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elucidated through the use of case studies, written by
academics and clinicians with a wide range of expertise
in various health-related disciplines, helping students
to consolidate and assess their understanding. Clinical
application of anatomy and physiology is further supported with highly relevant online materials, sourced
from Australian sites such as healthcare providers that
may proffer future employment.
Applied Anatomy & Physiology: an interdisciplinary
approach provides an invaluable resource to help students
understand anatomy and physiology and to make the
meaningful connections to clinical practice that are
essential for the best possible clinical outcomes.
Natalie Bennett
B.Sc. Honours (Immunology), PhD (Immunology),
Grad. Cert. Ed. (Professional Development Studies)
Lecturer
School of Biomedical Sciences
Monash, University Peninsula Campus
Frankston, Victoria, Australia
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In my many years of experience in teaching anatomy and
physiology to first-year allied health students undertaking
nursing, midwifery, paramedic or occupational therapy
degrees I have found that they are all very eager to learn
the clinical skills associated with these professions but
when it comes to anatomy and physiology they often
ask, ‘Why do I need to know this?’ Early on in their
studies, they do not always make the connection between
having a solid foundational understanding of anatomy
and physiology and improved clinical outcomes once
they are practising their chosen profession. This textbook
helps students to make that link, to appreciate that the
more they understand how the body normally works,
the better able they are to provide care and treatment
when it does not work normally.
In addition to providing an overview of the structure
and functions of each organ system, this textbook
emphasises the functional integration of these systems
in maintaining homeostatic processes and how the
breakdown of homeostatic processes leads to malfunction
and disease. Clinical application of this knowledge is
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on pregnancy, birth and lactation from the midwifery
perspective is included to increase nursing students’
awareness and appreciation of the midwifery speciality, but also to enhance awareness that knowledge of
pregnancy, birth and lactation is important in providing
nursing care to pregnant patients. Patient mobility after
surgery, during illness recovery or as part of the patient’s
daily living activities is also an important nursing role.
Thus I asked physiotherapy colleagues to write chapters
on skeletal, joint and muscular systems while highlighting
the importance of these systems in facilitating patient
mobility.
This textbook was purposefully written to help you
feel connected with the material. Wherever possible, case
studies reflect everyday situations so that it is easier to
visualise and think through logically what may be occurring at the cell, tissue, organ and system levels. Sometimes
the same topic is covered from different angles to help
you understand the interconnection of the body systems.
I appreciate that some of this text may be too simple for
those who have had a prior exposure to anatomy and
physiology. However, from my experience, these students
require transition and instruction on how to apply that
existing knowledge to patient scenarios in a person-centred
manner. It is my belief that the case studies presented in
this textbook may assist this transition process, as they
allow you to test your knowledge and skills while focusing
on person-centred care. I am also aware that you will
outgrow this textbook and move on to more complex
theory and practice. This is exactly the way it should be
as you master the content and are ready to learn more.
Provision of effective nursing care is driven by the
depth of knowledge each of us has. Our capacity to help
patients will heavily depend on how well we apply that
knowledge to patient care in the moment of need. Subject
coordinators understand that this depth of knowledge
and our capacity to use it are built over time and through
experience. You need to understand this too as your
journey starts with understanding the normal structure
and function of the human body and all of the processes
allowing human existence. On behalf of the authors
who helped in creating this textbook, and whose intent
was to help start this voyage with ease, I wish you a
wonderful journey.
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Students commencing a nursing degree to become enrolled
nurses or registered nurses through Diploma of Nursing,
Bachelor of Nursing or Graduate Entry Nursing (GEN)
programs (Masters) come from a variety of educational
backgrounds. Many have never studied human anatomy,
the study of body structure, or physiology, the study of
how the body functions. Thus, when first encountering
anatomy and physiology, a key challenge is to determine
how much theoretical content you must understand to
effectively navigate through the fundamental processes
underpinning healthy human function. This challenge
may be exacerbated if the subject content is delivered
intensely over a short period, as is often the case in GEN
programs. At the same time, you must overcome the challenge of acquiring the scientific language. Compounding
this is a lack of accessible clinical case studies that you
can go through in your own time to understand how
anatomy and physiology relate to person-centred care. It
may help to know that this feeling is temporary.
As a subject coordinator and degree coordinator for
the GEN program at The University of Melbourne, I
teach a significant cohort of students who do not have
a science background and am acutely aware that a different resource is needed, rather than the standard
anatomy and physiology textbook. My aim in producing
this textbook was to fill this gap. The intent was to
produce a simpler textbook with essential cellular and
mechanistic information that allows you to build a
foundation for understanding fundamental anatomy
and associated physiological processes. This information
is then linked to clinical practice through case studies.
The underlying drive to this approach is a strong focus
on the homeostatic mechanisms governed by each body
system, aiming to help you understand what is ‘normal’
and how ‘normal’ works, so that it is easier to understand
why and when a person is no longer able to compensate
and enters into a disease state. My vision was supported
and shared by colleagues from nursing, midwifery,
medicine, physiotherapy, visual science and audiology.
We are all educators, but also maintain our clinical roles.
What is different about this textbook is that there
is a comprehensive chapter on pain, as I felt that it
is important for nursing students to understand pain
physiology as early as possible since a large proportion
of our clinical time is spent on pain management. Given
the close link between nursing and midwifery, a chapter
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CHAPTER 14

Lymphatic system and tissue fluid
balance maintenance
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Describe the structure and function of the lymphatic system.
Discuss the formation, flow direction and drainage of the lymph.
Explain how the structure of lymphatic vessels and the direction of lymph flow regulate tissue fluid homeostasis.
Link the structure and function of the lymphatic system to the function of other body systems.
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4.
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KEY POINTS/LEARNING OUTCOMES

KEY DEFINITIONS

Endothelium: a single layer of cells, known as endothelial cells, that lines the inner surface of blood and lymphatic
vessels. Endothelial cells are in direct contact with circulating blood and lymph separating them from the vessel’s
smooth muscle and the remaining extravascular tissue.
• Lymph: a proteinaceous interstitial fluid drained from interstitial tissue.
• Lymph node: a small, bean-shaped lymphoid organ that contains different types of immune cells and acts as a
surveillance centre that screens lymph transiting through the lymph node.
• Lymphangion: a functional unit of a collecting lymphatic vessel that lies between two lymphatic valves. These
valves are semilunar in shape and facilitate one-way flow of lymph from tissue periphery towards the central
vascular circulation.
• Lymphatic vessels: tube-like structures that conduct lymph from tissue periphery to systemic circulation.
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• Lymphatic Education & Research Network available at https://lymphaticnetwork.org
• Lymphatic filariasis available at www.who.int/news-room/fact-sheets/detail/lymphatic-filariasis
• Lymphatic system available at www.myvmc.com/medical-centres/cancer/lymphatic-system
• The Royal Children’s Hospital Melbourne Clinical Practice Guidelines: Snakebite available at www.rch.org.au/
clinicalguide/guideline_index/Snakebite

INTRODUCTION
The lymphatic system is comprised of lymphatic vessels,
lymph, lymphoid tissues and lymphoid organs. Lymphoid organs include the lymph node, thyroid gland,
spleen, colon, tonsils, intestinal Peyer’s patches and
thymus (Fig. 14.1A). In simplest terms, we can think of
it as a drainage system organised to transport fluid, called
lymph, which has been filtered out of the blood at the

arterial end of the vessels (Fig. 14.1B) back to the central
circulation. In particular, this fluid passes into the closedended initial lymphatic capillary vessel, then drains via
connecting vessels to lymph collecting vessels, along
which it travels, passing through one or more lymph
nodes before returning to the venous system and thus
the blood circulation. Lymph is a colourless and odourless fluid that contains proteins, immune cells, antigens,
249
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FIGURE 14.1 Principal structures and organs of the lymphatic
system. A The organs of the lymphatic system include the tonsils,
spleen, thymus gland, vermiform appendix and Peyer’s patches.
B When fluid from the plasma leaks from the capillaries into the
interstitial tissue, this fluid is absorbed by the initial lymphatic vessels,
which are dispersed throughout the tissues and in close association
with the capillary network.

A

lipids, macromolecules and particulate matter.1 An
exception to this appearance is the lymph arriving from
lymph vessels of the small intestine. Here, the lymph
is milky and dense as it contains lipid globules derived
from fats absorbed in the small intestine.2
Lymphatic vessels or ‘lymphatics’ are present wherever
blood vasculature is present. So it is not surprising that

lymphatic capillaries are absent from avascular structures
such as the epidermis, cornea, hair, nails and cartilage.
Until 2015 it was thought that lymphatics were also
absent from the central nervous system. However, in
the last few years lymphatic vessels have been found to
line the dural sinuses,3 thus dispelling the myth of the
central nervous system lacking lymphatic drainage.
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FIGURE 14.2 The cellular structures of initial lymphatic vessel and collecting lymphatic vessel.
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A The initial lymphatic vessel is characterised by overlapping endothelial cells that contain flap-like
structures that enable the fluid and solutes dissolved in that fluid to flow into the lymphatic vessel. Once
the vessel is full, the flaps are closed by the internal pressure formed by the fluid (lymph). Note that these
same endothelial openings are sites where immune cells would enter the lymphatic vessel and travel to
lymph nodes where the immune response can take place. From here, the fluid would be propelled into
the collecting lymphatic vessel. B Note that the collecting lymphatic vessel does not contain openings
that would allow interstitial fluid to enter the lymphatic vessel. (Source: Kalucka J, Teuwen L-A, Geldhof
V, Carmeliet P. How to cross the lymphatic fence. Circ Res 2017;120:1376–8.)
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The lymphatic system maintains homeostasis by:
(1) transporting fluid that filters from the capillaries
into the interstitial tissue back to the cardiovascular
system; (2) absorbing and transporting dietary fats from
the gastrointestinal system to the cardiovascular circulation; and (3) assisting the capture, transport, identification and destruction of foreign antigens. The focus of
this chapter is on fluid transport. The role of the lymphatic system in the absorption and transport of dietary
fats from the gastrointestinal system to the cardiovascular
circulation is covered in Chapter 13, while the role of
the lymphatic system in assisting the capture, transport,
identification and destruction of foreign antigens is
covered in Chapter 15.

STRUCTURE AND FUNCTION OF
THE LYMPHATIC SYSTEM
Lymphatic vessels
The adult human lymphatic system starts with closedended thin-walled channels lined with endothelial

cells. When examined under the microscope, these
channels—initial lymphatic capillaries (Figs 14.2 and
14.3)—have an irregular appearance, with a diameter
of 20–70 μm. Uniquely, the endothelial cells lining the
initial lymphatic capillaries are shaped like an oak leaf,
and each oak flap overlaps with another4 to form fluid
inlets. These flaps are joined together by the cell junction
molecules located along the sides of the flaps.5 Initial
lymphatic capillaries have a discontinuous basement
membrane and are held in place by anchoring filaments. The capacity of the initial lymphatic capillaries
to collect and conduct lymph up the lymphatic vessel
tree depends on gravity, atmospheric pressure and the
physical activity of the muscles (muscle pump) and
diaphragm (respiratory pump), which helps controls
breathing.1,6,7,8
The initial lymphatic capillaries merge into the collecting lymphatics (Fig. 14.2). The endothelial cells are
connected to one another by cell junctions that now
appear in zipper-like format.5 The vessel is lined with a
layer of continuous smooth muscle cells and continuous
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overlapping endothelial cells that contain flap-like structures and button-like junctions. B The collecting
lymphatic vessel, which is characterised by zipper-like cell junctions tightly connecting lymphatic
endothelial cells, enables the fluid and solutes dissolved in that fluid to flow into the lymphatic vessels
that will eventually converge to empty into the venous circulation. C Lymph uses the network of
lymphatic vessels to travel through a network of lymph nodes, where the immune system can screen the
lymph for foreign particles and mount an appropriate immune response.
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basement membrane. Inside the collecting lymphatic capillary, paired intraluminal semilunar valves are present.
An area between two consecutive lymphatic valves is
called a lymphangion. The smooth muscle within the
walls of the lymphangion contracts when distended,
causing the lymph to be propelled proximally. This
movement is also facilitated by adrenergic, cholinergic
and peptidergic nerves.1 The function of the lymphatic
valve (Fig. 14.3) is to prevent the backward flow of lymph
between neighbouring lymphangions,9 further ensuring
proximal movement towards the systemic circulation.

Lymph flow
Collecting or afferent lymphatics drain the lymph into
lymph nodes (Fig 14.1A). In lymph nodes the immune
system scrutinises the lymph for foreign antigens. If an
antigen is detected, an appropriate immune response
will be activated. Following this surveillance point, lymph
exits the lymph nodes into efferent (exiting) collecting

lymphatics to travel to the cervical lymphovenous portals,
which empty the lymph into the venous blood circulation.6 On the right side of the body, the right jugular
trunk, right subclavian trunk and right bronchomediastinal trunk can either individually drain into the right
subclavian vein, or converge into the right lymphatic
duct, which empties into the right subclavian vein. The
left jugular trunk, left subclavian trunk and left bronchomediastinal trunk can empty into the junction of
the internal jugular and subclavian veins or converge
into the thoracic duct, which empties into the junction
of the internal jugular and subclavian veins.1,6
Lymphatic vessel structure and function differ from
tissue to tissue. This heterogeneity is not surprising as
the tissues and organs where these lymphatic vessels
reside have unique structures and functions. As such
they place differing demands on the regional lymphatic
system. This complexity is further enriched by the fact
that lymphatic vessels from different organs may converge
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Blood flows from the heart through the systemic circulation back to the heart because there is a difference in
pressure between the aorta and the vena cava (Fig. 14.4).11
As blood is pumped from the heart through the aorta
into arteries and arterioles, it does so under an estimated
pressure of 100–120 mmHg. As the aorta branches
into arteries and branches that have a smaller diameter,
that pressure decreases due to increasing peripheral
resistance. By the time the blood reaches the arterioles,
it is estimated to be 50 mmHg. Arterioles give rise to
meta-arterioles. Blood flow from meta-arterioles can
move in two ways: (1) into a capillary bed, if the precapillary sphincter, a layer of smooth muscle formed in
the transition zone between an arteriole and a capillary,
is relaxed; (2) if the pre-capillary sphincter is constricted,
the blood will bypass the capillary bed and enter the
venous circulation (Fig. 14.4).12
The capillary structure is characterised by a single
layer of endothelial cells supported by a basement
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to a common lymphatic vein that is not located in any
of the parent organs. From a clinical perspective, when
lymphatic vessels are chronically obstructed, the tissue
they drain becomes swollen and distended due to local
accumulation of the protein-rich fluid. This is known
as lymphoedema.
Damage to a collecting lymphatic vessel can lead to
the formation of chyle fistulas, whereby lymph leaks
from the injured vessel and accumulates in the surrounding cavities. If this occurs in the abdomen it is
known as chyloperitoneum, and if it occurs in the
thoracic cavity it is known as chylothorax.10 Arguably
the most important reason for knowing lymphatic vessel
drainage patterns, including the distribution of associated
lymph nodes, is their role in spreading cancer cells
throughout the body, a process called metastasis. An
example of this is secondary malignancies or metastases
of the lungs that have arisen due to spread from
gastrointestinal cancers via lymphatic channels shared
between the two organs.
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FIGURE 14.4 Blood flow through the blood capillary network and formation of interstitial fluid.
(Source: Silverthorn D. Human physiology: an integrated approach, 7 ed. Austin, TX: Pearson; 2016.)
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membrane and contractile cells that are very similar to
smooth muscle cells and are called pericytes.12 At this
level there is an exchange of oxygen and nutrients for
carbon dioxide and metabolic waste. After the exchange
has taken place, the blood enters the venules and moves
into the venous system.
At the blood–tissue interface of small-calibre vessels
(microvessels), there are two blood vascular forces that
dictate the movement of water and solutes between the
blood and tissue spaces (Fig. 14.5). These forces are
hydrostatic pressure and osmotic pressure.11 Hydrostatic
pressure is pressure exerted by the blood against the
wall of the capillary. As fluid exits the capillary into the
interstitial tissue it also increases the interstitial fluid
hydrostatic pressure. Osmotic pressure, also known as
oncotic pressure and colloid osmotic pressure, is pressure
that drives the movement of fluid from the interstitial
tissue (an area of relatively low protein concentration)
back into the capillary lumen (an area of relatively high
protein concentration). Osmotic pressure is determined
by the difference in the protein-to-water concentrations
in the blood and the interstitial tissue fluid.
Blood flow in capillaries is slow.11 This is because
the total surface area covered by the capillary network
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is large, hence blood arriving from meta-arterioles is
distributed across a greater total cross-sectional area.
This reduction in flow contributes to effective exchange
of materials at the capillary bed between blood plasma
and the cells external to the capillary, and diffusion of
smaller dissolved solutes and gases, such as oxygen and
carbon dioxide. Another form of capillary exchange is
bulk flow. Here, due to differences in osmotic pressure gradients, the movement is in the direction from
higher to lower pressure. Movement out of a capillary
is called filtration; movement into a capillary is called
absorption.
During capillary filtration, at the end closer to the
arterial network, the net hydrostatic pressure is higher
in the capillary vessel lumen and as such it forces fluid
out of the capillary into the interstitial spaces through
the endothelial cell junctions.11 Hydrostatic pressure
tends to decrease along the length of the capillary. Hence
in a capillary at the venous end, it is expected that the
osmotic pressure will be higher due to water lost at the
arterial end of the capillary; that is, there will be a high
concentration of protein present in a lower concentration
of water. There is a gradual decline in filtration over the
length of the capillary, with net filtration into the tissues/
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interstitial spaces.13 Previously it was thought that there
would be a reabsorption event at the post-capillary level,
on the venous side.12 This movement would have been
dictated by the rate and direction of fluid movement at
the capillary level and would be proportional to the
difference in hydrostatic pressure and colloidal osmotic
pressure (known as Starling’s principle).14,15 However,
since the early 1990s a series of experiments16 has shown
that Starling’s principle does not hold, as continuous
reabsorption at the venous end was unlikely to occur.
Instead, it is now thought that all interstitial fluid is
returned to the systemic circulation via the lymphatic
vessels (Fig. 14.6).14–16 Absorption of such a large volume
of interstitial tissue is feasible when it is considered that
the initial lymphatic vessels have specialised oak-leaf-like
cell junctions that act as opening pores to allow fluid
influx.4,5,17

Regulation of lymph flow in
lymphatic vessels
When interstitial fluid enters the initial lymphatic vessels
it does so because there is a pressure gradient between
the interstitial tissue and the lymphatic capillary. The
literature suggests that the pathway to the lymphatic
vessels is earmarked by anchoring filaments, which extend
deeply into connective tissue and connect to the network

of elastic fibres, thus permitting them to control their
own diameter.1 Once the fluid is inside the initial
lymphatic vessels, the internal pressure exerted by that
fluid is sufficient to close the junctions of the oakleaf-shaped endothelium. This effectively seals the entry
sites to prevent further fluid entry. Lymph in the initial
lymphatic vessels is under the influence of tissue pressures
at this stage, as lymph may move in either direction at
this level, before it enters the collecting vessels which
have lymph valves to ensure one-way movement. Once
inside the collecting vessels, lymph is further propelled
by intrinsic and extrinsic lymphatic pumps. The extrinsic
pump refers to cyclical compression and expansion of
the lymphatics by surrounding tissue forces, such as the
contraction and relaxation of skeletal muscles (known
as the muscle pump), breathing (known as the respiratory pump) and blood flow through the venous system
(known as the venous pump). The intrinsic pump refers
to rapid/phasic contractions of lymphatic vessel smooth
muscle cells, thought to be due to innervation by adrenergic, cholinergic and peptidergic neuronal fibres.18

Lymphangiogenesis
The lymphatic system develops early during embryogenesis through the complex interplay of stem and progenitor
cells, growth factors and the local environment. Genetic
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abnormalities of the lymphatic system lead to failure
of tissue fluid homeostasis and some abnormalities
are incompatible with life.1 The process of how new
lymphatic vessels form is called lymphangiogenesis.19
Lymphangiogenesis can occur in adulthood when there is
an injury such as a wound, or chronic obstruction of the
lymphatic system, and new vessels enable new draining
pathways to form. Obstruction of the lymphatic vessels
may be caused by an infection such as roundworm (a
parasitic nematode, resulting in the infection known as
filariasis), lymph node dissection, inborn errors that lead
to failure to develop functional lymphatics, or growth
of tumour cells (metastasis). Overgrowth or impaired
growth of lymphatic vessels has been associated with
many disease processes including rheumatoid arthritis,
psoriasis and chronic wound healing.7
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which occurs mostly as a result of a bacterial infection,
can be easily observed in the skin as red linear streaks
that extend from the site of infection to the regional
lymph nodes. Impaired lymphatic function in the skin
is evident as oedema and can lead to impaired immune
responses and fibrosis of the local skin tissue.20 Lymphoedema is a chronic condition of lymph stasis where
there is an accumulation of lymph in the tissues;16 it
can result from cancer-related treatment (where it is
known as secondary lymphoedema) or a genetic mutation evident early in life (where it is known as primary
lymphoedema, a condition without a cure). In both
types of lymphoedema, the application of multi-layer
bandaging (compression therapy) is used as a management strategy. Bandaging increases tissue pressure,
resulting in reduced capillary filtration and therefore
less lymph is produced. Bandaging is one factor, along
with exercise, recommended to improve lymph movement, to maximise uptake into lymphatic vessels by the
changes in pressure with muscle movement.20
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Musculoskeletal system

Skeletal muscles are responsible for movement, heat
production and maintenance of posture (Chapter 6).
This highly vascularised tissue also has a lymphatic
network that is reported to follow arcading and transverse
arterioles and is surrounded by muscle fibres.8 The arterial
pulsations and changes in muscle contraction and
relaxation (the muscle pump) facilitate opening and
closing of the lymphatic capillaries and movement of
lymph along the vessel. Hence, when a muscle is
stretched, it helps facilitate the opening of the initial
capillaries so that the interstitial fluid can enter the
lymphatic vessel lumen. Muscle contraction leads to
increased pressure in the filled lymphatic vessel, causing
lymph to be propelled uni-directionally forwards.10 This
physiological control of lymph movement is one reason
why physiotherapists and lymphoedema therapists advise
physical activity, as it will lead to increased lymph flow
peripherally in the collecting lymphatic vessels and move
lymph centrally to draining lymphatic ducts. Bone tissues
do not contain lymphatic vessels. However, fractured
bone will cause inflammation and tissue oedema and,
in some cases, injury to the local lymphatic vessels—
responses that require the lymphatic system to react and
assist in fracture repair.
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Most of the time you will be unaware that the lymphatic
system exists, until some form of insult or injury results
in increased strain on lymphatic vessel function. For
example, the presence of dysfunctional lymphatic vessel
drainage is noted in a blister, where due to burn damage
to lymphatic vessels, lymph is noted in the form of the
blister. If you have had knee surgery or an ankle sprain,
you would have noticed the swelling that remains around
the joint for a prolonged period. After the injury has
resolved the residual fluid needs to be drained away by
lymphatics that are either recovering from the surgery/
injury or are overwhelmed by the volume of fluid to be
returned to the circulation. This section examines how
the lymphatic system contributes to homeostasis of other
body systems.
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The lymphatic vessels have been best studied in the
skin. This is due to ease of accessibility to tissue material
and because of the rich supply of lymphatic vessels found
in the skin. The initial lymphatic capillary vessels, found
just beneath the papillary dermis, are known as the
superficial plexus. The epidermis is devoid of lymphatic
vessels. As initial lymphatic capillaries coalesce into
collecting lymphatic vessels, the fluid is drained vertically
into the deeper lymphatic vessel plexus found at the
junction of the reticular dermis and the subcutis.
In addition to tissue fluid balance, lymphatic vessels
play an important role in facilitating the movement of
Langerhans cells from the skin to the lymph nodes where
they present foreign antigens for immune responses.
Lymphangitis, an inflammation of the lymphatic vessels

Joints
Joints (Chapter 5) are broadly divided into fibrous,
cartilaginous and synovial joints. Lymphatic vessels are
present in adipose, areolar and fibrous types of the
normal synovial joint membrane, with fewer lymphatic
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In the eye ball (Chapter 9), a specialised structure referred
to as Schlemm’s canal collects aqueous humour (formed
from blood in the capillaries) from the anterior eye
chamber and delivers it to the episcleral blood vessels
via aqueous veins. In so doing, Schlemm’s canal regulates
intraocular pressure. For a long time it was thought that
Schlemm’s canal was a type of venous vessel (venous
sinus), but Schlemm’s canal has characteristics and
features more common with lymphatic vessels than
venous vessels.25
The human ear is composed of the external, middle
and inner ear (Chapter 9). A dense lymphatic network
is prominent in the skin of the external ear but not in
the cartilage component of the external ear. The lymphatic
system of the outer and middle ear drains into the cervical
lymph nodes, while lymphatic vessels have not been
identified in the inner ear. The middle ear and the middle
ear mucosa contain submucosal lymphatic pathways
that drain into the upper cervical lymph nodes. It is
therefore not surprising that if you have a cold that also
affects your ears, the lymph nodes in your neck will be
swollen.

Au

The central nervous system has a specialised drainage
system called the paravascular or glymphatic system.
The glymphatic system consists of a para-arterial influx
route for cerebrospinal fluid (CSF) to enter the brain
parenchyma, and it is coupled to a clearance mechanism
for the removal of tissue fluid from the brain and spinal
cord interstitium.22 The movement of CSF is dependent
on arterial pulsation.23 The dural sinuses and meningeal
arteries are also lined with lymphatic vessels.3,24 This
lymphatic vasculature, connected directly to the glymphatic system, facilitates immune cell trafficking and
drains into deep cervical lymph nodes.3,24
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Nervous system

whereas the right trunk drains into the brachiocephalic
node. Lymphatic vessels also appear in cardiac valves
but their role there is not known. Heart lymphatic
vessels function to tightly maintain cardiac tissue fluid
homeostasis and therefore contribute to normal cardiac
output.26 There is some suggestion that the heart’s lymphatic vasculature could be therapeutically targeted to
promote healing following myocardial ischaemia and
infarction.27 Cardiac surgery often produces damage to
the lymphatic vasculature that can lead to oedema and
impair ventricular function.26,28
The lymphatic system also contributes to the maintenance of blood volume and blood pressure through
its capacity to effectively absorb and transport the
interstitial fluid from the tissue periphery to the central
venous circulation. If blood pressure is very low and
the heart requires an increased volume of blood to
maintain blood circulation, a compensatory mechanism
will be activated that will instruct the lymphatic system
to absorb more interstitial fluid for return to the venous
circulation, thus contributing to increased intravascular
blood volume.6
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vessels present in the superficial subintima and greater
numbers found in the deep subintima and underlying
fibrous tissue of the joint capsule.21 Joint cartilage is an
avascular structure and it does not contain lymphatic
vessels.
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It is important to distinguish between the lymphatics
and lymphoid tissue. Lymphatic vessels are uni-directional
tube-like structures lined with endothelial cells that
collect and drain tissue fluid present in the interstitial
spaces. They are also conduits for lymphocytes, antigenpresenting cells and soluble foreign particles (Fig. 14.3).10
Lymphoid tissue (e.g. lymph nodes) is an organ structure
consisting of large aggregates of lymphocytes, supporting
cells such as fibroblasts and a unique extracellular matrix
that often provides cues about cell ‘home’ so that circulating lymphocytes can recognise a site where they should
home themselves.29 The role of lymphatic vessels within
the immune system is to facilitate the immune responses
(Chapter 15) by acting as freeways or conduits for
antigens and antigen-presenting cells travelling unidirectionally from the tissue periphery to lymphoid
organs, such as lymph nodes, where the adaptive immune
response can generate a plethora of immune functions
aimed at combating foreign invaders. How lymph nodes
and their resident immune cells participate in the
immune response is covered in Chapter 15.

Cardiovascular system
The heart has a very rich network of lymphatic vessels
that form three plexuses: subendocardial, myocardial
and subepicardial. The subendocardial and myocardial
plexuses drain into the subepicardial plexus.6 The efferent
vessels arising from the subepicardial plexus form the
left and right cardiac collecting trunks. The left trunk
usually empties into the inferior tracheobronchial node,

Respiratory system
The respiratory system helps regulate lymph flow. Breathing, a passive process that enables air exchange in the
lungs, is characterised by pressure changes during
inhalation and exhalation. These pressure changes affect
lymph return by propelling lymph forwards. When

Applied Anatomy & Physiology

thinking about how the lymphatic system contributes
to fluid homeostasis of the lungs, the first thought is
often pulmonary oedema. This condition is characterised
by the lungs filling with interstitial fluid, which prevents
oxygen exchange and the person struggles to breathe.
Lymphatic vessels are essential in keeping fluid away
from lung tissues by draining excess interstitial fluid.
The structure of the lymphatics of the respiratory system
is considered from two perspectives: the intrathoracic
respiratory tract, which encompasses the trachea, bronchi,
lungs and pleura; and the thoracic wall. Lymphatic vessels
of the pulmonary system originate in a superficial
subpleural plexus and drain into a deeper plexus that
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accompanies the branches of pulmonary vessels and
bronchi. The deeper plexus runs in submucosal and
peribronchial parts of larger bronchi with the plexus
extending down to the bronchioles. Lung alveoli do not
have lymphatic vessels.6
The lymphatics of the lungs and visceral pleura
empty into the bronchopulmonary lymph nodes at the
bifurcations of the larger bronchi30 (Fig. 14.7). From
here, the lymphatic vessels empty into tracheobronchial
nodes, which drain into the bronchomediastinal trunk
on each side. The bronchomediastinal trunk usually
empties directly into the junction of the internal
jugular and subclavian veins. Less commonly, the right
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Paratracheal nodes

FIGURE 14.7 Lymph drainage of the lung. The lymphatics of the lungs empty into the
bronchopulmonary lymph nodes at the bifurcations of the bronchi. Lymph travels the tracheobronchial
nodes, which drain into the left and right bronchomediastinal trunks. The bronchomediastinal trunks
usually empty into the junction of the internal jugular and subclavian veins or, less commonly, into the
right duct. The left lymph duct can also drain into the thoracic duct. (Source: Netter Image ID 20645, Reg
ID: 02783.)
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Gastrointestinal lymphatics are essential for immune
surveillance, regulation of gut interstitial fluid balance
and transport of absorbed lipids to the bloodstream.
As the gastrointestinal system is densely colonised by
commensal bacteria and has a large absorptive surface
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Gastrointestinal system

area, the lymphatic vessels also play a role in innate
immunity and tolerance.2 If the gastrointestinal surface,
which is also a barrier to bacteria into the systemic
circulation, was compromised, it would be easy for
bacteria to gain access to the bloodstream and cause
systemic infection or sepsis.
Increased lymph flow in the gastrointestinal organs
is observed after feeding, in cases of acute and chronic
inflammation and during intestinal obstruction.2 The
small intestine, large intestine, oesophagus, stomach and
accessory digestive organs such as the salivary glands,
liver, pancreas and gallbladder have lymphatic networks.
While in most gastrointestinal organs the lymphatic
vessels conduct interstitial fluid back to the bloodstream,
a subset of specialised lymphatics exists in the small
intestinal villi, known as lacteals (Fig. 14.8), which are
fundamental to efficient absorption and transport of
absorbed lipids, a function performed by small intestine
epithelial cells, enterocytes. Similar to skin lymphatics,
the lymphatic vessels of the small intestine are arranged
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bronchomediastinal trunk drains into the right lymph
duct and the left drains into the thoracic duct.6,30
The lymphatics of the thoracic wall comprise the
anterior thoracic wall and the posterolateral thoracic
wall. The anterior thoracic extends craniocaudally from
the level of the clavicle and jugular notch to the level
of the xiphisternal joint and extends bilaterally from
one anterior axillary line to the other.6
While the function of the lymphatic system in the
lungs revolves around tissue fluid balance and immune
functions, recently it has been proposed that the lymphatic vasculature may play a role in preparing the fetal
lung for inflation at birth.31
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FIGURE 14.8 Lacteals of the small intestine. The wall of the small intestine comprises folds (plicae)
of mucosa, which are covered with villi. Each villus contains lacteals, which assist with the absorption of
food. (Source: Redrawn from Kierszenbaum A. Histology and cell biology: an introduction to pathology.
Philadelphia: Mosby; 2002.)
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Urinary system
The lymphatics of the urinary system are instrumental
in tissue fluid balance. However, little is understood
how lymphatics function in this system. Ureteric lymphatic vessels start in submucosal, intramuscular and
adventitial plexuses and tend to drain into either renal
collecting lymphatics or lateral aortic lymph nodes.
Urethral lymphatic vasculature is not well described.
However, these vessels drain into internal iliac nodes
or deep inguinal nodes.6
The distribution of lymphatics in the normal human
kidney has been demonstrated around the intrarenal
arteries/veins, in the interstitial tissue around the glomeruli and renal tubules. The uni-directional flow of
lymph is proposed to start with the initial lymphatic
capillaries found in the cortical interstitial tissue around
the glomeruli and renal tubules.32 More lymphatic vessels
have been reported in cortex than medulla and may
contain erythrocytes, which is an unusual observation
as erythrocyte presence in lymphatics of other tissues,
such as mesentery, is usually associated with microthrombi formation.1,32

and para-caval lymph nodes. The third pathway drains
the ovaries into the inguinal lymph nodes.6 Vaginal
lymphatic vessels link with those of the cervix. Lymphatic
vessels of the lower uterine body and the cervix drain
mostly into the external iliac nodes.6 Uterine lymph
vessels enlarge greatly during pregnancy.33
The organs of the male reproductive system are also
divided into essential and accessory reproductive organs.
The essential reproductive organs are the testes, and
the accessory reproductive organs are the genital ducts
(epididymis, vas deferens and ejaculatory duct), glands
(seminal vesicles, prostate gland, bulbourethral glands)
and supporting structures (scrotum, penis and spermatic
cords). The testicular lymphatic system starts in the
superficial plexus under the tunica vaginalis and drains
into the deep plexus found in the testes and epididymis.
Lymphatic vessels from the ducts drain into the external
iliac nodes, whereas those from seminal vesicles drain
into the internal iliac nodes. Prostate lymphatic vessels
drain into the internal iliac and sacral nodes. Lymphatic
vessels of the glans penis drain into the deep inguinal
and external iliac nodes, whereas vessels from erectile
tissue and the penile urethra drain into the internal iliac
nodes.6 For both male and female reproductive systems,
the removal of local lymph nodes and damage to the
lymphatic system through cancer-associated treatment
can lead to the development of secondary lymphoedema.

ia

in superficial and deep plexuses that carry lymph to the
mesentery.6 In the large intestine there are no lacteals
and lymphatic vessels there are more involved in innate
immunity, tolerance and immune surveillance. Surgical
disruption to colon lymphatics can cause colon oedema,
which may resolve once new lymphatic vessels develop
and become functional; alternatively, if the lymphatic
system cannot repair its function, the oedema becomes
permanent, thus impairing the function of this organ.2
Interestingly, intestinal Peyer’s patches lack afferent
lymphatic vessels. Instead, Peyer’s patches receive an
antigen through antigen-presenting cells, such as dendritic cells, located in gut mucosa.2 Mesenteric lymph
nodes are also associated with the intestine and they
receive antigens through afferent lymphatic vessels in the
mesentery.

Reproductive system

Sa

The female reproductive system consists of essential and
accessory reproductive organs (Chapter 21). The essential
reproductive organs are ovaries, and the accessory
reproductive organs are the uterine tubes, uterus, vagina,
vulva and mammary glands. It has been suggested that
there are three drainage pathways shared by the ovaries,
uterine tubes and upper part of the uterus. The first
pathway involves drainage through the ovarian ligament
towards the lymph nodes in the obturator fossa and
the internal iliac artery. The second pathway drains lymph
through the suspensory ligament towards the para-aortic

AGE-RELATED CHANGES
Little is known about age-related changes of the lymphatic system. Animal studies suggest that the ageing
process affects the capacity of the lymphatic system to
transport lymph due to a reduction in lymphatic vessel
contractility leading to increases in tissue oedema.34 The
issues with contractility may be associated with impaired
lymphatic smooth muscle contractility and loss of skin
elasticity, which can lead to changes in the structure
and capacity of the initial lymphatic capillaries to uptake
the interstitial fluid. There may be decreased capacity
to transport pathogens to lymph nodes due to loss of
capacity to regulate endothelial opening in the initial
lymphatic capillaries and subsequent propulsion of the
lymph to lymph nodes, meaning that in these cases
there would be an increased capacity for pathogens to
invade the surrounding tissue.34 Overall, this would
contribute to an impaired immune response.

CONCLUSION
The lymphatic system is integral to the maintenance
of tissue fluid homeostasis through the collection of

CHAPTER 14 Lymphatic system and tissue fluid balance maintenance

ia

absorbed during the digestive process to be transported
to the blood circulation. Injury to lymphatic vessels can
lead to lymphangiogenesis. Age-associated changes in
the lymphatic system are poorly understood but it has
been suggested that increased lymphatic vessel permeability leads to tissue oedema and reduced capacity to
transport the antigen or pathogen to the lymph node
for the appropriate immune response, thus impairing
homeostasis.

ra
l

excess interstitial fluid and transport of that fluid (lymph)
through the initial lymphatic capillaries, collecting
lymphatic vessels and lymphatic trunks for emptying
into the venous blood circulation. Lymphatic vessels exist
in all vascularised body systems and their structure and
function are heavily influenced by the organs they serve.
This dynamic system is also essential to the capacity of
immune cells to form appropriate immune responses,
for tissue metabolic products to be cleared and for fats
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c. characterised by direct drainage of the
lymphatic capillaries into the arteries.
d. bi-directional as it flows from the arteries to the
veins.
Q3. The purpose of lymph flow through the lymph
nodes is to:
a. accumulate in lymph nodes.
b. be returned to the initial site of the formation of
lymph in the tissue periphery.
c. be surveyed by the immune cells located in the
lymph nodes for the presence of foreign
antigens.
d. collect foreign antigens and deliver them to the
central nervous system.
Q4. What factors might have contributed to the
development of swelling in Anne’s feet?
Q5. List the factors that assist lymph to return from the
extremities to the circulation. For each factor,
comment why air travel would affect lymph flow.

m
pl

e

pr
oo

fs

©

El

se

Anne, who is 25 years old, frequently flies overseas to
attend research conferences. This year she has taken four
overseas trips, with each flight being a minimum of eight
hours in duration. The last flight she took was to Iceland.
After these trips, she noticed that her shoes did not fit so
well and her ankles were a little swollen, taking several
days to return to normal and being a little worse each time.
She has decided that the next time she goes overseas,
she will do more exercise during the flight.
Q1. The lymphatic system is composed of:
a. lymphatic vessels, lymph nodes, lymphoid
organs and lymph.
b. lymphatic vessels, lymph nodes, blood and
lymph.
c. arteries, veins, capillaries and lymph.
d. thymus, spleen, lymph nodes and blood.
Q2. Lymph flow is:
a. uni-directional from the collecting lymphatic
capillaries towards the systemic venous
circulation.
b. uni-directional and it starts from the collecting
lymphatic veins.
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CASE STUDY 14.1

CASE STUDY 14.2
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Tom, a 45-year-old carpenter, has returned from a volunteer
trip to Central America where he has spent the last six
weeks building a school for local children. Towards the
end of his stay in Central America, Tom noticed that his
legs were quite swollen below the knees and were getting
bigger. At the local clinic, the doctor explained that Tom
might have filariasis, a parasitic disease that occurs when
filarial larvae (classified as nematodes or roundworms) enter
the lymphatic system and develop into adult worms. The
doctor also explained that this can lead to obstruction of
the infected vessel and tissue swelling.

Q1. The general structure of the initial lymphatic
capillary includes:
a. continuous endothelial cells connected with
zipper-like cell junctions, intact basement
membrane, uni-directional lymphatic valve and
coverage by smooth muscle cell.
b. discontinuous endothelial cell layer,
discontinuous basement membrane, unidirectional lymphatic valve and lack of smooth
muscle cell support.
Continued
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CASE STUDY 14.2—cont’d
d. continuous endothelial cell layer, continuous
basement membrane and lack of smooth
muscle cell support.
Q3. Lymphangitis vessels can effectively drain the
tissue fluid and return it back to systemic
circulation because:
a. the lymphatic capillary vessel structure contains
specialised endothelial cell junctions that allow
endothelial cells to expand and accommodate
incoming tissue fluid.
b. there is a pressure gradient difference between
tissue fluid and the lymphatic vessel, which
permits the flow of fluid into the vessel lumen.
c. lymphatic fluid flow is uni-directional, with tissue
fluid moving from the tissue periphery to the
systemic blood circulation via the thoracic duct.
d. all the above.
Q4. What is the normal function of the lymphatic
system?
Q5. Explain the presence of swelling in Tom’s legs.
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c. discontinuous endothelial cell layer containing
specialised button-like cell junctions,
discontinuous basement membrane and lack of
smooth muscle cell support.
d. continuous endothelial cell layer, continuous
basement membrane and lack of smooth
muscle cell support.
Q2. The general structure of the lymphatic collecting
vessels includes:
a. endothelial cells connected tightly with cell
junctions, intact basement membrane, unidirectional lymphatic valve and coverage by
smooth muscle cell.
b. discontinuous endothelial cell layer,
discontinuous basement membrane, unidirectional lymphatic valve and lack of smooth
muscle cell support.
c. discontinuous endothelial cell layer, intact
basement membrane and uni-directional
lymphatic valve.
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Tom and Jack are walking in the bush when Jack suddenly
feels a sharp scratch on his ankle and realises on looking
back that the stick he just trod on wasn’t a stick but a
brown snake, which arched up to bite his ankle. Jack shouts
to warn Tom, who is behind him, but notes the snake has
quickly shot off into the bush, thankfully disappearing for
now. Jack tells Tom that he has been bitten by the snake
and Tom administers first aid.
Q1. Which statement below best describes the
relationship between the lymphatic system and the
cardiovascular system?
a. The lymphatic system maintains tissue fluid
balance, which impacts on blood volume and
blood pressure maintenance.
b. The lymphatic system helps formation of the
heartbeat.
c. The lymphatic system controls the opening and
closing of the heart valves.
d. The lymphatic duct drains into the aorta.

Q2. What is the area between two consecutive
lymphatic valves called?
a. The left bronchomediastinal trunk
b. A lymphangion
c. The right jugular trunk
d. The right subclavian trunk
Q3. Lymphangitis of the skin is evident as:
a. enlarged lymph nodes.
b. tissue fibrosis.
c. red linear streaks that extend from the site of
infection to the regional lymph nodes.
d. bruise.
Q4. Assuming the fangs of the snake have grazed or
punctured the skin, what is the most likely pathway
for the venom to reach the cardiovascular system,
where it will cause the most danger to Jack?
Q5. Which factor that assists the movement of lymph is
the most controllable/preventable, thus potentially
protecting Jack’s cardiovascular system from the
venom?
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Q2.

c. developing new blood vessels.
d. increase in lymphatic vessel diameter due to
increased functional demand.
Lymph flow is facilitated by which of the following
mechanisms?
a. Thoracic pressure changes during breathing
b. Contraction of lymphatic smooth muscle cells
c. Movement of skeletal muscles
d. All of the above
When the lymphatic structure of a limb is
obstructed due to injury, the result is:
a. increased localised tissue swelling distal to the
site of injury.
b. increased localised tissue swelling proximal to
the site of injury.
c. decreased localised tissue swelling proximal to
the site of injury.
d. decreased localised tissue swelling distal to the
site of injury.
Suggest why there would be swelling associated
with a bone fracture.
What response would you expect from the
lymphatic system in this case?
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A group of geology researchers were given information
that a meteorite had disintegrated in an area of the Snowy
Mountains. Armed with a geological map and an estimate
of where the meteorite fragments might have fallen, the
team set out to retrieve the fragments. The journey started
early in the morning with the team splitting into several
groups to cover a greater search area. During the expedition,
the team soon established that the terrain was difficult due
to tall grass and meandering creeks, and a radio warning
was issued by the team leader for all members to be careful
of where they walked. Just as the announcement was made,
one of the team, Kaia, fell into a wombat hole. She called
out to her team member, Andy, who walked over to help
her out. As Kaia stepped onto her left leg, pain shot through
it. Rolling her trousers up, she noticed a protrusion in the
middle part of her shin bone and swelling but no broken
skin. Concerned that Kaia had broken her leg, Andy called
headquarters and asked for a car to be sent over. At the
local hospital, it was confirmed that Kaia had fractured her
tibia and that casting would be required.
Q1. Lymphangiogenesis is the process of:
a. developing new lymphatic vessels in response
to injury.
b. synthesis of new bone tissue needed to support
lymphatic vessel structure.

Q4.
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