted images (WI) with a slice thickness of 1 mm.

Voxel morphometry is based on the calculation of local differences in brain tissue after level-
ing expressed differences in anatomical structure and spatial position. This is achieved by spa-
tial normalization (registration) of structural images into a single stereotactic space, further
segmentation of gray and white matter, cortical rectification of furrows and convolutions, and
statistical analysis to detect differences between the experimental groups. By segmentation,
we can separate the major cerebral and extracerebral structures (GM, WM, and cerebrospinal
fluid, CSF), also using voxel morphometry, we can reveal focal anatomic lesions [4, 5].

The decrease in the volume of the brain, as a manifestation of cerebral atrophy, is a common
feature of many neurological diseases. There is the general (total) and regional (local) atro-
phy. Under the general atrophy, we can understand the volume reduction of brain paren-
chyma and the increase of subarachnoid spaces and ventricles of the brain. The decrease in
the volume of certain brain structures is called regional atrophy. In brain tissue, the atrophy
is accompanied by loss of neurons and connections between them that allows to consider it as
one of the markers of the severity of the disease.

There are two basic methods of studying the volumes of the brain: using separation of gray
and white matter manually or using special computer programs. Both methods have both
positive and negative sides. We have tested both approaches. We performed a study of brain
structures in multiple sclerosis, Parkinson’s disease, and cerebrovascular diseases (CVD).
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2. Morphometry of the brain in multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the CNS affecting
more than 2 million people worldwide and leading to chronic progressive disability in the
majority of cases. MS is heterogeneous both clinically and histopathologically, suggesting
that different effector cells and molecular mechanisms are involved in the induction of tis-
sue destruction. The most common form of MS, known as relapsing—remitting MS (RRMS),
is associated with acute inflammatory episodes that reduce neurological function. RRMS
patients may experience some recovery between relapses, but in 80% of cases, the disease
evolves to a more progressive form with neurodegeneration termed secondary progressive
MS (SPMS). The latter is associated with a gradual loss of neurological functions and is less
dependent on inflammation [6-8]. Currently, it is generally assumed that immune, inflamma-
tory, and neurodegenerative mechanisms involve in the pathogenesis of MS; it is a balance
between the activity of inflammation, progressive degeneration, and reparative mechanisms
and determines the clinical manifestations at each stage.

The main method of diagnosis in MS is magnetic resonance imaging (MRI). Standard tech-
niques MRI is essential to confirm the nature determination of the activity of the pathological
process and monitoring of the disease. Now, we use modern methods of MRI, which aims at
clarifying the pathogenesis and pathophysiological mechanisms of formation of neurological
deficit, the development of effective prognostic criteria, and new markers for the monitoring
of the flow of inflammatory and neurodegenerative, atrophic component [9-11].

Initially, the presence of atrophy of the brain in MS patients was identified qualitatively,
describing the extension of the ventricles and subarachnoid spaces and reducing the amount
of substance of a brain. The next step was the quantitative assessment of atrophy of the brain
with no differentiation of GM and WM. Currently, studies use different methods of MRI to
assess how the global (brain in general) and regional atrophy. One of the most commonly
used methods is to estimate the fraction of the brain parenchyma (BPF), which is determined
by the ratio of the brain to the amount of the substance of the brain and cerebrospinal fluid
(CSF). It is believed that in patients with MS, the regional atrophy may serve as a more sensi-
tive marker of the severity of the disease than the general atrophy, but the results obtained
in different studies often directly contradict each other. In recent years, it has been suggested
that atrophy of cortical and subcortical gray matter prevails over the decrease in the volume
of the white matter of the brain and largely determines the degree of disability of MS patients.
Many researchers have noted that different types of MS course are characterized by their pat-
terns of atrophy [12].

First, when an MS that the key importance was given to inflammatory demyelination of the
WM and therefore considered that it undergoes atrophy. However, damage to axons within
the WM lesions lead to atrophy, which was most likely evolving in two ways: the loss of
substance in the demyelination and further Wallerian degeneration pathways associated with
the lesion. WM atrophy affected certain areas of the brain, including both hemispheres of
the brain, the brain stem, and the cerebellum. In patients with relapsing-remitting multiple
sclerosis (RRMS) compared with the control group, most pronounced atrophy of almost all
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parts of the WM: the corpus callosum, cingulate gyri on both sides, certain divisions of the
frontal lobes (including the upper sections of the radiate crown and the upper longitudinal
beams), and temporal and occipital lobes (arch, upper and lower longitudinal beams, inferior
frontal-occipital tracts [13, 14].

Atrophy of the brain in MS is the result of a comprehensive process of demyelination, axo-
nal degeneration, and neuronal death [15]. In the treatment of MS, special attention is paid
to the prevention of neurodegenerative component, and recently, several studies have been
conducted for the evaluation of drugs. It was discovered that the degree of disability of the
patients is determined with a therapeutic effect on a neurodegenerative component of the
disease. However, the relationship is ambiguous. After the usage of MS-modifying drugs,
there is a decrease in the degree of atrophy of the brain in the first year, then the physician can
see the stabilization of process [16]. Thus, it may be the gradual, progressive atrophy of brain
substance in MS but may be the fluctuations of its volume. In particular, acute inflammation
with swelling of the brain tissue and the formation of new lesions during exacerbation of MS
leads to a temporary increase in the volume of the brain and vice versa—glucocorticoid treat-
ment leads to a temporary reduction of brain tissue—the so-called pseudoatrophy [17]. As
suggested, this is the result of reducing inflammation and swelling in the brain.

Some studies have shown that WM atrophy is less prominent compared to GM atrophy due
to more pronounced inflammatory processes that can mask atrophy [18, 19]. It is believed that
patients with MS regional atrophy may serve as a more sensitive marker of the severity of
the disease than the general, but the results obtained in different studies are mixed and often
directly contradict each other. In recent years, it has been suggested that atrophy of cortical
and subcortical GM prevails over the decrease in the volume of WM in the brain. It predomi-
nantly determines the degree of disability in patients with MS. However, many researchers
note that different types of MS have the specific patterns of atrophy.

When analyzing the state of the GM in MS, it has been discovered that atrophy of the thala-
mus develops earlier than the atrophy of the cortex, which was demonstrated in a study of
patients with RRMS and secondary progressive multiple sclerosis (SPMS) during follow-up
[20, 21]. Atrophy of the thalamus observed in all types of MS course, to the greatest extent in
SPMS, which is probably related to disease duration

The correlation was found between the score on a scale of Expanded Disability Status Scale
(EDSS) and the total thickness of the cerebral cortex, precentral cortex, postcentral, parahip-
pocampal, occipital gyri, and the caudate nucleus volume and a striped body. Some studies
show that patients with sustained progression of disability by EDSS have a much higher rate
of atrophic processes in comparison with patients with stable neurological symptoms. It is
also believed that the amount of GM compared with WM volume is a more sensitive predictor
of disability, measured by EDSS [22].

Cognitive impairment, including loss of memory, attention, and speed of information repro-
duction, has been reported in 70% of patients with MS, and they occur already at early stages
of the disease (within the first 3 years). Patients with RRMS with cognitive impairment com-
pared with patients without such revealed a decrease in volume of the brain in general and
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GM of the cerebral cortex. Indeed, cortical atrophy is predictive of cognitive impairments
because even mild cognitive changes are associated with significant thinning of the cerebral
cortex. Also, a significant correlation was discovered with atrophy of the thalamus [23].

Thus, the modern MRI techniques, including MRI voxel-morphometry, significantly expand
our understanding of the pathogenesis of MS. Numerous studies show that in addition to the
WM atrophy, the GM atrophy in MS is already found in the early stages of the disease, and it
progresses faster in healthy people, being a significant MRI predictor of the development of
disability. Studies that show atrophy in different areas of the brain at the different types of MS
course bring new contributions to the understanding of the pathophysiological mechanisms
of the degenerative process. Now, we only accumulate our own data on the morphometry of
the brain in MS.

We studied 10 patients with RRMS, five women, and five men. The diagnosis was based on
McDonald criteria, 2010 revision. The age of the patients was from 24 to 36 years (average
age/here and further data are given in the format M +m/30, 7 + 1, 22 years. At the time of the
study, the disease duration ranged from 1 to 24 years (mean age of 8.1+2.25 years). During
follow-up, only three patients had one to three exacerbations. Before therapy with drugs
modifying the course of the disease, mild disability (EDSS < 3.0) was in eight patients, moder-
ate (EDSS 3.5-5.5 points) —in two, and no severe disability (EDSS > 6.0 points) were observed.
The average EDSS score before the start of the specific therapy was 2.5+ 0, 25, during an exac-
erbation—3.5+0.34. All patients had no therapy before inclusion in the study. Therapy with
glatiramer acetate (in a standard dose of 20 mg subcutaneously daily) was prescribed to three
patients, but in the future, one of them was transferred to natalizumab therapy (in a stan-
dard dose of 300 mg infusion monthly) in the cause of aggressive course of the disease (three
exacerbations). Seven patients had therapy with interferon beta 1-b in a dose of 9.6-million
IU subcutaneously through the day. The control group (CONTROL) consisted of 10 healthy
individuals, five men and five women, mean age of 21.3 +1.9 years.

To assess the condition of patients, we used the standard neurological examination, Expanded
Disability Status Scale (EDSS), Multiple Sclerosis Functional Composite (MSFC) which
includes the quantitative tests that assess lower limb function/walking (Timed 25-Foot Walk)
and upper limbs (9-Hole Peg Test), hearing test on addition of a sequence of digits PASAT-3
(Paced Auditory Serial Addition Test), and several subtests of the Wechsler Adult Intelligence
Scale: subtest “Resemblance,” subtest “Digit span”, subtest “Coding”, subtest “Kohs Block
Design Test “, Beck’s depression scale, and Beck’s anxiety scale.

Brain MRI was performed on “Initial Achieva 3.0 T” (Philips Medical System Nederland BV)
with a magnetic field of 3 T. The study protocol included the use of T1-WI with slice thickness
1 mm, the distance between the slices—0 mm, and after contrast enhancement. The MRI was
performed with the processing of the sequences for morphometry of anatomical MRI using
FreeSurfer 5.3 (an open source software suite for processing and analyzing human brain MRI
images) for segmentation and visualization of brain structures.

The results of voxel-based morphometry using the anatomical MRI T1-WI of the brain show
a significant decrease in the cortical and subcortical GM volumes and WM in comparison to
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CONTROL (Table 1). The volume of cortical GM in MS patients was 13.9% lower, while sub-
cortical GM was 21.8%. The decline in GM of the thalamus was the highest—25.6%. The vol-
ume of WM was lower than in the CONTROL by 20.4%, and the greatest difference was found
in relation to the corpus callosum—46.6%. At the same time, it was discovered an increase in
the volume of the third ventricle by 31.9% and the lateral ventricles by 84.4%. It was indicated
that the severity of reduction in volumetric parameters of the brain increased in proportion
to the duration of MS.

It was not found a clear relationship between the level of reduction in GM and WM volume of
the brain and EDSS. But there was a positive relationship between the amount of Hypo lesions
in the white matter of the brain and EDSS. We discovered that the parameters of neuropsycho-
logical testing in patients with MS was worse than in CONTROL, and at exacerbation period,
there was marked a more significant decline. We identified a probable correlation between
reduced volumetric and neuropsychological parameters.

Parameters (mm®) CONTROL MS

The total volume of cortical GM 521763.46 449010.5
The volume of subcortical GM1v 63915.5 50008.38
The total GM volume 696492.4 607442.001
The total volume of WM 503950.6 401106.7975
The volume of the lateral ventricles 14853.5 27396.225
Volume III ventricle 1221.7 1610.95
Volume IV ventricle 1764.6 1970.5

The volume of the cerebellum 158134.7 135249.45
The volume of the thalami 16330.5 12157.15
The hippocampal volume 10146.9 7818.45
The volume of the corpus callosum 3261.9 1740.55
The volume of hypointensive lesions in brain WM 899 8915.1

The volume of hypointensive lesions in brain GM 9.6 33.75

Table 1. The volume of the brain by MRI in patients with MS and CONTROL obtained by voxel morphometry (own
data).

3. Morphometry of the brain in Parkinson’s disease

Parkinson’s disease (PD) is currently the most common among neurodegenerative diseases,
its incidence is 200-300 cases per 100 thousand people. In Russia, according to epidemio-
logical studies in some regions, the prevalence of PD is only 40-140 cases per 100 thousand
population, which is considerably lower than in Western Europe and North America. The
pathogenesis of PD is of great importance to the accumulation of intracellular inclusions (Levi



MRI Morphometry of the Brain and Neurological Diseases
http://dx.doi.org/10.5772/intechopen.69098

bodies) in the neurons located in the compact part of the substantia nigra (SN), reflecting
progressive neurodegeneration. Motor symptoms of PD are manifested at the stage when it
is killed not less than 50% of dopaminergic neurons of the SN, and the typical picture of the
disease is fully formed during the destruction of 80% of the cells [24].

Due to the decrease in the number of neurons of the SN, the number of dopaminergic pro-
jections at the rear parts of the putamen is reduced that leads to the development of a triad
of characteristic motor symptoms of PD—static tremor, bradykinesia, and rigidity, which is
deployed in the next stages of the disease with postural instability. In the early stages of PD,
not all symptoms are expressed equally; therefore, there are difficulties of differential diag-
nostics of PD and symptomatic parkinsonism, torsion dystonia, and essential tremor that are
not associated with degeneration of nigral neurons and a deficit of dopamine in the striatum,
while in 15% of cases, the diagnosis of PD is wrong [25-28]. The complexity of differential
diagnosis and, to some extent, delayed the debut of the classic clinical symptoms leading to
late diagnosis of the neurodegenerative process and the low efficiency of symptomatic treat-
ment, while the possibilities for pathogenetic help have been lost.

At this time, the researchers are studying actively the predictive value of various non-motor
symptoms that occur in the early stages of PD, as these symptoms of neurodegeneration man-
ifest long before the development of the classic triad of motor symptoms. Known early signs
of violations of smell, changes in the regulation of cardiac activity, disorders of motility of
the gastrointestinal tract, ultrasound signs of early degeneration, disaster, and other changes,
because they precede the manifestation of motor symptoms of PD in the years.

As a result of improving traditional methods of functional neuroimaging, the studies have
been aimed at identifying qualitative and quantitative indicators of the morphology of the
brain in PD. In this connection, the special interest is the study of dopaminergic structures of
the brain stem. Despite the fact that currently there are data from multiple studies, obtained
facts are rather contradictory. The difference in the results of volumetric studies of the SN in
PD could be attributed to the difficulty of identifying the boundaries between the compact
and reticular parts of the SN, lack of opportunity of contrasting these structures, individual
differences in the volume of the midbrain and medulla in general [28, 29].

Using diffusion tensor MRI Tessa et al. [30] revealed the signs of a diffuse reduction in the
volume of gray matter of the cerebral hemispheres in patients with newly diagnosed PD who
did not receive specific therapy. These data are consistent with the hypothesis of PD stages of
Braak [25], claiming that at the time of the manifestation of motor symptoms process of neu-
rodegeneration is already becoming common. The authors found differences in the severity of
atrophy with a predominance of rigidity or tremor obtained by using sophisticated statistical
techniques, however, do not seem convincing. Some researchers using this technique revealed
changes in the thalamus, SN, and its ascending and descending pathways in PD [31-33].

T1-, T2-, and T2*-WI were used previously to study the anatomy of the midbrain, it is assumed
that T1-WI better reflects the lower divisions, however, none of the modes did not allow to
distinguish the compact and reticular parts of CHS [34, 35]. Routine T1- and T2-WI MRI do
not reveal accurate structural changes in the SN in PD, which confirms its idiopathic nature.
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Morphometric studies, using voxel morphometry obtained by different researchers, are con-
tradictory, probably due to the difficulty of tracing the boundaries of the compact part of SN.

The contrast ratio of the SN is determined by the accumulation in it neuromelanin, ferritin and
other iron substances, whose concentration is changed by natural aging, so in PD and other
neurodegenerations. Reticular part of SN contains more iron than its compact part, which is
manifested by hypotensivity of this area due to the decrease of the relaxation time T2. The
compact part of SN contains more neuromelanin, and the iron atoms in them are in the bound
state with the ferritin [36, 37].

Oikawa et al. [38] did not note significant changes of size and density of CHS in studies in
modes T2 and proton density. Minati et al. [39] using the T1 with the suppression of the signal
from gray and white matter in PD revealed hypointensity signal from the external part of the
SN, mainly the reticular part of it. The authors in the study of SN at the level of the chiasm
above the upper legs of the cerebellum said that there is significantly smaller area in patients
with PD (72.2 + 27.4 mm?) than in healthy individuals at similar (88.8 + 28.7 mm?) or young age
(of 91.8 +29.4 per mm?). The authors have not performed the volumetric study.

We carried out the clinical and neuroimaging examination of 4 groups of patients: 10 patients
with the initial manifestations of PD, stage 1 on Hoehn and Yahr scale (PD1) [40], 10 patients
with severe clinical manifestations, stage 3 on Hoehn and Yahr scale (PD2), 10 patients with
early manifestations of CVD, after a transient ischemic attack (TIA) or minor/lacunar stroke
with complete or almost complete regression of neurological deficits (CVD1), and 10 patients
with severe manifestations of CVD after suffering repeated small/lacunar stroke (CVD2). The
diagnosis of PD was established in accordance with generally accepted criteria of brain Bank
of the UK PD society [41]. Control group (CONTROL) consisted of 10 apparently healthy
persons aged 21-48 years.

MRI study was conducted on “Initial Achieva 3.0 T” (Philips Medical System Nederland BV) with
amagnetic field of 3 T. The study protocol included the use of T2- and T2*-weighted images (T2-
Wi, T2*-WI) using pulse sequences TSE (Turbo spin echo), FFE (Fast field echo), GraSE (Gradient
spin echo). The orientation of slices was conducted nearly to the axial plane, parallel to the line
connecting the middle of the chiasm and the lower contour of the corpus callosum splenium. To
explore dopaminergic structures of the brain stem, the middle block of the scanned sections was
located between the upper and lower hillocks of the corpora quadrigemina. Also, we carried out
the scanning in the coronal and axial planes, perpendicular to the main axial plane.

Regional assessment of the volume of brain matter of cerebral hemispheres and the CSF, GM,
and WM of the midbrain were performed by the volumetric morphometry. For the region of
the cerebral hemispheres, we used axial slices extending above the cavity of the third ven-
tricle, through the bodies of the lateral ventricles, above the insula. After visual determination
of the zone of interest, we performed automatic segmentation on the GM + WM and CSF.

To determine the volumetric characteristics of SN, we investigated sections of the midbrain in
T2-WI and FLAIR. T2 and T2* relaxation time changes as a result of the accumulation of iron
in the area of SN in PD patients (Figure 1). The highest contrast of images we obtained in the
FLAIR MRIL Study of SN included in its entirety as Hypo-region compared to the white matter
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Figure 1. Images of the midbrain from the ponto-mesencephalic (1) to mesencephalic-diencephalic transition (9) on
T2-WI (slice thickness 2 mm, the distance between the slices-0 mm). In Sections 3-8 visualized SN, in Sections 5-9—NR,
slice 9—the subthalamic nucleus (arrow) positioned as a continuation of SN at the diencephalic level (own data).

of the midbrain. The normalization of the size SN on the volume of the midbrain did not per-
form. For accurate tracing of the boundaries of SN and the nucleus ruber (NR), we used schemes
Duvernoy’s Atlas of the Human Brain Stem and Cerebellum [42].

The boundaries of SN and NR were traced manually. The border was carried out by the
regions, having approximately the intermediate brightness signal between SN and surround-
ing white matter. To reduce the subjective factor, the study was conducted by two experts
independently from each other.

A significant decrease in the brain volume compared to the CONTROL was observed only in
the groups CVD1 and CVD2, while the increase in the volume of subarachnoid spaces was
observed in all patients. The PD1 group showed a trend toward increasing the share of space
filled with CSF in the preservation compared to the normal shares of the brain tissue. Patients
of the PD2 group, along with the increase in the share of space filled with CSF, showed a trend
toward a decrease of the relative volume of brain matter. The greatest reduction in the volume
of brain matter with a corresponding increase space filled with CSF was observed in the CVD2
group. The difference was statistically significant with the PD1 and PD2 groups (Table 2).

We carried out morphometry of SN in PD [43]. Although the amount of SN in PD1 patients was
slightly lower than in the CONTROL, but the difference was not significant. At the same time
in PD2 patients, the volume of SN was significantly higher than in PD1 patients (Figure 2). It
should be emphasized that the indicators include both compact and reticular part of SN, and
hypotensive of this zone was determined by the accumulation neuromelanin, ferritin, and
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Group Volume of brain matter =~ Volume of the lateral ventricles = Volume of the subarachnoid space
PD1 0.85+0.01 0.04+0.003 A 0.11+£0.01 A

PD2 0.82+0.01 A 0.06+0.01B 0.12+0.01 A

CVD1 0.81+0.01A,B 0.07+0.004 B 0.12+0.01 A

CVD2 0.78+0.01A,B,C 0.09+0.01 A, B, C 0.12+0.01 A

CONTROL  0.87+0.01 0.06+0.01 0.07+0.01

Abbreviations: A, p<0.01 value is calculated against CONTROL; B, p <0.01 value is calculated against PD1; C, p<0.05
value is calculated against PD2 by volume of the brain and p <0.01 for the volume of the lateral ventricles.

Table 2. The ratio of the volumes of brain matter and spaces filled with CSF, in patients with PD, CVD, and control group
(M £ m) (own data).
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Figure 2. Volume of SN according to the results of morphometry axial slices (in mm?®) in the T2-Wi and FLAIR in PD1,
PD2, and CONTROL. The horizontal line indicates the median in each group (own data).

other organic iron compounds. Previously, researchers revealed hyperechogenicity of the SN
in patients with PD in transcranial ultrasonography. Obviously, in this case, MRI revealed a
phenomenon similar to ultrasonography.

Thus, MRI neuroimaging of dopaminergic structures of the brain stem is feasible, it can detect
volumetric changes reflecting a neurodegenerative process. Although the positron emission
tomography allows to obtain more information regarding the functional state of the dopa-
minergic structures in PD; however, this method remains inaccessible. Therefore, voxel mor-
phometry of SN is a useful method of diagnosis and monitoring of PD patients.
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Chapter 5

Application of Morphometric and Stereological
Techniques on Analysis and Modelling of the Avian
Lung

John N. Maina

Additional information is available at the end of the chapter
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‘T often say that when you can measure what you are speaking about, and express it in
numbers, you know something about it; but when you cannot express it in numbers,
your knowledge is of a meager and unsatisfactory kind; it may be the beginning of
knowledge, but you have scarcely, in your thoughts, advanced to the stage of science,
whatever the matter may be’.

Lecture ‘Electrical Units of Measurement’ (3 May 1883)
William Thompson (Lord Kelvin) (1824-1907).

Abstract

For a long time, biology was a qualitative (descriptive) science. The investigations failed to
fully explicate the functional designs of whole organisms and their constituent parts. About
half a century ago, at an interdisciplinary meeting which was held in Feldberg (Germany),
the International Society of Stereology (ISS) was formed. Mathematicians, statisticians and
physical and biological scientists combined their skills to create a new scientific discipline of
stereology that allowed for reliable and reproducible quantitation of structural entities of
composite physical and biological materials and extrapolation of measurements made on
two-dimensional profiles/images to their three-dimensional forms. With time, novel bias-
free sampling and quantitation techniques have been developed and tested. Presently, there
is no justification for totally descriptive biological studies. Numerous books, publications,
computer programmes and applications and dedicated microscopes exist for cost-effective
analysis. Within the relatively short time, it has been in existence, the ISS has actively
advanced stereology which is now applied by scientists all over the world in various
biological disciplines. Only basic understanding of mathematics, geometry and statistics is
needed to do good stereology. Here, analysis of the avian (bird) lung is given to show the
versatility and robustness of stereological techniques in analysing biological structures.

Keywords: stereology, morphometry, sampling, avian lung
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1. Introduction

In biological studies, by default or design, the primary objective is to understand the relation-
ships between the structure and the function of an organism or animal. The nature and
organization of the cellular and tissue constituent parts specify its form and performance. For
a long time, in rigidly compartmentalized scientific disciplines, it was not possible to correlate
these aspects mainly because disciplines such as physiology and biochemistry generated
functional (i.e. quantitative) data, structural studies such as morphology and anatomy were
fundamentally descriptive. During the last half century, however, methods that allow biologi-
cal structures to be meaningfully analysed have been developed by essentially synthesizing
statistical and mathematical methods. Biology has profoundly changed from a mere observa-
tional, descriptive and classificatory discipline into a fully fledged branch of science with
complex theories and concepts of quantitation and formulation of comprehensive mathemati-
cal models that powerfully explicate the forms and functions of complex dynamic systems.
Quantifying and comparing different biological systems that share common design principles
powerfully explain evolutionary and adaptive changes [1].

Quantitative studies require careful planning and execution. Before performing such a study,
thorough understanding of the structure of a biological entity and its formative parts is impera-
tive. A pilot study should precede the study and proper research questions formulated from it. A
well-planned and properly executed quantitative study must adequately support or refute
articulated research questions: data should not be acquired for their own sake.

The tissues analysed must be handled and processed carefully. This is to avoid introduction of
artefacts during stages like sampling, processing, fixing and staining. The primary goal should
be that the tissue analysed is preserved in its initial (natural) state. Since only a small fraction of
the organ or tissue can routinely be analysed (Figure 1), rigorous unbiased and reproducible
sampling is critical to meaningful quantitative studies [2, 3].

Morphometry means measurement of form (morph = form and metric = measurement), while
stereology, which translates from its Greek roots ‘stereo’ and ‘logos’, means the ‘science of
studying solids’. Specifically, it entails extrapolation of measurements made on two-dimen-
sional (2D) profiles/images to their three-dimensional (3D) configuration. In stereological
studies, this entails reconstruction of the structural profiles to their in-life state. However,
stereology is morphometry, but morphometry is not necessarily stereology.

A tailor who takes measurements of a person in order to make him or her a suit performs
morphometry and not stereology. In the use of the highly informative transmission micro-
scopes, be it light or electron, thin sections of tissues have to be cut to allow light or electron
beam to pass through. The inescapable action converts 3D structures to 2D profiles (Figure 2).
The profiles that are generated after sectioning cells, tissues or organs depend on the plane of
sectioning (Figure 3). For example, circular profiles can be generated by sectioning tubular or
spherical structures. In order to correctly interpret such profiles, microscopists should think in 3D. In
biology, by applying stereological techniques, measurements made on 2D profiles can be
extrapolated to their 3D configuration (Figure 4).
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Figure 1. Cartoon showing three blind-folded people palpating different parts of an elephant. The individuals will
describe the shape of the elephant differently. Person (A) will, e.g., describe it as corresponding to a trunk of a large tree
trunk; (B) will describe it as smooth, flat object; (C) will pronounce it as hard and sharp-pointed; and (D) will deduce it as
a soft, pliable object. In principle, all of them are correct. The figure illustrates the following: in quantitative studies, since a
whole animal, organ or tissue cannot be analysed piece-by-piece, rigorous sampling has to be undertaken so as to acquire
a representative and manageable sample for analysis.

Figure 2. Diagrams showing transversely sectioned epithelial cells (A) and the profiles generated (B) and structures such
as muscle fibres (C) that generate profiles when sectioned transversely (D). Stereology allows one to extrapolate measure-
ments made on two-dimensional profiles (B and D) to their three-dimensional configuration.
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Figure 3. Diagram showing the different profiles that are generated after sectioning a fruit (e.g. an orange) at different
planes. By applying stereological methods, the shape of the fruit can be reconstructed from studying sufficient random
sections of the fruit.

As a scientific discipline, stereology did not formally start until ~55 years ago at a meeting of
researchers from as varied disciplines as biology, geology, engineering and materials sciences
in 1961. A biologist, Professor Hans Elias (specifically a histologist), organized a meeting at
Feldberg in Germany which was attended by scientists with one goal in mind: fo quantify 3D
images by studying their 2D sections (profiles). Now called “The International Society for Stereol-
ogy and Image Analysis (ISS & IAY’, the International Society for Stereology (ISS) was formed
at the first congress in Vienna (Austria) in 1962 [4]. Since then, meetings are held regularly, and
the ISS is a leading multi-disciplinary collaboration group.

The start of stereology in the 1960s occurred simultaneously with important technological
developments that included availability of powerful and affordable microscopes and introduc-
tion of innovative tissue preparation and staining techniques such as immunocytochemistry.
These developments increased interest in quantitative biology in general and in the emerging
field of stereology in particular. Investigators began to prefer the more objective stereological
approaches over subjective evaluations that were known to be greatly affected by inter-
observer errors. Mathematicians and statisticians in particular have greatly contributed their
unique skills to the theoretical aspects of the interdisciplinary discipline of stereology [5].
The major weaknesses in the previous techniques that applied Euclidean formulas based on
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Figure 4. Sectional (2D) images (histological- or transmission electron micrographs) (A; to E;) and corresponding 3D
images (scanning electron micrographs) (A, to E;). Ay and A,: Parabronchus of the lung of the ostrich, Struthio camelus
and the domestic fowl, Gallus gallus variant domesticus. PL, parabronchial lumen; ET, exchange tissue; B and B,: Clara
cells (CC) of the lung of the greater bush baby, Galago senegalensis; C; and Cs: Parabronchi of the lung of the domestic fowl.
PL, parabronchial lumen; ET, exchange tissue; D; and D,: Structural components of the exchange tissue of the lung of the
domestic fowl. AC, air capillaries; BC, blood capillaries and; E; and E,: Alveolus (Av) of the lung from the naked mole rat,
Heterocephalus glaber and that of the bush baby. BC, blood capillaries. Stereology allows extrapolation of measurements
made on 2D profiles (e.g. A; to E,) to their 3D forms (e.g. A, to E). Absolute parameters such as volume, length, number
and surface area can be determined.
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classical geometric shapes were identified and improved or replaced with more robust ones.
Stereology is a developing science where new innovations continue to make important
improvements in the efficiency of the techniques [2, 3]. Utilizing random systematic sampling
and different analytical methods, stereology provides unbiased quantitative data.

This account illustrates the versatility of stereological techniques that have contributed greatly to
the better understanding of the functional design of the avian lung [6-11]. Many publications,
books and programs and algorithms (softwares) are now available on the discipline. Among
these are Weibel [2, 5], Stuart [12], Gundersen and Jensen [13], Gundersen and UJsterby [14],
Mouton [15], Howard and Reed [3] and West [16].

2. The functional design of the avian lung

2.1. Formulation of research question(s)

It is less costly for an animal to fly a given distance per unit time than it is for it to run on the
ground across the same distance in the same period of time. This is notwithstanding the fact
that powered (active) flight is energetically a very costly form of locomotion [17-19]. The
capacity of overcoming gravity and remaining stationary in air (hovering) requires high
metabolic capacity and concomitant considerably high consumption of large amounts of O,
[20, 21]: a hovering hummingbird supports its body weight entirely by power generated by the
flight muscles (Figure 5). Showing the highly selective nature of flight, powered flight has
evolved in only a few animal taxa. It was achieved by insects ~350 million years ago (mya), by
the now extinct pterodactyls ~220 mya, birds ~150 mya and bats ~50 mya, chronologically in
that order. In terms of speed, endurance and high altitude travel, birds are excellent flyers. For
example, a diving peregrine falcon, Falco peregrinus, can attain a speed of 403 kph (112 m s )
[22]; the Arctic tern, Sterna paradisea, flies from pole to pole, a return distance of 35,000
km [23, 24]; the American golden plover, Pluvialis dominica, flies 3300 km non-stop from the
Aleutian Islands to the Hawaiian ones in a time of only 35 h [25]; the wandering albatross
(Diomedea exulans) of the Southern Oceans flies continuously for days and months without
landing [26, 27]; a Ruppell’s griffon vulture, Gyps rueppellii, was sucked into the engine of a jet-
craft at an altitude of 11.3 km [28]; and the bar-headed goose, Anser indicus, flies over some of
the summits of the Himalayas, altitudes where the barometric pressure is approximately one-
third of that at sea level [17, 18, 29].

Among the air-breathing vertebrates, the avian respiratory system, the so-called lung air sac
system, is structurally the most complex [8, 30, 31] and functionally the most efficient [32-34].

2.2. Research question

From the above account, the research question posed was: What are the structural adaptations,
specializations and refinements that allow the avian respiratory system to acquire the large amounts of
O, needed for active and sustained flight under extreme conditions such as high altitude?
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Figure 5. Active (powered) flight in a hummingbird is energetically highly costly. Insert A: In a hovering hummingbird,
the body weight (white arrow) is entirely supported by power generated by the flight muscles (open arrow). Insert B. The
complex avian respiratory system comprises a lung that is ventilated by air sacs. a: cervical-; b: interclavicular-, c:
craniothoracic-; d: caudothoracic, and; e abdominal air sacs.

3. Stereological study of the avian lung

The health of a bird was ascertained before it was killed by sodium pentobarbitone (200 mg cm )
at a dosage of 0 + 5 ml kg ' injected into the brachial vein. The body mass was measured for
normalization of data to allow intra- and inter-specific comparisons.

3.1. Fixation of the lung

A longitudinal incision was made along the neck and the trachea exteriorized. To avoid cutting
any of the blood vessels associated with the neck and inadvertently introducing blood into the
respiratory system, the trachea was cannulated through the larynx. The lungs were fixed by
intratracheal instillation with 2.5% glutaraldehyde buffered with sodium cacodylate (pH 7.6 and
osmolarity 350 mOsm) by gravity at a pressure head of 3000 Pa (1 cm H,O = 1 mbar = 10> Pa).
The osmolarity of the fixative was made close to the physiological one of the blood plasma [35]
to avoid tissue shrinkage. Osmolarity is a critical factor in morphometric studies because
hyperosmotic reagents cause tissue shrinkage, while hypo osmotic ones may cause tissue swell-
ing. Where necessary, shrinkage factors should be determined and introduced in the final
calculations. The pressure that was used to fix the lung and the air sacs have been found to
be sufficient to drive the fixative into the very narrow terminal respiratory units, the air
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capillaries, thereby causing optimal fixation [8]. The fixation of the lung was performed by
intratracheal instillation because the method preserves the erythrocytes that are important in
the characterization and modelling of the lung: vascular perfusion of the lung washes away the
erythrocytes. According to Crapo et al. [36], it also causes relatively greater degree of shrinkage
compared to airway instillation. When the fixative stopped flowing down the trachea, the
coelomic cavity was gently compressed to expel air trapped in the air sacs and that way increase
the penetration of the fixative to different parts of the respiratory system. The trachea was then
ligated and the fixative left in situ for ~4 h. Thereafter, the lungs were carefully removed from
their costovertebral attachments and immersed in fixative.

3.2. Determination of the lung volume

The extrapulmonary primary bronchus was trimmed at the hilum of the lung and the adhering
fat and connective tissue removed before the volume of the lung was determined. This was
done by weight displacement method [37] (Figure 6) which is based on Archimedes’” principle
that states that a floating body displaces its own weight. Since the specific gravity of the water
is unity, the increase in the weight caused by the volume of the fluid displaced by freely

l

Figure 6. Determination of lung volume by Scherle’s method [37] which is based on the Archimede’s principle. Because
the specific gravity of the lung is less than one and it therefore floats on water, a piece of wire (A) of known volume was
used to submerge the lung (B). After the balance was tarred to zero (A) and the lung freely suspended in water (B), the
weight increase was equivalent to the volume of the lung because the specific gravity of water is unity.
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suspended lung equals its volume. As the specific gravity of the lung is less than one and hence
the lung floats to the surface of the water, a metal wire of known volume was used to keep the
lung submerged under water. At least three close measurements were made, and the average
volume of the lung calculated.

Scherle’s [37] method is very accurate in determining volumes of small objects. There being no
morphological and morphometric differences between the left and the right avian lungs [8],
the left lung was used for light microscopic analyses and the right one for electron microscopy.

3.3. Light microscopic analysis
3.3.1. Tissue processing and sampling

Very small lungs were processed by the standard laboratory techniques, embedded in paraffin
wax and serial transverse sections cut craniocaudally at a thickness of 10 um. The sections were
then stained with haematoxylin and eosin. Eight equidistantly spaced, i.e. stratified, sections
were taken for analysis. The lungs were cut into slices along the costal sulci and the slices were
then cut into halves just dorsal to the primary bronchus (Figure 7). Facing cranially, the half
slices were processed and embedded in paraffin wax. The first technically adequate section
from the cranial face of each half slice was stained with haematoxylin and eosin for analysis.

3.3.2. Determination of volume densities

The volume densities, i.e. the fractional or proportional volumes, of the exchange tissue, the
lumina of the parabronchi and secondary bronchi, the blood vessels larger than blood capil-
laries and the primary bronchus were determined by point-counting at a magnification of
100x using a 100-point Zeiss integrating graticule (Figure 8). For example, for the exchange
tissue, the volume density (Vygr) was calculated as follows:

-1
Vy(eT) = Pn-Pr (1)

where Pgr) is the number of points falling onto the exchange tissue and Pr the total number of
points in the test system or the reference space.

The absolute volumes of the structural components were calculated from the volume of the lung
(VL). For example, the absolute volume of the exchange tissue (Vgr) was calculated as follows:

Ver = Vyvern Vo (2)

The volume densities of the components of the lung that comprise insignificant volume of the
lung, e.g. the lymphatics and the inter-parabronchial septa, were not determined. The parabronchi
and the secondary bronchi were combined because most of the secondary bronchi have a gas
exchange tissue mantle surrounding them, and the small secondary bronchi cannot be well
differentiated from the parabronchi.
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Figure 7. Stratified sampling of the avian lung. The lung (A) was cut into slices along the costal sulci (arrows) (A) and the
slices (B) cut into halves just above the primary bronchus (C).

3.3.3. Sample size sufficiency

The adequacy of the number of sections analysed was determined in a pilot study by plotting
cumulative average graphs on analysis made on stratified sections, and the sufficiency of the
number of points counted for a particular structural component from nomograms given in
Weibel [2]. Since the sections were analysed entirely, i.e. field by field, the number of points
counted for the three main structural components, i.e. the exchange tissue, the lumina of the
parabronchi and the secondary bronchi and the blood vessels larger than blood capillaries,
surpassed those needed to give a standard error of the mean of 5% or less.

3.4. Electron microscopic analysis
3.4.1. Tissue processing and sampling

The right lung was cut into slices along the costovertebral sulci and the slices were then cut
into halves dorsal to the primary bronchus. The half slices were diced, and the pieces (~1 mm®
in size) were processed for electron microscopy by the standard laboratory techniques
(Figure 9). From each half slice, 4-10 blocks were prepared. One block was picked at random
and trimmed to remove the rest of the structural components, leaving only the exchange
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Figure 8. A histological section of the avian lung stained with haematoxylin and eosin. A Zeiss integrating graticule with
100 points was superimposed onto the section. The structural components were analysed by point-counting. PL,
parabronchial lumen; ET, exchange tissue; BV, blood vessel larger than blood capillaries.
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Figure 9. Stratified sampling of the avian lung for transmission electron microscopic analysis. The right lungs were cut
transversely along the costal sulci and the slices then cut into halves (A). The halve slices were then diced into small pieces
(~1 mm®) which were embedded in epon (B). From a number of blocks prepared from a half slice, a block (C) was picked
at random and ultrathin sections cut and mounted onto 200-wire mesh grids (D). Electron micrographs taken from
predetermined areas, i.e., the top right-hand corner of the grid squares (D), to avoid bias.
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tissue. Ultrathin sections were cut and mounted on 200-square wire mesh copper grids. Five
micrographs were taken from a predetermined corner of the grid squares (the top right corner)
to avoid bias at a primary magnification of 3000x. The images were enlarged by a factor of 2.5
and a quadratic lattice grid superimposed on the image (Figure 10). On average, for each bird,
a total of 40 electron micrographs were analysed at a final magnification of 7500x. In a pilot
study, the magnification used for the analysis provided a large field of investigation while provid-
ing adequate resolution and permitting the counts and the measurements to be made accurately.

3.4.2. Determination of volume densities

The volume densities of the components of the exchange tissue, namely, the air capillaries, the
blood capillaries, the supportive tissue, i.e. the tissue of the blood-gas barrier and the parts of
the exchange tissue that are not involved in gas exchange, and the erythrocytes were deter-
mined by point counting (Figure 10). The intersections of the vertical and the horizontal lines
constituted the points used for the determination of the volume densities. For example, the
volume density of the air capillaries (Vy(c)) was determined as follows:

VV(AC) = P(AC) .PT71 (3)

Figure 10. An electron micrograph of the exchange tissue of the avian lung onto which a quadratic lattice grid is
superimposed. Points that were formed by the intersections between the vertical and the horizontal lines (arrows) were
used to determine the volume densities of the air capillaries (AC), the blood capillaries (BC), the erythrocytes (Er) and the
supporting tissue, i.e. the tissue of the blood gas (tissue) barrier and the tissue not involved in gas exchange. The
intersections of the horizontal lines with the tissue barriers (circles) were used to determine the surface areas of the air
capillaries, the capillary endothelium and the erythrocyte cell membrane.
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where P(sc) is the number of points falling onto the air capillaries and Pt the total number of
points in the test system.

The absolute volume of the air capillaries (V5c) was calculated from its volume density
(Vv(ac)) and the volume of the exchange tissue (Vgr) as follows:

Viac) = Vv Ven (4)

3.4.3. Determination of surface densities and surface areas

The surface densities of the blood-gas (tissue) barrier, the blood capillary endothelium and the
cell membrane of the erythrocytes were determined by intersection counting, i.e. by counting the
crossings of the test system, i.e. the horizontal lines of a quadratic lattice grid, with particular
tissue barrier (Figure 10). In a pilot study, it had been determined that the number of vertical and
horizontal intersections with the barriers were not statistically different. This showed that the
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Figure 11. The harmonic thicknesses of the tissue barrier and the plasma layer were determined by intercept length
measurement along the horizontal lines of the test grid. The dashed double sided arrows show the intercepts of the blood-
gas (tissue) barrier while the continuous double sided ones show those of the plasma layer. A logarithmic scale was used
to measure the harmonic mean thickness of the blood-gas (tissue) barrier and the plasma layer. It is shown on the bottom
left corner of the figure.
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exchange tissue of the avian lung is anisotropic, i.e. homogeneous. For example, the surface
density of the blood-gas (tissue) barrier (BGB) (Sv(gpc)) was calculated as follows:

Sy(BBG) = 2t ()

where [ is the number of intersections and Lt the total length of the test system in real units,
i.e. after correction for the magnification.

The surface area of the blood-gas (tissue) barrier (Sagcs))was calculated as the product of its
surface density (Sy) and the volume of the exchange tissue (Vgr) as follows:

SA(BGB) = Svece)-V (1) (6)

3.4.4. Determination of harmonic mean thickness

The harmonic mean thicknesses of the blood-gas (tissue) barrier (tht) and the plasma layer
(thp) were determined from the sum of the reciprocals of the respective intercept lengths (I1,)
measured using a logarithmic scale (Figure 11). Harmonic mean thickness and NOT arithmetic
thickness that weighs the smaller intercepts (thicknesses) compared to the larger ones is the
more appropriate estimator of the diffusing capacity, i.e. the conductance, of a barrier to O..
tht and thp were calculated as follows:

tht = %I (7)

where I}, is the mean intercept length measured on a logarithmic scale. The mean intercept
length was divided by the final magnification to express the thickness in real units.

4. Pulmonary modelling

4.1. General considerations

Following a hierarchy that can be examined on a scale from microscopic to gross, living things
are highly organized and structured entities. In larger organisms, cells combine to comprise
tissues, which are groups of similar cells performing similar or related functions. Organs are
collections of tissues grouped together executing a common function to meaningfully explicate
how and why animals work the way they do, biologists must adopt appropriate conceptual
models of engineers. On their own, quantitative data do not quite explain the function of an
organism or that of its constituent parts. Interestingly, the sum total of the functions performed
by the different parts of an organism, e.g. organelles, cells, tissues, organs and organ systems,
surpass the function expressed by the whole organism [38, 39]. Hammond et al. [40] stated that
‘natural selection operates on organismal-level traits that are usually manifestations of the
integrated functioning of a suite of organs and organ systems’. In the complex dynamic
biological entities, measurement of physiological changes and processes by testing different
structures and measuring separate functions therefore leads to wrong deductions.
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Like other organs and organ systems, gas exchangers possess a complex cascading assemblage
of structural components that span from cellular- to organ-system level: the structural compo-
nents are organized as discrete but functionally integrated units. For respiratory organs, the
physiological process (gas exchange) that manifests at organismal level is a product of infi-
nitely many small events that are generated by various structural entities at the different levels
of organization. Gans [41, 42] pointed out that animals very rarely exhibit one-function-one-
structure designs: ‘each activity tends to involve multiple aspects of the phenotype and each
aspect of the phenotype may be involved in multiple activities’.

Comparative respiratory biologists focus on the structure of gas exchangers and determine
how they correlate with properties like function, phylogeny, environment, body size and
lifestyle. An insightful study of a gas exchanger or for that matter any other organ should
involve application of comprehensive physical models that mathematically integrate the struc-
tural and functional aspects of the whole organism/animal.

4.2. Biological models

Scheid [43] remarked that ‘models are not only helpful but often indispensable in quantitative
biology’ and that a model is ‘an image of part of the physical or conceptual world apt to
explain or predict observations’. Gutman and Bonik [44] termed a model ‘an abstraction of a
real situation that describes only the essential aspects of the situation’. A mathematical model
separates a complex biological structure into its functional parts, sets apart those that are most
important in answering particular research questions and then integrates them. A biological
model is a mathematical simplification of a complex structure that satisfactorily characterizes
the system it describes. It should be simple to apply, easy to understand and theoretically and
practically testable.

A simple mechanistic model of a gas exchanger consists of a structure in which the external
and the internal respiratory media are separated by a physical (tissue) barrier across which
partial pressure gradient of oxygen (PO,) exists (Figure 12). Powell and Scheid [45] pointed out
that ‘in an attempt at deriving a functional model for gas exchange from morphologic evi-
dence, the physiologist has to identify the simplest functional subunit in the gas exchange
organ’. Although biological models are mathematical abstractions of complex systems, since
the functions of organs and organisms are regulated by many variables, models should be
highly instructive in comparative studies where similar functions are performed by various
structures in different ways. To simplify biological models, many structural details have to be
omitted and certain assumptions made. The exclusions and the conjectures determine the
predictive power of a model. Tweaking a model provides information on the relationship
between the physical and functional parameters that drive a biological system. Mathematically
adjusting one or more of the parameters and the prevailing conditions under which a system
works while holding others constant allows for the identification of constraining, potentia-
ting and redundant factors. The underlying multifaceted control mechanisms that drive the
performance of biological components, systems and whole organisms can best be identified by
careful modelling.
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Dto,; = S.t°

Figure 12. The main parts of a gas exchanger. Oxygen (O,) diffuses across a tissue barrier under a partial pressure
gradient (large arrow). The conductance of the barrier to O, (Dto,) correlates directly with the surface area (S) and
inversely with the thickness of the barrier (t): equation.

4.3. Morphological basis of pulmonary modelling

In accordance with the Fick’s law, the conductance or the volume of a gas (e.g. oxygen) that is
transferred by diffusion across a tissue barrier per unit time (Do,) is directly proportional to
the surface area (S), the Krogh’s permeation coefficient across the tissue barrier (Kto,) and the
partial pressure gradient of O, (APo,). Do, correlates inversely with the thickness of the blood-
gas (tissue) barrier (t), i.e. the distance O, molecules diffuse (Figure 12). Fick’s law is expressed
as follows:

Do, = Ktoy - S- APo, - T} (8)
It is the physiologist’s equivalent of Ohm’s law of electricity which is expressed as follows:
I=U-R™! 9)

where [ is the electric current, U the potential difference (i.e. the voltage) and R the resistance.
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The morphometric diffusing capacities of the components of the lung can be estimated from
the respiratory surfaces area, the thickness of the air-haemoglobin pathway, the volume of
blood in the blood capillaries, the Krogh’s O, permeation coefficients and the O, uptake
coefficient of the whole blood [46, 47].

To various extents, the respiratory organs (gas exchangers) have been morphometrically
analysed and functionally modelled. These include the fish gills [48] and the lungs of the
lungfish (Dipnoi) [49], reptiles [50-53], birds [8, 54-57] and mammals [58-61]. From the
concepts and findings of Roughton [62], Roughton and Forster [63], Staub et al. [64] and
Sackner et al. [65], a morphometric model was developed by Weibel [66] and later revised in
Weibel et al. [67] (Figure 13). The relationship between the total pulmonary diffusing capacity
of the lung for O, (DLo,) and that of its other parts, namely, the membrane-diffusing capacity
(Dmo,) and the erythrocyte (Deo,) relate as follows:

DLo, ™! = Dmo, ! 4 Deo, ! (10)

Deo;, is the product of ©o,,the binding rate of O, to haemoglobin and the pulmonary capillary
blood volume (Vc; Eq. (12)).

Although in all gas exchangers O, diffuses across the so-called air-haemoglobin pathway that
essentially comprises the blood-gas (tissue) barrier, the plasma layer and to a certain extent, the
cytoplasm of the erythrocyte before the molecule is biochemically bound to the haemoglobin,
certain modifications of the basic model (Figures 12 and 13) have been necessary to satisfy the
variations in the morphologies of the different respiratory organs and structures. For example,
in birds where the erythrocytes are nucleated, the volume of the pulmonary capillary blood
has to be adjusted by ‘subtracting’ the volume occupied by the nuclei in the erythrocytes
[7, 8, 56]. The diffusing capacities of the blood-gas (tissue) barrier (Dto,) and the plasma layer
(Dpo,) are estimated from their respective surface areas (S), their harmonic mean thicknesses
(th) and their Krogh’s permeation constants (K) for O,(Ko,). For example, for the blood-gas
(tissue) barrier, the diffusing capacity of the barrier (Dto,) is calculated as follows:

Dto, = Kto, - St - tht™! (11)

where Kto, is the Krogh's O, permeation constant through the blood-gas (tissue) barrier, St is
the surface area of the blood-gas (tissue) barrier and tht is the harmonic mean thickness of the
blood-gas (tissue) barrier.

The quantity of blood in the blood capillaries of a respiratory organ determines the amount of
O, bound by the haemoglobin [63, 68]. The diffusing capacity of the erythrocytes (Deo,) is
calculated as follows:

Deo, = Ve - o, (12)

where Vc is the volume of the pulmonary capillary blood and ®o, the binding rate of O, to
haemoglobin. The O, permeation constant (K) is a product of the solubility (2) and diffusion
(D) constants. Since temperature affects the two factors in opposite directions, i.e. solubility
decreases while diffusion increases, Kto, is not significantly affected by change in temperature.
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Figure 13. A stereogram showing that in a gas exchanger, oxygen (O,) diffuses under a partial pressure gradient (large
arrow marked oxygen). The barriers through which O, diffuses, the so-called the air-haemoglobin pathway, comprises the
blood-gas (tissue) barrier, the plasma layer and the cytoplasm of the erythrocyte (RBC). The blood-gas (tissue) barrier
consists of an epithelial cell, a basement membrane and an endothelial cell. According to the previous model of Weibel [66],
the conductance, i.e., the diffusing capacity of the blood-gas (tissue) barrier for O, (Dto,) is calculated from the surface area
of the barrier (St), the O, permeation constant through the tissue barrier (Kto,) and the harmonic mean thickness of the
barrier (tht); the conductance of the plasma layer for O, (Dpoy) is calculated from the surface area of the plasma layer (Sp),
the O, permeation constant through the plasma layer (Kpo,) and the harmonic mean thickness of the plasma layer (thp);
the conductance of the erythrocyte for O, (Deo,) is calculated from the volume of the pulmonary capillary blood (Vc) and
the O, uptake coefficient (00,). The diffusing capacities correlate directly with the surface areas (S) and the O, permeation
coefficients (K) and inversely with the thicknesses of the barriers. In the revised model of Weibel et al. [67], the thicknesses
of the blood-gas (tissue) barrier and the plasma layers are combined to form the harmonic mean thickness of the total
barrier (thb) and used to calculate the membrane diffusing capacity (Dmo,). The total (overall) pulmonary morphometric
diffusing capacity is calculated from the reciprocals of Dto,, Dpo, [or DMo,] according to the revised model of Weibel [67]
and the Deo,. Inserts: Insert A: Diagram showing a cross section of a blood capillary which is opened to show erythrocytes
and gas (O,) diffusing through the blood-gas (tissue) barrier and the plasma layer before being bound to the haemoglobin.
Insert B: Transmission electron micrograph showing the blood-gas (tissue) barrier and the plasma layer (the air-
haemoglobin pathway) of the lung of the domestic fowl, Gallus gallus variant domesticus.

The barriers that form the air-haemoglobin pathway are arranged in series, i.e. an O,molecule
has to pass through these barriers in succession before it binds to the haemoglobin. Like for
electricity when the resistances are arranged in series, in the lung, the total resistance that the
molecule encounters can be mathematically expressed as follows:

Ry =R+ Rp + Re (13)
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where Ry is the total resistance the lung confers to O, molecules and R, R;, and R, are respectively
the resistances offered by the blood-gas (tissue) barrier, the plasma layer and the erythrocyte.

According to the ‘older’ model of Weibel [66], the membrane-diffusing capacity (Dmo,) is the
combined diffusing capacity (conductance) of the blood-gas (tissue) barrier (Dto,) and the
plasma layer (Dpo,) and is calculated as follows:

Dmo, = Dto, + Dpo, (14)

In the revised model of Weibel et al. [67], the thickness of the plasma layer is combined with
that of the blood-gas (tissue) barrier so that Dmos, is calculated as follows:

Dmoz = S(tb) - thb (15)

where Sy, is the total respiratory surface area and thb is the harmonic mean thickness of the
total barrier, i.e. the distance from the respiratory surface to the cell membrane of the erythrocyte.

The total morphometric pulmonary diffusing capacity (DLo,) is determined from the diffusing
capacities of the blood-gas (tissue) barrier (Dto,), the plasma layer (Dpo,) and that of the
erythrocytes (Deo,) as follows:

DLo, = Dto; + Dpo, + Deo> (16)

DLo, is an integrative parameter that expresses the structural capacity of the lung to transfer
(conduct) oxygen to the body.

4.4. Significance of mathematical modelling in biology

Inexperience and/or unawareness on the technique and lack of physical constants of O, perme-
ability through tissues have particularly hindered investigators from mathematically modelling
respiratory organs. Comparisons of the functional designs of gas exchangers have largely been
based on relating single structural parameters such as lung volumes, respiratory surface areas and
thicknesses of the blood-gas barriers. In some cases [50-52], the so-called ‘anatomical diffusion
factor’ (ADF) which is the ratio of respiratory area to the thickness of the blood-gas (tissue) barrier
has been used to assess functional efficiencies. Using individual morphometric parameters can
lead to wrong conclusions. For example, among birds on which pulmonary morphometric data
exist, the Humboldt penguin, Spheniscus humboldti, was reported to have a particularly thick
blood-gas (tissue) barrier of a harmonic mean thickness of 0.530 pm [57]. If the harmonic mean
thickness of the blood-gas (tissue) tissue barrier was used to compare the efficiency of the
penguin’s lung with those of other birds, it would have been concluded that the gas exchange
efficiency of the penguin lung is very poor. However, because like in other diving animals the
volume of blood in the lung is very large [69], the total morphometric pulmonary diffusing
capacity of the lung of the Humboldt penguin corresponds with those of other species of birds of
equivalent body mass [57]. Both in normal and pathological states, changes in the diffusing
capacity of the lung can occur anywhere along the air-haemoglobin pathway. In conditions such
as pulmonary edema, the thickness of the blood-gas (tissue) barrier increases; in atelectasis
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(collapse of the lung), the respiratory surface area decreases; in emphysema, respiratory surface
area decreases because of damage of the interalveolar septa; and in some cases of anaemia, the
volume of the erythrocytes and therefore the quantity of haemoglobin decreases.

Application of integrative mathematical models on data acquired from biological structures
provides robust answers to research questions.

5. Finding

Quantitative analyses of lungs of different species of birds have shown that pulmonary struc-
tural refinements correspond with factors such as body mass, lifestyle and habitat occu-
pied [7, 8, 56] (Figure 14).
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Figure 14. Regression line showing the correlation between the total morphometric pulmonary diffusing capacity (DLo,)
of birds against body mass (BM). Some of the species of birds that have been studied are shown. The data on which the
regression line was plotted are given in Maina [7, 8] and Maina et al. [56].
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