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Fine structure of human thoracic duct as revealed by light and scanning

electron microscopy
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ABSTRACT

Little information has been available regarding microanatomy of human thoracic duct in spite of
the importance for an understanding of pathophysiology in clinical medicine. The present study
demonstrated a fine structure of human thoracic duct system by light and scanning electron mi-
croscopy. A number of longitudinal or spiral ridges and grooves were formed on luminal surfaces
of the lymphangia and lymph sac, it likely facilitating fluent lymph flow. The endothelial cells dis-
played various cell shapes in compliance with their distributed regions. The lymph sac joining
large vein composed a peculiar multiple valve structure presumably ensuring lymph storage and
prevention of lymph backflow. The longitudinal muscle sheet in the tunica intima and circular
muscle bundles in the tunica media constructed an integrated power unit probably eliciting sponta-
neous lymph propulsion. Furthermore, the thoracic duct was richly supplied with blood vessels not
only in the tunica externa, but also just beneath the endothelium. The present findings provide a

morphological basis for investigation of human thoracic duct in basic and clinical medicine.

The lymphatic system plays pivotal roles in physio-
logical control of fluid homeostasis, immune sur-
veillance and fat absorption, as well as in some
pathological conditions involving lymphedema, in-
flammation and tumor metastasis. The lymphatic
vasculature is composed of thin-walled initial seg-
ment preparing lymph in peripheral tissues (initial
lymphatic, lymphatic capillary) and of the other
larger one with muscle media transporting lymph
centripetally to venous circulation (collecting lym-
phatic) (21, 23-25).

The fine structure of lymphatic capillaries has
been documented in detail in various mammalian
organs (15-17, 19-21). In contrast, the microanato-
my of such collecting lymphatics as thoracic duct
(6-9, 18), especially in humans, has been scarcely
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known, despite of their significance in the context
of pathophysiology under clinical medicine, though
their architecture has been well explored from gross
anatomical point of view (4, 5). Hence, the present
study demonstrates the precise microanatomical
structure of human thoracic duct, a representative of
collecting lymphatics, by light and scanning electron
microscopy.

MATERIALS AND METHODS

The thoracic ducts were carefully dissected in five
adult Japanese cadavers without macroscopicaly
pathological and iatrogenic abnormalities in thoracic
and epigastric regions (3 males and 2 females with
ages ranging from 76 to 86 years at death). The ca-
davers were donated for anatomical education and
researches in Hirosaki University Graduate School
of Medicine, and fixed in 8% formalin and pre-
served in 30% alcohol. This study was conducted
under the Guidelines of studies using human bioma-
terials and with the ethical approval of Hirosaki Uni-
versity (No. 2013-263). Following the dissection,
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Fig.1 Macroscopic (a, c) and microscopic (b, d—f) views of a human thoracic duct. a: A thoracic duct (TD) starting from
Cisterna chyli (CC) extends along azygous vein (AV) in a standard course. The lymphatic and vein are colored green and
blue, respectively. bar, 1 cm. b: A longitudinal tissue section of a thoracic duct with hematoxylin-eosin (H.E.) staining. The
thoracic duct wall comprises three layers: tunica intima (1), tunica media (M) and tunica externa (E). bar, 200 pm. c¢: Jugular
portion of a thoracic duct (TD) terminates to a lymph sac (LS) via connecting tubes (CT) and the sac joins to venous angle
(VA) directly. The lymphatic and vein are colored green and blue, respectively. bar, 1 mm. d: A longitudinal tissue section of
a jugular lymph sac (LS) joining to venous angle (VA) with H.E. staining. Large bicuspid valves (arrows) are seen both at
entrance and exit of the sac. CT, connecting tube. bar, 1 mm. e: Closer view of a longitudinal tissue section of a thoracic
duct wall with azan staining. The tunica intima (l) and tunica media (M) contain smooth muscles and collagenous tissue,
and blood vessels are seen throughout the entire wall. bar, 50 ym. f: Closer view of the boxed area in d. Entrance valve
leaflet of the lymph sac contains smooth muscles (arrows) at the base. bar, 100 pm. The double-headed arrow in a-d indi-

cates the craniocaudal direction.

the thoracic ducts running in most standard course
(Fig. 1a) were removed at all length from Cisterna
chyli to venous angle and immersed in 10% neutral
formalin for light microscopy or in a Karnovsky’s
fixative (2.5% glutaraldehyde, 2.0% paraformalde-
hyde, 0.1 M phosphate buffer) for scanning electron
microscopy.

Light microscopy. Several tissue pieces of different
sites of thoracic ducts were embedded in paraffin
and cut into 5 pm thick sections. The sections were
processed for hematoxylin-eosin (H.E.) and azan
stainings.

Scanning electron microscopy (SEM). Some speci-
mens fixed with Karnovsky’s fixative were cut along
their longitudinal direction with razor blade for ob-
servation of the luminal faces, and the others were
processed for the following maceration method orig-
inated by Takahashi-lwanaga and Fujita (22) for

analysis of the mural tissue components. Briefly, they
were immersed in 6N NaOH at 60°C for 15 min,
stained by tannin-osmium method (10), dehydrated
in a graded ethanol series, freeze-dried by t-butylal-
cohol, and observed under a scanning electron mi-
croscope (JSM-6510LV; JEOL, Japan).

RESULTS

The human thoracic ducts comprised basically three
layers in the dissected vascular wall, and the entire
wall thickness of the posteromediastinal thoracic
duct was estimated 200-300 pm (Fig. 1a, b). While
thin endothelium was underlain by a thin connective
tissue and flat smooth muscles oriented longitudinal-
ly in the inner layer (tunica intima; | in Figs. 1b, e,
2a), a large amount of collagenous tissue and circu-
lar smooth muscle bundles constructed the middle
mural layer (tunica media; M in Figs. 1b, e, 2a).
The blood vessels were distributed throughout the
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Fig.2 SEM views of longitudinal section of a human thoracic duct. a: The tunica intima () and media (M) include longitu-
dinal and circular muscle bundles (yellow), respectively. The double-headed arrow indicates the craniocaudal direction. bar,
50 ym. E, tunica externa. b, c: Closer views of the red and blue boxed area in a, respectively. bars, 5 uym (b), 10 pm (c).

all layers (Fig. 1e), whereas the adventitial connec-
tive tissue layer developed a vasa vasorum consist-
ing of small arteries, small veins and capillary
plexus (tunica externa; Fig. 8a—c). The jugular (ter-
minal) portions of the thoracic ducts were joined to
the saccular structures (lymph sacs; 5-7 mm in di-
ameter; LS in Fig. 1c, d) by some connecting tubes
(2-3 mm in caliber; CT in Fig. 1c, d). The lymph
sacs became thinner in wall thickness (approximate-
ly 100 um) (LS in Fig. 1d) and were equipped with
large funnel-like valves at both entrance (between
connecting tubes and lymph sacs) and exit (between
lymph sacs and venous angles) sites (Figs. 1d, f, 5).

Luminal structure of the thoracic duct
The luminal face of the mediastinal (distal) lymphan-
gia of human thoracic ducts showed several spiral
ridges of the endothelium (Fig. 3a) and tightly laid
the attenuated endothelial cells with various cellular
shapes (Fig. 3b). The endothelial cells connected
their diverse cell contours to each other like undu-
lated jigsaw puzzle (Fig. 3b) and projected a number
of microvilli-like processes into the lumen (Fig. 3c).
The valve portions of distal thoracic ducts often
exhibited typical funnel-like valves in their lumina (V
in Fig. 4a). The luminal surfaces of the valves ap-
peared overall smooth (Fig. 4a), though some shal-
low grooves ran longitudinally in parts. The basal
parts of the valves displayed longitudinally-elongat-
ed endothelial cells overlapping with each other by
their sides (Fig. 4c), whereas rhomboid endothelial
cells with circular extension contacted along their
borders and entirely veiled the tip portions in prox-
imity to exit of the valves (Fig. 4b). Although the
basal parts of the valves were comparatively smooth
on their luminal surfaces (Fig. 4c), plenty of micro-
projections were distributed on the endothelium in

the valvular tip portions (Fig. 4b).

The lymphatic valves between the jugular con-
necting tubes and lymph sacs disclosed a complicat-
ed construction as compared to those in mediastinal
thoracic ducts under SEM observation (Fig. 5a—d).
The large bicuspid endothelial leaflets (primary leaf-
lets; PL in Fig. 5a, b) formed funnel-type valves,
and several distinct intraluminal folds, being relative
to the valves, extended longitudinally through the
valve ports from the connecting ducts to the lymph
sacs (arrows in Fig. 5a). Besides those structures,
some small endothelial leaflets (secondary leaflets;
SL in Fig. 5a) were prepared around roots of the pri-
mary leaflets at exits of the valves to yield a small
endothelial pocket (stars in Fig. 5a) being capable of
storing lymph and free cells (Fig. 5b), as well as
large valvular pockets (asterisks in Fig. 5a). The
lymph sacs were covered with trapezoid or slender
endothelial cells on their lumina as seen on the
valves (Fig. 5b), whereas those of the joining region
to venous angle exhibited irregularly-shaped endo-
thelial cells like endothelium of veins (Fig. 5¢—d).
While the lymphatic valves were predominantly
composed of endothelium and its underlying connec-
tive tissue, the inlet valves of the jugular lymph sacs
disposed smooth muscles at their basal parts (Fig. 1f).

Mural structure of the thoracic ducts

The present study specifically focused on construc-
tion and the morphological characteristics of the
muscular and vascular tissues in each layer of hu-
man thoracic duct. SEM examination of the human
thoracic ducts after NaOH maceration allowed a
precise analysis of three-dimensional structure of the
cell and tissue components in the thoracic ductal
wall (Figs. 6-8).
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Fig. 3 SEM views of the luminal surface of a human thoracic duct. a: Several ridges run spirally or longitudinally on the lu-
minal surface. The double-headed arrow indicates the craniocaudal direction. bar, 100 um. b: A closer view of the boxed area
in a. The endothelium is covered by flattened and irregularly-shaped cells contacting with each other. Many intraluminal
small projections are seen on the luminal surfaces. The endothelial cell contours are colored green. N, nucleus. bar, 10 pm.
c: Closer view of the intraluminal projections. The endothelial cells protrude microvilli-like processes (arrows). bar, 1 pm.

cranial

Fig.4 SEM views of the luminal aspect at the valve portion of a human thoracic duct. a: A funnel-like valve (V) consisting
of endothelium and its underlying connective tissue are seen within the lumen. The double-headed arrow indicates the
craniocaudal direction. bar, 500 pm. b: Coser view of the red boxed area in a. Rhomboidal endothelial cells extending their
long axes to the circular direction of the thoracic duct are stitched along their borders. Many intraluminal processes are
seen on the endothelium. bar, 5 pm. ¢: Closer view of the blue boxed area in a. The endothelial cells elongate longitudinally
in craniocaudal direction and overlap by their sides. N in b, ¢, outlines of endothelial cell nuclei. bar, 5 pm.



Fine structure of human thoracic duct

201

cranial

Fig.5 SEM views of luminal aspect at entrance (a, b) and exit (c, d) portions of the lymph sac (LS) into which a human
thoracic duct joins via connecting tubes shown in Fig. 1c—d. a: Several longitudinal folds (arrows) and grooves (circle) run
through lymph pathway between large primary leaflets (PL) comprising bicuspid valve between the connecting tube and
lymph sac. Large (asterisks) and multiple small (stars) pocket formations are seen concomitantly with those. bar, 500 um. b:
Closer view of the boxed area in a. The small pocket (star) surrounded by small secondary leaflets (SL) contains many cel-
lular elements. The elongated endothelial cells contact with each other to envelop their luminal surfaces. bar, 10 pm. ¢: The
lymph sac (LS) joins to venous angle (VA) through large valve (arrow). bar, 500 pm. d: Closer view of the boxed area in c.
The joining region shows irregularly-shaped endothelial cells connecting continuously to each other. bar, 10 pm. The dou-

ble-headed arrow in a, ¢ indicates the craniocaudal direction.

Tunica intima. The tunica intima distributed many
smooth muscles running in a longitudinal direction
with some amounts of connective tissue immediate-
ly beneath the endothelium to make undulated ap-
pearances on the luminal surfaces (Figs. 2a, 6). The
smooth muscle cells were flat and irregular in shape
and characterized by numerous slender and/or spi-
nous cytoplasmic projections (arrows in Fig. 6¢) and
numerous caveolae (arrowheads in Fig. 6¢) on their
rugged surfaces. They were connected with each oth-
er by their processes to form a mesh sheet-like struc-
ture intermingled with connective tissue (Figs. le,
2a, b, 6b) with many pores 5-15 pm in diameter
(arrowheads in Fig. 6b).

In addition, a blood capillary network was well
developed in the tunica intima of human thoracic

duct (Fig. 8d). The blood capillaries were substan-
tially equipped with pericytes of various shapes on
their endothelial tubes. The pericytes disclosed cyto-
plasmic lamellae with irregular outlines and slender
long processes (primary projections) running along
the long axes of the vessels, with oval or fusiform
nuclei portions under SEM (Fig. 8d). The primary
projections further protruded numerous secondary
and tertiary spines to embrace multiple endothelial
tube segments loosely (Fig. 8d).

Tunica media. The muscle coat was developed with
a large amount of connective tissue also in the tunica
media (Figs. 1b, e, 2c, 7a—c). Although the smooth
muscle cells exhibited similar profiles to those in
the tunica intima other than their being spindle in
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Fig.6 SEM views of the tunica intima of a human thoracic duct from the luminal side. a: The membranous tissue shows
many undulations beneath the endothelium. bar, 100 um. The double-headed arrow indicates the craniocaudal direction. b:
Closer view of the blue boxed area in a. Flat and irregularly-shaped muscle cells connect to each other by their cytoplas-
mic projections to build a thin sheet-like structure with some small pores (arrowheads). A smooth muscle cell is colored yel-
low. bar, 10 pm. c¢: Closer view of the red boxed area in a. The muscle cells show many slender processes (arrows) and
elliptical or round caveolae (arrowheads) on their rough surfaces. bar, 1 pm.

shape (Fig. 7a—b), they extended in a circular fash-
ion and concentrated into cylindrical bundles with
conspicuous indented surfaces, unlike a thin sheet
observed in the tunica intima (Figs. 1b, e, 2a, ¢, 7a—
). The circular muscle bundles somewhat roughly
enveloped thoracic duct wall as compared with those
of arterial or venous media (Figs. 2a, ¢, 7a—c). The
smooth muscle bundles in the tunica media were in
parts joined to the subendothelial muscle sheet with
some thinner muscle bundles extending longitudinal-
ly in a craniocaudal direction and obliquely between
the tunica intima and media (Fig. 7d).

Tunica externa. The tunica externa was enveloped
by abundant blood vascular network, consisting of
small arteries, capillaries and small veins with dense
connective tissue (Figs. 1b, 8a), but no lymphatics
were recognizable. The arterial and venous segments
were circularly or obliquely encircled with smooth
muscle cells various in shape and size (Fig. 8c),
whereas the capillaries were scantily endowed with
pericytes (Fig. 8b).

DISCUSSION

The present study has defined the fine structure of
human thoracic ducts using light and scanning elec-
tron microscopy. Although a few reports have de-
scribed the muscle coat of thoracic ducts in mammals
(7, 17, 18), little, if any, information has been prac-
tically available with regard to the systematic micro-
anatomy of human thoracic duct notwithstanding its
critical importance in the fields of clinical and basic
medicine. The present paper is the first to demon-
strate the overall microstructure of human thoracic
duct precisely in relation to gross anatomical com-
position, and therefore provides an anatomical basis
required not only for clinical and pathophysiological
investigation into human thoracic duct but also for
evaluation of tissue implant in regenerative medi-
cine.

Luminal structural profiles

The lumina of the initial portions of thoracic ducts
displayed spirally-gathered aspects as compared to
smooth luminal surfaces of the lymphatic capillaries
(15, 16), and grooves between the ridges are likely
to set fluent flow in the lymphatic transport of the
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A
Fig.7 SEM views of the tunica media of a human thoracic duct from the luminal (a, b) or abluminal (c, d) side. a: The
smooth muscle cells (yellow) are spindle in shape and elongate in a circular direction. bar, 5 um. b: Closer view of the
boxed area in a. Many slender cytoplasmic projections and caveolae (arrowheads) are seen on the cellular surfaces. bar,
2 pym. c: The muscle bundle, a mass of the smooth muscle cells, shows cylindrical contour and highly-indented surface. bar,
10 um. d: Slender longitudinal muscle bundles (yellow) connect circular muscle bundles in the tunica media (M) and a mus-
cular sheet in the tunica intima (l). bar, 5 ym. The double-headed arrow in a, d indicates the craniocaudal direction.

Fig. 8 SEM views of the tunicae externa (a—c) and interna (d) of a human thoracic duct from the abluminal side. a: A vas-
cular network consisting of arterial (red) and venous (blue) segments and capillaries (yellow) entirely surrounds the thoracic
duct wall. bar, 500 pm. b, ¢: Closer views of the red and blue boxed areas in a show investments of pericyte (yellow in b) in
capillary (b) and of muscle media in small artery (c). bars, 1 ym. d: Blood capillaries (red) equipped with pericytes (yellow) ex-
tending multiple cytoplasmic branches are distributed beneath the lymphatic endothelium. N, nucleus of pericyte. bar, 10 pm.
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distal thoracic duct. While contours of the endothe-
lial cells in the thoracic duct were mostly parallel to
those in lymphatic capillaries, the thoracic duct en-
dothelium prepared a number of maculae invested
with numerous microvilli. The distinctive structure
might serve as a perceiver of lymph flow in the tho-
racic duct. Meanwhile, the area of the valves and
their vicinity showed elongated or rhomboidal endo-
thelial cells contacted tightly with each other, it being
different from endothelial mode of the lymphan-
gions, and moreover, the long axial directions of the
cells on the valve tips were perpendicular to those
on the valvular bases. The present findings, there-
fore, afford a precise configuration and array of the
endothelial cells in the thoracic duct valve territory
in which molecular insights into lymphatic valve de-
velopment have been recently described (2, 3). This
unique organization of the endothelial cells on the
valves is presumed to avail for structural endurance
for mechanical stress by propulsive lymph transport
between distal and proximal lymphangions.

It is noteworthy that complicated multi-valvular
structure consisting of large primary leaflets and
small secondary ones was constituted at entrance of
the lymph sacs joining to large veins. The multiple
folds longitudinally running along the passage be-
tween primary valve leaflets are supposedly valuable
for provision of proper lymph flow channel by ar-
ranging some trenches and for tight closure of the
valve checking lymph backflow. Several small sec-
ondary leaflets and their pocket formation subordi-
nate to the large primary ones are also likely to help
in lymph retention and prevention of lymph back
flow. It is presumably accommodated to the func-
tional roles that the endothelial cells in the lymph
sacs assumed similar morphological aspects to those
of the lymphatic valves rather than in the lymphan-
gions and veins.

Mural structural profiles

In human thoracic duct, the smooth muscles were
disposed longitudinally in their orientation in the tu-
nica intima and circularly in the tunica media, thus
the muscular organization resembling that of venous
wall. The tunica intima, however, composed a pecu-
liar mesh sheet structure of longitudinal smooth
muscles, and it perhaps contributes to formation of
the longitudinal luminal folds in cooperation with
circular muscle bundles in the tunica media as well
as preservation of the luminal configuration. In ad-
dition, abundant tiny pores of the muscular sheet
may afford pathways for vessels, free cells and tis-
sue fluid.

T. Chiba et al.

In contrast, the circular muscle bundles in the tu-
nica media were firmly united to the surrounding
connective tissue by their prominent surface inden-
tation, thereby implying that the substantial muscle
coat is pivotal to produce intraluminal pressure
waves propelling lymph fluid and phasic motion of
the lymphangions for lymph propulsion (11). Fur-
thermore, of special note is the occurrence of longi-
tudinal muscular bundles connecting the intimal
muscular sheet and medial muscle bundles, and they
likely permit coordination of the muscular compo-
nents between the tunicae intima and externa. Hence,
the integrated muscular device maybe provides spon-
taneous contraction of the thoracic duct (1, 12) to
regulate proper lymph flow with sustaining the duc-
tal figure. In addition, an exceptional equipment of
smooth muscles at base of the inlet valves of the
jugular lymph sac conceivably serve as a valvular
motor unit for constriction of the valve ring and
strict prevention of lymph and blood backflow.

The human thoracic duct further demonstrated a
dense network of capillaries complicatedly folded by
the pericytes with various cytoplasmic branches be-
neath the endothelium, along with a well-developed
vasa vasorum in the tunica externa (13). Since the
partial oxygen pressure in lymph in the thoracic
duct has been previously reported to be lower than
that in venous blood (14), a rich blood-oxygen-sup-
ply through the vascular network to the muscular
components is probably crucial for the transporting
and recruiting activity of lymph.
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