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32.1

This section presents the definition of Network
Science, and its fundamentals and attributes, the
main mathematical aspects of the study of net-
works and the parameters, or quantitative indica-
tors, used to study and analyze a network from a
mathematical point of view. It introduces the
concept of “Network Medicine,” the science that
studies biological and medical phenomena from
the point of view of networks.

32.1.1 Network Science: Fundamentals
and Attributes

A common definition of Network Science is “...
a new and emerging scientific discipline that
examines the interconnections among diverse
physical or engineered networks, information
networks, biological networks, cognitive and
semantic networks, and social networks” [50]. In
simple words, network science is the study of
natural and artificial phenomena by representing
them as networks, made of nodes and links, and
by determining properties, laws, characteristics,
and parameters by which the networks are born,
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evolve, and end or transform their existence.
Network Science can be applied to many differ-
ent fields: physics, biology, psychology, sociol-
ogy, economics, computer science, etc.

The study of networks has been, almost
exclusively, the domain of a branch of discrete
mathematics known as graph theory, and the dis-
cipline has seen important achievements in some
specialized contexts, the most prominent of
which are the social sciences. Indeed, the prac-
tice of “social networks analysis” started to
develop in the 1920s of the twentieth century,
and since then has been an important instrument
for studying relationships among social entities,
for example: the members of a group and their
communications; business corporations and their
economic trading networks; or nations and their
political relationships.

Toward the end of the twentieth century,
there was a renewed interest and research in the
study of complex networks, with the publica-
tion of reference papers on the “small-world”
networks [43] and on “scale-free” networks [5].
Complex networks are networks whose struc-
tures are irregular, complex, and dynamically
evolving in time. Almost any kind of network
mentioned at the beginning of the present para-
graph (information, biological, cognitive,
social, etc.) is a complex network, as reported
in another, now classical, review paper [35].
Network Science, initially applied in Social
Science Studies, is being adopted by Medicine
and Healthcare Organizational studies. A con-
temporary view is that social perspectives are
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closely interlinked with healthcare, and that
“they remain fundamental for our understand-
ing of health, illness, and care” [36].

32.1.2 Network Study Parameters

A network can be represented as a graph: a graph
is a mathematical entity that consists of a set of
nodes connected by links. We use the terms
“nodes” and “links,” but they are also known as
“vertices” and “edges,” although the two terms,
in some notation, are used to indicate different
kinds of elements. Figure 32.1 shows a simple
example of a network composed of eight nodes
and eight links.

In this example, we find a fundamental char-
acteristic of complex networks: the number of
links of each node is not constant, as there are
nodes with many links (see nodes 2, 3, and 4) and
nodes with a small number of links, with the
appearance of an insulated individual (see nodes
7 and 8).

Networks are studied with the mathematical
instruments of the graph theory, and they have
some definite specific features and quantitative
parameters. In an undirected graph, the link
between two nodes can be considered in either
direction; this link is said to be incident, and the
two nodes joined are referred to as adjacent or
neighboring, while, in a directed graph, the link
between two nodes has a specific and irreversible
direction. A good example with which to demon-
strate the difference between directed and undi-
rected networks is a social one: a parenthood
relationship is, for biological and social reasons,
a directed one, while a friendship is, commonly,
undirected.

Graphs can be unweighted, that is, any link
has the same importance, or “weight,” or
weighted, where each link has a specific “weight”:
a good example for these parameters could be a
road system with and without a toll. In this exam-
ple, if one has to carry freight on free roads, one
would choose the route in terms of shortest dis-
tance (unweighted links) on the basis of cost, but
if one has to go through toll roads, the route will
likely be chosen in terms of lowest cost, sum-
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Fig. 32.1 A simple example of a network, composed of
8 nodes and 8 links
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Fig.32.2 Examples of a simple undirected, directed, and
weighted network

ming fuel consumption plus toll costs (weighted
links).

Figure 32.2 shows some examples of simple
undirected, directed, and weighted networks.

A central concept in graph theory is the pos-
sibility of connecting two different nodes of a
graph: even if two nodes are not adjacent, they
may, nevertheless, be reachable from one to the
other, if one jumps from node to node, passing
through the available links. This is called a “walk”
into the graph, and has a length, that is, defined as
the number of edges in the sequence; in graph
theory language, a “trail” is a walk in which no
link is repeated, while a “path” is a walk in which
no node is passed twice. An important parameter
of analysis is the “shortest path” or “geodesic dis-
tance,” that is, the minimal distance between two
given nodes, and a graph is said to be “connected”
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Fig. 32.3 A simple graph with the path between two
nodes being highlighted. The distance between the two
nodes is four

if, for every pair of distinct nodes, there is a path
from one to the other, while if there are nodes
present but not reachable from every other node,
the graph is said to be “unconnected” or “discon-
nected.” The maximum value of geodesic dis-
tance is called the diameter of the graph, as it
represents the distance between the two farthest
points of the network.

Figure 32.3 shows an example of a simple
graph with the path between two nodes high-
lighted with a thicker line. The distance between
the two nodes is four.

Another important parameter for quantitative
analysis of a network is the “degree” or “connec-
tivity” of a node. It is the number of links inci-
dent with the node; a simple way of explaining
this is to compare two airports, a hub with hun-
dreds of flights a day and a small country airport.
In terms of degree, measured as the number of
airline links, the former will have a degree of
hundreds, while the latter will probably have a
degree of less than ten.

When we measure the degree of each node in
a network, for example, the number of flights on
each airport, we can calculate the “degree distri-
bution,” that is, the probability that a node chosen
at random has a certain degree. For the above
example, there are a large number of small air-
ports with a probability of having a small number
of flights, while there are a very small number of
airports having the probability of a large number
of flights and these hubs support most of the
activity of the air traffic network.
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Table 32.1 describes the most important net-
work parameters, their meanings, and their math-
ematical symbols.

32.1.3 Types of Networks

Networks can have very different appearances,
depending on the number of their nodes and on
the average number of the links; we have:

1. Regular networks: usually designed for a cer-
tain goal as a chain, a grid, or a regular lattice,
e.g., the net of a tennis court.

2. Random networks: networks that are formed
by random process: the network we obtain if
we scatter a number of buttons across the floor,
and tied them in couples at random with
thread.

3. Small-world networks: networks that lie
somewhere between the extremes of order and
randomness, and have the characteristics of
short paths and high clustering, i.e., there are
many dense groups of nodes, very linked with
one another, but single links tie the groups
together, making it possible to find a “short-
cut” to jump quickly from a group to another.

4. Scale-free networks: networks in which there
is a small number of highly connected nodes,
the so-called hubs, and a large number of
nodes with a low number of links; this archi-
tecture has been inspired by the formation of
the World Wide Web (WWW). The Barabasi—
Albert model of scale-free networks [5] is
based on two basic ingredients, growth and
preferential attachment, in the sense that a
very connected node will have a higher prob-
ability to receive many more links than a
scarcely connected node.

Figure 32.4 shows examples of regular, ran-
dom, small-world, and scale-free networks.

Scale-free networks are very important in
many fields of scientific research. The scale-free
nature of a large number of networks of key

scientific interest has been well established [4].
The study of scale-free properties has revealed

that the structure and the evolution of networks

are inseparable: networks constantly change
because new nodes arrive and/or new links are
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Table 32.1 Most common terms related to networks

Parameter name
Node or vertex
Edge or link
Path

Shortest path
Size

Diameter
Degree
Indegree
Outdegree
Subgraph
Complete graph
Weighted graph
Strength

Loop
Connected graph
Adjacency matrix

Centrality
Closeness centrality
Betweenness centrality

Clustering coefficient
Distribution

Binning

Power law

Fat-tail distribution

Description

The objects that are connected together in the network

The connection from one node to another (or the same) in a network
The sequence of links that connect a given node to another one

The smallest number of links between two given nodes

The number of edges in a graph

The largest distance in a connected network

The number of edges connected to a node

The number of edges entering a node in a directed network

The number of edges leaving a node in a directed network

A part of a graph containing only part of all vertices, with their links
A graph in which each pair of edges is connected by one link

A network in which to each link is associated a value, the weight

An attribute of a node corresponding to the sum of the weights of all the links
connected to it

A link whose endpoints are the same node
It is possible to establish a path from any vertex to any other vertex of the graph

A matrix representation of a network containing for each node all the nodes
adjacent to it

Measures the relative importance of a vertex within the graph
Measures how close, in terms of distance, is a node to all others of the network

Measures the probability of a given node to be in the shortest path between any
other randomly chosen nodes in the network

A measure of degree to which nodes in a graph tend to cluster together
Arrangement of values taken by one property (typically of nodes or links)
A way to divide an interval into sections, used to build histograms
Dependence of a quantity on the power of another, e.g., P(k)=a k”

A distribution of a quantity that does not fall rapidly to zero moving away from the
average value

formed and/or older links change, assuming dif-
ferent patterns, and/or assuming different
strength. The most prominent example is the
WWW that is linked by a very small number of
highly connected pages. In the first study of this
kind, Barabasi and Albert [5] found that more
than 80% of the pages mapped in the WWW had
fewer than four links, but a small minority, less
than 0.01% of all nodes, had more than 1,000.

In a scale-free network, the distribution of the
number of links for each node follows a so-called
power law, that is, the probability P(k) for a node
to have k connections depends on a power of k, as
P(k)=a k= where b is a characteristic exponent.

In other words, in this mathematical rela-
tionship, the frequency of an event varies as a

negative power of a quantitative attribute of
that event, in the above case k is the number of
connections of a certain node.

Such networks are characterized by a continu-
ous transition from a large number of nodes hav-
ing very few connections to few nodes (the hubs)
having a very large number of connections.

32.1.4 Network Medicine

Network Medicine can be defined as the sci-
ence that studies the network effects of biologic
and medical occurrences [3]. The studies of
Network Medicine range from the network-
based understandings of diseases, in terms of
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Fig.32.4 Examples of a
regular, random, small-world,
and scale-free networks

disease classification, to network pharmacol-
ogy, in order to discover new drugs or to deepen
knowledge of existing drugs’ mechanisms of
action in the “interactome.”

To define the interactome, we have to consider
that nearly all the cellular components of any
living organism exert their functions through
interactions with other cellular components; these
“partner components” can be located either in the
same cell or across cells, and even across differ-
ent organs.

In humans, the potential complexity of the result-

ing network—the human interactome—is daunt-

ing: with about 25,000 protein-coding genes, about

1,000 metabolites and an undefined number of dis-

tinct proteins and functional RNA molecules, the

number of cellular components that serve as the

nodes of the interactome easily exceeds 100,000.

The number of functionally relevant interactions

between the components of this network, repre-

senting the links of the interactome, is expected to
be much larger [6].

The definition of the interactome, as a network
of normal biologic and metabolic processes, is
mirrored by the “diseasome,” that is, the network
of the disease, in which each disease is a node
and the links are the common biological features
between the diseases.

i

i
o

Considering the interactome from the point of
view of the relationships between genes and dis-
eases, a question emerges: are disease genes
placed randomly on the interactome, or are there
detectable correlations between their location
and their network topology? The search for
answers has led to a series of hypotheses that tie
the interactome to human diseases.

Figure 32.5 shows the relationships between
interactome, diseasome, and social networks.

In this scheme, we can see how the intercon-
nections operate: the existence of intricate
molecular links between subcellular components
implies the possibility that one or more of these
components and/or their links might fail. The
failure is connected, in turn, to the possibility
that a disease, the manifestation of the failure,
appears, and there are links into the interactome
that make possible to walk through the network,
going from node to node. In other words, dis-
eases may not be as independent of each other as
medical practitioners currently consider them to
be, as it has been demonstrated for the associa-
tion between obesity and diabetes, in which sev-
eral genes are associated to both diseases [3],
and the presence of obesity elevates the risk of
diabetes.
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Fig. 32.5 The relationships between interactome, diseasome, and social networks

At the level of our everyday life is the social
network. Networks may account for the many
environmental and social influences on diseases
as well. If we reflect on the numerous and dispa-
rate human interactions that encompass social
and family links, proximity-based contacts,
transportation networks, and the determinants
of health, we can appreciate the huge scope for
ongoing network research and application in
this field.

The Determinants of Health [46] are the
factors that combine together to affect the health
of individuals and communities, and can be
divided into three main groups:

1. The social and economic environment

2. The physical environment

3. The person’s individual characteristics and
behaviors

These are the main groups, and among them
there are modifiable and non-modifiable factors.
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While one cannot modify one’s age or genome,
everyone can modify—if willing—his/her behav-
ior, or the environment, at least to some extent.

Our social environment has a deep impact on
our behavior. The social networks in which we
are embedded and live contain culture, customs,
traditions, and beliefs, passed on to us by our
family and community, and all influence individ-
ual and community health. A clear demonstration
of this has been described in a paper on the spread
of obesity into a social network [11], in which the
results suggest that obesity may spread in social
networks in a quantifiable and discernible pattern
that depends on the nature of social ties, and on
the social distance between two individuals.
Among mutual friends—two subjects who both
declare each other to be a friend—one becoming
obese increases the risk for the other becoming
obese by 171%. The social tie between two sub-
jects, each one with his/her own interactome, has
acted on the spread of a disease that is largely
influenced by behavioral factors.

32.2 Pharmaceutical Expense and
Drug Prescription Process

This section is presents a general description of
international pharmaceutical expenditure and the
process of medical prescribing is summarized in
its principal aspects.

32.2.1 Health and Pharmaceutical
Expense

Article 25.1 of the Universal Declaration of
Human Rights [41] states: “Everyone has the
right to a standard of living adequate for the
health of himself and of his family, including
food, clothing, housing and medical care and
necessary social services.”

As of year 2011, about 100 countries include
health provisions in their constitutions, and
access to medications is a fundamental aspect of
the right to health. Spending on prescription
drugs continues to be an important health care
concern, particularly in light of rising pharma-
ceutical costs, the aging population, and upcom-
ing new “molecular” drugs, which are very
promising in terms of higher and wider thera-
peutic effectiveness and opportunities, but are
also very expensive.

The Global Pharmaceutical Market value [21]
rose from 500 billion US $ in 2003 to 856 billion
US $in 2010, with a growth forecast rate of 3—6%
per year from 2011 to 2015 [20]. Figure 32.6
shows the world pharmaceutical expenditure
from 2003 to 2010.

Unfortunately, an amount variably calculated
to range from between one-third to half of the
US annual health expenditure, i.e., between US
$600 and 1,000 billion, is wasted, as it is spent
for useless, ineffective, or inappropriate reasons.
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Table 32.2 Top sources of inefficiency in medicine, according to World Health Organization (2010)

Source of inefficiency 1

Common reasons for inefficiency

Ways to address inefficiency

Source of inefficiency 2
Common reasons for inefficiency

Medicines: underuse of generics and higher than necessary prices for medicines

Inadequate controls on supply-chain agents, prescribers and dispensers; lower
perceived efficacy/safety of generic medicines; historical prescribing patterns
and inefficient procurement/distribution systems; taxes and duties on medi-
cines; excessive mark-ups.

Improve prescribing guidance, information, training and practice. Require, permit
or offer incentives for generic substitution. Develop active purchasing based on
assessment of costs and benefits of alternatives. Ensure transparency in purchas-
ing and tenders. Remove taxes and duties. Control excessive mark-ups. Monitor
and publicize medicine prices.

Medicines: use of substandard and counterfeit medicines

Inadequate pharmaceutical regulatory structures/mechanisms; weak procurement

systems.
Ways to address inefficiency

Strengthen enforcement of quality standards in the manufacture of medicines;

carry out product testing; enhance procurement systems with pre-qualification

of suppliers.
Source of inefficiency 3
Common reasons for inefficiency

Medicines: inappropriate and ineffective use
Inappropriate prescriber incentives and unethical promotion practices;

consumer demand/expectations; limited knowledge about therapeutic effects;
inadequate regulatory frameworks.

Ways to address inefficiency

Separate prescribing and dispensing functions; regulate promotional activities;

improve prescribing guidance, information, training, and practice; disseminate

public information.

In addition, it is likely that a large part of the
annual world healthcare expenditure of US $5.3
trillion a year follows the same pattern.

Medicines account for 20-30% of global
health spending [45], slightly more in low- and
middle-income countries, and, therefore, consti-
tute a major part of the budget of whoever is pay-
ing for health services. The rise in costs of
prescription medicines affects all sectors of the
health care industry, including private insurers,
public programs, and patients. In recent history,
increases in prescription drug costs have out-
paced other categories of health care spending.
The same report [45] puts the word “medicines”
at the very first three places of the “Ten leading
sources of inefficiency” in world healthcare.
Table 32.2 highlights the detailed description of
these first three sources of inefficiency.

The underuse of generics and higher than nec-
essary prices for medicines is connected to a
number of factors from market to prescription.
This includes factors such as inadequate controls,
lower perceived efficacy/safety of generic medi-
cines, and “die-hard” prescribing patterns. There
are a number of solutions which can be deployed,

such as more prescribing guidance and training,
assessment of cost and benefices, and an increase
in transparency and monitoring.

The use of substandard and counterfeit medi-
cines, indeed, is connected essentially to markets,
being determined by inadequate pharmaceutical
regulatory structures/mechanisms, weak procure-
ment systems and, simply, illegal activities, and
could be fixed by more control on quality
standards. Inappropriate and ineffective use is
connected essentially to prescribing, including
inappropriate prescriber incentives, unethical
promotion practices, induced consumer demands
and inadequate regulatory frameworks. This
could be addressed by separating the functions
between prescribers and pharmacists, and—
again, like underuse of generics—by more pre-
scribing guidance and training.

Pharmaceutical expense, thus, is a leading
topic in the larger area of healthcare expense, the
former being a significant proportion of the latter,
but this topic so far has been only barely touched
in terms of network theory [52]. Probably a large
area of research “is out there,” ready to be
explored, in which interesting and promising will
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be to apply complex systems and networks anal-
ysis instruments onto pharmacologic, clinical,
and pharmacoeconomic data.

32.2.2 Medical Prescription

Medical prescription significance can vary from
country to country, but, in general, its definition
can be “... a health-care program implemented
by a medical practitioner in the form of instruc-
tions that govern the plan of care for an individ-
ual patient” [49].

Medical prescription may regard a diagnos-
tic test and/or a therapeutic intervention, and
can show a very variable range of complexity,
from a simple diagnostic prescription for a sin-
gle test or drug to very complex combination of
tests and/or therapies, with a wide range of
duration, from a single administration to life-
long therapy.

The prescription of drugs takes place in a
complex environment and involves a number of
factors, whose impact may be difficult to
unravel, as the habits and behavior of the physi-
cian, the physician—patient relationship, the
pharmaceutical market and its actions/effects,
and the decision-making process itself, may be
“partly unconscious, based on heuristics rather
than structured analysis of all relevant infor-
mation, and partly based on socially less desir-
able motives” [10].

Prescribing is becoming increasingly compli-
cated, and there is evidence of poor prescribing
by a range of doctors across different settings,
whether from errors, under-prescribing, over-
prescribing, inappropriate or irrational prescrib-
ing [1]. Overall the prescribing process is a
complex task which from training to ongoing
practice, is difficult to separate into its compo-
nents of theoretical knowledge and safe quality-
based performance [32].

Factors affecting prescribing relate to the
prescriber, patient and society, medication, and/
or other interventions being performed at the
same time, practice environment and organiza-
tion, available information and other external
factors [34].
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The role of these factors, excluding the
prescriber-related ones, can be summarized as
follows:

1. Patient and societal related. This group includes
the patient’s family and medical history, which
can be related to single, specific and/or undif-
ferentiated, or multiple illnesses. These factors
include also the lifestyle, in an enlarged aspect,
including not only lifestyle of patients, but also
of the relatives/cohabitants, and the preferences
for use of OTC (over-the-counter) medication
and natural health products.

2. Medication related. This group includes the
properties of drugs, in terms of their pharma-
cology, pharmacokinetics, pharmacodynam-
ics, dosage, formulation, taste, route and ease
of administration, side effects and cost.

3. Practice environment and organization-related.
This group of factors includes the influences
from the group of peers, norms, and interaction
with specialists and/or opinion leaders.

The practice environment includes both the
technical support (patients and drug data) and the
human resource support, which is the various pos-
sible interactions with other healthcare profes-
sions, such as nurses, pharmacists, educators,
dieticians, psychologists, and health informatics
experts to improve prescribing. A specific role
could be played by organizational factors, such as
type of practice (individual or group), number,
length and frequency of patient visits, availability
of access to specialists and diagnostic facilities,
and the transport network, for its role to make pos-
sible for the patient to move to the physician or to
the center indicated by the physician.

4. Information and other external factors. This
group includes a huge number of sources of
information about drugs, medications and
every kind of therapeutic intervention.

Some sources are directed toward the physi-
cian, including the detailing (i.e., the office visits
of drug sales representatives), but also a growing
activity of “cyberdetailing,” also called “e-detail-
ing,” that is, a form of web-based detailing, and
the provision of drug samples; to the medical
world, of course, are also directed the classic
marketing instruments, like targeted mailings,
websites and call centre calls, plus—last but not
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least—the specific medical instrument of spon-

sored scientific conferences.

Some sources are directed to the patients,
and are called DTC (or “DTC-ad”) that is
“direct-to-consumer” advertising; even if this
kind of advertising is not permitted in all the
countries, or at least is permitted with specific
limitations, its role acts everywhere, using
Internet, or simply accessing through satellite
TV to programs aired by DTC permitting
countries.

5. Other external factors. This group includes
drug reimbursement laws/rules/policies,
which can be different between countries with
a National Health Systems (NHS) and coun-
tries without an NHS.

Even between countries with a national health
service, the policies of drug reimbursement, with
or without co-payments, vary in relation to the
two basic healthcare system designs, the
“Bismarck” and the “Beveridge” systems.

The Bismarck system is based primarily on
social insurance contributions, while the financing
of the Beveridge system comes from tax revenue.
These differences also include government poli-
cies on physician remuneration, standards of prac-
tice from professional organizations, prescribers’
concerns about legal liability, regulatory and con-
trol measures, and political considerations.

The prescriber-related factors require special
attention, starting with the decision-making pro-
cess [10]. In this process, the physician, rather
than the patient, is the key decision maker, but the
decision may be subject to a range of influences:
1. Patients can influence prescribing [37], with

much greater impact on prescriptions by general

practitioners (GPs) than on those by specialists.

2. The physician’s prescribing decisions may be
influenced by specific demands from relatives,
as happens when the prescribing of more
drugs is believed to ensure better and quicker
improvement [2].

3. Formal and informal interactions with other
physicians and medical staff can influence
decisions.

In the latter case, the interactions are associated
with the type of practice, being stronger in hospital
and group practices and weaker for single practi-
tioners and/or for clinical consultants. Hospital
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pharmacists can greatly influence prescriptions
through composition of the hospital formulary to
which the prescriber has to adhere. 1

Moreover, there is evidence that emotive and
cognitive factors play an important role in medi-
cal prescribing. In many cases, prescribing
depends on ready memory [48]. The treatment
decision may not follow a scientific rationale, at
least for certain illnesses [29], or in the choice of
generic drugs [38]. In these cases, attitudes and
motivations of GPs play an important role [31].

In order to understand the nature of medical
prescribing, it is thus important to identify psy-
chological, professional, and organizational com-
ponents of medical prescribing processes, in
General Practice and over and above, to using a
complex systems approach [27].

32.3 Prescription Behavior
and Decision Making

This section presents the conceptual framework
of the decision-making process from a psycho-
logical point of view, and then the practical impli-
cations of this process in the daily activity of drug
prescription by physicians. The last part presents
the patterns and rules of drug prescription and
administration, in the general case from an inter-
national perspective, and in the specific setting in
which the authors’ research has been performed.

32.3.1 The Decision-Making Process
and Problem Solving

The decision is the process in which an individual,
or a group (decision maker), makes a choice
between several alternatives considered (options).
The necessary condition to define a decision is that
the decision maker has before him a number of

!Note: hospital formularies, on face value a great way to
safe on drug expenditure, have been shown to be more
costly, as their protagonists invariably have failed to con-
sider “unintended consequences.” For more detail, see John
Sterman’s talk at the IHI: Systems Methodologies for
Solving Real-World Problems: Applications in Public
Health. March 22, 2007 (http://videocast.nih.gov/Summary.
asp?file=13712).
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options: if there is only one choice, in the absence

of alternatives, the activity is not a decision.

The first studies on decision-making processes
begun in the discipline of economics, but since
the early 1950s, psychology has studied this
question from a different point of view and
identified some models that aim to explain the
steps by which people make a decision:

1. The rational-normative model/absolute ratio-
nality [26]. This model assumes that the
human is a perfectly rational decision maker
who reaches the best solution satisfying the
principle of maximizing results.

2. The heuristic model or limited rationality [33].
The representation of the decision maker as an
“infallible scientist” was inadequate and was
replaced with that of a decision maker who
has a limited and intentional rationality.

3. Theory of the prospectus [39]. The prospect
theory is based on the assumptions that people
seem to evaluate each possible outcome of a
decision on the basis of a reference point (or
status quo) as can be, for example, their situa-
tion at the time of the decision. This theory
gives great importance to the way it is inter-
preted the decision problem, since the experi-
mental evidence shows that the same problems,
but described differently, giving rise to differ-
ent decisions [40].

Usually, people decide using a problem solving
perspective in contexts where it is not easy to read-
ily interpret all the available information [8]. Often
the terms decision making and problem solving are
considered equivalent. Yet they are two different
and distinct activities: the decision making takes
place after the process of problem solving has
identified a number of possible guidelines. A prob-
lem is considered as a gap or a difference between
the desired performance and the real one [28].

It is necessary to use a variety of strategies to
find the best solution to a problem, usually fol-
lowing these steps [15]:

1. Identify the problem: when we are aware of
the problem, we can take action to resolve it as
best we can.

2. Define the objectives: a process that describes
precisely what we want to obtain.

3. Collect relevant information: first we need to
find adequate information. It may be difficult to
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decide which data are important and which are

not. In this process, the collection of relevant

data is generally one of the most difficult stages
of the process.

4. Identify alternatives: the decision-making
process can take place if we have alternatives
of action. There is no way, however, to be sure
that the best alternative can be included in
those considered. It is possible to try to make
sure that all “conventional” solutions have
been considered, and then try to suggest inno-
vative proposals.

5. Select the criteria for evaluating the better
alternative: logically, we want to choose the
best alternative. However, this can only be
done if we describe the concept of “better.”
There should be a criteria or a set of criteria to
assess which alternative is the best.

6. Building the model: to establish the relation-
ship between the objective, alternatives, data
collection, and evaluation criteria.

7. Estimate the expected results of each alterna-
tive: the model built is then used to estimate
early the outcome of each alternative.

8. Choose the best alternative with respect to the
objective: if all other process steps were done
accurately, we can make the choice of the best
(which best meets the selection criteria
adopted).

Certainly when we take decisions we try to
gather as much information in an accurate manner
that accounts for the costs and benefits for each of
the options available to us. This is done through
our “intellectual component” that allows us to
reduce the uncertainty margins, and then conse-
quently errors, in everyday situations. However, to
make a decision in a “totally rational condition” is
only possible if we know all the data and the pos-
sible interferences of a situation [9]. Emotions
play an important role in the decision-making pro-
cess, they have a “constructive role in the higher
forms of human experience.” Numerous studies
[12,13] have shown that, generally, people turn to
emotions or emotional sensations when situations
are complex to evaluate or when time constrains
the ability to accurately evaluate of each alterna-
tive. In the process of alternative selection there is
a continuous interaction between evaluation and
emotional regulation [18].
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32.3.2 Therapeutic Drug Prescription
Behavior

The complexity and sensitive nature of the physi-

cian’s decision-making behavior appears to be

more hybrid and less rational in nature than is

often assumed in quantitative, model-based anal-

yses of prescription behavior. The decision-mak-

ing process is typically complex and influenced

by several sorts of factors, each in turn grouping

multiple influences [10]:

1. The multiple-party-setting

2. The prescriber’s multiple goals

3. The prescriber’s multiple sources of informa-
tion overload

4. The multiple diagnostic and therapeutic
uncertainties

The multiple-party setting. The physician rather
than the patient is the key decision maker. This
observation, however, needs to be put in perspec-
tive. First, the patients may still influence pre-
scribing, their impact being markedly stronger on
prescriptions by GPs than on that by specialists.
Secondly, the physician’s prescribing decisions
may be influenced by specific demands from rela-
tives, formal and informal interactions with other
physicians, and other medical staff [19,25].

Multiple goals. A predominant goal pursued by
physicians, is to rationally and exclusively
assume their medical responsibility. This hypoth-
esis does not confirm the logical assumption that
medical goals generally dominate prescribing
decisions, other goals—such as the prescriber’s
personal financial and socio-psychological goals
are also found to be of influence [10].

Multiple sources of information overload. The
information processing capacity of physicians is
structurally insufficient. They cannot possibly
process all the information reaching them, from
many different scientific and/or commercial
sources, and concerning many different aspects
like pathologies, treatments, and pharmacologi-
cal supply. The typical time pressure plaguing
physicians—in combination with the high risk
and uncertainty of the prescribing decisions—
worsens this structural problem [10].
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Multiple diagnostic and therapeutic uncertainties.
Amajorelementinthe physician’s decision-making
process is the difficulty of assessing the results of
a treatment. There are three groups of structural
causes of uncertainty [14,24]:

1. Uncertainty concerning patients, caused by
such eventualities like subjective, imperfect
reporting by patients, numerous—often
unknown—exogenous elements affecting the
patient, and also the changing set of patients.

2. Uncertainty concerning the pathology, caused
by the fact that there might be multiple expla-
nations for specific complaints, multiple com-
plaints resulting from a single pathology, or
multiple pathologies coinciding.

3. Uncertainty concerning the effects of drugs,
due to the limited opportunity for experimen-
tation throughout a treatment, the possibly
multiple effects of drugs and the possible
carry-over effects of drugs.

These elements may stimulate the adoption of
risk reducing prescribing strategies, like follow-
ing opinion leadership or remaining brand loyal.
When analyzing decision-making processes, on
must distinguish between situations that are rou-
tine and non-routine, as the criteria of choice are
different [10]. In non-routine situations, involv-
ing new products and/or new patients with a com-
plex pathological profile, prescribers typically go
through a fairly extensive evaluation, and rely on
multiple criteria:

1. Disjunctive or conjunctive rules—often based
on main medical effects—reduce the number
of alternatives.

2. The remaining options are eliminated in a lex-
icographic fashion, either on an aspect-by-
aspect basis or on an alternative-by-alternative
basis (product, product form, brand).

3. Compensatory rules intervene to arrive at an
actual choice.

In routine situations, the physician will implic-
itly and/or explicitly go through a learning process.
In fact, physicians apparently have a particularly
strong need to remain in control of events, even
under a high degree of uncertainty, and—as a
result—predominantly ~ acquire  information
through an active rather than a passive learning
process. Pharmaceutical companies’ marketing
mix instruments that both affect non-routine deci-
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sions and reinforce or disrupt established routines.
Price, advertising, detailing, samples, and gifts
may affect prescription rates of the company’s
drug products [10].

Price. The price is generally unimportant.
However, price may be salient in brand selection
for very expensive products, or products pre-
scribed for patients on a very tight budget. Also,
GPs and younger physicians seem somewhat
more alert to price, and increased government
pressure is bound to increase price attention in
years to come [19].

Advertising. Traditionally, pharmaceutical com-
panies’ promotional efforts almost exclusively
concentrated on detailing and free product sam-
ples directed to physicians. The impact of adver-
tising directed to the physician is assessed by
considering drug information published in differ-
ent media (medical journals, official publica-
tions) and originating from different sources
(pharmaceutical companies vs. government and
professional organizations) [17,25,51].

Detailing. In the highly complex and rapidly
evolving drug market, sales representatives have
an important information function, both for new
and existing products [53].

Samples. Samples are, for instance, thought to
create commitment toward sales representatives
and their company, and to serve as a reminder of
the sales representatives’ visit once they have
left.

Gifts. In addition to samples, many pharmaceu-
tical companies also offer various gifts (spon-
soring of conference participation, travel and
lodging, medical education, meals, honoraria,
promotional material, and other small gifts such
as pens) [44], which mainly aim to enhance the
long-term relationship between the company
and physicians [14]. Like for samples, the fact
that giving gifts has more or less become com-
mon practice may be responsible for their dimin-
ished effectiveness, but may also imply that not
giving these advantages may elicit negative
reactions [22].
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32.3.3 Drug Prescription and
Administration Rules

Drug prescription and administration are performed

in many different ways, according to local uses,

habits, informal rules, and formal laws. The main
behavior patterns that can be found are referred to:

1. The authority to prescribe, limited to the phy-
sician or extended to other health profession-
als (nurses, midwives, etc.) and/or to the
pharmacist.

2. The authority to supply/sell the drug, limited
to the pharmacies or extended to the physician
and/or healthcare institutions.

In other words, we can range from healthcare
settings in which the physician only can prescribe
and the pharmacist only can sell the drug, or sup-
ply it to those who have the right to receive it for
free, to settings in which a drug can be prescribed
by almost any healthcare professional and it can
be sold/supplied by pharmacists, physicians, and
other professionals.

National or local legislation regulates who can
write a prescription: for example, in the United
States, all States and Columbia District allow pre-
scription from Medical Doctors but also, with some
limitations, from nurses, midwives, dentists, podia-
trists, optometrists, and somewhere from clinical
pharmacists, while in Thailand the drugs are sup-
plied directly to outpatients by the prescribing phy-
sician into the district hospital [30]. Moreover,
there are some classes of drugs that are not subject
to medical prescription, the so-called over the
counter (OTC) drugs. These are not strictly regu-
lated as a prescription drug, and, in certain health-
care settings, prescribers can write prescriptions for
OTC drugs because drug benefit plans may reim-
burse the patient only if the OTC medication is
taken under the direction of a medical practitioner.

32.3.3.1 Drug Prescribing in Italy
According to the Italian rules, only medical doc-
tors, i.e., people with a degree in Medicine and reg-
istration to the professional order, can prescribe
drugs. Drugs to be supplied on behalf of the Italian
National Health Service (INHS) can be prescribed
only by a medical doctor employed or in agreement
with the INHS, and GPs are the only physicians
who can prescribe drugs for the outpatients.
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Drug prescriptions are made by GPs using
prescription sheets on which a maximum of four
different drugs can be prescribed, each with a
maximum of two pieces (boxes of other kind of
package); however, more than one prescription
sheet can be given to a patient as a result of a
visit.

Drug prescriptions for outpatients can also be
made by physicians operating in an institution,
such as a hospital, but usually these physicians
limit their prescribing to the discharge report,
that the patient takes to the GP, who will carry on
all continuing prescribing, and this behavior is
usual for referrals, too. In fact, the referred spe-
cialist usually recommends therapy and/or diag-
nostic tests, but the prescription of all is always
made by the GP.

According to current Italian law, only a phar-
macist can sell a drug or supply it on behalf of the
INHS, and drugs are divided into three
categories:

1. Type A are supplied to patients by pharmacies
free of charge

2. Type B are supplied after a co-payment (so-
called ticket)

3. Type C are sold after the full payment, but
their price is controlled by the INHS

Also patients are divided into categories, in
respect of their right to receive drugs without co-
payment: children up to 6 and adults over 65, if
their income (family income for the children) is
under a certain threshold, do not have to pay any-
thing, the so-called ticket exemption. Ticket
exemption is also provided, regardless of age
and/or income, for specific diseases carrying
patients, and these pathologies are typically
chronic and/or rare diseases, such as diabetes,
adrenoleukodystrophy, Alzheimer disease, rheu-
matoid arthritis, etc., officially listed.

The nominal difference between the amount
paid by patients and the cost of drugs is covered
by the INHS, which in turn expects a tight sur-
veillance on the amount and type of prescriptions
made by GPs. This complex situation changes in
time, as new drugs and therapies are introduced,
ticket exemption rules are modified and socio-
economic conditions vary.
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32.4 An Application of Network
Medicine: The Drug
Prescription Network

As an example of a Network Medicine study in a
Public Health setting, a set of drug prescription
data from 99 GPs, working in Italy and covering
a 6-month time period, has been studied and ana-
lyzed. The data set, containing a total of 42,965
consultations and 631,232 prescribed drugs, has
been transformed into a drug prescription net-
work, where each drug is a node, and different
drugs prescribed to the same patient on the same
day, are linked together. The resulting networks,
describing the entire population or subgroups by
patient’s age and gender, have been analyzed
using the tools of network theory.

32.4.1 Introduction

Different types of drug networks can be built
[52]. In our study model, it can be described as
consisting of two elements: drugs (nodes) and
their contemporary prescription for a given
patient (links).

In this network model, the link between two
drugs, prescribed at the same time in the same
patient, can be also called “co-prescription.” As
in general Network Science studies, once all the
nodes (drugs) and links (co-prescription) are
known, one can draw pictures of the network,
measure its parameters and properties, and
discern every node location within it. Each node,
thus, is placed in a “co-prescription” space,
analogous to a social space, as mapped by social
networks methods, or even to a geographic space,
as mapped by photographs or drawings.

The rationale of our research has been to con-
sider the drug prescription process from the point
of view of its topology, using single drugs as
nodes, and their co-prescription for the same
patient at the same moment, as links.

Such an approach could make possible to rep-
resent and measure relationships between drugs,
as there could possibly be “hub drugs,” i.e.,
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Table 32.3 Summary of data used in this research

Total Patients Prescriptions Nodes Links
All ages 42,965 631,232 964 52,915
Age<30 6,882 35,052 494 3,398

30<age<60 20,515 196,787 820 23,775
Age>60 17,177 399,393 830 39,580
Males
All ages 19,321 281,435 794 29,864
age<30 3,297 16,078 372 1,709
30<age<60 9,290 89,129 664 12,801
age>60 7,656 176,228 697 22,730
Females
All ages 24,832 349,797 896 37,356
Age<30 3,793 18,974 400 2,155
30<age<60 11,978 107,658 743 15,438
Age>60 10,212 223,165 759 28,506

drugs that are often prescribed in association
with other drugs, and “isolated drugs,” i.e., drugs
usually prescribed alone. Moreover, the utiliza-
tion of hub drugs could change among different
groups of patients, as the pathology changes
between different genders and age groups. This
leads to the need to measure and represent differ-
ent patterns of drug prescription network in dif-
ferent subgroups.

32.4.2 Materials and Methods

32.4.2.1 Prescription Data Used

The networks we have built are based on the set
of prescriptions made by a group of 99 GPs
operating in Salerno, a city of 140,000 inhabit-
ants in southern Italy, in the first 6 months of
year 2009. The Italian rules for drug prescrip-
tions allow a maximum number of drugs for
each prescription sheet, but more than one pre-
scription sheet can be given to a patient as result
of a visit. The total number of drug prescriptions
collected is 631,232 corresponding to 42,965
patient consultations. The data have been col-
lected from the database of “Consorzio Mega
Ellas,” a GP medical association based in
Salerno, including a total of 150 physicians, and
treated in the full respect of current legislation
on privacy.

32.4.2.2 Network Construction

The rationale for linking the network nodes is the
following: two drugs are connected if they have
been prescribed to the same patient during the
same medical consultation. The number of times
two given drugs have been co-prescribed is
recorded as link weight. Similarly the number of
times a drug is prescribed, alone and in associa-
tion, is also computed and associated to each
node. These procedures resulted in a network of
964 nodes and 52,915 links. By separating the
patients by gender and age (in the ranges 0-30,
30-60, and over 60 years), we have built several
sub-networks to investigate possible effects due
to patient characteristics.

The main characteristics of the networks
obtained are reported in Table 32.3.

The obtained networks can be graphically rep-
resented in many different ways, and this pro-
cessing has been performed using “Pajek”
software [7], a free large network analysis and
visualization tool.

32.4.2.3 Coding: The Anatomical
Therapeutic Chemical
Classification System

From the ensemble of prescriptions we have build

several networks relating the different drugs. The

nodes of the networks are made by the drugs,

identified by their common name and ATC code.
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Table 32.4 Description of ATC code at anatomical level

ATC code  Anatomical region affected

A Alimentary tract and metabolism

B Blood and blood forming organs

C Cardiovascular system

D Dermatologicals

G Genito-urinary system and sex hormones

H Systemic hormonal preparations, excluding
sex hormones and insulins

J Antiinfectives for systemic use

L Antineoplastic and immunomodulating
agents

M Musculo-skeletal system

N Nervous system

P Antiparasitic products, insecticides and
repellents

R Respiratory system

S Sensory organs

\% Various

The Anatomical Therapeutic Chemical

Classification (ATCC) System [47] is used for
the classification of drugs. It is controlled by the
WHO Collaborating Centre for Drug Statistics
Methodology (WHOCC), and was first published
in 1976. In the ATC classification system, the
active substances are divided into different groups
according to the organ or system on which they
act and their therapeutic, pharmacological, and
chemical properties.

Drugs are classified in groups at five differ-
ent levels: at the first level (anatomical) the
drugs are divided into 14 main groups, shown in
Table 32.4.

The following four levels are the therapeutic
subgroup (second level), the pharmacological

Table 32.5 Description of the ATC code structure
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subgroup (third level), the chemical subgroup
(fourth levels), and the chemical substance (fifth
level).

Table 32.5 shows an example of the ATC code
structure for a common diabetic drug.

In the Appendix, the complete list of ATC
codes at level 2 is reported.

32.4.3 Results

The appearance of a network can be very com-
plex even if suggestive: Fig. 32.7 shows drug
network at ATC level 2.

Figure 32.7 (left) shows that the network is a
complete graph, i.e., all the nodes at ATC level 2
are connected to each other, although the links
have different weights, because each drug of each
ATC group has been prescribed with each of the
other different ATC groups.

If we remove the lower 10% in weight links,
that are the less frequent co-prescriptions, we
obtain a very different picture of the network, as
shown in Fig. 32.7 (right). In this representation,
the strong links between drugs belonging to the A
(alimentary tract), B (blood), C (cardiovascular),
and J (infection) groups are clearly evident.

In order to extract more quantitative informa-
tion on the way this network is formed, the
network analysis tools have been used, and the
results are reported in the following.

32.4.3.1 Scale Invariance in Drug
Co-Prescription Network

The graphic representation of networks can be

very suggestive but, sometimes, not very infor-

mative. Important information on the network

connectivity is given by the degree distribution,

ATC code Description

A Alimentary tract and metabolism (first level, anatomical main group)

Al0 Drugs used in diabetes (second level, therapeutic subgroup)

A10B Blood glucose lowering drugs, excl. insulins (third level, pharmacological subgroup)
A10BA Biguanides (fourth level, chemical subgroup)

A10BAO02 Metformin (fifth level, chemical substance)
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Fig. 32.7 The network is a complete graph (leff), removing the lower 10% in weight links, shows the strong links
between drugs belonging to the A (alimentary tract), B (blood), C (cardiovascular), and J (infection)
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i.e., the relationship between the number of
connections (degree; k) of a node and the rela-
tive frequency in the network.

Regular networks have a very narrow degree
distribution, while random networks show an
average degree value, with a given spread
around it. Scale-free networks show a character-
istic power law dependence of the degree distri-
bution that appears as a negative slope line in a
log—log plot.

Surprisingly, the network of drug co-prescrip-
tion shows a marked scale-free behavior, as
shown in Fig. 32.8.

1000
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Degree

By looking at Fig. 32.8, we note that the
degree distribution data points are very well
aligned on a line, with the exclusion of the very
first and last, a fact due to the finite size of the
network. The best fit of the data in log scale gives
a slope of —0.88+0.05.

In weighted networks, links do not have the
same importance: some links are more important
than others, i.e., have a higher weight. In such
case, a parameter that could better describe the
way the network is connected is the strength,
defined as the sum of the connections reaching a
node, each multiplied by its weight.
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In all networks considered here the links have
a weight given by the number of co-prescriptions,
therefore an analysis of the strength distribution
has also been performed. As a result, the same
scale-free behavior, observed for the degree dis-
tribution, has been found, as shown in Fig. 32.9,
with a characteristic exponent of —1.25+0.06.

Another characteristic often studied in net-
works is, besides the strength, the weight distri-
bution. Figure 32.10 shows such distribution for
the co-prescription network studied.

Also in this case, a clear power law depen-
dence is observed, with a characteristic slope,
very close to -2 (—1.97+0.06).

Although all the different graphs in Figs. 32.8—
32.10 show a clear linear dependence with a
negative slope, for the type of networks considered

10 100
Weight

here, where the links are weighted, the relevant
figure for investigating the possible power law
dependence of the connections distributions is
Fig. 32.9, from which the scale invariance prop-
erty is maintained over more than six orders of
magnitude in the frequency.

By repeating the same analysis in the sub-net-
works obtained by separating by gender and by
age range, we have observed that there is a deci-
sive dependence of the strength distribution
exponent (the slopes in Fig. 32.9) on the age
range, while there is no significant dependence
on gender, as summarized in Table 32.6.

Looking at Table 32.6 it appears that the expo-
nents shows no dependence on the gender and a
weak, but significant dependence on the age
range of the patients.
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Table 32.6 Strength distribution of the networks separated exponents by age and gender

Strength distribution exponent All Age<30 30<Age<60 Age>60
All -1.25+0.06 -1.52+0.06 —-1.29+0.07 -1.27+0.06
Males -1.27+0.06 —-1.57+0.06 -1.35+0.08 —-1.30+0.07
Females -1.27+0.06 -1.58+0.07 —-1.27+0.06 -1.29+0.06
Table 32.7 The ten most prescribed drugs at the ATC2 level for each gender group

ATC2 Total Males Females

Most prescribed  All ages <30 30-60 >60 Allages <30 30-60 >60 Allages <30 30-60 >60

1 C09 Jo1  JO1 Cc09 C09 Jor  C09 C09 CO09 Jo1 JO1 C09

2 JO1 R0O6 C09 B0l JO1 R0O6  JO1 BO1 JO1 RO6 C09  BO1

3 A02 HO2 A02 A02 BOl NO3 A02 A02 A02 G03 MOl  AO02

4 BO1 NO3 MO1I JO1  AO02 R0O3 C10 JO1 BOl HO2 A02 JO1

5 MO1 R0O3 C10 C10 Cl10 HO2 MO1 GO4 MOl A02 NO6 Al10
6 C10 A02 CO7 Al10 Al0 A02 Al10 Cl10 AIl0 R0O3 HO3 CI10
7 A10 GO3 Al10 CO08 GO4 RO1 B0l  Al10 CI10 NO3 C07 MOl
8 C08 RO1 BO1 MOl CO08 MO1 C07 CO8 CO07 B03 G03  CO08

9 C07 MOl NO6 CO07 MOl NO6 C08 RO3 CO08 RO1 C10  CO07
10 RO3 NO6 CO08 CO01 CO07 A07 NO3  C07 NO6 MO1 A10  CO03
Table 32.8 The ten most co-prescribed drugs at the ATC2 level for each sex/gender group

ATC2 Total Males Females

Most

co-prescribed Allages <30 30-60 >60 Allages <30 30-60 >60 allages <30 30-60 >60

1 C09 Jor  C09 Cc09 C09 Jor  C09 c09 €09 Jor  C09 C09

2 BO1 HO02 JO1 BO01 BO1 HO2 C10 BO1 BOl HO2 JO1 BO1

3 A02 RO3 A02 A02 CI10 RO3 B0l A02 A02 RO3 A02  A02

4 C10 RO6 C10 C10 A02 RO6 A02 Cl10 CI0 RO6 MO1 CI10

5 A10 RO1  BO1 A10 Al0 RO1 CO7 Cc08 Al0 RO1  CO07 Al0

6 Jo1 A02 CO7 C08 CO08 A02 AI0 Al0 JoO1 A02 BO1 CO08

7 CO08 MO1 Al10 C03 CO07 NO3 JO1 G04 CO08 G03 Cl10 C03

8 C07 NO3 MO1 COl Jol MO1 CO08 co1  Co7 MO1 A10  CO07

9 C03 G03  CO08 C07 G04 NO6 MOlI CO03 MOl B03 NO6 Co01

10 MO1 NO6 HO02 JO1I  CO3 A07 CO3 C07 CO03 NO3 HO3 MO1

Although a model connecting strength distri-
bution exponents to patient characteristics (age
and gender) does not exist to date, Table 32.6
data suggest a possible connection between drug
network characteristics and age-related disease
epidemiology.

32.4.3.2 Most Prescribed Versus Most
Co-Prescribed

The scale-free behavior of the investigated drug
networks suggest the existence of “hub drugs,” i.e.,
drugs which are most frequently prescribed with
others. To investigate this phenomenon, the drug
co-prescription networks represented at ATC level 2
have been analyzed. The results are summarized

in Table 32.7, where the top ten most prescribed
drugs are listed for all the sub-networks obtained
separating the population by age and gender.

Conversely, in Table 32.8 the top ten most co-
prescribed drugs are listed for all the sub-net-
works obtained separating the population by age
and gender.

In other words, Table 32.7 shows statistical
information on drug prescription, while Table 32.8
reports a connection-related information, typical
of network analysis.

In order to further exploit the information
from network connections, the “nearest neigh-
bors” of the most co-prescribed drugs, always at
ATC level 2, are reported in in Table 32.9.
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Table 32.9 Drugs to which are connected the most co-prescribed drug for each gender group

Total Males Females
ATC2 Allages <30 30-60 >60 Allages <30 30-60 >60 Allages <30 30-60 >60
Most Co-prescribed  C09 Jo1  C09  C09 C09 J01  C09  C09 CO09 Jo1 C09  C09
To whom is BOI1 HO2 C07 B0l BOl H02 C10 B0l BOl HO02 €07 BOl1
connected in Cl10 RO3 CI10 A02 Cl0 RO3 BO1 Cl0 AO02 RO3 Al0 A02
decreasing A02 ROl B0l  CI10 CO8 ROI C07 CO08 CIl0 ROl C10 Cl0
order Co8 Co8  C08 A02 Co8  A02 AlO Cco8 Al

Al0 A10  A10 AlO A10  Al0 CO8 BOl  CO08

o7 A02  C07 CO7 A02  G04 CO07 A02  C07

Jo1 o7 J01

RN~

-
ol

Fig.32.11 The top ten co-prescribed drugs at ATC level 2, gender by age

For each sub-network analyzed the most co-
prescribed drug is presented in the first row of
Table 32.9, and, in the corresponding column are
listed the drugs with which the head drug is con-
nected, in decreasing order. As an example, for
“Males” with age “under 30,” the most prescribed
drug group, JO1 (antibacterials for systemic use)
results to be co-prescribed mostly with group
HO2 (corticosteroids for systemic use), then with
RO3 (drugs for obstructive airway diseases), and
then with RO1 (nasal preparations).

This finding is consistent with epidemiologi-
cal experience that relates the highest demand of
drugs for this age/gender group to infections,
more likely to happen in the respiratory tract.

In order to better visualize the data of Table 32.9,
in Figs. 32.11 and 32.12 a graphic representation
of the top ten co-prescribed drugs at ATC level 2
are shown, separately by age and gender.

The circles in Figs. 32.11 and 32.12 represent
the nodes, i.e., the most co-prescribed drugs. The
color/gray shade indicates the anatomical drug
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Fig.32.12 The top ten co-prescribed drugs at ATC level 2, gender by age

group (ATC level 1); while the ATC level 2 code
is written in the node. The link thickness is pro-
portional to the number of times the two drugs

have been co-prescribed.

This representation shows in a very clear way
the difference between age/gender drug co-pre-
scription: in other words, the data commented
above, related to the “Males/under 30” column of
Table 32.9, are graphically shown in Fig. 32.12,

top right.

32.5 Discussion

32.5.1 Significance of Scale Invariance

The main result of this work is the discovery that
the network formed by the drugs co-prescription

to the patients by GP is scale invariant.

To date there are very few theoretical models
that produce scale invariant networks. The most
considered is the “Preferential Attachment” net-
work [5,16,23,42].

Within the preferential attachment model,
a network is build by adding one node at a time at
random in the network, but with a definite
probability. In particular the probability that a
node is linked to a target node depends linearly
on the degree of the target node. The resulting
network [5] is a scale free one with a scaling
exponent equal to three. We note however that
the value of the scaling exponent may depend on
the specific choice of relation between node
degree and linking probability.

In our case the exponent is always between
one and two.

An interpretation of the preferential attach-
ment, in the framework of this work, could be
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the following: when confronted with the necessity
of prescribing a relatively new drug, i.e., a drug
for which all adverse interactions may not be
known yet, a general practitioner tends to co-
prescribe it with it known drugs, i.e., drugs for
which there exist a well-known history of adverse
interactions. In essence, a new drug is co-pre-
scribed with higher probability together with
drugs that have been safely co-prescribed many
other times before, rather than with more rarely
used ones.

32.5.2 Prescription Versus
Co-Prescription Frequency

From the comparison of Table 32.7 (most pre-
scribed) and Table 32.8 (most co-prescribed) it
stems out that there are no large differences
between the most prescribed drug class and the
most co-prescribed ones, with the notably differ-
ence of JO1 and possibly RO1 and MO1.

Drugs of JO1 group are antibacterials for sys-
temic use, and they are, for both genders:

1. Highly ranked either as most prescribed and
most co-prescribed in lower (0-30) and mid-
dle (30-60) age groups.

2. Relatively highly ranked as most prescribed,
and low ranked as most co-prescribed, in the
older age group (over 60).

This finding could be consistent with the fact
that in older patients antibacterials are mostly
associated with urinary tract infections, as sug-
gested by general practitioners’ experience. In
such case, the antibacterial prescription is less
frequently associated with other drugs.
Conversely, in younger patients antibacterials are
mostly associated with respiratory tract infec-
tions, and the prescriptions are frequently associ-
ated with other drugs.

However the purely statistical information on
the most prescribed drug class, does not tell with
which other drug it has been prescribed. This
information is instead easily obtainable from the
network analysis, as shown in Table 32.9, and
even better visually in Figs. 32.11 and 32.12.

The table reports the drug classes co-pre-
scribed with the most co-prescribed drug (row 1).

P.Cavallo et al.

In each column are reported only the drug classes
with the higher frequency of co-prescription.

Looking at the table and comparing the differ-
ent sex and age groups, few peculiarities pop up.

For the youngest age group (<30) there is no
difference between genders: the most prescribed
drug class (alone and in association) is JO1 (anti-
bacterials for systemic use) and is always
associated to R03 (drugs for obstructive airway
diseases) and RO1 (nasal preparations).

For the intermediate age range (30-60) there
is a notable difference in the frequency of co-
prescription of BO1 (antithrombotic agents) and
A10 (drugs used in diabetes), which is reversed
for the two genders.

A somewhat similar effect can be seen in the
higher age range (>60) with C02 (antihyperten-
sives) and A02 (drugs for acid-related disorders)
having inverted frequencies for the two genders,
and the appearance of GO4 (urologicals) among
the most frequently co-prescribed drugs for
males.

32.6 Conclusions

Network Medicine is a new concept that can be
exploited in different fields—from the network-
based study of diseases to network pharmacology.
Studies are currently conducted horizontally at one
of the three levels, the interactome, the diseasome,
and the social network, but the future will see verti-
cal studies too, connecting the three levels.

These studies will offer a greater knowledge
not only of the network molecular mechanisms of
physiology and pathology, but also of the relation-
ships between molecular and social mechanisms,
which are responsible for the social transmissibil-
ity of diseases, once considered ‘“non-transmissi-
ble,” like obesity, diabetes, ischemic heart disease,
various cancers, and so on.

A large part of global health spending is
accounted for by medicines, and a large part of this
expenditure is led by general practitioners’ pre-
scribing. Prescribing, not only for drugs but also
for diagnostic tests, is a complex process, that
takes place in a complex environment, and involves a
large number of factors, related to the knowledge,
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professionalism, and culture of the prescriber and
their health system context, but also on patient’s
personal, social, and cultural features.

Emotive factors can play a central role in this
process, but, again, the social network of the phy-
sician and the patient can make it easier or more
difficult to decide on a correct, effective drug
choice, which can lead to better or worse results
in terms of health outcomes and healthcare
expenditure.

Moreover, different settings and prescribing
rules, incentives and constraints, throughout the
world can be considered as additional complica-
tions, but also as a promising ground of research,
in which network science instruments can help to
find simple answers to complex questions.

The experimental part of the present chapter
has investigated a drug co-prescription network
obtained from a database of 99 GPs which con-
tained more than 600,000 drug prescriptions. The
most interesting result is that all the drug pre-
scription networks show scale invariance behav-
ior, with characteristic exponents related to the
patients age but not to gender; this finding is new,
and could be related to a prescribing behavior
explainable by a preferential attachment model.

Moreover, by looking at the most frequently
prescribed versus the most frequently co-pre-
scribed drugs, specific correlations emerge
between drugs belonging to different anatomical
and therapeutic groups.

The emerging field of Network Medicine can
investigate not only biological/social systems and
disease factors, but also behavioral and healthcare
planning factors. Drug prescription process has a
complex structure that can be evidenced and mea-
sured using Network Science instruments.

Therefore, Network Medicine could be a new
powerful tool for research in Public Health.
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32.7 Appendix. ATC Codes (At

A01
A02
A03

A04
AO05
A06
A07

AO08

A09
Al0
All
Al2
Al3
Al4
AlS
Al6

BO1
B02
B03
BO5
B06
C01
C02
C03
C04
C05
C07
CO08
C09

C10
D01
D02
D03

D04

D05
Do6

D07

D08

Anatomical and Therapeutic
Level)

Stomatological preparations
Drugs for acid-related disorders

Drugs for functional gastrointestinal
disorders

Antiemetics and antinauseants
Bile and liver therapy

Laxatives

Antidiarrheals, intestinal anti-
inflammatory/anti-infective agents
Antiobesity preparations, excluding diet
products

Digestives, including enzymes
Drugs used in diabetes

Vitamins

Mineral supplements

Tonics

Anabolic agents for systemic use
Appetite stimulants

Other alimentary tract and metabolism
products

Antithrombotic agents
Antihemorrhagics

Antianemic preparations

Blood substitutes and perfusion solutions
Other hematological agents
Cardiac therapy

Antihypertensives

Diuretics

Peripheral vasodilators
Vasoprotectives

Beta blocking agents

Calcium channel blockers

Agents acting on the renin-
angiotensin system

Lipid modifying agents
Antifungals for dermatological use
Emollients and protectives

Preparations for treatment of wounds and
ulcers

Antipruritics, including antihistamines,
anesthetics, etc.

Antipsoriatics

Antibiotics and chemotherapeutics for
dermatological use

Corticosteroids, dermatological
preparations

Antiseptics and disinfectants
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D09
D10
D11
GO1

G02
GO03

G04
QG51

QG52
HO1

HO02
HO3
HO4
HO5
QI01
QI02
QI03
QI04
QI05
QI06
QI07
QI08
QI09
QI10
QI
QI20
301
J02
J04
305
J06
J07
QJ51
QJ54
Lol
L02
L03
L04
Mol

MO02
MO3
MO04
MO5
M09

NO1L

Medicated dressings

Anti-acne preparations

Other dermatological preparations
Gynecological antiinfectives and
antiseptics

Other gynecologicals

Sex hormones and modulators of the
genital system

Urologicals

Anti-infective and antiseptics for
intrauterine use

Products for teats and udder

Pituitary and hypothalamic hormones
and analogues

Corticosteroids for systemic use
Thyroid therapy

Pancreatic hormones

Calcium homeostasis
Immunologicals for Aves
Immunologicals for Bovidae
Immunologicals for Capridae
Immunologicals for Ovidae
Immunologicals for Equidae
Immunologicals for Felidae
Immunologicals for Canidae
Immunologicals for Leporidae
Immunologicals for Suidae
Immunologicals for Pisces
Immunologicals for rodents
Immunologicals for other species
Antibacterials for systemic use
Antimycotics for systemic use
Antimycobacterials

Antivirals for systemic use

Immune sera and immunoglobulins
Vaccines

Antibacterials for intramammary use
Antimycobacterials for intramammary use
Antineoplastic agents

Endocrine therapy

Immunostimulants
Immunosuppressants
Anti-inflammatory and Antirheumatic
products

Topical products for joint and muscular
pain

Muscle relaxants

Antigout preparations

Drugs for treatment of bone diseases

Other drugs for disorders of the musculo-
skeletal system
Anesthetics

NO2 Analgesics

NO3 Antiepileptics

NO4 Anti-Parkinson drugs

NO5 Psycholeptics

NO6 Psychoanaleptics

NO7 Other nervous system drugs

QNS51 Products for animal euthanasia

P01 Antiprotozoals

P02 Anthelmintics

P03 Ectoparasiticides, including scabicides,
insecticides, and repellents

QP51 Antiprotozoals

QP52 Anthelmintics

QP53 Ectoparasiticides, including insecticides
and repellents

QP54 Endectocides

RO1 Nasal preparations

RO2 Throat preparations

RO3 Drugs for obstructive airway diseases

RO5 Cough and cold preparations

RO6 Antihistamines for systemic use

RO7 Other respiratory system products

S01 Ophthalmologicals

S02 Otologicals

S03 Ophthalmological and otological
preparations

Vo1 Allergens

V03 All other therapeutic products

Vo4 Diagnostic agents

V06 General nutrients

Vo7 All other non-therapeutic products

V08 Contrast media

V09 Diagnostic radiopharmaceuticals

V10 Therapeutic radiopharmaceuticals

V20 Surgical dressings
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