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Abstract

The arm includes a large number of nerve fibres that transfer information between the central nervous
system and the receptors, muscles and glands of the arm. In the nervous system there is continuous
traffic. At rest, when only the receptors send information continuously towards the central nervous
system, the traffic is not as intensive as during stress, e.g. during movements of the arm, when the
central nervous system sends information towards the muscles, as well.

From an information and communication engineering perspective the nervous system of the arm
is an information channel, the other end of which is in the central nervous system and the other end
at the periphery of the arm. One principal question about such a communication system is what the
maximum information transmission capacity of the channel is, e.g. how the information channel is
dimensioned. The arm is a highly complex system with over sixty muscles moving it, and a huge
number of sensory receptors in it. Nature has dimensioned the information channel of the arm to
satisfy the requirements of the nervous system. 

In this thesis a specific mathematical model is built in order to evaluate the maximum information
transmission capacity of the nervous system of the arm. The model handles the nervous system of the
arm as an entity in the light of information theory. The model uses the physiological and functional
properties of the nervous system of the arm as the input and gives the estimate of the maximum
information transmission capacity as the output. 

The modelling yielded the result that the maximum information transmission capacity of the arm
is about 10 Mbit/s. Hence, if a complete neural prosthesis of the arm were built, a single USB bus (12
Mbit/s) would suffice as a communication channel for each arm. 

The mathematical model developed can also be applied to other parts of the peripheral nervous
system. The aim of future research is to apply the developed model comprehensively to the human
peripheral nervous system and to estimate the maximum information transmission capacity of the
whole human peripheral nervous system.

Keywords: axons, communication systems, information theory, nerves, peripheral nervous
system
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1 Introduction 

The electrical activity of the human body is most intensive in the brain, where 100 billion 
nerve cells process information in electrochemical form. The brain forms the most 
important part of the human central nervous system; central processing of information is 
of vital importance to humans. The philosopher Rene Descartes (1596-1650) described 
the fact by the Latin phrase “Cogito, ergo sum”, I think, therefore I am. 

However, without the ability to interact with the environment a human being does not 
have much benefit of the central information processing capability. To survive in 
everyday life a human being needs information about the state of the environment 
acquired through his senses and also the possibility to physically interact with the 
environment e.g. via muscle movements. The information required for these functions is 
transferred in the peripheral nervous system, which constitutes the link between the 
central nervous system and the senses and muscles. 

The nerve fibres that transfer information towards the central nervous system are 
called afferent nerves and correspondingly the nerve fibres conveying commands from 
the central nervous system to the muscles in the periphery are called efferent nerves. The 
total number of nerve fibres in the peripheral nervous system is high; the efferent nervous 
system itself, which innervates the skeletal muscles, consists of hundreds of thousands of 
nerve fibres. Inside the body periphery the huge number of nerve fibres form special 
structures. Typically the nerves run in large bundles, which along their way give off 
smaller branches, which finally give off single nerve fibres, which provide the nerve 
supply to the muscle fibres or receptors. 

What kind of a network does the peripheral nervous system form? From an anatomical 
point of view the routes of the nerve bundles in the body are well known. The nerve 
bundles, which have diameters in the millimetre range, can be investigated in cadavers 
during autopsy. Furthermore, the finer structure of the nerve bundles, e.g. the number of 
single nerve fibres in a bundle, can be examined by means of microscopy investigation of 
cross-sections of the bundles. However, accurate tracking of single nerve fibres in the 
body is difficult in practice due to their extremely small size, which is in the micrometre 
range. 

What about the information that is transferred in the peripheral nervous system? 
Functionally the amount of information transmitted in a human body in its normal state is 
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quite high. For example, maintaining a posture requires a number of “stabilization” 
operations in the body, which could not function properly without a measurable amount 
of information flow between the central nervous system and the periphery, not to mention 
the information flow needed when making fine and accurate movements with the fingers.  
What is the information flow in the peripheral nervous system of the human body like in 
different situations? At a basic level all the information in the human peripheral nervous 
system runs in the form of short electrical impulses, which are called action potentials, in 
single nerve fibres. During information transmission in a nerve fibre there is at each time 
instance either one action potential or none at all. Furthermore, each muscle and each 
receptor of the human body is connected with nerve fibres to the central nervous system. 
Conceptually, this information transmission arrangement has much the same features as  
the data transfer system in computers. Typically in a computer the central processing unit 
has a lot of peripheral devices around it. The “receptors” of the computer are all the input 
devices connected to it, like keyboard, mouse, floppy disk drive and web camera, all 
connected via a bus to the central processing unit of the computer. The display and printer 
are the most typical actuators, “muscles”, of the computer. And finally, quite similarly to 
the case of nerve fibres, the value of the information channel between the central 
processing unit and the peripheral devices is either one or zero at each time instance. 

In computers the properties of the information channels between the central processing 
unit and the peripheral devices are dimensioned on the basis of their function and 
requirements. But how are the corresponding channels dimensioned in a human body? 
An answer to this question cannot be found in current literature. 

The motivation of this thesis is to explore the dimensioning of the neural information 
channels in the peripheral nervous system of the human arm. In the study the 
physiological properties and structure of the peripheral nervous system are investigated in 
the light of information theory. The maximum information transmission capacity between 
the peripheral parts and the central nervous system is examined with a special 
mathematical model. The main result of the modelling is the maximum information 
transmission capacity of the arm, which is approx. 10 Mbit/s. 

The results of this study are useful in two ways. First, the results provide us a deeper 
understanding of the electrical functioning of the human body. For example, what is the 
information transmission capacity of the nerve supply assigned to the biceps muscle? 
Second, the result may give us new ideas about how to build up better information 
networks. The human peripheral nervous system works in a very dedicated way; the 
neural connections are very reliable and fault tolerant. Hence the principles behind it may 
be very useful in technical information networks as well. 

1.1  Human nervous system 

The nervous system of the human body consists of the central nervous system (CNS) and 
the peripheral nervous system. The central nervous system consists of the brain and the 
spinal cord, and the peripheral nervous system is the remaining peripheral part of the 
nervous system. The brain is responsible for higher level processing of electrical signals 
and functions such as thinking. The spinal cord has the ability to perform some simple 



11 

autonomic information processing functions, such as reflexes. The peripheral nervous 
system forms the electrical connections with the central nervous system. It is 
conceptually divided into afferent and efferent parts. The afferent part consists of nerve 
fibres which transfer information from receptors to the central nervous system. 
Correspondingly, the efferent part consists of nerve fibres which transfer information 
from the central nervous system to muscles and glands. [1] 

Fig. 1 presents an example of the operation of the nervous system with a special focus 
on how the information is transferred from the receptor in the skin of the finger along the 
afferent nerve fibres to the brain, and how the consequent motor command is conveyed 
along the efferent nerve fibres to the biceps muscle. Signal propagation in the nerve fibres 
is relatively fast: the information transmission from receptor to brain takes approx. 20 ms 
and the motor command from brain to muscle approx. 10 ms. 

 

 
 

Fig. 1. An example of operation of the nervous system. 

The basic principle of the electrical communication system of the human body is simple: 
the brain gives commands to various parts of the body via the efferent nerve fibres on the 
basis of the information it receives via the afferent nerve fibres. Despite the simple 
operation principle, at a detailed level the nervous system consists of fine structures with 
dedicated functions. A detailed description of the system is presented in chapter 2. 

In this study the maximum information transmission capacity is determined for the 
peripheral nervous system located between the spinal cord and the nerves, as presented in 
Fig. 2.  
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Fig. 2. Information transmission capacity between the spinal cord and the periphery. 

1.2  Information and communication systems 

Equation (1) defines the information content I  (in bits) of an instance ix , which occurs 
with probability )( ixp  [2, 3, 4] 

 
( ) ( ))(log2 ii xpxI −= .               (1) 

 
Equation (1) nicely describes the correspondence between instance ix  probability 
density and the information content: if instance ix  is rare, “a surprise”, its )( ixp  is 
small and the corresponding negative logarithm of that value is large, resulting in a large 
value for information )( ixI . On the other hand, if instance ix  is normal and thus not “a 
surprise” but almost accurately predictable, the corresponding amount of information is 
low.  

The average amount of information of an instance group can be investigated with 
entropy H  [4]. The entropy states the average information associated with n  
instances ix  as 
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where 

( )ixI  is the information of instance ix  as defined by equation (1), 
)( ixp is the probability of the instance ix  and 

i = 1, 2, 3, ... ,n. 
 

The entropy of the instances depends on the probability density of the outcomes; the 
flatter the probability density is, the higher the entropy. 

Exact definitions of information and entropy establish a basis for the consistent 
investigation of information properties in different kinds of applications. In 
communication systems, whose principal task is information transmission, these 
definitions form the basis for all investigations. Fig. 3 presents a block diagram of a 
typical communication system. 

 
 

 

Fig. 3.  Block diagram of a typical communication system. 

The task of the communication system is to transfer information from one point to 
another. The original information is located at the information source. The transmitter 
takes a piece of the information from the information source, converts it into a suitable 
message format and couples the message to the information channel. The message is 
transmitted along the channel towards the receiver. During this it is possible that noise is 
added to the message. The receiver gets the message from the channel and converts the 
information into a suitable format for the information destination. By adjusting each part 
of the communication system appropriately the performance of the system can be 
optimized. For example special transmitter and receiver techniques can be employed to 
reduce harmful effects on the message caused by the noise in the channel. [3] 

In a simple noiseless case the information transmission can be described as follows: 
the information source transmits instances ix  with the probability density )( ixp  
through the transmitter to the channel. Because no noise is coupled to the channel, the 
information is transferred via the receiver to the information destination in undisturbed 
form. In this case the system is able to transmit information with one instance ix   

( ))(log2 ixp−  bits. If the time required for the transmission of the instance is T s, the 
information transmission rate is ( ) TXH bit/s. 
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However, in practice a noiseless channel does not exist. The noise coupling to the 
channel slows information transmission, which is an important consideration in 
communication systems. Shannon has studied the information transmission capacity of 
both noiseless and noisy channels in communication systems in his acclaimed paper on 
information theory [4]. Generally, in the case of noisy channels the arrival of the correct 
message is not assured, and thus the probability of correct information transmission 
taking place is less than one. Because the amount of information in one instance depends 
on the probabilities according to equation (1), the probability densities of the instances 
play an essential role in the study of the information transmission properties of 
communication systems.  

Let us mark the entropy of the transmitted information by ( )XH  and the entropy of 
the received information by ( )YH . The properties of the noise in a communication 
system can be investigated with the help of conditional entropies ( )YXH . This 
equation describes the average uncertainty of the transmitted instance ix  (n alternatives) 
when the instance jy  (m alternatives) is received as follows [3]: 

 

( ) ( ) ( )∑∑
= =

−=
n

i

m

j
jiji yxpyxpYXH

1 1
2log, ,             (3) 

where  
( ) ( ) ( )jjiji ypyxpyxp =,  is the joint probability of the event, ix  is the 

transmitted instance, jy  is the received instance. ( )ji yxp  is the conditional probability of the event when ix  has been 
transmitted and jy  is received. 

 
The conditional entropy ( )YXH  is called equivocation in the information transmission. 
With the presented entropies ( )XH , ( )YH  and ( )YXH  the amount of information 
transmitted in a communication system can be defined. The average amount of the 
transmitted information I is the amount of transmitted information subtracted by the 
equivocation of the system according to equation [3, 4] 

 
( ) ( )YXHXHI −= .                      (4) 

 
On the basis of equation (4) Shannon defined the capacity M of the information channel 
[4] as  

 
( ) ( ))( YXHXHMaxM −= .              (5) 

 
Equation (5) defines the maximum limit of the information capacity of the channel in 
general. The maximization in equation (5) can be done by manipulating the probability 
densities behind the entropy equations. This becomes apparent when examining equation 
(5) in detail: 
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In summary, the whole capacity of a communication system is achieved by manipulating 
the probability density of the instances which are sent to the channel so that equation (6) 
reaches its maximum. This manipulation, coding or fitting the information to the channel 
is a typical task of the transmitter and receiver of the communication system. 

Next, if the time required for the transmission of one instance is T, the maximum 
information transmission capacity C of the channel is 

 
TMC /= .                  (7) 

 
Thus, if the information coding is done in an optimal way, the only possible way to 
increase the maximum information transmission rate of the communication system is to 
decrease the time required for the transmission of one instance. 

In this study information theory is applied to the investigation of the peripheral 
nervous system of the arm to determine its maximum information transmission capacity. 

1.3  Review of literature on the information transmission capacity of 
the human body 

The communication system of a human body can be examined by applying 
psychophysical measurement techniques; inputting information through the senses and 
asking the subject to respond to them in some measurable physical way, e.g. by voice or 
movements of the limbs. This kind of measurement setups can be used to define the 
information transmission capacity of the human body as psychophysical entity. 

The limits of the information capacity of a human being as a psychophysical entity 
have been investigated in reference [5]. In the study the subjects were asked to read aloud 
randomly selected words. Thus the information was input through the vision and received 
via the voice. The maximum reading rates were defined and information theory was 
applied in order to determine the corresponding maximum information transmission 
capacities. In this study the fastest readers achieved information transmission capacities 
of ca. 40 bit/s. This information transmission capacity describes the practical upper limit 
of a human being as an information channel [6, 7, 8], apparently because vision is a very 
fast information receiver and speech is a very fast information producer. 

If the maximum information transmission capacity through the human body is 40 bit/s 
when the information input occurs through vision and output through speech, what would 
the transmission capacities be if other senses were used as the input or muscle 
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movements of the arm, for example, were used as the output? In reference [9] cases 
where auditory, tactile or kinaesthetic senses were used as the input of information, the 
achievable information transmission capacities were investigated. In the study, in which a 
voice signal with information coded in the frequency and duration of the signal was input 
to the left ear of the subject and the information output was the voice of the subject, the 
information transmission capacity was only approx. 3 bit/s. In another case where the 
information was similarly output by the voice but input via the tactile sense of the fingers, 
the transmission capacity was slightly better, about 5 bit/s. Quite similarly, in reference 
[8] transmission capacities of about 5 bit/s were also achieved, when the input of the 
information was a tactile and kinaesthetic stimulus to the fingers and the output was the 
voice. However, when hand movements are used as the output of the information and the 
vision is used as the input, the information transmission capacity is much higher. For 
instance the information transmission rate of a skilled pianist in this kind of a setup is 
about 25 bit/s when both hands are in use [6]. Moreover, in reference [10] the information 
capacity of the human motor system in controlling the amplitude of movement by using a 
special measurement arrangement has been investigated. In this study an information 
capacity based equation which defines the difficulty of some movements was developed. 
By this equation it is possible to evaluate the information transmission capacities when 
limb movements are the information output. When one arm was used as the information 
output, an information transmission capacity of about 10 bit/s [7, 11] was achieved. 
Correspondingly, when using one leg (which is not as well suited to performing fine 
movements compared to the arm) as the output, the transmission capacity was about 5 
bit/s [11]. Fig. 4 presents a summary of the information transmission capacities through 
the human body via different pathways. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Some examples of human information transmission capacities. 

The literature reviewed above examines the information transmission capacity of the 
whole human being. From an information transmission point of view the parts that 
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constitute this entity are receptors, muscles, the peripheral nervous system and the central 
nervous system. The receptors function as a means of information input and the muscles 
as a means of information output between the body and the environment. The peripheral 
nervous system forms the pathway between these means and the central nervous system. 
In the literature there are some special studies which concentrate on a specific part of 
these systems. In reference [7] the information transmission capacity of an eye was 
studied. According to the study the maximum information transmission rate of one 
optical nerve fibre is estimated to be about 800 bit/s. Thus the theoretical maximum upper 
limit of one eye, which contains about one million nerve fibres, would be about 10^9 
bit/s. The eye can be seen as a system where there are photoreceptors receiving 
information from the environment, and the optical nerve as an information channel which 
sends the information to the central nervous system.  

Similar studies on the larger parts of the human body, e.g. the leg or the arm, have not 
been published. However, using the knowledge from the current literature some estimates 
about the scale of the information transmission rates can be made. In the peripheral 
nervous system, which innervates the skeletal muscles of the human body, there are about 
300 000 efferent motor nerves. In addition to this, there is an approx. 5-10 times higher 
number of corresponding afferent nerve fibres [12]. The total information transmission 
capacity of these nerves can be estimated using the same procedure and bit rates that 
were used in reference [7]. Thus, knowing that the maximum firing rate of one nerve in 
the peripheral nervous system can be hundreds of action potentials per second, the total 
information transmission rate of the nerve supply of the skeletal muscles is roughly in the 
same 10^9 bit/s range as the transmission capacity of one eye. 

This estimate is not accurate, but the difference between the information transmission 
rate of the whole of the human body and the theoretical limit of the peripheral nervous 
system can be clearly seen. The former is at most 40 bit/s and the latter is in the Gbit 
range. Thus, from an information transmission point of view it can be deduced that the 
peripheral nervous system is not designed only to maximize the information transmission 
capacity, [6] but also, for example, to transmit reliable information via parallel paths, 
which may be much more important for human survival than the maximum information 
transmission capacity [13]. 

In single nerve fibres information is coded in the form of action potentials. According 
to current knowledge frequency coding is used as the basic coding method of the 
information in the nerves [14, 15], where the number of action potentials per time 
instance describes the information. However, in theory it is also possible that two other 
coding methods, binary or pulse interval coding, exist, as described in Fig. 5. In binary 
coding two symbols are used in the information transmission: “no action potential” and 
“one action potential”. In pulse interval coding the information is included in the time 
intervals between adjacent action potentials. In reference [13] frequency coding in the 
case of a single nerve fibre has been studied from many viewpoints; the information 
capacity of frequency coding has also been compared to the binary and pulse interval 
coding methods [16]. 
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Fig. 5. Alternative information coding methods. 

The maximum firing rate, the maximum number of action potentials per time unit in a 
nerve fibre, is the most important physiological limit of the information transmission rate. 
The maximum firing rate depends on nerve fibre type and may be hundreds of action 
potentials per second, in some cases even approx. 1000 action potentials per second [13]. 
However, nerve fibres are seldom used with the maximum firing rate. For example, the 
nerves which give commands to muscles or the nerves which transmit temperature 
information rarely work with higher rates than tens of action potentials per second [15]. 
Moreover, in pulse interval coding the timing accuracy of the action potential in the nerve 
fibre is an essential parameter [16]. When examining the information transmission rates 
both the maximum firing rate of the nerve and the timing accuracy have to be taken into 
account. In the literature the reported theoretical information transmission rates for a 
single nerve fibre, calculated by estimated maximum firing rate and timing accuracies 
obtained by applying different kinds of coding methods, lie between 0.3-4000 bit/s [13].  

A short survey of the information transmission rates in the human body at different 
detail levels was presented above. The basics of the transmission of information in the 
human body were determined soon after Shannon published his information theory [4]. 
For example, studies on the information transmission capacity of single nerve fibres or of 
a human being as a psychophysical entity were already done within a few years after the 
publication of Shannon’s information theory paper. After these basic studies the literature 
includes a number of papers on information theory and the nervous system, but it can still 
be seen that the information theoretical principles of the nervous system, which were 
already found in the very early studies, are still valid today. The information transmission 
capacity of the peripheral nervous system has, however, not yet been studied. 
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1.4  Purpose of the study 

In this thesis the maximum information transmission capacity of the peripheral nervous 
system of the human arm is investigated. Anatomically this study concentrates on the 
peripheral nervous system between the spinal cord and the receptors and the muscles in 
the arm. Fig. 6 presents the communication system formed by the peripheral nervous 
system of the arm. 

 

 

Fig. 6. The nervous system of the arm as a communication system. 

The focus of this study is to investigate the maximum information transmission capacity 
of the channel which consists of both efferent and afferent nerves. The afferent nerves 
form the part of the channel where the information runs proximally (from distal sites 
towards the central nervous system), and the efferent nerves form the part of the channel 
where the information runs in the opposite direction. In communication system terms the 
transmitter of a single afferent nerve is a receptor. The information source of the receptors 
may be either the external environment of the body, for example the temperature of the 
air, or the internal environment of the body, for instance the posture of a muscle. The 
receiver of the afferent nerve is the central nervous system, which also functions as the 
information destination. Correspondingly, the information source of an efferent nerve is 
the central nervous system, which also serves as a transmitter. The receiver of the efferent 
nerve is a nerve-muscle joint and the information destination is the muscle itself.  

Physically both afferent and efferent nerves run roughly along the same pathways in 
the arm. Thus conceptually these nerves form one entity, a two-way information channel, 
as depicted in Fig. 7. 
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Fig. 7. Information channel. 

Fig. 7 presents the main factors affecting the information transmission rate of the channel. 
Because physically the nervous system forms the channel, where the information runs in 
the form of action potentials, the physical properties and the action potentials of the 
nerves form the basis for the information transmission properties of the channel. The 
maximum firing rate of the nerve clearly limits the maximum information transmission 
capacity. Moreover, especially the number of parallel independent nerves has an effect on 
the total capacity of the channel. In addition, the information coding method used also 
has a large effect on the information transmission capacity. On the basis of information 
theory it is possible to create an optimal coding method for the channel, but again the 
physical limits, e.g., the firing rates or timing accuracies of single action potentials, 
restrict the ideal application of the different coding methods. Furthermore, the noise of 
the channel, which could be present for example due to damage to the nerves, has an 
effect on the capacity. In order to take into account these basic restrictions and limitations 
of the nerves, in this thesis the physiological properties of the peripheral nervous system 
of the arm are investigated beginning from the level of single nerves in order to form an 
appropriate basis for the investigation of the whole system. 

As an overview, there are many physical and theoretical factors which have an effect 
on the information transmission capacity of the peripheral nervous system of the arm. 
The goal of this thesis is to combine physiology and information theory into a 
mathematical model, which can be used to estimate the limits of the information 
transmission capacity of the nervous system of the arm. The main scientific statement of 
this thesis is: 
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The maximum information transmission capacity of the peripheral nervous system of 
the human arm can be determined in an objective way by applying information and 
communication system theories to the study of the physiological properties of the 
nervous system of the arm in a way presented in the mathematical model developed in 
this work. 

1.5  Organization of the thesis 

The remaining part of the thesis is organized as follows: 
Chapter 2 presents the physiological framework of this thesis. The peripheral nervous 

system is presented and the details of the structure of the peripheral nervous system of the 
arm are described.  

Chapter 3 presents the mathematical model which estimates the maximum information 
transmission capacity of the nervous system of the arm. The mathematical model has its 
roots in the information transmission properties of single nerve fibres, but gives its results 
on a general and easily interpretable level. 

Chapter 4 presents simulations of the mathematical model. The parameters of the 
model are studied in the literature and applied in the model. In addition, an experimental 
microscopic study of a nerve tissue is presented. The main result of this thesis, the 
maximum information transmission capacity of the arm, is also presented in this chapter. 

Chapter 5 contains the discussion of the mathematical modelling and its results. The 
results and their applicability to medical and technical science are discussed. 

Chapter 6 concludes the thesis. 



2 The peripheral nervous system  

2.1  Overview of the structure of the peripheral nervous system 

The peripheral nervous system is integrated to the central nervous system through 31 
pairs of spinal nerves as depicted in Fig. 8. The spinal nerve pairs are divided 
topographically into 8 cervical pairs (C1-8), 12 thoraic pairs(T1-12), 5 lumbar pairs (L1-
5), 5 sacral pairs (S1-5), and one coccygeal pair (C). The cervical pairs innervate the 
head, neck, diaphragm and arms, the thoracic pairs innervate the chest and the abdominal 
area, the lumbar pairs innervate the leg area and the sacral pairs innervate the bowel, 
bladder and genital areas. [15, 17]  

 

 

Fig. 8. 31 pairs of spinal nerves. 
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Each spinal nerve is attached to the spinal cord by two roots: the dorsal and ventral root, 
as depicted in the diagram of the cross section of the spinal cord in Fig. 9. The dorsal root 
contains the dorsal ganglion, which in turn contains the somas of the afferent nerves and 
is also the pathway for the afferent information. Correspondingly all the motor fibres 
enter the spinal root via the ventral root of the spinal nerves. The somas of these motor 
fibres are located inside the spinal cord. [12, 15] 

 

 

Fig. 9. Diagram of the cross section of the spinal cord. 

The spinal nerve divides into several branches, which are called rami, Fig. 10. The dorsal 
ramus innervates the muscles and the skin of the posterior regions in the neck and the 
trunk. The ventral ramus innervates the limbs and the anterolateral parts of the trunk. The 
meningeal branches (consisting of one or more small rami) supply for example the 
vertebrae and vertebrae ligaments. Finally the communicating ramus, which is located 
slightly distally from the origin of the ventral ramus, supplies the sympathetic nervous 
system. [1, 18] 
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Fig. 10. Branches of the spinal nerve. 

The ventral rami form networks that are called plexuses: the cervical plexus (C1-C4), the 
brachial plexus (C5-C8 and T1), the lumbar plexus (L1-L4) and the sacral plexus (L4-L5 
and S1-S4). Each plexus supplies nerves to a region of the body. The cervical plexus 
supplies the head, neck and chest areas, the brachial plexus supplies the arms as well 
some parts of the neck and shoulder muscles, the lumbar plexus supplies areas of the 
lower part of body and the sacral plexus supplies the buttocks and legs. [1]  

The basic structure of the peripheral nervous system is presented above. What kind of 
nerves does the system consist of? In standard language the word “nerve” typically 
means a bundle of nerve fibres, which are joined together by connective tissues. Fig. 11 
presents a schematic diagram of a nerve bundle and its single nerve fibres. Typically the 
nerve bundles run close to large veins, where they are safe from damages. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Bundle of nerve fibres. 

In Fig. 11 the single nerve fibres are surrounded by a connective tissue called the 
endonerium. A number of fibres surrounded by the endonerium form small bundles, 
which are further surrounded by the perinerium sheath. Finally, epinerium tissue connects 
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these bundles to a one large bundle and forms the outer part of the nerve bundle [19]. The 
structure of the nerve bundle resembles a conventional telephone cable [20], which 
includes a large number of single wires covered with different kinds of coatings, as 
presented in Fig. 12. In this study the investigation concentrates especially on the part of 
the peripheral nervous system which is located between the spinal cord and the peripheral 
parts. The proximal end of the part of the system under investigation is at the level of the 
ventral ramus and the distal end is at the level of each single axon just before they 
terminate to the periphery. If this part were taken out from the system, the structure 
would bear a strong resemblance to a telephone cable. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Telephone cable. 

What are the single nerve fibres in a nerve bundle like? A nerve fibre of the peripheral 
nervous system consists of an axon, which is either completely or partially surrounded by 
a Schwann cell, which may include a sheath called myelin [18]. The nerve fibres are 
divided into myelinated and unmyelinated fibres, indicating whether the axon is wholly 
surrounded by the Schwann cell including the myelin sheath or just placed into a groove 
on the surface of the cell with no myelin, Fig. 13. 
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Fig. 13. Myelinated and unmyelinated nerve fibre. 

In an myelinated nerve fibre the axon is surrounded by a thick myelin cover. The myelin 
cover has gaps called Ranvier nodes at regular intervals. At the Ranvier nodes the axon 
membrane is in direct contact with extracellular fluid. Unmyelinated axons are also 
covered by Schwann cells, but without the layer of myelin. A single Schwann cell may 
include multiple unmyelinated axons. They are in direct contact with extracellular fluid 
via a longitudinal cleft in the Schwann cell called a mesaxon.  

Myelin, which is fatty material, forms a special electrochemical insulator for the 
myelinated axons, which increases the conduction speed of an action potential in the 
axon. Because a myelinated axon is electrically connected to extracellural fluid only at 
the Ranvier nodes, its action potential speed is high compared to the unmyelinated axons 
that are electrically connected to extracellular fluid along the whole axon length [21, 22]. 
In addition, together with other connective tissues of the nerve bundle, the myelin 
prevents crosstalk between the signals in adjacent axons.  
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2.2  Overview of the function of the peripheral nervous system  

2.2.1  Neuron 

The basic functional unit of the nervous system is a nerve cell, which is also called a 
neuron. Neurons are special electrically excitable cells, which have the ability to receive, 
process and transfer information [14]. Fig. 14 presents a diagrammatic picture of a 
neuron and its main parts. 

 
 

 
 

Fig. 14. Neuron with soma, axon and dendrites. 

The neuron receives information via dendrites. One neuron may have several dendrites, 
which increase the external surface of the soma and the sites where nerve impulses are 
received. Thus one neuron may receive signals from various different sources. A neuron’s 
processing capability means that it can accentuate signals it receives from different 
dendrites as needed, i.e. it is able to perform simple data processing. Furthermore, the 
soma is the metabolic center of the neuron and it maintains the functions that are 
important for the life of the neuron as a cell. The axon transfers the signals processed by 
the neuron forward and works as a long range signal transmitter. [14, 23] 

Despite the simplicity of the basic parts of the neuron, there are large number of 
neuron categories in the human body with different properties on a more detailed level 
[12]. Structurally the neurons can be classified on the basis of the number of branches 
extending from the soma: multipolar neurons have several dendrites and one axon, 
bipolar neurons have one dendrite and one axon, and unipolar neurons have only one 
branch extending from the soma. In the unipolar neuron type the single branch divides 
into a central branch, which functions as an axon, and a peripheral branch, which 
functions as a dendrite. [1]  

An afferent peripheral neuron is a typical example of a unipolar neuron. In these 
neurons the soma is located in the dorsal root ganglion of the spinal nerve. The peripheral 
branch of the afferent peripheral neurons connecting the spinal cord and the most distal 
parts of the body can be even one metre long. Correspondingly, the central branch of an 
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afferent neuron is relatively short. It travels only a short distance from the dorsal ganglion 
along the spinal cord towards the brain and establishes synaptic connections with the 
neurons in the spinal cord, which transmit the signal further to the brain. 

The efferent neurons of the peripheral nervous system are multipolar. Their soma and 
dendrite are located in the spinal cord and the axon extends from the inside of the spinal 
cord to a muscle or gland in the periphery. 

A short description of the basic unit of the nervous system was presented above. The 
basic functional properties of the neuron are described below: the different signal types 
transmitted in the neuron, how they propagate in the axon and the principle of 
information coding in neural information transmission. 

2.2.2  Signals in a nerve 

The human body transfers electrical messages by means of electrical impulses in nerves. 
These impulses are called action potentials. An action potential is a short electrical pulse 
travelling in a nerve all the time with essentially the same magnitude and duration. In 
order to understand the properties of an action potential the electrochemical properties of 
the neuron have to be studied. 

The neuron has a plasma membrane around it, which separates two electrolytes, 
intracellular and extracellular solutions with different ionic concentrations. Inside the 
neurons the K+ concentration is about 30 times greater than it is on the outside and 
correspondingly, the Na+ concentration is about 14 times greater on the outside than on 
the inside. The positive Na+ ions cause the positive charge to be outside the neuron. 
Inside the neuron there are also K+ ions with positive charges, but there are also plenty of 
negative ions there, which diffuse hardly at all through the membrane. Since the 
concentration of K+ ions does not equalize the negative charge of the negative ions, the 
charge inside the neuron is negative. The potential difference between the outside and 
inside of the membrane is about 70mV. A neuron which is in a stable state with this 
potential difference is said to be polarized. [1, 14] 

Furthermore, in the plasma membrane there are ion channels that are able to transmit 
Na+ or K+ ions through their concentration gradients. The channels are voltage gated, i.e. 
depolarization or hyperpolarization changes their permeability state. [14] 

The action potential is a result of electrical excitation of the nerve membrane. When 
an adequate electrical stimulus is applied to the polarized neuron, the Na+ ion channels 
activate, causing the Na+ ions to flow inside the neuron down their concentration 
gradient. The result is that the potential inside the neuron rises, and consequently the 
potential difference across the membrane decreases. This decrease in potential difference 
is called depolarization of the nerve. During depolarization the highest potential outside 
the membrane is about 30 mV higher than inside it. Since the K+ ion channels are slightly 
slower than the Na+ ion channels, the electrical stimulus activates them a little later, after 
which they begin to transfer K+ ions outside the neuron down their concentration 
gradient. This causes the electrical potential inside the neuron to begin to decrease again, 
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and after a short time the neuron membrane returns to its stable, polarized state. This 
process is called repolarization of the nerve. [1, 14] 

Thus, the action potential is a rapid change in electrical potential across the plasma 
membrane of the neuron, lasting about 1 ms, Fig. 15. This basically simple process has 
been artificially simulated with many kinds of electrical circuits and mathematical 
models, which are documented in the literature. [24, 25] 

 

 

Fig. 15. Action potentials. 

After the action potential is transmitted the nerve needs a short time to recover before the 
next action potential can be produced. This time is called refraction time. The duration of 
an action potential and the refraction time together determines the maximum firing 
frequency of action potentials. The refraction time depends on the diameter of the fibre; 
large fibres have a shorter and small ones a longer refraction time [1, 18]. Under normal 
body conditions the typical transmission rate ranges between 10 and 500 action potentials 
per second [1]. The duration of a single action potential, 1 ms, is very short and often the 
signal of the axon is monitored using tens or hundreds of times larger time windows. In 
this kind of monitoring single action potentials appear as pure impulses, which is why 
action potentials are also called nerve impulses. 

2.2.3  Characteristics of propagation of action potential in axons 

The main function of the axon is to transmit action potentials from one place to another. 
From a functional point of view the speed of this transmission is an essential factor. For 
instance, many muscles must be able to perform very quick movements, which requires 
that axons are able to rapidly transfer commands in the form of action potentials from the 
spinal cord to the muscles. On the other hand, in human beings there are also functions, 
such as temperature sensing, to which quick messaging is not so important. For these 
functions axons with slower transmission speed are quite adequate. 
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The speed of an action potential in the axon is called the conduction velocity of the 
axon [14]. The conduction velocity largely depends on the myelination of the axon. In 
myelinated axons the action potentials move much faster than in unmyelinated axons due 
to the insulation property of the myelin. On the other hand, from an energy economics 
point of view myelinated axons are “expensive”, because the creation of myelin requires 
a lot of energy. Correspondingly, unmyelinated axons can be created much more 
“cheaply” because the costly fatty myelin is not needed. Thus, physiologically, fast 
transmission uses finer and more expensive paths than slower transmission. Depending 
on the thickness of the myelin sheath the diameter of myelinated nerve fibres varies 
between 1.5 and 22 mµ  and the diameter of unmyelinated nerve fibers between 0.1 and 
2.0 mµ  [18]. Thus the space needed for myelinated axons is much larger than the space 
needed for the same amount of unmyelinated axons. In myelinated axons conduction 
velocity is directly proportional to the thickness of the myelin. It can be estimated using a 
rule of the thumb: the conduction velocity in metres per second is about six times the 
diameter of the nerve fibre in micrometres [18]. 

In the peripheral nervous system the axon types are naturally distributed in such a way 
that fast functions are supplied by fast axons and slower functions by slower axons. Table 
1 presents some typical diameters of different kinds of nerve fibres [14]. 

Table 1. Typical diameters of some nerve fibres. 

Function Fibre diameter ( mµ ) 
Motor afferent (from muscle spindle to CNS) 12-22 
Sensory afferent (touch, pressure) 5-12 
Motor efferent (from CNS to muscle fiber) 2.5 – 8.5 
Sensory afferent (fast pain, temperature) 2-5 
Sensory afferent (slow pain, mechanoreceptors) 0.3-1.3 

In the peripheral nervous system single nerve fibres run in nerve bundles. Because 
different types of axons in a bundle have different conduction velocities, synchronous 
electrical stimulation of the bundle results in the action potentials travelling the same 
distance in the bundle with different conduction times [14]. Thus the distribution of the 
conduction times can be used to estimate the distribution of the physiological types and 
functions (Table 1) of the axons in a bundle. In addition, since many nerve disorders have 
a specific effect on the conduction velocity of a nerve, conduction velocity measurement 
can be used for investigation of the physiological condition of nerves, as well [26, 27]. 

2.2.4  Information coding in the nervous system 

In the axons all the information is coded by means of action potentials. The basic 
principle of information coding is frequency coding; the information is coded into the 
firing rate of the action potentials [28]. Fig. 16 presents an example of information 
transmission in a nerve, from environmental stimulus to action potential code. 
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Fig. 16. Example of information transmission and coding. 

In Fig. 16 the environmental temperature of the fingertip is sensed by a thermoreceptor. 
The thermoreceptor converts the temperature (a oC) to a receptor potential (b V) with a 
receptor-specific function. Furthermore, the afferent nerve innervating the thermoreceptor 
begins to produce action potentials at a frequency (c Hz) relative to the receptor potential 
(b V) with some specific receptor potential – action potential frequency function. The 
result is an action potential train indicating the temperature of the fingertip by its firing 
rate. The same frequency coding principle also applies to efferent nerves: the higher the 
firing rate the higher the desired muscle force contraction magnitude. [15] 

2.3  Peripheral nervous system of the arm 

Functionally, the peripheral nerves of the arm can be divided into two major groups: the 
sensory nerves which innervate the skin areas of the arm and the nerves which innervate 
the muscles of the arm. The sensory nerves which innervate the skin areas only consist of 
afferent nerves and their sole function is to send information from the environment 
towards the central nervous system. The nerves innervating the muscles include both 
efferent nerves, which give commands to the muscle, and afferent nerves, which send 
information of the status of the muscle to the central nervous system, e.g. about the 
contraction state of the muscle. In addition, in the arm there are also small autonomic 
nerves supplying for example glands, which are not investigated in detail in this study. 
[15] 

The part of the peripheral nervous system which forms the nervous system of the arm 
is called the brachial plexus. The brachial plexus is formed by the ventral rami of the 
spinal nerves from C5 to C8 and T1. In the periphery it innervates the muscles which 
actuate the movements of the arm. It also supplies the sensory nerves to the skin of the 
arm. [1, 18] 
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In the following the muscles and the sensory skin areas that the nerve bundles of the 
brachial plexus innervate are presented as diagrammatic pictures. Because there are 
numerous muscles and sensory skin areas in the arm, each of these are represented as dots 
in an anatomical diagram of the upper body viewed from the anterior direction. This is to 
obtain a clear representation of each single muscle and each sensory skin area. The dots 
are placed at the approximated mean locations of the muscles or sensory skin areas. A 
detailed description of the sensory skin areas is presented in Appendix A. In addition, the 
spinal nerve roots which act as the entrance of the peripheral nerves to the central 
nervous system are represented as dots. The nerve bundles between the dots are described 
in detail in the text. 

First, the brachial plexus is divided into supraclavicular and infraclavicular parts. The 
supraclavicular part supplies several muscles in the shoulder area. The infraclavicular 
part consists of six distinct nerve structures called the musculocutaneous nerve, median 
nerve, ulnar nerve, medial brachial and antebrachial cutaneous nerves, axillary nerve and 
radial nerve. In the following these nerves are described in detail. [23] 

2.3.1  Supraclavicular part 

The supraclavicular part supplies motor nerves to the muscles of the shoulder area and 
consists of eight distinct nerves as presented in Fig. 17. The dorsal scapular nerve 
originates predominantly from C5 and supplies the levator scapulae muscle and the 
rhomboideus major and minor muscles. The long thoracic nerve originates from C5-7 and 
supplies the serratus anterior muscle. The thoracodorsal nerve originates from C6-8 and 
supplies the latissimus dorsi muscle. The suprascapular nerve originates from C5-6 and  
supplies the supraspinatus muscle and infraspinatus muscle. The subscapular nerve 
originates from C5-7 and supplies the subscapular muscle and teres major muscle. The 
subclavian branch of the brachial plexus originates from C5-6 and supplies the subclavius 
muscle. The lateral pectoral nerve originates from C5-6 and supplies both the pectoralis 
major and pectoralis minor muscles. The medial pectoral nerve originates from C8 and 
T1 and similarly supplies the pectorialis major and minor muscles. [18, 23, 29] 
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Fig. 17. Supraclavicular part of the brachial plexus. 
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2.3.2   Musculocutaneous nerve 

The musculocutaneous nerve originates from spinal nerves C5, C6 and C7, Fig. 18. The 
nerve supplies the coracobrachialis muscle, the short and long head of the biceps brachii 
muscle and the brachialis muscle. In addition the nerve supplies the sensory fibres of the 
lateral part of the forearm. [18, 23, 29] 

 

 

Fig. 18. Musculocutaneous nerve. 



35 

2.3.3  Median nerve 

The median nerve originates from C6-8 and T1 and has several branches as described in 
Fig. 19. First on its way towards the hand the median nerve supplies the pronator teres, 
flexor carpi radialis and palmaris longus muscles. Approximately at the level of the elbow 
the median nerve gives off a branch that supplies the radial part of the flexor digitorum 
profundus, flexor pollicis longus and pronator quadratus muscles. [18, 23, 29] 

 
 

 

Fig. 19. Median nerve. 

In the lower third of the forearm the median nerve gives off a small branch which 
supplies the skin of the ball of the thumb, radial side of the wrist and palm of the hand. 
The major bundle of the median goes forward and passes the carpal canal of the wrist and 
reaches the hand. There, the median nerve gives off several small branches. The branch 
called the common palmar digital nerve innervates the opponens pollicis, the superficial 
head of the flexor pollicis brevis, abductor pollicis brevis and the first lumbrical muscles. 
In addition it supplies the sensory nerves to the ulnar side of the thumb and the radial side 
of the index finger. The next branch innervates the second lumbrical muscle and supplies 
sensory nerves to the ulnar side of the index finger and the radial side of the middle 
finger. The last branch supplies the sensory nerves to the ulnar side of the middle finger 
and to the radial side of the ring finger. [18, 23, 29] 
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2.3.4  Ulnar nerve 

The ulnar nerve originates from C8 and T1 and has several branches, as shown in Fig. 20. 
In the forearm the ulnar nerve supplies the flexor carpi ulnaris muscle and the ulnar half 
of the flexor digitorum profundus muscle. [18, 23, 29] 

 
 

 

Fig. 20. Ulnar nerve. 

At the middle of the forearm the ulnar nerve sends a branch which supplies sensory 
nerves to the ulnar side of the back of the hand. Further, at the distal third of the forearm 
the ulnar nerve again sends a branch to supply sensory nerves to the skin of the 
hypothenar eminence. Next, just after the wrist the main branch of the ulnar nerve divides 
into two branches: the fourth common palmar digital nerve and the deep branch of the 
ulnar nerve. The fourth common palmar digital nerve supplies sensory nerves to the ulnar 
side of the ring finger, radial side of the little finger and the ulnar side of the little finger. 
The deep branch of the ulnar nerve innervates a number of muscles in the hand: the 
abductor digiti minimi, opponens digiti minimi, flexor digiti minimi brevis, fourth palmar 
interossei, fourth lumbrical, fourth dorsal interossei, third lumbrical, third palmar 
interossei, third dorsal interossei, second palmar interossei, deep head of the flexor 
pollicis brevis, second dorsal interossei, first dorsal interossei, adductor pollicis and the 
first palmar interossei muscles. [18, 23, 29] 
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2.3.5  Medial brachial and antebrachial cutaneous nerves 

Both the medial brachial and the antebrachial cutaneous nerves are purely sensory nerves. 
They have their roots in C8 and T1 as illustrated in Fig. 21. The medial brachial 
cutaneous nerve supplies the skin on the median surface between the axilla and the elbow 
joint. The medial antebrachial cutaneous nerve supplies the medial flexor side of the 
forearm and the upper region of the medial extensor side. [18, 23, 29] 

 

 

Fig. 21. Medial brachial and antebrachial cutaneous nerves. 



38 

2.3.6   The axillary nerve 

The axillary nerve originates from C5 and C6 as illustrated in Fig. 22. First, it gives off a 
branch which supplies the teres minor muscle. Then it gives off a branch called the 
superior lateral brachial cutaneous nerve, which supplies the sensory nerves of the skin 
over the lower part of the deltoid and the upper part of the long head of triceps. Finally, 
the axillary nerve gives off a branch that supplies the deltoid muscle and its various parts. 
[18, 23, 29] 

 
 

 
 

Fig. 22. The axillary nerve. 

2.3.7  Radial  nerve 

The radial nerve originates from C5-8 and T1 and has several branches as illustrated in 
Fig. 23. First, in the upper arm the radial nerve gives off two branches, the lateral inferior 
brachial cutaneous nerve and posterior brachial cutaneous nerve, which supply sensory 
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nerves to the skin of the extensor surface of the upper arm. Further, the radial nerve sends 
small branches, which innervate the lateral, medial and long head of the triceps muscle, 
the articularis cubiti muscle and the anconeus muscle. [18, 23, 29] 

 
 

 

Fig. 23. Radial nerve. 

Further, the radial nerve sends a branch called the posterior antebrachial cutaneous nerve, 
which supplies the sensory nerves to the strip of skin on the radial extensor side of the 
lower arm. At the level of the lateral epicondyle the radial nerve sends small branches 
which innervate the brachioradialis and the extensor carpi radialis longus muscles. [18, 
23, 29] 

After this the radial nerve divides into two main branches: the superficial branch and 
the deep branch of the radial nerve. The superficial branch originates from near the elbow 
and supplies sensory nerves to the radial part of the back of the hand, extensor surface of 
the thumb, basal joints of the index and middle fingers and radial half of the extensor 
surface of the middle finger. The deep branch of the ulnar nerve sends small branches to 
the extensor carpi radialis brevis muscle, supinator muscle, extensor digitorum muscle, 
extensor digiti minimi muscle, extensor carpi ulnaris muscle, abductor pollicis longus 
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muscle, extensor pollicis brevis muscle, extensor pollicis longus muscle and extensor 
indicis proprius muscle. [18, 23, 29] 

2.3.8  Summary of brachial plexus structure 

The structure of the brachial plexus was described above. It consists of 5 proximal 
terminals (C5-C8, T1) and a total of 84 distal terminals, of which 64 are muscles and 20 
sensory skin areas. The axons of each distal terminal run along the presented nerve 
structure towards the central nervous system. Naturally, each distal terminal is not 
connected by axons to all proximal terminals, which are presented in the corresponding 
nerve structure. However, since the proximal terminals to which each distal terminal has 
an axonal connection, can be investigated for instance by functional measurements, they 
are well known [18]. Anomalies are not rare in the brachial plexus [30], which has to be 
taken into account in more detailed studies, too. 



3 Mathematical modelling 

The aim of this study is to evaluate the maximum information transmission capacity of 
the peripheral nervous system in one physiological entity, the arm. The arm includes a 
huge number of axons that extend from one place to another. In order to be able to 
quantitatively investigate this kind of a system as a whole, the “schematics” of the 
peripheral nervous system must be known. This is what was described in the previous 
chapters. 

In the peripheral nervous system, each axon has one end in the spinal cord and the 
other in a terminal in the arm. Physiologically the peripheral nervous system of the arm 
consists of the brachial plexus, which was described in detail in chapter 2. Hence, the 
terminals of the arm were defined to be the 64 muscles and 20 sensory skin areas of the 
brachial plexus, which were also discussed. This definition was assumed to be provide a 
sufficiently detailed description of the anatomy of the arm. 

In the mathematical modelling the structure of the nervous system of the arm is 
described from the distal direction by examining all the axons connected to each terminal. 
Therefore the information transmission capacity from each terminal to the spinal cord can 
be determined.  

In practice, the modelling problem was divided hierarchically into three levels as 
described in Fig. 24. At the first level the information transmission capacity of a single 
axon is defined. At the next level the information transmission capacity of a single 
terminal consisting of a number of axons is determined. Finally, at the highest level the 
information transmission capacity of the arm is calculated on the basis of the combined 
information transmission capacities of all of the terminals. 
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Fig. 24. Hierarchical levels of the mathematical model. 

3.1  Information transmission capacity of one axon  

There are three possible information coding methods which can be applied to feeding 
information to the axon: frequency, binary and pulse interval coding. In frequency coding 
the information is coded into the number of action potentials per time interval. Binary 
coding is in a way a special case of frequency coding, where 0 is coded as “no action 
potential” and 1 as “one action potential” during one time interval. Finally, in pulse 
interval coding the information is contained in the time intervals between consecutive 
action potentials in the axon. The information transmission capacities of an axon with 
each information coding method are well known and presented e.g. in references [16] and 
[13]. Because the information transmission capacity of a single axon is an essential part 
of the mathematical model, each coding method is presented separately in detail below. 

The physiological properties of the axon set boundaries for the speed, with which the 
information can be coded into it. From an information transmission point of view the 
principal properties of the axon are:  

− the minimum possible time interval mina  between consecutive action potentials in the 
axon, 

− the maximum accuracy a∆ , with which the action potential can be input to the axon 
in the time domain.  

mina  depends on the maximum firing rate of the axon; it is the most important property 
of the axon in terms of information coding. Maximum accuracy only has an effect in 
pulse interval coding, where the timing accuracy of action potentials in the axon signal is 
the most important factor. 

In the following the maximum information transmission capacity of a single axon is 
determined separately for each coding method on the basis of the properties mina  and 
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a∆ . The maximum information transmission capacity for each coding method is 
determined by assuming that the information symbol probability distribution used in the 
information transmission is flat, which results in the theoretical maximum for the 
information capacity [4]. 

In the following the maximum information transmission capacity of a single axon is 
defined as the maximum information transmission rate at which the information can be 
put into or taken out from the axon. The effect of restricted conduction velocity of action 
potentials, which results in a delay in the communication system of the arm, is discussed 
in chapter 5. 

3.1.1  Frequency coding 

In frequency coding the information is converted into the amount of action potentials in 
the axon signal during one symbol duration T . The important properties in frequency 
coding are mint  and maxt , representing the shortest and longest interval between 
consequent action potentials in the coding process. Thus in frequency coding the axon 
fires at a maximum rate of min1 t times per second and at a minimum rate of max1 t  
times per second. The symbol duration T  used in the coding. has to be selected so that 
the lowest possible firing rate, max1 t , can also be detected. Therefore the logical 
selection for symbol duration is T = maxt . Using this selection there is at least 1 action 
potential during one symbol duration (when firing with the maxt ) and no more than 

minmax tt  action potentials (when firing with the mint ). Hence the total number of 
symbol alternatives is minmax tt . Thus in flat probability distribution of transmitted 
information symbols the information transmission capacity of the axon is 
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bit/s [13]. In order to obtain the maximum information transmission capacity optimal 
values have to be selected for for mint  and maxt .  

It is clear that the smaller mint  is, the higher the function (8) is, because the partial 
derivative 
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is always negative. Thus in the following mint  is supposed to be set to its smallest value, 
and the remaining problem is to examine the role of maxt  in the function, at the lower 
boundary of maxt  
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( ) 0,lim maxminminmax

=→ ttCtt                                                (10) 

 
and correspondingly at the upper boundary [31] 
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Next, the partial derivative of function (8) with respect to maxt  is 
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It can be clearly seen that (12) has no discontinuities in the domain of maxt . In function 
(8) there is an extremum when the partial derivative (12) reaches zero. In this case we get 
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Because there are no discontinuities in function (12) and at the upper and lower 
boundaries of maxt  (B.1) are zero and ( ) 0, minmin ftetC ⋅ , minmax tet ⋅=  is the 
maximum of (8). 
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Further, the quotient of maxt and mint  has to be an integer because obviously the 
number of action potentials per time window has to be an integer. This means that maxt  
has to be even 2 or 3 times greater than mint . The selection is easy to make. Because mint  
results in 
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and 3 mint  results in  
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Thus it is clear that function (8) reaches its maximum when maxt = 3 mint . Hence the 
maximum information transmission capacity in frequency coding is 
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3.1.2  Binary coding 

Binary coding is an extension of frequency coding, where the “frequency” zero is also 
allowed. In this case the information transmission capacity is 
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bit/s [13]. The partial derivative with respect to maxt  yields: 
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which is always negative. Thus the maximum information transmission capacity is 
obtained when minmax tt = , which results in two possible symbols in the transmission, 
“no action potential” and “one action potential” during one symbol duration. Thus in flat 
probability density for the symbols the information capacity of the axon is [13] 
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bit/s. Equation (18) reaches its maximum when mint  reaches its minimum. Thus the 
maximum information transmission capacity in binary coding is 
 

( )
min

minmin a
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3.1.3  Pulse interval coding 

 
In pulse interval coding one information symbol consists of the time interval between 
consecutive action potentials. Let us mark the longest action potential interval with maxt  
and the shortest interval with  mint  and suppose that this range of time intervals is divided 
into small time intervals t∆ , which represents the maximum accuracy with which one 
action potential can be determined in the axon. This way the number of possible symbols 
is ( ) ttt ∆− minmax . Moreover, unlike in frequency or binary coding the duration of one 
symbol varies. [16]  

In flat probability distribution the mean duration of the symbols is ( ) 2minmax tt + . 
Thus the information transmission capacity of the axon is  
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bit/s [16]. Again, in order to obtain the maximum information transmission capacity, 
optimal values have to be selected for t∆ , mint  and maxt . An outline of the optimal 
selection of these parameters is presented in reference [16]. However, to obtain a 
comprehensive picture of the selection of optimal parameters, appendix B shows how 
they are achieved, step by step. 
Using the parameters calculated in appendix B, the maximum information transmission 
capacity in pulse interval coding is  
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bit/s. 

Information coding by pulse position is used in ultra-wide bandwidth (UWB) 
signalling [32] and especially in the extremely fast information transmission of optical 
fibres [33]. The coding methods used in UWB and optical information transmission are 
typically ones where the length of one symbol is constant, making them special cases of 
pulse interval coding. In practice constant symbol length is advantageous, for example 
due to the easy synchronization of the information being received, even though its 
theoretical information transmission capacity is slightly lower than the capacity of 
“strict” pulse interval coding with varying symbol lengths. 

3.1.4  Summary of coding methods 

To summarize, the axon properties described by mina  and a∆  can be mapped to the 
corresponding maximum information transmission capacities as described in Fig. 25.  
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Fig. 25.  Mapping of the physical properties of an axon to the information transmission 
capacities, C is capacity, mina  is the minimum possible time interval between consecutive 
action potentials in the axon, a∆ is the maximum timing accuracy of action potentials in the 
axon and maxt  is the optimal parameter of the maximum time interval in pulse interval 
coding. 

To illustrate the basic properties of each coding method, the maximum information 
transmission capacity for one axon was plotted separately for each coding method as a 
function of mina  (with a constant a∆ =1ms) in Fig. 26. 
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Fig. 26. Information capacities of one axon with different coding methods, a∆ =1ms. 
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In Fig. 26 it can clearly be seen that of the three coding methods frequency coding has 
the poorest maximum information transmission capacity. Binary coding reaches the 
highest capacity with small mina  values.  

To compare both mina  and a∆  values in parallel in the three coding methods, a 
simulation was done where the maximum information transmission capacities were 
calculated by randomly selecting a thousand mina  and a∆  values between 0.1 ms and  
1 s, and  calculating the corresponding capacities using the frequency, binary and pulse 
interval coding methods. The results are plotted in Fig. 27, which presents the normalized 
information transmission capacity for each coding method versus the quotient of mina  
and a∆ . The normalization was done by dividing the frequency, binary and pulse 
interval coded capacities which have the same input parameters ( mina  and a∆ ) with the 
highest of the three capacities. 
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Fig. 27. Normalized information capacities of one axon presented with the quotient of mina  
and a∆ . 

In Fig. 27 it can be seen that the maximum information transmission capacity of pulse 
interval coding is higher than the capacity of binary coding when aamin ∆  is higher 
than approx. two and also higher than the capacity of frequency coding when aamin ∆  
is higher than approx. 0.7.  

To conclude, by summarizing the analytical properties of the equations and 
simulations presented above the practical idea behind the relative properties of the three 
possible coding methods becomes clear: frequency coding is the poorest method when 
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aamin ∆  is higher than approx. 0.7, binary coding always reaches higher values than 
frequency coding and finally, pulse interval coding is superior to both frequency and 
binary coding when aamin ∆  is higher than approx. 2. 

3.2  Information transmission capacity of one terminal 

In the model one terminal is typically supplied by one nerve bundle which contains a 
number of single axons. From a communication systems point of view one nerve bundle 
is also a bundle of information channels. Physiologically each single axon in a bundle 
may form an independent information channel due to the insulating sheath around the 
axon in a nerve bundle. This means that the maximum information capacity of a nerve 
bundle is simply the sum of the capacities of the axons. At this point it must be noted that 
undoubtedly in a bundle of axons which supplies the same muscle the information in 
parallel axons is highly redundant. However, the summing of the axon capacities of 
individual axons is appropriate in this study, because the main aim is to find out the upper 
limit of the information transmission capacity of the system. 

Each nerve bundle may contain many different kinds of axons. A nerve bundle 
innervating a muscle includes both motor afferent and motor efferent axons. In this study 
the investigation focuses on the total information capacity of the peripheral nervous 
system of the arm. Thus in the capacity calculations the capacities of all the different 
kinds of axons are added together. Here again an engineering approach is used. Namely, 
it is possible to transfer information in axons in a freely selectable direction, irrespective 
of the “natural” type of the axon. For instance, by electrically stimulating an efferent 
axon in a distal location it is possible to transfer impulses in the proximal direction, 
which in natural operations is only possible for afferent axons. Thus it is logical to define 
the maximum information transmission capacity as the sum the capacities of all the 
axons. 

Finally, when investigating a nerve bundle from the distal direction, each axon in a 
nerve bundle is connected to a spinal root, and in this way to the CNS. Since in this study 
the details of how the capacity is divided between the spinal roots is not important, the 
investigation of the information transmission capacity is done between the distal 
terminals of the arm and the CNS. 

To sum up, in this study the maximum information transmission capacity of a terminal 
is defined as the sum of the information capacities of all the axons innervating it as 
depicted in Fig 28. 
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Fig. 28. Information transmission capacity of one terminal. 

3.3  Information transmission capacity of the arm 

This study concentrates on the arm as an entity comprising 64 muscles and 20 sensory 
skin areas. Above it was described how the maximum information transmission capacity 
is calculated for one axon and one terminal. The remaining part of the model is a 
presentation of the total information transmission capacity of all the terminals. To 
generate a practical presentation of the information capacity of the arm, a special 
mapping of the information capacity of the arm is done.  

The terminals of the brachial plexus, muscles and sensory skin areas were presented in 
chapter 2. To obtain an anatomically logical description of the terminals and their 
information transmission capacities, each terminal was defined as a dot in the picture 
illustrating the anatomical shape of the upper body, Fig. 29. The picture is drawn using a 
centimetre scale starting from the top of the head. Each terminal point presented in 
chapter 2 is defined in this coordinate system by two coordinate values. In this study the 
anatomical picture was scaled to approx. 30 cm high for practical reasons: by printing out 
the anatomical picture on paper it was easy to determine the coordinates of the terminals 
in it. 
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Fig. 29. Terminals (marked as dots) in the anatomical picture of the upper body. 

The definition of each terminal as a dot in the two-dimensional anatomical picture of the 
human body is not anatomically complete. Since each nerve bundle innervating a muscle 
runs as a single bundle, the representation of each terminal as a dot can be considered 
quite accurate. However, after reaching the muscle they spread out branches into muscle 
fibres in various locations in the muscle. The same principle also applies to sensory skin 
areas, where the sensory fibres spread out from the sensory nerve bundle to the whole 
area of the skin. This definition of the terminals is a compromise made for practical 
reasons. However, despite these inaccuracies the dot-based representation is assumed to 
be appropriate, because the aim of the modelling is to define the information transmission 
capacity, and an exact anatomical description is not needed. 

The mapping of each terminal as a dot in the anatomical picture establishes a 
convenient way to define the amount of information capacity for each location in the 
anatomical picture. The total information transmission capacity of the arm is calculated as 
the cumulative value of the information capacities of the terminals as follows: 

1. The anatomical picture (with the terminals) is rotated so that the fingertips point to 
the right of the picture. 

2. The cumulative information capacity of the picture is calculated through the x-axis of 
the picture from right to left. Just to the right of the fingertips the capacity is zero and 
at the left side of the picture the capacity is the total information transmission 
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capacity of the arm. Between these coordinates the information capacity is the sum 
of the information capacities of the terminals located to the right of the current x-
coordinate. 

With the procedure described above the total information transmission capacity of the 
arm is obtained in the form of a cumulative information capacity curve bound to the 
anatomical picture of the human arm as exemplified in Fig. 30. 
 
 

 

Fig. 30. Total information transmission capacity of the arm. 

In Fig. 29 the terminals were presented with the anatomical picture in vertical position, 
which can be considered a clear way of presenting them. The terminals used in this study 
are the specified 84 terminals of the arm. However, in future studies the number of 
terminals will be higher, even to the point that each nerve fibre ending in the periphery 
will be considered a terminal. Even if that were the case the procedure presented above 
could still be used. First the terminals would be presented with the anatomical picture in 
vertical position. After that the picture would be rotated appropriately. Free rotation of the 
anatomical picture together with the terminals enables versatile analysis of the terminals 
which are located in a two-dimensional space, but whose maximum information 
transmission capacity (in the form described above) is a one-dimensional variable. 

3.4  Summary of the model 

Fig. 31 presents a summary of the model in hierarchical order. The properties of the 
axons are shown at the bottom of the diagram. Starting from there, and continuing 
through the logical steps the maximum information transmission capacity of the arm is 
finally determined in an illustrative way. 
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Fig. 31. Summary of the model. 

3.5  Implementation of the model 

The model was implemented using the Matlab® software. The blocks of the model are 
presented in Fig. 32. The blocks Read anatomical_image, Read terminal_table and Read 
axon_table read the input data to the model, the blocks Rotate image and Calculate 
terminal_capacity do the mathematical processing for the input data and the block Plot 
results outputs the results in a convenient format. A detailed description of the blocks is 
presented in Appendix C. 
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Fig. 32. Block diagram of the model. For a detailed description of the blocks see Appendix C. 



4 Results 

4.1  Preparation of the inputs of the model 

First the anatomical_image and terminal_table matrices were created. The picture in Fig. 
29 was used as the anatomical_image matrix. The terminal_table matrix was created by 
using the terminals presented in chapter 2. The terminal_table matrix together with the 
names of the terminals is presented in Appendix D. The anatomical_image matrix 
together with the terminals is presented in Fig. 33. 

After this the axon_table matrix was created. For this purpose the number of axons in 
the peripheral nervous system of the arm as well their mina  and a∆  properties were 
explored in the literature. The proper parameters were stored in the axon_table matrix. 
The definition of the axon_table matrix parameters defined on the basis of the literature is 
presented in the following. 

4.1.1  Number of axons  

First of all, in practice a microscopic investigation of the number of axons in nerve 
structures is only possible for myelinated axons. The size of myelinated axons is large 
enough for light microscopy investigation (1.5 – 22 mµ ) and they also have a specific 
easily detectable myelin structure around them. Correspondingly, unmyelinated axons are 
very small (0.1 – 2.0 mµ ) and they do not have the myelin structure around them. Thus, 
in this study the modelling concentrated on examining the myelinated part of the nervous 
system, which is responsible for the functions of the muscles as well as various sensory 
functions, such as pressure and fast pain senses. It was assumed that the myelinated part 
of the peripheral nervous system describes quite well the dimensioning of the peripheral 
nervous system as an entity. The consequences of leaving unmyelinated axons out of the 
study are discussed in chapter 5. However, in future, after axon counting techniques have 



57 

improved sufficiently to also enable reliable counting of unmyelinated axons, they, too, 
must be taken into account in the modelling. 

There are numerous studies on the anatomical nervous fascicle structure of the 
brachial plexus [30, 34, 35]. However, the number of studies in the literature on the 
number of axons in the brachial plexus is rather limited. Bonnell [36] has carefully 
examined 21 adult subjects and counted the number of myelinated axons in the brachial 
plexus at different levels. The number of myelinated axons at the very proximal level of 
the brachial plexus (at the ventral rachidian nerve level) is presented in Table 2 and at a 
more distal level, at the roots of the peripheral branches, in Table 3. 

Table 2. Number of myelinated axons in the brachial plexus corresponding to each spinal 
root. 

Part Mean 
C5 16472 
C6 27421 
C7 23781 
C8 30626 
T1 19747 
total 118047 

Table 3. Number of myelinated axons in the roots of the peripheral branches of the 
brachial plexus. 

Part Mean 
Shoulder girdle 31979 
Musculocutaneous nerve 5023 
Median nerve 15915 
Ulnar nerve 14161 
Radial nerve 15964 
Axillary nerve 6547 
total 89589 

In Table 2 the mean of the total number of myelinated axons is 118047. Individual 
variation is rather high, however: in the study the minimum total number of axons was 
85566 and the maximum 166214.  

The number of myelinated axons in the peripheral nervous system of the arm has also 
been estimated in two other studies, but on a more limited level, however. Reference [37] 
examines the number of myelinated axons in the flexor digitorum profundus, flexor 
pollicis longus and pronator quadratus and also the number of axons in the motor branch 
of the ulnar nerve. In the study ten arms of five cadavers were examined. Moreover, in 
reference [38] the number of axons innervating the flexor carpi ulnaris and the pronator 
teres muscles were counted. The aim of that study was to investigate whether it is be 
possible to replace the innervation of the pronator teres muscle with a more proximally 
located nerve bundle which originally innervated part of the flexor carpi ulnaris muscle. 
The result was that on average the pronator teres muscle is innervated by 361 axons and 
the most proximal muscular branch that innervates the flexor carpi ulnaris muscle 
includes an average of 372 axons. Because the flexor carpi ulnaris muscle is innervated 
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by 2 or 3 nerve branches and its one branch includes 372 axons, it was approximated for 
the purposes of this thesis that the total amount of axons innervating the flexor carpi 
ulnaris is roughly 2.5 x 372, e.g 930 axons. In addition, references [37] and [38] report 
that there is a rather high individual variation in the number of axons. Standard deviation 
was about ten percent of the mean value. The numbers of axons based on the results in 
references [37] and [38] are presented in Table 4. 

Table 4. Number of myelinated axons calculated in references [37] and [38]. 

Part Mean 
Motor branch to pronator quadratus 912 
Motor branch to flexor pollicis longus 962 
Motor branch to flexor digitorum profundus 872 
Motor branch to pronator teres 362 
Motor branch to flexor carpi ulnaris 930 

An interesting study of the quantitative microanatomy of the brachial plexus has been 
done in reference [30]. In the study 21 brachial plexuses were examined. The cross-
sectional neural tissue areas were also studied. An interesting point in this study was the 
comparison of the relative cross-sectional neural tissue areas to the relative number of 
axons in the corresponding brachial plexus parts calculated by Bonnell [36]. The result 
was that the percentage of the neural tissue and the percentage of the number of axons 
correlated very well; the deviation was generally within 2 to 4 percentage units. This 
means that the relative size of the neural tissue can be used as an indirect method in the 
assessment of the number of axons, too. This study is useful especially because it 
establishes that about four per cent of the neural tissue in the brachial plexus belongs to 
the medial brachial and antebrachial cutaneous nerves. This information was used to 
estimate the total number of axons in those nerves as described later. 

The above axon counts found in the literature provide only the total number of axons 
in the brachial plexus as well as the number of axons in some terminals (Table 4). 
However, the mathematical model requires information of the nerve supply for each 
distinct terminal. For this purpose the number of axons in each terminal was estimated on 
the basis of the axon count studies above. 

First, on the basis of references [37] and [38] the number of the axons in terminals 18, 
22, 23, 24 and 39 are listed in Table 4 (See Appendix D for terminal indexing). The axon 
supply of the remaining terminals is calculated with the help of references [36] and [30] 
by dividing the nerve supply of the main nerve branches equally between each terminal. 
Equal division was assumed to be the most appropriate estimation method, because the 
exact numbers of axons in individual terminals were not known, but the number of axons 
in certain terminal groups was established. The numbers of axons were calculated as 
follows: 

− The number of axons in the supraclavicular part is 31979 and it innervates 12 
terminals, meaning 31979/12=2665 axons per terminal for terminals 1-12.  

− The number of axons in the musculocutaneous nerve is 5023 and it innervates 5 
terminals, meaning 5023/5=1005 axons per terminal for terminals 13-17.  

− The median nerve innervates 19 terminals. However, the number of axons in terminals 
18, 22, 23 and 24 are already defined. The total number of median nerve axons is 



59 

15915, and by removing the said terminals we get (15915-912-962-872-362)/15 = 854 
axons per terminal for terminals 19-21 and 25-36. 

− The number of axons in the ulnar nerve is 14161 and it innervates 23 terminals. 
However, the number of axons in terminal 39 is already defined. Thus the result is 
(14161-930)/22 = 601 axons per terminal for terminals 37, 38, 40 – 59. 

− The medial brachial and antebrachial cutaneous nerves provide approx. 4 per cent of 
the brachial plexus fascicles [30] and they innervate two terminals. However, the 
number of axons in them has not been explicitly presented in the literature. Table 3 
includes the number of axons of all other nerves except the medial brachial and 
antebrachial cutaneous nerves. They represent 96 per cent of the total number of axons 
in the brachial plexus and the remaining 4 percent belongs to the medial brachial and 
antebrachial cutaneous nerves. Thus the number of axons in them is 
0.04*(89589/0.96)= 3733 axons, which gives 3733/2=1867 axons per terminal for 
terminals 60 and 61. 

− The number of axons in the axillary nerve is 6547 and it innervates 3 terminals, 
resulting in 6547/3=2182 axons for terminals 62-64. 

− Finally, the number of axons in the radial nerve is 15964 and it innervates 20 
terminals, resulting in 15964/20=798 axons per terminal for terminals 65-84. 

The estimated number of axons for each terminal or terminal group is summarized in 
Table 5. 

Table 5. Estimated number of axons for each terminal or terminal group. 

Terminal index Number of axons 
1-12 2665 
13-17 1005 
18 362 
22 962 
23 872 
24 912 
19-21, 25-36 854 
39 930 
37, 38, 40-59 601 
60, 61 1867 
62-64 2182 
65-84 798 

In the table above the total number of axons in the distal branches of the brachial plexus 
is 93315. Obviously the distribution of the axons within the terminals is a rather rough 
estimate, but the total number of axons is very accurate due to the comprehensive study 
of the total number of axons by Bonnell [36]. 
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4.1.2  Axon parameters mina  and a∆  

In reference [12, p. 23] the typical firing rate of the axon was found to be 5-100 action 
potentials per second and in [1, p.276] 10-500 action potentials per second. In addition, it 
was proposed that the maximum firing rate for small fibres is 250 action potentials per 
second and as much as 2500 action potentials per second for large fibres. In reference 
[16] it is mentioned that the practical upper limit of the firing rate of an axon is approx. 
250 action potentials per second.  

A clear reason for the discrepancy of the firing rates is the fact that the maximum 
firing rate of an axon depends on its physiological properties, such as its diameter. 
Furthermore, for example the diameters of the axons in the brachial plexus have a certain 
distribution. Thus the maximum firing rate also has a certain distribution. Since the 
estimates of the distribution of the maximum firing rate of the axons in the brachial 
plexus was not found in the literature, for the purposes of this study the maximum firing 
rate was always assumed to be 200 action potentials per second, and thus mina = 5 ms. 

In reference [16] the time resolution of the action potentials was assumed to be 
between 0.05 ms and 0.3 ms. However, these values seem surprisingly small when 
compared to the duration of a single action potential, which is about 1 ms. To obtain a 
realistic estimate of the value of a∆  an “engineering” approach was applied, using the 
Rayleigh criterion. The Rayleigh criterion [39] states the level of the resolvability of two 
consequent signals, i.e. how distant two signals have to be so that they can be resolved as 
separate signals. Fig. 33 presents two signals in the time domain. The signals were 
summed together and the saddle point and peak point levels were defined. The level of 
resolvability is defined on the basis of the relation of the peak and saddle point values of 
the summed signals. 
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Fig. 33. Principle of the Rayleigh criterion. 

The Rayleigh criterion was applied to the definition of a∆  by defining it as the 
minimum period of time which two action potentials require to reach a clear 3 dB 
difference between the peak and saddle point levels of the summed signals. For the sake 
of computational convenience a simplified symmetrical action potential shape was used 
as the action potential. The shape was modified from a typical shape of the action 
potential used in the literature [1, 14, 12] with a duration of 1 ms, as depicted in Fig. 34. 
The simplified action potential shape has roughly the same time domain characteristics as 
the presented typical action potential shape in the literature, but since it has a symmetrical 
shape, the Rayleigh criterion can be conveniently applied. 
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Fig. 34. Real action potential shape (dashed line) and simplified action potential shape (solid 
line). 

The Rayleigh criterion was applied to the identical simplified action potential shapes. The 
relation of the peak and saddle point values of the summed signals was calculated as a 
function of the distance of the action potentials. Fig. 35 presents the result.  
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Fig. 35. Relation of peak and saddle point values of summed action potentials. 

By applying the Rayleigh criterion the 3 dB level in the relation of the peak and saddle 
point of the summed action potentials is reached when the time period between the action 
potentials is about 0.6 ms. This level was selected as a rough estimate of the highest time 
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resolution of the action potentials, and therefore a∆  was always set at 0.6 ms for each 
axon in the calculation of the maximal information transmission capacity. 

4.2  Modelling 

After the preparations were made the input data was input to the model. The 
anatomical_image and terminal_table matrices were converted into model inputs and the 
axon_table matrix was formulated using the estimates mina = 5 ms and a∆  = 0.6 ms for 
all individual axons. The number of axons, presented in Table 5 was estimated earlier. 
Table 6 presents the results of the data reading. 

Table 6.  Input data of the model. 

Variable Value 
anatomical_image 2139x816 matrix 
anatomical_image_height 2139 
anatomical_image_width 816 
anatomical_image_pixel_per_cm 79 
anatomical_image_origo_x_pixel  19 
anatomical_image_origo_y_pixel 47 
terminal_table 84x3 matrix 
axon_table 93315x4 matrix 

Thereafter the pixels in the anatomical_image matrix were rotated 70 degrees 
counterclockwise in order to obtain a convenient setup for the examination of the 
cumulative information transmission curve. The anatomical_image_rotated matrix and 
the terminals in the terminal_table_rotated matrix are presented in Fig. 36. 
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Fig. 36. Rotated anatomical image. 

4.3  Results of the modelling 

The next step in the modelling was to calculate the terminal_capacity matrix which 
resulted in a matrix with a size of 84x4. After this the cumulative curves were calculated 
and plotted together with the anatomical_image_rotated matrix and the terminals in the 
same figure, presented in Fig. 37. In the figure each single terminal is represented by a 
circle. In addition, a thin line from the terminal to the x-axis of the image is drawn to 
clarify its location in the horizontal direction. 
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Fig. 37. Result of simulation with mina = 5ms and a∆ =0.6ms, whole arm. 

As Fig. 37 shows, the maximum information transmission capacity of the whole arm is 
10 Mbit/s using frequency coding, approx. 19 Mbit/s using binary coding and approx. 39 
Mbit/s using pulse interval coding. Fig. 38 presents a detailed view of the capacities in 
the hand and the wrist. 
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Fig. 38. Result of simulation with mina = 5 ms and a∆ =0.6 ms, hand. 

In the hand the maximum information transmission capacity at the level of the knuckle is 
about 640 kbit/s, 1.2 Mbit/s and 2.5 Mbit/s for frequency, binary and pulse interval 
coding, respectively. In the wrist the corresponding capacities are 2.5 Mbit/s, 4.7 Mbit/s 
and 9.9 Mbit/s. 

Table 7 presents some information transmission capacities of current technologies 
(2003). By comparing these capacities with the results of the modelling the scale of the 
results can be better understood. 

Table 7. Some typical information transmission capacities. 

Device Typical information transmission capacity 
Morse code 10 bit/s  
GSM 9.6 kbit/s  
GPRS 50 kbit/s  
Computer modem  56 kbit/s  
ISDN 128 kbit/s  
ADSL 5 Mbit/s  
Ethernet 10 Mbit/s  
USB (1.1) 12 Mbit/s 
WLAN (802.11a) 54 Mbit/s 
UWB 100 Mbit/s 
Optical fibre 10 Gbit/s 
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Thus, using frequency coding the information transmission capacity at the level of the 
knuckle is equal to the capacity of a few ISDN lines, at the level of the wrist about half of 
the capacity of ADSL, and in the whole arm about the same as the capacity of an Ethernet 
connection. 

To conclude, the maximum information transmission capacity of the nervous system 
of the arm is 10–39 Mbit/s, depending on which information coding method is applied. 
Furthermore, at the level of the elbow the cumulative capacity is roughly half of the total 
capacity and at the level of wrist about a quarter of the total capacity.  

4.3.1  Capacities of the different structural parts of the brachial plexus 

The brachial plexus can be structurally divided into 7 parts as presented in chapter 2: 
supraclavicular part, musculocutaneous nerve, median nerve, ulnar nerve, medial brachial 
and antebrachial cutaneous nerves, axillary nerve and radial nerve. Figures 39-42 present 
the maximum information transmission capacities of these parts individually.  
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Fig. 39. Maximum information transmission capacities of the supraclavicular part (left) and 
the musculocutaneous nerve (right). 
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Fig. 40.  Maximum information transmission capacities of the median nerve (left) and the 
ulnar nerve (right). 
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Fig. 41. Maximum information transmission capacities of the medial brachial and 
antebrachial cutaneous nerves (left) and the axillary nerve (right). 
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Fig. 42. Maximum information transmission capacity of the radial nerve. 
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The maximum information transmission capacities of the different parts of the brachial 
plexus are presented in an order of magnitude in Fig. 43. 
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Fig. 43. Maximum information transmission capacities in an order of magnitude. 

Each part of the brachial plexus has its specific assignment in the arm: the ulnar nerve 
supplies mainly the palm area, the radial nerve supplies mainly the extensors in the arm  
etc. The assignments also overlap, e.g. the muscles in the upper arm are supplied by both 
the radial and the musculocutaneous nerves. Presumably the maximum information 
transmission capacities of the parts correlate with the importance of the part in the 
system. 

4.4  Experimental case study: axon counts of nerve bundles 

To validate the accuracy of the estimated number of axons in the literature survey 
presented above a special case study was conducted. In the case study three nerves which 
were easy to dissect were studied in one cadaver and the number of axons in them was 
counted. In addition, the diameters of the axons were analyzed in order to obtain an 
estimate of the conduction velocities in the nerves. The dissection and the histological 
specimen processing was done in the Department of Forensic Medicine, University of 
Oulu, and the axon count analysis in the Department of Anatomy and Cell Biology, 
University of Oulu. 

In the study the nerves supplying the terminals 18 (pronator teres muscle), 64 (deltoid 
muscle) and 70 (brachioradialis muscle) were dissected in a male (age 59 years, weight 
67 kg, height 167 cm) cadaver and 0.5 cm long longitudinal specimens of each nerve 
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were taken. The specimens were first stored 48 hours in neutral formalin solution. Then 
the specimens were stored in 70% alcohol until they were embedded in paraffin. After 
this the specimens were cut perpendicularly, resulting in 6 mµ  thin slices of the cross 
sections of the nerves. The slices were put on preparation glasses and stained using the 
Klüver-Barrera method [40]. Fig. 44-46 shows the slices photographed using 40x optical 
magnification. The scale of the picture is illustrated by a line below each image. 

 

 

Fig. 44. Cross section of a nerve innervating terminal 18. 
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Fig. 45. Cross section of a nerve innervating terminal 64. 
 

 

Fig. 46. Cross section of a nerve innervating terminal 70. 
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Figures 44-46 illustrate the different internal fascicle structures of the nerves. The nerve 
innervating terminal 18 has two distinct axon bundles, the nerve innervating terminal 64 
has only one large axon bundle and the nerve supplying terminal 70 has four distinct axon 
bundles. The distinct bundle structure does not affect the axon count - in the analysis all 
axons in the bundles of the same nerve were calculated together and their diameters were 
determined. Fig. 47 presents the computer assisted microscopy system used in this 
analysis. In the system the specimens were first viewed with a Nikon Optiphot 
microscope with 400x optical magnification, and then photographed with a Sony 3CCD 
digital camera, and the resulting digital image was then analyzed with the MCID-M4 
image analysis software by Imaging Research Inc [41]. 

 

 
 
 

Fig. 47. Computer assisted microscopy system. 

Using 400x optical magnification the axons in the nerve are seen as dark circles. In the 
image analysis a line showing the diameter of the axon was drawn with a mouse over 
each axon in the digital image, as depicted in Fig. 48. If the shape of the axon was not 
strictly circular, but for example more like an ellipse, the line was drawn through the 
shortest diameter of the shape. This way, even though the cross-section slice of the axon 
would not be strictly perpendicular to the axon, it was possible to reliably determine the 
diameter of the axon. The image analysis software stored each axon diameter in memory, 
making it possible to easily determine the number of axons and their diameters. The lines 
over the axons in the image served as markers of the axons which had already been 
counted. This prevented confusion when counting the hundreds of axons in one nerve. 
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Fig. 48. The nerve innervating terminal 70 with 400x optical magnification. 

The image analysis software stored each axon diameter of each nerve in memory. Table 8 
presents the number of the stored axon diameters, e.g. the number of axons in each nerve 
together with the previously estimated numbers of axons (from Table 5). 

Table 8. Axon count results.  

Terminal index Axon count result Estimated number 
18 226 362 
64 1330 2182 
70 437 798 

The percentages of the counted axons in the nerves innervating terminals 18, 64 and 70 
were 62 %, 61 % and 55 %, respectively, of the corresponding estimated number of 
axons. This discrepancy may be due to either the inaccuracy in the number of axons or 
simply large individual differences in the number of axons, as reported e.g. in reference 
[36]. However, the relative numbers of axons in the axon count study 
(226:1330:437≈ 1.0:5.9:1.9) are very close to the relative numbers of the estimated 
number of axons (362:2182:798≈ 1.0:6.0:2.2). Hence the distributions of the numbers of 
axons in this case study and of the corresponding estimated numbers of axons are almost 
equal. 
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The distributions of axon diameters in the nerves are presented as histograms in Fig. 
48.  

 

Fig. 49. Histograms of axon diameters in each terminal. 

The distributions of the axon diameters show that the median diameter of the axons in the 
examined nerves is 6-8 mµ . In other words, by applying the “rule of the thumb” between 
axon diameter and conduction velocity, the approximate median of the conduction 
velocities in the nerves is between 36-48 m/s. The effect of conduction velocity on 
information transmission in the peripheral nervous system is discussed in more detail in 
chapter 5. 

As a conclusion, on the basis of this limited case study the estimated number of axons 
used in the mathematical modelling seems to be correct. Even though there is approx.  
40 % deviation between the results of the case study and the estimated axon numbers, and 
even though the number of nerves examined is small, the results would appear to confirm 
that the estimated numbers of axons are in the right range. 
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In addition, this case study shows how the process of nerve dissection and axon 
counting works in practice. The nerve dissection itself was in this case quite easy for the 
pathologists to perform, because the nerves selected for examination were 
physiologically located in easily approachable places. However, many of the terminals 
used in the modelling are innervated with smaller nerves which are located in tissues 
which are difficult to dissect, and verification of the number of axons in them would be a 
much harder task. The counting of axons in the nerve specimens was a relatively 
straightforward process using the standard histology methods and simple computerized 
image analysis. Hence, well stained axons in the specimens were easy to determine. 
However, in the specimens there were also areas where the shapes of the axons were 
quite difficult to determine, and therefore there may be some inaccuracies in the 
determined axon diameter distributions. It is also possible that some small or 
inadequately stained axons were not detected at all during the axon count. 



5 Discussion 

The maximum information transmission capacity of the myelinated part of the nervous 
system of the arm is between 10 Mbit/s and 39 Mbit/s, depending on the coding method 
applied. What does the result mean? 

Before a detailed discussion of the result two points have to be noted. First, the study 
focuses on the myelinated fibres which innervate muscles and the fast sensory fibres. 
However, slow sensory fibres and the fibres of the autonomic nervous system have some 
amount of information capacity, as well. Second, in the study the information 
transmission capacity was defined separately for all the three possible information coding 
methods which can be applied to an axon. This approach was selected in order to make 
the theoretical part of the study complete. In the interpretation of the results it should be 
taken into account that frequency coding is the “natural” coding method of the human 
nervous system, and the other methods are more “artificial” methods.  

5.1  Tens of megabytes per second 

Using frequency coding the maximum information transmission capacity of the arm is 
about 10 Mbit/s. This means that the capacity of e.g. one USB bus would be enough to 
drive all the functions of the arm muscles. Perhaps in future biomedical engineering 
reaches the stage where for example a USB socket can be integrated directly in the 
peripheral nervous system of injured patients in order to establish complete artificial 
control of the arm. Furthermore, it should be noted that the outcome of the model is the 
maximum information transmission capacity of the nervous system of the arm; in a 
normal state only a small fraction of the total capacity is used. However, the upper and 
lower limits of the information flow are very important, because they determine the limits 
of the human information processing system [42]. 

The result gives a new insight to the dimensioning principle of the human peripheral 
nervous system. As an entity a human can transmit information at a maximum rate of 40 
bit/s, yet in the periphery the maximum transmission capacity is five decades higher. 
What is the reason for this dimensioning? One could say that there are so many parallel 
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nerve fibres in the system because the information has to be distributed to various parts of  
a muscle, for example. However, in this case, why cannot the system contain a few huge 
nerve fibres which extend to near the muscle and then branch out to the different parts of 
the muscle? Or one could claim that since the system does not utilize the high firing rates 
in natural operations, the practical maximum information transmission rate may be much 
less than 10 Mbit/s. Again, this raises the question that why are the maximum firing rates 
of the axons so high then? At least the results of this study support the idea that the main 
objective of the peripheral nervous system is not maximum information transmission 
capacity, but perhaps highly reliable transmission instead [13]. However, there may be 
other reasons as well. What is the amount of information the muscle receives during its 
contraction? Could it be that the receptors of the body perhaps send much more 
information to the central nervous system than human beings are consciously aware of? 
Could there be some information that current neurophysiology does not recognize at all? 
In light of the huge maximum information transmission capacity of the arm this could be 
possible. 

The highest information transmission capacity of the arm, 39 Mbit/s, was achieved by 
using the pulse interval coding method. It was also established that binary coding has a 
higher capacity than frequency coding. However, no one has reported that binary or pulse 
interval coded action potential patterns have been measured in the peripheral nervous 
system. On the other hand, since no one has reported that they do not exist at all either, 
the inclusion of all possible coding methods in the study is justified. 

To summarize, this study provides a new approach to the analysis of the human body. 
This information transmission capacity study is not only about the anatomy or electrical 
properties of axons, but it is an approach to the study of the operation of the human body 
from a distinctly quantitative point of view. Information theory is well suited to 
quantitative study of communication systems. Even though the detailed structure of the 
electric signals in the human peripheral nervous system could not be exactly determined, 
with the help of information theory the real communication characteristics of the 
electrical signals can be clarified. In future studies it would be fruitful to apply the 
developed mathematical model and information theoretical approach in general to the 
study of the whole human peripheral nervous system in order to gain a deeper 
understanding of the main principles of this natural communication system.  

5.2  Intranet of the arm 

From an engineering point of view the arm forms a very effective intranet. Let us imagine 
that it would be possible to insert transceiver units to both the distal and proximal ends of 
all the 93300 myelinated axons in the arm as depicted in Fig. 50. In addition, let us 
suppose that the transceivers do not disturb the natural operation of the axons. In this kind 
of imaginary arrangement the arm would form one huge information channel, where the 
total information transmission capacity of the system is the capacity existing between all 
distal and all proximal transceivers. 
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Fig. 50.  Intranet of the arm. 

Technically the maximum information transmission capacity of the whole system is about 
39 Mbit/s with pulse interval coding. With this huge information transmission capacity 
the intranet would enable many different technical applications for the arm.  

In the intranet it would be possible to have four types of information transmission: 
natural to natural (N2N), artificial to natural (A2N), natural to artificial (N2A) and 
artificial to artificial (A2A). In N2N both the source and destination of the information 
are natural, e.g. in the case of the central nervous system giving commands to a muscle. 
In an A2N system an artificial transmitter sends information to a muscle, imitating the 
function of CNS, or an artificial transmitter send information to the CNS, imitating the 
function of receptors. Next, in N2A the natural information in the axon is received by an 
artificial receiver, e.g. a muscle contraction command is measured with an electrode or 
the receptor information is measured with an electrode in the proximal end of the afferent 
axon. Lastly, in A2A both ends of the axon are artificial transceivers. All these four 
information transmission alternatives are in use in current neurophysiological research in 
one form or another.     

N2N information transmission in the arm functions in a very dedicated way. The 
maximum capacity of this transmission is about 10 Mbit/s for the myelinated part of the 
system. However, it is apparent that the natural transceivers at both ends of the peripheral 
axons do not use the maximum capacity of the N2N system. What makes an N2N system 
interesting is, again, its dimensioning principle. 

A2N and N2A are both widely applied in functional electrical stimulation (FES) 
systems [43], where muscles are artificially stimulated to trigger a response. For example, 
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in reference [44] FES control of thumb force was studied. In the study the sensory signal 
in the volar digital nerve innervating the sensory receptors of the radial side of the index 
finger was measured and used as a feedback for a system which stimulated the muscles 
producing a grasp with the thumb. A similar kind of natural sensory feedback system for 
FES stimulation has also been applied in the control of footdrop correction in hemiplegic 
patients [45]. In animal experiments there are many different kinds of systems where 
natural sensory information is used as a feedback of artificial muscle control. For 
example, the walking or movements of the limbs in cats has been studied [46, 47, 48, 49, 
50] with good results. In the context of FES systems this study shows that if a complete 
FES system of the arm were built the information transmission capacity of 10 Mbit/s 
would be enough. 

What kind of transceivers could be used in the peripheral nervous system? Typical 
ways to stimulate or measure the peripheral nerves are intrafascicular electrodes and cuff 
electrodes. Intrafascicular electrodes may be tiny wire structures injected into the nerve 
bundle fascicles [51] or the array structures [52], which consist of an electrode array 
which is implanted in the nerve bundle in such a way that the axons run through it. Cuff 
electrodes [53 54, 55] are typically wrapped around the nerve bundle. Furthermore, the 
nerves can also be stimulated or measured with surface electrodes on the skin, but in 
these systems selectivity is rather poor. One way to stimulate the nerves noninvasively is 
magnetic stimulation [56], which has also been applied. e.g. to the stimulation of the 
phrenic nerve in a study on an artificial respiration system [57]. Notably, in reference 
[58] an implantable “neural interface” has been developed which can be used for both 
recording and stimulation of the nerve bundle. 

However, selective recording or selective stimulation of individual axons in a nerve is 
difficult. For example, for selective use of the intrafascicular electrodes the number of 
electrode pads must be huge, and in cuff electrode use there is unavoidably some 
crosstalk. The requirements of selective stimulation are clear, for example in FES systems 
selective stimulation of muscles is often very important. Much effort has been put into the 
development of more selective “transceivers” for nerves [59, 60, 61]. A big problem with 
regard to the transceivers is that it is not possible to measure and stimulate selected axons 
among large and dense populations of axons in the nerve bundles.  

To summarize the current state of transceiver development, individual axons can be 
stimulated or measured successfully, but more comprehensive measurement of e.g. one 
nerve bundle is difficult because it is difficult to place a large number of single 
measurement probes in a small volume of tissue at the same time [62]. On the other hand, 
convenient implantable transceivers (which are not extremely selective) have already 
been developed [58]. In future, after comprehensive and selective electrode systems have 
been developed, utilizing them together with convenient transceiver applications it may 
be possible to build the intranet system depicted in Fig. 50. 

The total information capacity of the “intranet” of the arm is high, and in addition to 
FES also many other beneficial applications of A2N or N2A could exist. Especially A2N 
systems where information is transmitted from the environment to the CNS would be 
practical. For example, for a deaf person it would be useful to import voice to the CNS 
directly via the peripheral nervous system. This study shows that the information 
transmission capacity of the arm is at a level where it would be realistically possible to 
transmit real time voice information through the peripheral nervous system to the CNS. 
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Furthermore, the maximum information transmission capacity seems to be sufficient even 
for the transmission of real time video images through the peripheral nervous system to 
the CNS. In addition, N2A systems might be useful in the study of musculoskeletal 
disorders [63, 64]: by directly measuring the pain information from the peripheral nerves 
it might be possible to accurately locate and diagnose the disorder. However, in all A2N 
applications where the natural end is the CNS it must be noted that the CNS must be able 
to interpret the information, too. “Re-programming” the CNS for example to receive 
voice information via the afferent nerve fibres of the fingertip will undoubtedly be a 
challenging task.  

In A2A systems the coding method could be selected freely, and therefore in theory it 
would be possible to achieve the highest possible capacity could be achieved. One 
possible application of A2A could be the transmission of useful information e.g. from the 
fingertip to a wristwatch-type data terminal. In such a system the finger would function 
as a very convenient “plug” and the wrist unit as a receiver and data storage device. 
Perhaps in the library of the future we only need to touch the books with our finger to 
save their contents to our wrist units, e.g. with a speed of 160 kbit/s. 

Because in the peripheral nervous system there are a large number of parallel 
pathways to the same terminals, one possible approach to develop N2A, A2N or A2A 
systems could be to free some axons for their use from the N2N system. If only a 
relatively small number of axons were reserved for artificial purposes, the N2N system 
might function as though nothing had happened. Furthermore, one application of an A2A 
system could also be a system in which the natural information in the axon would be 
modulated slightly in such a way that the natural frequency code would remain the same 
but some artificial information would be added in the form of a pulse interval code to the 
signal in the axon by rearranging the existing natural action potentials. Again, if the 
natural receiver of the frequency-coded information was robust enough, the additional 
modulation might not disturb the natural information transmission at all. 

The imagination is the limit in the development of applications for the intranet of the 
arm. The N2N system has already been successfully used for a long time. The results of 
this study seem to indicate that information transmission capacity is not a restrictive 
factor in the use of the nervous system of the arm as an information channel. Thus, in the 
development of future N2A, A2N and A2A systems information transmission capacity is 
not likely to be a hindrance.  

5.3  On the accuracy of the parameters of the model 

In this study mina  and a∆  were estimated roughly on the basis of the current literature. 
In the simulation of the model typical values for mina  and a∆  were estimated and then 
applied to each axon. How accurate is this kind of estimation?  

An accurate investigation of mina  and a∆  could be done by separately measuring 
corresponding properties from each axon. In practice this is clearly impossible on a 
comprehensive scale; this was the reason for the rough estimation of the parameters.  
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What if mina  were 10 ms instead of estimated 5 ms? Or, what if a∆  were much more 
than 0.6 ms? To investigate the sensitivity of the model to the parameters mina  and a∆  
the maximum information transmission capacity of the whole arm was simulated with 
parameter values ranging from 0.1 ms to 1 s, which cover all possible mean values for 

mina  and a∆ . The result is plotted in Fig. 51. 
 
 

 

Fig. 51.  Simulation of maximum information transmission capacity with respect to mina  and 
a∆ . The dashed line represents the capacity in frequency coding, dashed line with dots 

represents the capacity in binary coding and the solid lines represent pulse interval coding 
with different a∆  values. 

The oval in Fig. 51 indicates the locations of the estimated parameters ( mina =5 ms and 
a∆ =0.6 ms) used in chapter 4. In frequency coding the maximum information 

transmission capacity for mina  = 5 ms is about 10 Mbit/s. If mina  were 10 ms, the 
corresponding capacity would be approx. 5 Mbit/s and if mina  were much less, e.g. 1 ms, 
the capacity would be 50 Mbit/s. Moreover, in binary coding the relation between 

mina and the capacity is the same as in frequency coding. The capacity in pulse interval 
coding depends on the values of both mina  and a∆ . If both mina  and a∆  were 1 ms the 
information transmission capacity would be about 62 Mbit/s or if both were 10 ms the 
capacity would be about 6.2 Mbit/s.  
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The simulation presents the maximum information transmission capacity sensitivity 
with respect to the parameters mina  and a∆ . On the basis of the simulation it can be said 
that even if the mina  and a∆  parameters used in the modelling had an error in the range 
of tens of percents the resulting capacities would still be roughly the same. However, in 
future studies of the capacities the axon parameters should be defined more accurately, 
and separately for each axon. For this to be possible in practice, single axon in vivo 
measurement techniques must be improved. 

The value for the total number of myelinated axons in the modelling is assumed to be 
fairly accurate due to the relatively large (N=21) population in the axon count [36]. 
Furthermore, for the same reason at the level of the main branches the distribution of the 
axons is quite accurate, too. However, at the level of single terminals the number of axons 
is accurate only for the terminals whose axons are separately counted in the reference 
literature (terminals 18, 22, 23, 24 and 39). The number of axons in other terminals is 
only roughly estimated. In this study the primary interest is the definition of the 
maximum information transmission capacity of the whole arm, and for this purpose the 
number of axons can be assumed to be sufficiently accurately defined in the modelling. 

Another fact worth noting is the large individual variation in the number of axons. In 
reference [36] there was an almost 100 % difference between the smallest and largest 
numbers of axons in the population under study. In addition, in references [37] and [38] 
the standard deviations of the number of axons in the investigated nerve bundles had a 
roughly 10 % standard deviation. Furthermore, in the experimental case study the 
counted number of axons in terminals 18, 64 and 70 was about 60 percent of the 
estimated numbers in Table 8. These facts mean that the result in this study presents the 
typical values of the maximum information transmission capacities, and that the 
maximum capacity may vary by as much as 100 % between individuals. The meaning of 
the individual variation in the number of axons in the peripheral nervous system would 
also be a fruitful area for further research. 

5.4  Effect of noise on maximum information transmission capacity 

Noise reduces the information transmission capacity of the channel as described in 
Equation (4). In axons the noise may cause vanishing of action potentials, extraneous 
action potentials in the signal or inaccuracy in the location of the action potentials in the 
time domain. 

By taking the noise into account the maximum information transmission capacity is 
defined as [3, 4] 
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where 
 T is the mean symbol duration, 
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( )ixp  is the probability density of the transmitted symbols, 
( )jyp  is the probability density of the received symbols, ( )ji yxp  is the conditional probability of the event when ix has been 

transmitted  
and jy  is received, 
n is the number of alternative symbols ix  and 
m is the number of alternative symbols jy . 

Equation (17) can be applied to each coding method in a similar way. The operation 
principle of the coding method has an effect on the sensitivity of ( )ji yxp  to the factors 
which cause the noise. For example, if the timing accuracy in the axon is poor, frequency 
or binary coding should be applied because of their inherent tolerance against this 
property. 

The properties of the axon determine the conditional probabilities ( )ji yxp  and 
( )jyp . However, in information coding ( )ixp  can be freely selected. With a suitable 

selection of ( )ixp  equation (17) can be maximized. In the optimization the statistical 
properties of the noise must be known. Detailed definition of these properties may be 
difficult because definition of the probability distributions would require a large number 
of stimuli and recordings of the axon in vivo in a noisy environment. In addition, this 
kind of data collection should be done in a large population of different kinds of axons, 
which makes the task rather demanding. 

5.5  Are the axons independent channels? 

In the model it was assumed that each axon is an independent channel. Fig. 52 presents a 
Venn diagram [3] of axons as independent information channels where E represents the 
experiment, A1, A2 and A3 the axons, and S1, S2 and S3 are the outcome symbols. 

 

 

Fig. 52. Venn diagram of the information symbol events of the axons. 
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In the case of independent axons the symbol probabilities do not overlap. In the 
mathematical model of the maximum information transmission capacity of the arm this 
assumption was done due to a physiological reason, namely the insulating sheaths 
between parallel axons. In addition, it is also evident that e.g. the axon innervating the 
deltoid muscle and the axon innervating the flexor carpi ulnaris muscle are independent 
because their axons have physiologically completely different pathways in the brachialis 
plexus. 

Let us mark the indexes of alternative symbols in A1, A2 and A3 with i, j and k. In Fig. 
52 the total entropy of the axons is  
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where 

( )isp 1  is the probability of symbol i in axon A1, 
( )jsp 2  is the probability of symbol  j in axon A2 and 
( )ksp 3  is the probability of symbol k in axon A3. 

However, comprehensive selective measurement of signals in large populations of axons 
where each axon is stimulated independently has not been done and therefore it might be 
possible that there is some kind of correspondence or crosstalk between the axons. Let us 
suppose that axons A1, A2 and A3 have a slight correspondence as presented in Fig. 53. 
 

 

Fig. 53. Slight correspondence among the axons. 

In this case the conditional probabilities between the outcome symbols S1, S2 and S3 
reduce the total entropy of the axons as follows: 
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The conditional probabilities between the outcomes of individual axons reduce the total 
entropy of the system and consequently the total capacity of the system, too. If two 
axons, A1 and A2 had equal probability characteristics and totally overlapping outcomes, 
their total entropy would be 
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which is the same as the entropy of axon A1 only. 

The principles for conditional probabilities presented above can also be applied to 
more complicated cases, such as cases where a number of axons overlap simultaneously. 
Thus, if accurate statistical information about the correspondence of the axons as 
conditional probabilities will be available in future, its effect can be assessed in a 
straightforward way. 

Finally, it is worth noting that the natural information transmission in the peripheral 
nervous system is highly redundant. The natural transmitters and receivers in the body do 
not seem to utilize the whole event probability space of the information transmission to 
maximize the information transmission capacity, but to maximize the reliability of the 
transmission. However, this kind of information correlation in the system is not due to the 
characteristics of the nerve bundles as information channels. 
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5.6  Conduction velocity and information transmission capacity     

The restricted conduction velocity of the axons results in a delay in the information 
transmission. If a “packet” of information with a capacity of 1 Mbit/s is input to the 
channel from one end of the system, the beginning of the packet arrives at the other end 
in a few milliseconds. What are the essential characteristics of the delays? 

Fig. 54 presents as a histogram a rough assumption of the distribution of the 
conduction velocities of the myelinated axons in the brachial plexus. The distribution was 
estimated by supposing that the diameters of the axons in the whole brachial plexus 
follow the distribution of the diameters of the axons in the three specimens which were 
studied in the experimental study, and that the conduction velocity of the axon in metres 
per second is about 6 times the diameter of the axon in micrometres. In practice the 
distribution was determined by defining the diameter for each axon in the axon_table 
matrix by randomly selecting it among the diameters of axons counted in the 
experimental study and by multiplying each diameter by six to obtain the “rule of the 
thumb” conduction velocity. 
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Fig. 54. Histogram of estimated conduction velocities of nerve fibres in the arm. 

Physiologically the distance between the distal terminal and CNS is defined by the 
natural path of the axon. An accurate definition of the distances would require a specific 
microscopic study of the axon routes in the arm. In this study, in order to obtain a rough 
estimate, the distances were approximated by calculating the distances the axons of the 
terminals travel in the periphery before their input to the spinal cord. The calculation was 
done with the help of the anatomical picture, which first was scaled to correspond to the 
real size of the upper body of a normal size human (180 cm), and then the distances were 
calculated as Euclidean distances as follows: 
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− all axons in the palm and fingers first travel to the wrist, then to the armpit and finally 
to the spinal cord 

− all axons in the arm between the shoulder and the wrist first run to the armpit and then 
to the spinal cord 

− all axons in the shoulder girdle run directly to the spinal cord 

Fig. 55 presents the axon pathways. 
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Fig. 55.  Estimated axon pathways. 

Fig. 56 presents the distribution of the axon pathway lengths as a histogram. 
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Fig. 56. Histogram of information transmission distances in the arm. 
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Finally, the developed mathematical model was modified slightly to calculate the 
frequency coded information transmission capacity of each axon and the transmission 
delay of each axon (axon conduction speed divided by axon pathway distance). The 
cumulative information transmission capacity of the arm was plotted in the transmission 
delay domain. Fig. 57 presents the results. 
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Fig. 57. Cumulative maximum information transmission capacity in transmission delay 
domain. 

In Fig. 57 the information transmission capacity with a delay smaller than 5ms is  
3 Mbit/s, with a delay smaller than 20 ms 8.2 Mbit/s, etc. The information capacity with a 
very small delay consists inter alia of the large axons near the spinal roots and the 
information capacity with longer delays inter alia of the small axons in the fingertips. In 
addition, if the unmyelinated axons had also been taken into account in this calculation 
their capacity would be at the rightmost side of Fig. 57, but their exact capacity is still 
unknown. 

5.7  On the wider applicability of the mathematical model 

The mathematical model enables explicit investigation of the information transmission 
capacity of the arm. The parameters of the model presented in the terminal and axon 
tables can easily be updated with more accurate ones if they will be available in future.  

On a general level the presented mathematical model presents a mapping from the 
properties of the axons to the maximum information transmission properties of the arm. 
In this model the muscles and sensory skin areas of the arm were selected as the 
terminals. If another terminal definition is preferred, the model can easily be modified by 
redefining the terminals. For example in the model terminal 30 describes the sensory 
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innervation of the radial side of the index finger and it was estimated to include a total of 
854 myelinated axons. If each axon in this nerve bundle could be microscopically 
detected and placed in the anatomical picture, terminal number 30 could be deleted and 
replaced with 854 terminals which each show the location of one axon in the anatomical 
picture. This way the model would calculate the maximum information transmission 
capacity more accurately in the spatial domain. 

In a broader sense the developed model could also be used for the study of the 
maximum information transmission capacity of any part of the body periphery. This study 
focuses on the arm. What are the corresponding maximum information transmission 
capacities of other parts of the body? For example, what is the maximum information 
transmission capacity of the leg or the liver as depicted in Fig. 58? 

 

 

Fig. 58. Maximum information transmission capacity of different parts of the body periphery. 

Investigation of other parts of the body with the model is straightforward. The anatomical 
picture has to be extended to cover the peripheral part under study and the appropriate 
terminal and axon tables have to be defined. However, modelling of the maximum 
information transmission capacity of other parts of the body is a challenging task due to 
the huge number of axons in the body periphery. 

On a more general level, the human body includes its own communication system 
which consists not only of the neural system but also of other parts like the chemical 
communication system (which takes care of e.g. hormonal information transmission). The 
peripheral nervous system is an essential part of that system and the developed model 
enables objective investigation of its dimensioning. 
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5.8  Topics for further study 

Two aspects of the maximum information transmission capacity require further study. 
First, the terminal table and the corresponding axon table must be defined at a more 
detailed level, even axon by axon. This will increase both the spatial resolution and 
accuracy of the maximum information transmission capacity modelling. An accurate 
definition of the peripheral axons on a detailed level requires a substantial amount of 
work, but their use in the mathematical model is straightforward and easy, however. 

Second, the mathematical model must also be applied to other parts of the human 
body, with the definition of the maximum information transmission capacity of the whole 
human body as the objective. One of the aims in human gene research is to resolve the 
whole human genome [65, 66]. Quite similarly, in comprehensive study of the maximum 
information transmission capacity of the human peripheral nervous system the ultimate 
and natural aim is to resolve the properties of the whole system. Gene research 
concentrates on the investigation of static information in the human body. 
Correspondingly the research on maximum information transmission concentrates on the 
investigation of the properties of dynamic information transmission paths in the human 
body periphery. Perhaps these two fields will meet some time in the future and support 
each other. 

Another topic for further research is application of the maximum information 
transmission capacity in the study of the physiological condition of the human body. For 
example, could some nerve disorders be diagnosed on the basis of the maximum 
information transmission capacity of the human body? These kinds of studies require 
large subject populations where the maximum information transmission capacity is 
correlated to the features of the subjects. Straightforward definition of an individual’s 
maximum information transmission capacity is also a practical problem. Would it be 
possible to develop a rapid in vivo method which could be used to estimate the maximum 
information transmission capacity of an individual subject and the axon-by-axon counts 
would not be required at all? If this kind of a convenient method could be developed the 
resulting cumulative maximum information transmission capacity curve of the body 
would potentially provide a way to investigate the “electrical” condition of the human 
body. 

In a wider framework, research on the maximum information transmission capacity 
also forms a basis for the study of the instantaneous information transmission rate in the 
peripheral nervous system. What percentage of their maximum information transmission 
capacity do humans use in normal conditions, for example? 

An interesting field for further research would also be the study of the information 
transmission capacity in the transmission delay domain. Fig. 57 presented estimations of 
all the information pathways with a total transmission delay of less than tens of 
milliseconds. What is the information flow like in the time domain in very short, e.g. one 
second time intervals? For example, if one suddenly faces a “fight or run” situation, what 
kind of information flows exist in the peripheral nervous system? Are there some 
information packets with only a small amount of information travelling with a very small 
delay to some important muscles first, and only after that will more accurate information 
(with more bits) be sent with a slightly longer time delay? Surely the order in which the 
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information is transmitted is of great importance. In some cases even the survival of the 
subject may depend on the details of the information transmission. 



6 Conclusion 

The main original scientific results of this study are: 

1.  A new mathematical model for the determination of the maximum information 
transmission capacity of the peripheral nervous system of the human body. 

2.  The estimate that the maximum information transmission capacity of the myelinated 
nervous system of the arm is about 10 Mbit/s when the frequency coding method is 
applied. 

Even though in the literature some information transmission capacities have been 
determined for single axons, no special methods have been presented to estimate the 
maximum information transmission capacities of the different parts of the peripheral 
nervous system. This thesis corrects this shortcoming. 

Maximum information transmission capacity provides an unambiguous way to 
investigate the properties of the neural communication system of the human body, and the 
mathematical model developed in this thesis establishes a convenient method of 
evaluating it. Maximum information transmission capacity can be used as a quantitative 
measure in comparing the different kinds of functional parts of the body as well as in 
investigating individual differences between the peripheral nervous systems of human 
beings. 

In this study the developed mathematical model was applied to the nervous system of 
the arm, but similar investigations can be conducted on the other parts of the peripheral 
nervous system, too. In further studies the aim must be to resolve the maximum 
information transmission capacity of the whole human peripheral nervous system. The 
challenge for more comprehensive research is to accurately calculate the huge numbers of 
axons in the peripheral nervous system, as well as definition of their information 
transmission capacity parameters. 

In the future methods of stimulating and recording the activities of the peripheral 
nervous system will become more accurate, more selective and easier to use. Something 
will remain the same, however, namely the characteristics of the information in the 
nervous system. Principally, only the information in the nervous system is essential for 
the proper operation of the neuromuscular functions. All other elements perform 
executive functions.  
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In many studies on different kinds of functional electrical stimulation systems 
physiologists often have a practical approach to the system; some natural function has to 
be restored and for this purpose some kind of recording and stimulation is applied. 
Generally not much attention has been paid to the estimation of the actual amount of 
information transmitted during the natural processes. The result of this study shows that 
all the functions supplied by the myelinated nerve fibres of the arm could be fully 
restored if an artificial information transceiver with a capacity of at least 10 Mbit/s could 
be integrated in the peripheral nervous system of the arm. This information transmission 
rate can easily be handled by current computer systems; one USB bus would be enough.  

There is a huge gap, about five decades, between the overall maximum information 
transmission capacity of the human body and the corresponding capacity of the peripheral 
nervous system. There must be a reason for the dimensioning principles of the maximum 
information transmission capacity of the peripheral nervous system. The wisdom behind 
these principles should be found and utilized in the development of technical information 
networks and robot systems, too. 

This thesis is one of the studies conducted in our research group on the 
communication properties of the human peripheral nervous system from an engineering 
point of view. In future the aim of our group is not only wider application of the 
developed mathematical model but also to resolve other properties of the peripheral 
nervous system by means of engineering tools which have a proven track record in the 
engineering science. The outcome of this will be more knowledge about the human 
peripheral nervous system in engineering science terms, which will hopefully result in the 
development of new advantageous applications of the system. 
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 Appendices 



 Appendix A 

The sensory terminal description of musculocutaneous, median, ulnar, medial brachial 
and antebrachial, axillary and radial nerves is presented in Fig. A1-6. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A1. Sensory terminals of the musculocutaneous nerve. 
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Fig. A2. Sensory terminals of the median nerve. 
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Fig. A3. Sensory terminals of the ulnar nerve. 
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Fig. A4. Sensory terminals of the medial brachial and antebrachial cutaneous nerves. 
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Fig. A5. Sensory terminals of the axillary nerve. 
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Fig. A6. Sensory terminals of the radial nerve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Appendix B 

Optimal parameter selection in pulse interval coding 

In pulse interval coding the information transmission capacity function is [16]  
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where 
 mint  is the smallest interval between consecutive action potentials, 
  maxt is the longest interval between consecutive action potentials and 

t∆  is the maximum accuracy one action potential can be determined in the 
axon. 

  
It is clearly seen that the smaller t∆  is, the higher the function (B.1) is, because the 
partial derivative 
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is always negative. Thus in the following the variable t∆  is supposed to be fixed to its 
smallest value. The remaining problem is to investigate the role of mint  and maxt  in the 
function. Next, the partial derivative of (B.1) with respect of mint  is 
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    In this partial derivative the first part  
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is clearly always negative, and the second part 
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is clearly always positive, resulting in that the partial derivative is always negative. Thus 
the smaller is mint  the greater is the function (B.1). As a result of that, investigation of 
the extremes of function (B.1) reduces to the case where both t∆  and mint  are fixed to 
their smallest possible values. The investigation is done with respect of variable maxt . 

The variable maxt  may get values between range tt ∆+min  to ∞ .  At the lower 
boundary of maxt   
 

( ) 0,lim maxminminmax
=∆+→ ttCttt                                             (B.4) 

 
and in the upper boundary correspondingly [31] 
 

( ) 0,lim maxminmax
=∞→ ttCt          (B.5) 

 
The partial derivative of function (B.1) with respect of maxt is 
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Function (B.1) reaches its maximum when variable maxt  is chosen so that the partial 

derivative (B.6) is zero [16]. In (B.6) the part 
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has one zero point. This zero point, maxt  value, can be calculated iteratively e.g. by using 
the Newton interpolation method [67]. Before application of the Newton method the part 
including a zero point was modified to a more convenient form as follows: 
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Let us mark the left side of this equation as function ( )maxtS . The derivative of ( )maxtS  
is 
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Now the zero point of function ( )maxtS  is the zero point of the derivative (B.6). For the 
zero point calculation the Newton method was applied as follows: 
 

1. Let’s select 0t = min1.1 t⋅  
2. Let’s calculate for 49,...,1,0=n  : 
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3. Let’s define 50max tt = .  

 
To verify the appropriateness of the parameters above ( 0t = min1.1 t⋅  and 

49,...,1,0=n )  experimental simulations were done by selecting mint and t∆ values 
randomly between 0.1 ms and 1 s one hundred times and by investigating the 
convergence of function ( )ntS  in these experimental cases. Figure B.1 presents all the 
one hundred simulated ( )ntS  curves in the same plot. 
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Fig. B1. Simulated ( )ntS  curves. 
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In Fig. B1 it is clearly seen that 50 iteration rounds is quite sufficient for a very 
accurate estimation of the zero point of (B.7). 

Finally, quotient ttt ∆− minmax  has to be an integer (in pulse interval coding the 

consequent action potentials have the resolution t∆ ). In practice the optimal value 
resulting in an integer in this function was defined by first calculating the optimal maxt  

value with the Newton interpolation method and then by selecting the two nearest maxt  
values of this value (one higher and one lower) which result in an integer in 

ttt ∆− minmax  , and then selecting the one which results in the higher value in function 
(B.1). 

 
 
 
 
 

 
 



 Appendix C 

In the following the blocks in the mathematical model (Fig. 32) are presented in detail. 

Read anatomical_image 

In this block the anatomical_image matrix is converted from a bitmap image stored in 
memory. The size of the matrix is anatomical_image_height x anatomical_image_width. 
Each element of the matrix presents the colour of the corresponding pixel. The physical 
size of the image is defined by anatomical_image_pixel_per_cm, which states the 
distance between the elements of the matrix in centimetres. In addition, the origin of the 
coordinate system in the anatomical_image matrix is defined by 
anatomical_image_origo_x_pixel and anatomical_image_origo_y_pixel presenting the 
origin of the centimetre scale coordinate system in pixels. 

Read terminal_table 

In this block the terminal_table matrix is read from the memory, including the index of 
the terminal in the first column and the x- and y-coordinates of the physical location of 
the terminal in the anatomical image centimetre scale coordinate system in the second 
and third columns, as exemplified in Table C1. This table defines the exact position of 
each terminal in the anatomical_image matrix. 
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Table C1. Example of a  terminal_ table matrix. 

index of terminal x-coordinate (cm) y-coordinate (cm) 
1 1.2 10 
2 1.3 9 
3 1.82 8.14 
… … … 

Read axon_table 

In this block the axon_table matrix is read from memory. The axon_table matrix includes 
the index of the axons in the first column, the index of the terminals to which the axon 
belongs in the second column and the parameters amin  and a∆  of the axon in the third 
and fourth columns. Table C2 presents an example of an axon table matrix. It includes 
two axons belonging to terminal 1 and one axon belonging to terminal 2. With the 
axon_table matrix the nerve fibre supply of each terminal can be exactly defined.  

Table C2. Example of an  axon_ table matrix. 

index of axon index of terminal amin  (ms) a∆  (ms) 
1 1 3 1 
2 1 10 2 
3 2 5 3 
… … …  

Rotate image 

In this block both the pixels in the anatomy_image matrix and the location of the 
terminals defined in the terminal_table matrix are rotated by the amount defined by 
rotation_angle around the origin of the anatomy_image. In practice this block enables the 
calculation of the cumulative information transmission capacity from different points of 
view. The results of the rotation are presented in the anatomy_image_rotated and 
terminal_table_rotated matrices.  

Calculate terminal_capacity 

In this block the total information transmission capacity is calculated separately for each 
terminal using the frequency, binary and pulse interval coding methods. The calculation 
is done using the data in the terminal_table_rotated and axon_table matrices. For each 
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terminal index in the terminal_table_rotated matrix the corresponding axons in the 
axon_table matrix are studied and the information transmission capacity of the terminal is 
defined using all three coding methods. The results are input to the terminal_capacity 
matrix as exemplified in Table C3. 

Table C3. Example of a  terminal_capacity matrix. 

index of terminal 
capacity in frequency 
coding (bit/s) 

capacity in binary 
coding (bit/s) 

capacity in pulse 
interval coding 
(bit/s) 

1 640 1200 1400 
2 500 1000 5000 
3 50 100 500 
… … …  

Plot results 

In this block first the cumulative capacity curves are calculated on the basis of the data 
in the terminal_table_rotated and the terminal_capacity matrices. Next the cumulative 
capacity curves and the anatomy_image_rotated matrices are plotted to the same image. 
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 Appendix D 

Table D1 presents the terminal_table matrix with the terminal names. The first three 
columns present the terminal_table matrix and the last column the illustrative name of the 
terminal. 

 
Table D1. The terminal_table matrix with the terminal names. 

index x-coordinate (cm) y-coordinate (cm) name 
1 1.20 10.00 pectoralis major 
2 1.30 9.00 pectoralis minor 
3 1.82 8.14 supraspinatus 
4 2.85 8.46 infraspinatus 
5 3.19 9.63 subscapularis 
6 2.91 9.83 teres major 
7 2.25 7.63 subclavius 
8 1.28 6.92 levator scapulae 
9 0.94 7.71 rhomboideus minor 
10 0.94 9.14 rhomboideus major 
11 2.62 11.45 serratus anterior 
12 1.31 12.65 latissimus dorsi 
13 3.62 9.57 coracobrachialis 
14 4.39 12.28 short head of the biceps brachii 
15 5.25 12.11 long head of the biceps brachii 
16 4.56 14.31 brachialis 
17 6.59 18.11 lateral part of the forearm 
18 4.96 15.65 pronator teres 
19 5.25 17.48 palmaris longus 
20 5.53 16.57 flexor carpi radialis 
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21 5.47 18.34 flexor digitorum superficialis 
(sublimis) 

22 7.27 20.31 flexor pollicis longus 
23 6.18 18.02 radial part of the flexor digitorum 

profundus 
24 6.99 20.68 pronator quadratus 
25 8.15 23.56 skin on the ball of the thumb, radial 

side of the wrist etc.  
26 8.53 22.48 abductor pollicis brevis 
27 8.22 22.59 superficial head of the flexor pollicis 

brevis 
28 8.16 22.42 opponens pollicis 
29 9.30 23.31 ulnar side of the thumb 
30 8.86 24.88 radial side of the index finger 
31 8.53 24.96 ulnar side of the index finger 
32 8.32 25.06 radial side of the middle finger 
33 8.07 25.09 ulnar side of the middle finger 
34 7.79 25.12 radial side of the ring finger 
35 8.70 23.48 first lumbrical 
36 8.26 23.61 second lumbrical 
37 7.76 23.61 third lumbrical 
38 7.27 23.64 fourth lumbrical 
39 4.88 18.08 flexor carpi ulnaris 
40 5.44 18.24 ulnar half of the flexor digitorum 

profundus 
41 7.52 23.33 ulnar side of the back of the hand 
42 7.03 22.94 skin of the hypothenar eminence 
43 8.10 22.73 deep head of the flexor pollicis brevis 
44 8.57 23.37 first dorsal interossei 
45 8.30 23.35 second dorsal interossei 
46 7.87 23.41 third dorsal interossei 
47 7.40 23.38 fourth dorsal interossei 
48 8.50 22.97 first palmar interossei 
49 8.51 23.55 second palmar interossei 
50 7.67 23.42 third palmar interossei 
51 7.17 23.59 fourth palmar interossei 
52 8.57 23.32 adductor pollicis 
53 7.27 23.02 palmaris  brevis 
54 6.90 22.76 abductor digiti minimi 
55 7.05 23.47 flexor digiti minimi brevis 
56 7.16 22.82 opponens digiti minimi 
57 7.65 25.13 ulnar side of the ring finger 
58 7.37 24.88 radial side of the little finger 
59 7.12 24.80 ulnar side of the little finger 
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60 4.09 12.49 area supplied by medial brachial 
cutaneous nerve 

61 5.15 16.88 area supplied by medial antebrachial 
cutaneous nerve 

62 3.45 9.29 teres minor 
63 4.81 10.17 skin over the lower part of the deltoid 

and the upper part etc. 
64 4.59 8.65 deltoid 
65 4.88 12.56 lateral head of the triceps brachii 
66 4.22 12.61 long head of the triceps brachii 
67 4.50 12.58 medial head of the triceps brachii 
68 4.53 16.97 anconeus 
69 4.79 14.14 articularis cubiti (subanconeous) 
70 6.10 16.05 brachioradialis 
71 6.65 17.22 extensor carpi radialis longus 
72 8.40 22.98 radial part of the back of the hand, the 

extensor surface etc. 
73 6.19 16.94 extensor carpi radialis brevis 
74 6.13 17.62 extensor digitorum (communis) 
75 5.90 18.31 extensor digiti minimi 
76 5.70 18.25 extensor carpi ulnaris 
77 5.65 15.97 supinator 
78 7.19 20.34 abductor pollicis longus 
79 7.30 20.76 extensor pollicis brevis 
80 6.73 19.68 extensor pollicis longus 
81 6.53 20.00 extensor indicis proprius 
82 4.69 11.75 area supplied by posterior brachial 

cutaneous nerve 
83 5.81 17.54 area supplied by posterior 

antebrachial cutaneous nerve 
84 4.65 11.56 area supplied by lateral inferior 

brachial cutaneous nerve 
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