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On vasa vasorum: A history of advances 
in understanding the vessels of vessels
Julie A. Phillippi1,2,3*

The vasa vasorum are a vital microvascular network supporting the outer wall of larger blood vessels. Although 
these dynamic microvessels have been studied for centuries, the importance and impact of their functions in vas-
cular health and disease are not yet fully realized. There is now rich knowledge regarding what local progenitor 
cell populations comprise and cohabitate with the vasa vasorum and how they might contribute to physiological 
and pathological changes in the network or its expansion via angiogenesis or vasculogenesis. Evidence of whether 
vasa vasorum remodeling incites or governs disease progression or is a consequence of cardiovascular patholo-
gies remains limited. Recent advances in vasa vasorum imaging for understanding cardiovascular disease severity 
and pathophysiology open the door for theranostic opportunities. Approaches that strive to control angiogenesis 
and vasculogenesis potentiate mitigation of vasa vasorum–mediated contributions to cardiovascular diseases and 
emerging diseases involving the microcirculation.

INTRODUCTION
“All kinds of vessels” was written in English by Willis (1) to de-
scribe the outermost layer of larger blood vessels when he authored 
Pharmaceutice rationalis in 1678. Willis also noted that microvessels 
penetrated deeper layers of the wall. This description by Willis is 
thought to be the first documented observation of what the Dutch 
botanist and anatomist Frederic Ruysch of the Netherlands later 
called “vasa arteriosa” when he made an important illustration 
in 1696 that showed what we now know to be vasa vasorum (2). 
Christian Ludwig was the first to use the term “vasa vasorum” in 
1739, and this became the adopted terminology despite incidences 
of misnomers and grammatical errors over past centuries. For an 
excellent historical review of the terminological and grammatical 
use and misuse of terms describing these fascinating microvessels, 
readers are encouraged to visit the insightful review of Musil et al. 
(3). The organization and structure of these nourishing microvessels 
within larger parent vessels reflect other patterns in nature as in tree 
branches, river tributaries, and orchid petal pigmentation.

Investigation of the vasa vasorum spans nearly three- and one-
half centuries and progressing over a series of fits and starts since 
the mid-1920s. An overt curiosity and a current research focus on 
the vasa vasorum in the author’s laboratory motivated this review of the 
literature to bring forth several yet unanswered questions. These in-
clude the following: (i) Are changes in vasa vasorum density, 
structure, and function a cause or consequence of cardiovascular 
pathologies? (ii) What cells contribute to vasa vasorum expansion? 
(iii) What imaging modalities accurately monitor vasa vasorum 
integrity and function? (iv) What properties of the local tissue niche 
support vasa vasorum function? and (v) What therapeutic opportu-
nities do the vasa vasorum offer?

Foundational studies in human and animal tissues laid impor-
tant observational groundwork that informed learners of the basic 
vasa vasorum structure and function (4–8). These landmark studies 

paved the way for hypothesis-generating data regarding the role of 
the vasa vasorum in vessel health. This review summarizes pivotal 
studies that begin to unravel causative and consequential changes of 
vasa vasorum within different cardiovascular pathologies. Further-
more, this article turns the spotlight on recent advances expected 
to inspire creative approaches to answering the important yet un-
answered questions about the role of vasa vasorum in healthy and 
diseased blood vessels.

Anatomical origins of vasa vasorum
Blood vessels are composed of three distinct layers: the intima (inner, 
abluminal layer consisting of endothelial cells), the media (middle, 
smooth muscle, and elastic layer), and the adventitia (outer, fibrous 
layer). The vasa vasorum are a network of microvessels within larger 
arteries and veins with importance to the overall health of the larger 
“host” vessel. There exist arterial vasa vasorum to deliver oxygen 
and nutrients to the parent vessel and venous and lymphatic vasa 
vasorum, which remove waste and extracellular fluid to adjacent 
veins and lymphatic vessels, respectively.

Two types of vasa vasorum (e.g., externa and interna) are de-
scribed in the literature, characterized on the basis of their anatomical 
origin. The vasa vasorum externa reside mainly within the adventi-
tia and originate from myriad anatomical locations. Figure 1 depicts 
the originating vessels of the vasa vasorum as well as their presence 
and relative densities for exemplar parent vessels. Vasa vasorum ex-
terna in the ascending aorta arise from the brachiocephalic and cor-
onary arteries (8, 9). The intercostal arteries give rise to the vasa 
vasorum externa of the descending thoracic aorta, and the mesen-
teric and lumbar arteries are continuous with the vasa vasorum of 
the abdominal aorta (9, 10). Vasa vasorum penetrate the medial layer 
in larger arteries (e.g., thoracic aorta, carotid, femoral, and coronary 
arteries) (9). Other studies of porcine vessels describe vasa vasorum 
originating from the parent vessel’s lumen as in normal coronary 
arteries (11) and are thus designated as vasa vasorum interna. The 
earliest reports describe an avascular zone of 0.5 mm (12) and then, 
later, as dependent not on the thickness but rather the number 
(>29) of elastic lamellae in the vessel wall at birth (7). Approximately 
50 years later, another report quantified vasa vasorum density 
among five equal transverse segments of the porcine aorta and 
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demonstrated differing densities (13). Detection and quantification of 
vasa vasorum density in hematoxylin and eosin–stained full thick-
ness sections of porcine (13) and human (14) aorta recently provided 
new evidence that normal vasa vasorum may exist closer to the intima 
of human thoracic aorta than previously thought. Thus, vasa vaso-
rum remodeling under normal and pathological settings may be occur 
via multiple mechanisms and are likely influenced by hemodynamics, 
vessel architecture, and developmental origin of local cells.

Density of vasa vasorum also varies by anatomic location within 
different vascular beds. Examining aortic autopsy specimens of pa-
tients without a history of aortic disease, Sano et al. (15) confirmed 
that arterial vasa vasorum density varied across different regions of 
human aorta, with maximum density in the aortic arch decreasing 
distally to reach a minimum in the infrarenal abdominal aorta (Fig. 1). 
The authors also noted denser lymphatic vasa vasorum within the 
infrarenal abdominal aorta and identified a positive correlation be-
tween the density of lymphatic vasa vasorum and intimal thickness 
in agreement with observations in human carotid and iliac arteries 
and aorta. However, the density of adventitial vasa vasorum did not 
correlate with intimal thickness in the infrarenal abdominal aorta. 
Thus, vasa vasorum density may differentially influence aortic dis-
eases in a region- and etiology-specific manner by influencing in-
flammatory status. Moreover, vasa vasorum penetrate the medial layer 
in human thoracic aorta but not the abdominal aorta (7). In autopsy- 
collected vessels, coronary arteries were found to have a higher den-
sity of vasa vasorum when compared to femoral and renal arteries 
(16). Study of porcine vessels revealed higher density in the coronary 
arteries, followed by carotid, femoral, and renal arteries, with random 
intravessel distribution in all vessels examined (17).

Vasa vasorum exist in the extracranial vessels but are rare among 
intracranial vessels, with most animal studies describing a lack of 
intracranial vasa vasorum. However, a summary of data from hu-
man autopsy specimens reveals differing observations, particularly 
with age and cause of death (18). Vasa vasorum are not present 
within human intracranial arteries at birth but rather seem to develop 
during adulthood (19) and increase with age (18). It is thought that 
the absence of vasa vasorum within intracranial arteries is due to 
structural differences from extracranial arteries such as thinner me-
dial and adventitial layers, a thicker and fenestrated internal elastic 
lamina, and lack of external elastic lamina, together allowing for 
greater diffusion of blood. In addition to blood from the lumen, the 
intracranial vessel wall is nourished with oxygen and nutrients via 
cerebrospinal fluid (20). The anatomy of the parent vessel dictates 
the need for vasa vasorum, and, likewise, vasa vasorum prevalence 
and organization govern vessel health and homeostasis.

Organization and physiology of vasa vasorum
The 1960s was the first decade to see an exponential increase in the 
number of publications on vasa vasorum. Clarke (4, 9, 21–38) pub-
lished 20 articles alone between 1964 and 1966, describing the dis-
tribution of vasa vasorum in several human blood vessels including 
the location of medial vasa vasorum. The aortic vasa vasorum was 
observed at the border between the middle and inner third of the 
aortic media and reported as completely mature medial vasa vaso-
rum by age 13 in the human (9).

Vasa vasorum are endarteries (10), meaning that they are vessels 
that do not anastomose (i.e., connect) with neighboring arteries and 
are solely responsible for oxygenating the local tissue. A range of 

Fig. 1. Density and origins of vasa vasorum in different vessels. In the ascending thoracic aorta, vasa vasorum originate from the brachiocephalic and coronary arter-
ies. Intercostal arteries feed the vasa vasorum of the descending thoracic aorta, which are as similarly dense as the ascending thoracic aorta. Vasa vasorum are least dense 
in the infrarenal abdominal aorta than in the thoracic aorta, do not penetrate the medial layer as in the thoracic aorta, and stem from the lumber and mesenteric arteries. 
Only the basilar and vertebral intracranial arteries contain vasa vasorum.
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lumen diameters have been reported for various normal arteries and 
veins of animal models and human specimens. Microbeads less than 
50 m in diameter were suitable for image-based measurement of vasa 
vasorum flow in the canine aorta and pulmonary artery (39). Vasa 
vasorum lumen diameters in human great saphenous vein ranged 
from 11 to ~36 m in human and animal specimens (40). A range of 
sizes was previously described for vasa vasorum within specimens of 
human femoral, abdominal aorta, iliac, and renal arteries (41) and 
human carotid artery (42). A study by the author’s laboratory reported 
vasa vasorum density calculated separately for different ranges of 
lumen diameters as the mean of all vessels measured for a given spec-
imen: small (<50 m), mid-size (50 to 100 m), and large (>100 m) 
(43). Looking anew at the raw dataset, the 462 vessels of adventitial 
vasa vasorum measured exhibited a broad spectrum of lumen diam-
eters (2 to 392 m) among the cohort of 23 individual patient speci-
mens of normal human ascending aorta. The mean ± SD for all patient 
specimens examined was found to be 40.0 ± 15.5 m with approxi-
mately three quarters of all vessels measuring <50 m (72.2 ± 17.5%). 
Vessel size and vessel orientation are both deliberately important for 
adequate nourishment of the parent vessel.

The vasa vasorum network within parent arteries and veins follows 
a similar hierarchy as artery-arteriole-capillary where vessels oriented 
along the longitudinal axis of the host vessel are known as “first-order” 
and are similar in size to arterioles (Fig. 2). “Second-order” vessels 
in capillary size range branch from first-order vessels and extend 
circumferentially around the host vessel. First- and second-order 
vasa vasorum contain smooth muscle cell (SMC) layer(s), while 
smaller second-order vessels (<25 m) vasa vasorum exhibit peri-
cyte coverage with –smooth muscle expression in subsets (44). In 
hearts of hypercholesterolemic pigs, the ratio of the density for first- 
order to second-order coronary artery vasa vasorum was increased 
(45). Balloon-injured porcine coronary arteries also exhibited an 
overall reduction in vasa vasorum density despite a shift to more 
second-order than first-order vessels and formation of new first- 
and second-order vessels, both with smaller diameters than vessels 
in noninjured arteries (46). Thus, the ratio of first-order to second- 
order vasa vasorum seems highly important for proper health of the 
host vessel, and identifying mechanisms of microvascular remodel-
ing and factors inciting dysfunction should yield important insights 
in parent vessel pathophysiology.

In the late 1970s, the microsphere method emerged to measure blood 
flow through the vasa vasorum. The first report of flow measure-
ments through aortic vasa vasorum is thought to be by Heistad et al. 
(47). In porcine models, studies applying micro–computed tomog-
raphy (CT) imaging methods revealed the branching patterns of vasa 
vasorum and determined the diameter gradient in microsphere- 
injected vessels. Similar methods proved that vasa vasorum are end-
arteries rather than a plexus because occlusion of proximal arteries 
led to decreased perfusion of vasa vasorum and widespread areas of 
diminished vasa vasorum density.

Vasa vasorum are also able to regulate their own tone (48), as 
they are vasoresponsive to physiologic and neural stimuli (49). 
Adenosine-treated vasa vasorum exhibited increased blood flow to 
the outer but not the inner media (47). Porcine vasa vasorum exhibited 
concentration-dependent constriction in response to endothelin-1 
(ET-1) and, unlike other arteries, were found to be insensitive to 
other known vasoconstrictors. Porcine vessels serve as useful models; 
however, what differences may exist among species and how can 
this information be extrapolated for translational directions?

Cross species similarities and differences
Wolinsky and Glagov (7) were the first to identify a diversity among 
species based on the presence of medial vasa vasorum in the aorta. 
Studying 12 different mammalian species varying in size from 
mouse to horse, they determined that the presence or absence of a 
vascularized zone within the media was dependent on the number 
of medial lamellar units at birth, not the total wall thickness at ma-
turity. Species with vessels composed of less than 29 layers of medial 
elastic lamellar units at birth (e.g., rats and rabbits) exhibited 
an entirely avascular media, whereas species with 29 or greater 
lamellar units showed medial vasa vasorum. Across all species stud-
ied, the avascular zone was found to be uniformly 29 lamellar units, 
irrespective of age. Total wall thickness, including that of the avas-
cular zone, increased with age and body size. More recently, evi-
dence of cells expressing endothelial markers (i.e., CD31/platelet, 
endothelial cell adhesion molecule 1, and endothelial nitric oxide 
synthase) was found, on average, less than 150 m from the intima 
of normal vessels (13, 14), further substantiating an emerging theory 
that aortic vasa vasorum may extend deeper into the media than 
were previously understood, which may have additional implica-
tions for gaining a new understanding of interlayer cell–matrix re-
lationships and of pathological remodeling and dysfunction.

Fig. 2. Organization and hierarchy of arterial vasa vasorum. Image of arterial 
vasa vasorum of the human ascending thoracic aorta (procured during aortic re-
placement surgery with approval of the University of Pittsburgh Institutional Re-
view Board (protocol no. STUDY20040179). First-order vasa vasorum are oriented 
longitudinally along the ascending aorta (arrowheads). Second-order vasa vaso-
rum branch from first-order vessels and extend circumferentially around the vessel 
(white arrows). The proximal end of the vessel is at the bottom. Image was cap-
tured using a Nikon SMZ25 Stereoscope with a SHR Plan Apo 1× objective. Images 
were captured using NIS Elements software (version 4.60.00 and 3× digital zoom). 
Scale bar, 500 m.
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The adventitia and cellular composition of vasa vasorum
The adventitial layer has long been recognized for its biomechanical 
importance to overall aortic integrity. The adventitia represents the 
final barrier to rupture during the highly lethal aortic dissection. 
Free rupture occurs when the stress of dissection tear propagation 
exceeds the biomechanical strength of the adventitia. We now know 
more about other biological influences, including paracrine signal-
ing and the importance of the vasa vasorum as the adventitia’s resi-
dent microvasculature in both healthy vessels and in vascular and 
cardiovascular pathologies. Evidence emerging over the past decade 
has also shed light on multiple cell subpopulations with demon-
strated plasticity including several cell types associated with the 
vasa vasorum.

The cellular origins of vasa vasorum during development are not 
entirely understood. Moreover, postnatal vasculogenesis for nor-
mal vascular health or pathological microvascular remodeling may 
involve ancestral cells with endothelial lineage potential or cells 
with endothelial plasticity. Recent advances in the classification and 
functional characterization of adventitial cells provide new insight 
as to which cells may contribute to vasa vasorum development, ex-
pansion, and regeneration.

The adventitia plays home to numerous cell types including im-
mune cells, dendritic cells, and fibroblasts. This microenvironment 
also serves as a repository of progenitor cells, many of which have 
shown vasculogenic potential including endothelial plasticity. In 
recent years, evidence came forth that a perivascular source of mes-
enchymal stromal cells resides within the small blood vessels of ad-
ipose (50) and other vascularized tissues (51–54). Several groups 
purport that multipotent progenitor cells also reside within the tu-
nica adventitia of larger blood vessels including human pulmonary 
artery (55), vena saphena (56), adult thoracic aorta (57, 58), and fe-
tal aorta (59). Using human white adipose tissue and fetal muscle, 
lung, and bone marrow as a paradigm, Corselli and colleagues (60) 
demonstrated that the adventitia houses a repository of progenitor 
cells from which SMCs, pericytes, and endothelial cells originate in 
a so-called “vasculogenesis zone” intermediate to the adventitial 
and medial layers of larger blood vessels.

Other groups have also centered on this region near the adventitia- 
media border as a progenitor cell niche (61–64). A domain of sonic 
hedgehog–expressing cells was shown to support a population of 
Sca1+ progenitor cells at the border between the adventitia and me-
dia in the mouse aortic root where the extracellular matrix (ECM) is 
particularly rich (62). Sca1+ adventitial cells were detected between 
E15.5 (embryonic day 15.5) and E18.5 in the mouse embryo, and 
the niche was maintained in the adult mouse. Sca1+ cells isolated 
from the adventitia express transcription factors governing the 
SMC lineage and can be differentiated toward mature SMCs and 
contribute to intimal hyperplasia in atherosclerosis (65). Work 
from Toledo-Flores and colleagues (66) discerned populations of 
murine adventitial cells based on their expression of Sca1 and CD45 
and deemed Sca1+/CD45+ subsets as vasculogenic with endothelial 
plasticity, thus implicating an involvement of these cells in vasa 
vasorum expansion in the setting of atherosclerosis, separate from 
their role as macrophage progenitors. Other populations in mice 
coexpressing the markers Gli, Sca1, and CD34 contributed to inti-
mal lesions in atherosclerotic vessels of apolipoprotein E (ApoE)−/− 
mice (65), could differentiate toward the SMC lineage, and localize 
to areas of vascular calcification (67). An exciting report from the 
Psaltis group (63) expanded on their discovery of Sca1+/CD45+ cells 

in mouse arteries that give rise to macrophages. Sca1+/CD45+ cells 
lost CD45 expression and acquired endothelial cell markers during 
ex vivo culture. Their data demonstrate a contribution (albeit of un-
known relative abundance) of Sca1+/CD45+ cells to neovessels and 
adventitial vasa vasorum in atherosclerotic carotid arteries, indicat-
ing that these adventitial cells exhibit potential for endothelial lin-
eage progression and/or endothelial plasticity and contribute to 
postnatal vasculogenesis of vasa vasorum. A CD45− cultured subset 
of Sca1+ cells exhibited a similar proclivity toward the endothelial 
lineage as the CD45+ subset. Cultured CD45−/CD146+/CD31− cells 
isolated from human adventitia and shown to reside in an in situ 
perivascular location associated with vasa vasorum exhibited simi-
lar behavior as CD45+ and CD45− subsets of Sca1+ cells from mouse 
adventitia. These cells demonstrated formation of branching struc-
tures from colonies on Matrigel culture substrates, although human 
vasa vasorum–associated pericytes did so at an accelerated rate 
[6 hours (44) versus 5 days (66)]. Embryologic origins of Sca1+ cells 
are not known although are unlikely to be derived from bone mar-
row because they lack hematopoietic lineage potential (63) and lineage- 
tracing experiments failed to demonstrate a contribution of the bone 
marrow compartment to Sca1+ cells (68). Nearly all (99%) SMC- 
derived Sca1+ cells were found to lack CD45 expression. These data 
support the theory proposed by Wolinsky and Glagov (7) in 1967 
that additional lamellar units are derived from adventitial cells as 
the organism matures. A fate mapping study revealed that differen-
tiated medial SMCs can also dedifferentiate to become adventitial 
Sca1+ progenitor cells capable of giving rise to SMCs, endothelial 
cells, and macrophages and contribute prominently to adventitial 
remodeling during vascular injury (69). One could also speculate 
that Sca1+ cells are analogous to other perivascular cells in human 
arteries with vasculogenic potential (44, 51). Future studies could be 
designed to uncover a human cell counterpart to Sca1 that remains 
yet unidentified, thus precluding its use to reliably label and track 
the fate of human progenitor cells.

Larger blood vessels containing vasa vasorum are themselves 
vascularized tissues. Motivated by a curiosity as to whether the vasa 
vasorum itself also serves as a repository of progenitor cells, work by 
the author’s team characterized vasa vasorum–associated cells from 
human aorta (44). Using a combination of analytical flow cytometry 
and immunolabeling approaches, nonhematopoietic cells (CD45−/
CD34+/CD31+) were identified in situ and, in freshly isolated, non-
cultured, shown to localize to the vasa vasorum intima and may con-
stitute tissue-resident endothelial colony-forming cells (ECFCs), 
with a surface marker profile consistent with cells described in other 
reports with the moniker endothelial progenitor cells (EPCs) (70–72). 
Cells previously termed circulating EPCs have been shown to in-
clude two phenotypically and functionally distinct populations with 
one “early EPC” population showing transcriptomic and proteomic 
similarities to monocytes and the second “outgrowth endothelial 
cells” exhibiting high resemblance to endothelial cells (73). Out-
growth endothelial cells are also known as myeloid endothelial cells. 
While some studies report incorporation of circulating EPC-like 
cells into the vasculature in vivo, others show evidence to the con-
trary (74, 75). However, despite ambiguity in marker profile charac-
terization and a lack of consistency in isolation methodology within 
various tissues and species amidst heterogeneity and hierarchy 
within vessels (76), tissue-resident ECFCs and circulating myeloid 
angiogenic cells have been shown to adopt marker expression and 
functional features of cells of endothelial lineages in vitro and were 



Phillippi, Sci. Adv. 8, eabl6364 (2022)     20 April 2022

S C I E N C E  A D V A N C E S  |  R E V I E W

5 of 20

identified within preexisting vessels (77). ECFCs also participate in 
physiological and pathophysiological neovessel formation in vivo, 
demonstrated using robust methodology (e.g., parasymbiosis mod-
els, bone marrow transplant, and clonal analysis) (70–72, 78, 79), 
thus elevating their candidacy as direct contributors of arterial vasa 
vasorum development and expansion.

Lymphatic endothelial cells express unique markers distinct 
from blood vessel endothelial cells such as lymphatic endothelial 
cell receptor 1 (LYVE-1) (80) and podoplanin (81). LYVE-1 func-
tions as a gatekeeper of leukocyte trafficking and immune activation 
as a receptor for hyaluronan transport into the lumen of lymphatic 
vessels. LYVE-1 binds to hyaluronan in the glycocalyx of dendritic 
cells (82), thus permitting their entry and migration to lymph nodes. 
LYVE-1’s ability to bind growth factors and associate with growth 
factor receptors to engage downstream kinase activity potentiates 
myriad physiological and pathophysiological roles (83). Podoplanin 
plays a key role in lymphatic function by preventing blood from 
entering lymphatic vessels and facilitating migration of dendritic 
cells to lymph nodes (84). Both LYVE-1 and podoplanin have been 
reported to distinguish lymphatic vasa vasorum from arterial vasa 
vasorum by selectively labeling lymphatic endothelial cells, whereas 
von Willebrand factor expression defined arterial vasa vasorum 
(15). While the markers LYVE-1 and podoplanin distinguish endo-
thelial cells in lymphatic vessels from arterial and venous vasa vaso-
rum, it remains unknown whether endothelial cells of vasa vasorum 
are transcriptionally distinct from intimal endothelial cells of larger 
arteries and veins. Whether vasa vasorum among multiple parent 
vessels arise from the same ancestral cells as blood vessel endotheli-
al cells is also unknown and relatively unexplored. The advent of 
single-cell RNA sequencing and advances in fluorescent in situ hy-
bridization multiplexing approaches in addition to genetic fat map-
ping strategies are likely to cast a spotlight on similarities and 
putative phenotype distinctions among endothelial cells and other 
local cell populations. Nonendothelial cells such as bone marrow–
derived cells and macrophages have also been shown to express the 
lymphatic endothelial cell marker LYVE-1. Notably, these LYVE-1+ 
cells are distributed as single cells within tissues and are distinct from 
cells comprising lymphatic vessels (85) that coexpress other blood 
vessel endothelial-specific surface markers such as CD31. LYVE-1+ 
macrophages located with the adventitia can help to maintain arteri-
al homeostasis through regulation of collagen expression via direct 
interaction of LYVE-1 with hyaluronan receptors on SMCs (86). Of 
additional interest would be pericytes associated with vasa vasorum 
and other capillaries that are intimately associated with endothelial 
cells and play key roles in microvascular angiogenesis and function. 
Figure 3 displays several discussed examples of the various cell sub-
populations in the adventitia, associated with the vasa vasorum or 
potentially involved in vasa vasorum postnatal angiogenesis. Table 1 
further summarizes the phenotype and proposed role of perivascular 
progenitor cells in physiological and/or pathophysiological postnatal 
neovascularization discussed in this article.

A variety of adventitial cells with potentially overlapping marker 
profiles, similar if not identical phenotypes, and compensatory 
functions and potency for multilineage progression have been iden-
tified and characterized in varying breadth and depth and using 
several different ex vivo, in vitro, and in vivo approaches. The rela-
tionships among cell populations known to be involved in postnatal 
angiogenesis and putatively in vasa vasorum expansion are depicted in 
Fig. 4. Characterization of these many perivascular cell populations 

in humans has been a daunting challenge to traverse from in vivo 
native location to ex vivo propagation (87). The work of Traktuev 
and colleagues (50) was among the first reports of adipose stromal 
cells that shared surface markers with pericytes and mesenchymal 
stem cells. These cells were shown to express CD34 and, despite their 
perivascular location adjacent to CD31+ cells, are distinct from 
CD34+/CD31+/CD144+ endothelial cells as well as the pericytes de-
scribed by Crisan and colleagues (51) as CD146+/CD34− within adult 
adipose, skeletal muscle, and pancreas and fetal muscle. However, it 
remains undetermined whether adventitial cells that exhibit a pro-
genitor cell–like marker profile also demonstrate differential multi-
potency and adopt progenitor cell–like function upon ex vivo 
culture and whether vasa vasorum–associated cells exhibit different 
features of progenitor cells in both normal and diseased large blood 
vessels.

It is also nonmutually exclusive that multiple cell types residing 
within this important vascular layer have vasculogenic potential 
and can directly and/or indirectly support formation of neovessels 
and angiogenesis during expansion of existing vasa vasorum. For 
example, it was recently shown that pericyte-specific deletion of 
Ninjurin1 led to formation of immature vasa vasorum in the adven-
titia of wire-injured mouse vessels, increased inflammatory cells, 
and exacerbated intimal hyperplasia (88). Pericytes are among the 
most important cells for vasa vasorum function and expansion, in 
part, due to their known direct interactions with endothelial cells 
and platelet-derived growth factor receptor  (PDGFR)–dependent 
functions for proper vasculogenesis and angiogenesis (89, 90). While 
tissue-resident and circulating progenitor cells have been shown to 
directly contribute to neovessel formation in vivo (72), human peri-
cytes delivered in vivo also directly home to host microvasculature 
and improved function in the mouse (54) and porcine infarcted 
hearts (91), their mechanism(s) of action remains unknown. Peri-
cyte delivery also improved regeneration of injured or diseased 
skeletal muscle, likely as producers of proregenerative cytokines 
(92). Notably, bone marrow–derived cells were shown to give rise to 
perivascular cells of fibroblast growth factor 2 (FGF2)–induced ne-
ovessels in the mouse cornea (93). Nearly all macrophages and 
more than half of the pericytes within neovessels of subcutaneous 
FGF2-impregnated hydrogel implants in mice were of bone mar-
row origin versus just 10% of endothelial cells (94). Similarly, 
human adipose-derived stromal cells injected into the mesentery 
arteries of adult nude rats were identified in a perivascular location 
of microvessels and expressed the pericyte markers –smooth mus-
cle actin and neuron glial antigen factor 2 (95). These studies 
demonstrate a prominent contribution of bone marrow– derived 
cells to perivascular cells during postnatal angiogenesis. Popula-
tions of pericytes (CD146+/CD34±/CD31−) associate with the 
adventitial vasa vasorum (44); however, a direct contribution of 
pericytes (or their precursors) to (patho)physiological neovascular-
ization of vasa vasorum has not been examined. Studies that use 
labeling and/or genetic fate mapping strategies represent a priority 
for further rigorous studies to determine the cellular origins of 
vasa vasorum.

The ability of mesenchymal stromal–like cells to directly participate 
in vasculogenesis remains controversial, where it is more commonly 
accepted that mesenchymal stromal cell secreted factors stimulate 
paracrine angiogenic signaling and mesenchymal stromal cells di-
rectly interact with endothelial cells to participate in angiogenesis 
instead of undergoing differentiation toward the endothelial lineage. 



Phillippi, Sci. Adv. 8, eabl6364 (2022)     20 April 2022

S C I E N C E  A D V A N C E S  |  R E V I E W

6 of 20

Results of fate mapping studies in mice failed to show an apprecia-
ble contribution of cells in the pericyte/smooth muscle lineage to 
adipogenic and myogenic lineages during aging or induced disease 
states (96), thus arguing against a previous theory of in vivo plasticity 
of perivascular cells. More recent lineage tracing studies support a 
role for pericytes in postnatal vascular remodeling by revealing that 
neuron-glial antigen 2 (NG2)–expressing cells accumulated around 
lung arterioles in a mouse model of hypoxia-induced pulmonary 
hypertension and pericytes isolated from lungs of patient with pul-
monary hypertension exhibited an increased propensity to differen-
tiate toward SMCs (97). Ex vivo cultured vasa vasorum–associated 
pericytes from human aorta could be differentiated toward mature 
SMCs in vitro as shown by their responsiveness to cytokine-induced 
up-regulation of contractile SMC markers –smooth muscle actin, 
smooth muscle myosin heavy chain, and calponin. Another inter-
esting cell population within human aortic adventitia was classified 
as nonhematopoietic (CD45−), nonpericyte (CD146−), and non-
endothelial (CD31−) cells described as CD90+/CD34+ cells (44). These 
cells were deemed “supra- vasa” because they were noted to reside in 

a perivascular location around vasa vasorum within the adventitia. 
CD90+ cells, in particular, have also been described as a rare popu-
lation of adventitial cells coexpressing mesenchymal stromal cell 
markers (61). Ex vivo cultured CD90+ cells isolated from human 
atherosclerotic and/or aneurysmal aortas secreted less proangiogenic 
factors when compared with cells isolated from health aortas 
(five to six subjects per group) (61). These CD90+/CD34+ supra-vasa 
cells express a similar surface proteome to nonhematopoietic 
progenitor cells in the adventitia and adipose-derived cells from the 
stromal vascular fraction described by others (60, 61, 98, 99). Peri-
cytes and other local cells in the perivascular niche of vasa vasorum 
represent candidate populations for additional lineage specification 
and potential for transdifferentiation, lineage progression during 
vasculogenesis, and angiogenesis.

Endothelial cells can also give rise to pericytes and SMCs through 
a process of endothelial-to-mesenchymal transition, as was demon-
strated using lineage tracing in the mouse embryonic heart (100), 
adding further complexity to the potential relationships among vas-
culogenic cells potentially contributing to vasa vasorum expansion. 

Fig. 3. Schematic of large elastic artery. Image depicts a large artery (i.e., aorta) with basal lamina and intimal layer (endothelium), medial smooth muscle layer with 
elastic fibers, and the outer, highly heterogeneous adventitial layer. Arterial and venous vasa vasorum are shown in the adventitial and medial layers. In addition, lym-
phatic vasa vasorum and nervi vasorum (nerves) are shown. Numerous cells with postnatal vasculogenic potential are denoted in the adventitia. Note that components 
are not drawn to scale.
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Table 1. Examples of potential vasculogenic cells contributing to postnatal angiogenesis of vasa vasorum.  

Cell type Markers and subsets Location Function References

Adventitia-laden progenitor-
like cells

CD34+/CD146−/CD45−/
CD31−/CD90+/VEGR2+/TIE2+

Adventitia/media border; 
perivascular to adventitial 

vasa vasorum

Macrophage precursors and 
formation of endothelial 

sprouts; mural cells, 
endothelium support; 

multipotent, precursors of 
pericyte-like cells

Zengin et al. (64), Corselli 
et al. (60), Billaud et al. (44)

Pericytes

CD146±/CD90±/CD34±/
CD31−

Other subsets: NG2+/
PDGFR+/SMA+/

CD105+/CD73+

Abluminal, under the 
basement membrane; 
around capillaries and 

vasa vasorum

Stabilization of new vessels; 
sprouting behavior in vitro

Crisan et al. (51), Corselli et al. 
(60), Billaud et al. (44)

Tissue-resident ECFCs CD45−/CD31+/CD146−/CD34+ Endothelium; liver, intestine; 
vasa vasorum intima

Differentiate into endothelial 
cells; form neovessels in ischemic 

and nonischemic tissues

Ingram et al. (76), Aicher et al. 
(78), Naito et al. (77), 

Billaud et al. (44)

Circulating bone 
marrow–derived myeloid 
angiogenic cells

CD45+/CD31+/CD34+/Flk+ Peripheral blood, 
bone marrow

Comprise neovessels in 
murine ischemic hindlimb 
model; increased capillary 

density in mouse heart 
infarct model; formation of 
subcutaneous neovessels

Asahara et al. (70), Kawamoto 
(71), Yoder et al. (72), 

Medina et al. (73)

Bone marrow–derived cells c-kit+ Peripheral blood, 
bone marrow

Neovessels in atherosclerotic 
vessels and pulmonary 

hypertension

Davie et al. (182), Sata et al. 
(123), Montani et al. (195)

Sca1+

CD45+/Gli1+/CD34+

Other subsets:
CD45−; CD31+/CD105+; 

CD144−/CD31−

Adventitia/media 
border; adventitia

Vasa vasorum expansion in 
atherosclerosis; smooth 
muscle cell progenitors; 

macrophage progenitors, 
endothelial precursors

Toledo-Flores et al. (66), 
Kramann et al. (67), 

Passman et al. (62), Psaltis et al. 
(63), Majesky et al. (69)

Fig. 4. Lineage hierarchy of vascluogenic cells participating in postnatal angiogenesis. Probable cellular origins of postnatal vasa vasorum angiogenesis in normal 
and pathological states include differentiation of adventitia-laden progenitor cells toward a pericyte phenotype, and subsequent migration toward PDGF-BB producing 
branching endothelial tip cells and/or differentiation toward SMCs. Tissue-resident ECFCs give rise to smooth muscle and mature endothelial cells. Pericytes can adopt a 
more mature SMC phenotype. Bone marrow–derived cells are precursors of myeloid angiogenic cells, macrophages, SMCs, pericytes, and endothelial cells. Endothelial 
cells can transdifferentiate toward smooth muscle and pericytes through endothelial-to-mesenchymal transition (EndoMT). Tissue-resident Sca1+ cells that are non–bone 
marrow–derived may originate from medial SMCs and give rise to mature SMCs, endothelial cells, and macrophages.
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An important identified gap in knowledge is whether tissue-resident 
or circulating precursor endothelial cells and local pericytes (or their 
precursors) directly participate in physiological or pathological ex-
pansion of vasa vasorum. It will be interesting to find whether and 
how these many adventitial cells directly and/or indirectly partici-
pate in vasa vasorum postnatal angiogenic processes within larger 
normal and diseased vessels.

Despite several lines of evidence regarding cell hierarchy and con-
tributions to angiogenesis in physiological and pathological models 
and specimens, questions about cellular origins of vasa vasorum de-
velopment and postnatal remodeling remain. Since the vasa vasorum 
can be considered analogous to small arteries in other vascularized 
tissues, what cells in the adventitia contribute to vascularization of the 
adventitia and expansion of the vasa vasorum into the media? An im-
portant area of new investigation will be in uncovering what factors 
incite microvascular remodeling and pruning and may influence or 
exhibit antiangiogenic signaling in different pathological states. More-
over, because of the responsiveness of adventitial cells to paracrine 
factors produced by medial cells and evidence of their cellular origins 
in the media, these perivascular cells likely sense and respond accord-
ingly to signals from the media and intimal layers through interlayer 

cross-talk. The vasa vasorum nourishes, reflects overall health, and 
stands poised to adapt to the needs of the parent vessel.

Involvement of vasa vasorum in cardiovascular diseases
For decades, the vasa vasorum have been implicated, associated, and 
targeted in the setting of various cardiovascular diseases. The loca-
tion of vasa vasorum within larger vessels and the vital function of 
these vessels demand a better understanding of how they contribute 
to and/or are influenced by cardiovascular pathologies. Nearly all of 
what we know regarding vasa vasorum in cardiovascular disease per-
tains to the arterial vasa vasorum with relatively little understood 
about the role of venous vasa vasorum and lymphatic vasa vasorum. 
Delineating whether vasa vasorum alterations are a cause and/or a 
consequence of disease pathophysiology in humans is not only diffi-
cult to test experimentally but also challenging to interpret. Un-
doubtedly, the pursuit to answer such questions is worthwhile.

Atherosclerosis
Involvement of vasa vasorum in atherosclerotic disease is irrefut-
able. Several lines of evidence point to microvascular dysfunction 
not only as an initiator but also as an exacerbating mechanism of 

Fig. 5. Vasa vasorum in diseased vessels. The schematic depicts the known involvement of vasa vasorum involvement in several cardiovascular and pulmonary pathol-
ogies including intracranial aneurysm, atherosclerosis, pulmonary hypertension, COVID-19, and aneurysms of the abdominal and ascending thoracic aorta. The unan-
swered questions that persist and deserve future indepth study are outlined.
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progressive atherosclerosis. Numerous lines of inquiry point to a 
role for vasa vasorum in the initiation, progression, and susceptibil-
ity to atherosclerotic disease. Notably, the anatomic specificity of 
larger vessel decoration with vasa vasorum may influence that ves-
sel’s propensity for atherosclerotic lesion development. The seminal 
work of Koester (5) in 1876 showed that occlusion of vasa vasorum 
led to medial necrosis and speculated this to be an inciting event 
of atherosclerotic lesion development. Nearly 200 years later, 
Nakashima and Tashiro (101) explained early proatherosclerotic lipid 
deposition in the outer coronary artery as independent of intimal 
endothelium damage and due instead to neovascularization of vasa 
vasorum within the outer layers of a thickened intima, where biglycan, 
a proteoglycan with selective binding for lipoproteins, is present in 
normal and diseased arteries. During atherogenesis, an increase in 
transport of low-density lipoprotein (LDL), oxidized products, and 
inflammatory cytokines across the endothelium that precedes cellular 
infiltration has been described, purportedly because of endothelial 
dysfunction and a decreased capacity for clearance by the venous 
vasa vasorum (102). Furthermore, vasa vasorum dysfunction may 
contribute to atherogenesis via hypoperfusion-induced low oxygen 
tension, which could further impair effective LDL transport. More-
over, oxidized LDL can contribute to neovascularization of vasa 
vasorum in atherosclerosis through epigenetic modifications in en-
dothelial cells (103).

Neovascularization from adventitial vasa vasorum occurs after 
expansion of the diffuse intimal thickening and precedes formation 
of histopathologic features of atherosclerosis, giving rise to an alter-
native hypothesis for the mechanism causing coronary atheroscle-
rosis in the setting of normal LDLs (104). Other work in a porcine 
model of hypercholesterolemia showed evidence of vasa vasorum 
neovascularization before onset of endothelial dysfunction in coro-
nary arteries (102). Observations that stenotic and calcified human 
coronary arteries exhibited higher vasa vasorum density when com-
pared with nonstenotic vessels (105) and extend from the adventitia, 
branching into the intima (106), demonstrate that neovasculariza-
tion of arterial vasa vasorum occurs in atherosclerosis-prone vessels.

Adventitial lymphangiogenesis has also been linked to athero-
sclerosis. Although the role of lymphangiogenesis in atherogenesis 
remains unclear, disruption of lymph flow in the mouse aorta in-
creased adventitial inflammation and plaque development and lim-
ited plaque regression in ezetimibe-treated mice (107). Lymphatic 
vessels expand in atherosclerotic vessels; however, angiogenesis seems 
to play more of a role in neovascularization within atherosclerotic 
plaques than lymphangiogenesis. In a study of 23 autopsy cases, 
LYVE-1–positive lymphatic vessels were rarely detected in athero-
sclerotic intima of human carotid arteries (108), and increased levels 
of oxidized LDL noted in the adventitia near lymphatic vessels are 
thought to inhibit lymphangiogenesis. Lymphatic vessels mediate 
the removal of oxidized LDL, thus reducing atherosclerotic lesion 
formation. Human lymphatic-derived endothelial cells exposed to 
oxidized LDL exhibit reduced angiogenic activity in vitro and ne-
ovessel formation in vivo via CD36 receptor–mediated signaling 
(109). Whether this signaling axis may be exploited for therapeutic 
benefit in atherosclerotic patients would be an advantageous line of 
inquiry. Understanding how vasa vasorum function affects athero-
sclerosis development and progression, and therapeutic effectiveness 
is of the utmost importance.

In atherosclerotic monkeys, blood flow through the vasa vaso-
rum of the coronary arteries (more prominently in the outer layer) 

was increased, presumably because of neovessel growth rather 
than dilation of existing vessels and atherosclerotic vessels main-
tained adenosine-induced dilation (110). ET-1 is up-regulated in 
atherosclerosis and, therefore, may cause increased vasa vasorum 
constriction, limiting blood flow and nutrient delivery (111, 112). Fur-
thermore, occlusion of rabbit vasa vasorum was found to be as-
sociated with increased activity of cholesterol acyltransferase (113), 
suggesting that the resulting hypoperfusion leads to tissue hypoxia. 
Adventitial delivery of FGF2 in ApoE−/− mice caused vasa vasorum 
expansion and aggravated plaque development (114). Endothelial- 
to-mesenchymal transition has been linked to loss of FGF receptor 1 
expression in endothelial cells and accelerated atherosclerotic dis-
ease in ApoE-deficient mice and was associated with disease severity 
in human coronary arteries (115). When vasa vasorum neovascu-
larization extends to the intima, the plaque may experience increased 
nourishment through delivery of hormones, oxygen, and other nu-
trients. However, there also appears to be a relationship between the 
vasa vasorum and plaque instability. Plaque microvessels were denser 
in ruptured versus nonruptured plaques and less numerous in fibro-
calcific plaques versus lipid-rich plaques (116). Since inflammation 
was associated with neovessel density where severe inflammation 
was associated with the highest density of plaque microvessels, the 
vasa vasorum may, therefore, serve as a dynamic conduit for influx 
of macrophages and other proinflammatory factors that contribute 
to increased production of matrix metalloproteinases and further 
aggravate atherosclerotic lesions. It is well accepted that inflamma-
tory cell infiltration in cardiovascular disease occurs via the vasa 
vasorum, although a comparison of leukocyte adhesion molecules 
between vasa vasorum–associated endothelial cells within normal 
and atherosclerotic or aneurysmal human vessels or with neighboring 
cell types is lacking and relationships are not well understood, rep-
resenting an additional important area to be explored. A single study 
of human abdominal aorta and iliac artery revealed detection of 
endothelial leukocyte adhesion molecule 1 with increasing severity 
of atherosclerosis (117). More vasa vasorum–associated endothelial 
cell functions have been gleaned from animal model investigations. 
For example, a porcine coronary artery balloon angioplasty model 
revealed up-regulation of P-selectin, E-selectin, and vascular cell 
adhesion molecule 1 in vasa vasorum–associated endothelial cells to 
facilitate infiltration of inflammatory cells when compared with non-
injured vessels absent of inflammatory cells (118). Consistent with the 
known involvement of macrophages in hypoxia-mediated angiogene-
sis, positron emission tomographic imaging of 18F-floromisonidazole– 
treated rabbits revealed colocalization with areas of tissue hypoxia 
and macrophages near intraplaque neovessels of advanced athero-
sclerosis (119). Similar noninvasive imaging studies in humans iden-
tified comparable overlapping signals for hypoxia and macrophages 
in vascularized human carotid plaques (120) to further support in-
flammatory cell involvement in hypoxia-mediated angiogenesis.

The presence of vasa vasorum is also associated with atheroscle-
rotic intracranial arteries. A study examining 157 autopsy specimens 
found adventitial vasa vasorum in approximately half of all samples 
and in normal and atherosclerotic middle cerebral, vertebral, and 
basilar arteries, with the majority of vasa vasorum observed in the 
vertebral artery (121). Vasa vasorum in the vertebral arteries were 
found to be associated with preatherosclerotic lesions and progres-
sive atherosclerosis and more numerous in vessels with a heavier 
plaque load increased density of intraplaque calcification (121) and 
in more severe atherosclerosis (122). Thus far, there have been no 
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fate mapping studies that delineate origins of vasa vasorum expan-
sion in atherosclerotic intracranial arteries, but they likely arise 
from local vasculogenic cells.

Vasa vasorum expansion in atherosclerosis appears to arise by 
vasculogenesis, whereby circulating and local tissue progenitor cells 
such as those residing in the adventitia give rise to endothelial cells. 
Bone marrow–derived cells have exhibited vasculogenic potential 
to give rise to smooth muscle actin–positive cells within plaques of 
hyperlipidemia-induced atherosclerotic mice (123). Conversely, it 
has also been shown that bone marrow–derived cells rarely partici-
pate in plaque endothelium in the ApoE-deficient mouse model of 
atherosclerosis (124), consistent with prior studies of neovascular-
ization (94). Within the previous 2 years, Sca1+/CD45+ cells were 
identified within the murine aortic adventitia that coexpress CD31+ 
in atherosclerotic aorta of ApoE−/− mice and frequently colocalized 
with von Willebrand factor and vasa vasorum (66). Moreover, 
ex vivo cultured Sca1+ cells contributed to de novo perfused vasa 
vasorum in the carotid artery of atherosclerotic mice and neovessels 
with increased perfusion in an ischemic hindlimb (66). Additional 
growth factors may be secreted by infiltrating inflammatory cells 
from the vasculature, other resident adventitial cells, and from peri-
adventitial fat to influence vasa vasorum expansion and altered flow 
in atherosclerotic vessels in a paracrine fashion. In hypoglycemic 
ApoE−/− mice, the expected neovascularization of vasa vasorum is 
absent in the larger atherosclerotic plaques that form relative to 
normoglycemic ApoE−/− mice (125). In contrast to such observa-
tions in diabetic animal models, patients with diabetes mellitus ex-
hibit increased microvascular density in atherosclerotic plaques 
when compared to similar plaques in nondiabetic patients (126). 
The noted discrepancy from observations in the mouse model may 
be due to unknown ApoE genotype, which was not determined for 
human subjects examined.

Developing strategies to inhibit plaque angiogenesis as a treatment 
for atherosclerosis has been a longstanding focal area of research. In 
ApoE−/− mice, subcutaneous injection of the antiangiogenic factors 
endostatin or TPN-470 (a fumagillin analog) or angiostatin led to 
reduced lesion formation, thus raising these factors as potential 
therapeutic candidates to prevent atherogenesis (127, 128). However, 
despite this initial enthusiasm, there are currently no clinical trials 
focusing on endostatin or TPN-470 in atherosclerosis (clinicaltrials.
gov). More recently, local blockade of vascular endothelial growth 
factor receptor 2 (VEGFR2) in hypercholesterolemic mice resulted 
in less intraplaque hemorrhage and a decrease in the number of ex-
travasated red blood cells when compared with sham-operated con-
trols (129). Thus, prevention of neovessel instability may prove 
therapeutic by markedly reducing the impact of vasa vasorum ex-
pansion. A small-molecule inhibitor of FGF2 represents another 
candidate for plaque stabilization due to its ability to reduce macro-
phage infiltration and intraplaque angiogenesis (130). A gene trans-
fer strategy to deliver decoy VEGFRs to the adventitia of rabbit 
vessels implanted with bare metal stents prevented vasa vasorum 
neovascularization in stent restenosis (131). However, when intra-
venous bevacizumab was administered to pigs after intercostal artery 
ligation with the premise of combating hypoxia-induced angiogen-
esis, deleterious outcomes were noted (132). An inflammatory re-
sponse persisted and was accompanied by other complications such as 
altered hemodynamics, blood dyscrasia, and severe gastric lesions. 
Future efficacious treatments will likely require local, controlled deliv-
ery of agents that appropriately prevent overgrowth of vasa vasorum.

While some interpret the effects of vasa vasorum removal, occlu-
sion, or, otherwise, hypoperfused microvessels as proatherosclerot-
ic events, others view these data of consequent vascular wall necrosis 
and disruption as indicative of aneurysm or dissection. One useful 
example is the recent work of Colman et al. (133), who, while study-
ing the role of deleted in breast cancer gene in angiotensin II (Ang-II)– 
infused hypertensive mice, made the somewhat unexpected 
observation of aortic delamination associated with extravasated red 
blood cells from adventitial vasa vasorum and intramural hemato-
ma (IMH) formation. Current experimental models have not en-
abled sufficiently rigorous experimentation to determine whether 
vasa vasorum dysfunction is an aggravator as opposed to a conse-
quence of lesion development in atherosclerotic disease. Address-
ing this important pathophysiological question will require more 
study and novel sophisticated animal models.

Vein graft patency
Vasa vasorum in veins also lie within the adventitia and penetrate 
the media in close proximity to the lumen (134). The presence and 
integrity of the vasa vasorum are thought to be important for vein 
graft patency (135,  136). Saphenous vein graft harvest via a “no-
touch” technique presumably protects the adventitia, preserves vasa 
vasorum endothelial function, and is considered to be superior to 
the conventional technique, which is less invasive and therefore im-
poses reduced donor site morbidity, but is more damaging to the 
harvested vessel itself in that it strips away the adventitia, thus re-
moving most of the vasa vasorum (134). The no-touch technique 
includes a pedicle of stromal tissue, adventitia, vasa vasorum, and 
perivascular adipose tissue. This local tissue niche in close proximi-
ty to the vasa vasorum is a source of contractile and relaxant factors 
with potential to influence vasa vasorum function and contribute to 
vein graft patency (137). A recent multicenter randomized con-
trolled trial comparing outcomes in no-touch versus conventional 
saphenous vein graft harvest revealed no differences between har-
vest techniques in total graft occlusion, stenosis, or cardiovascular 
death, although inclusion in a meta-analysis uncovered a reduction 
in graft occlusion associated with no-touch harvest (138). In one 
study, comparing saphenous vein graft explants harvested either by 
conventional technique or no-touch technique revealed a higher 
density of CD34+ immunoreactive cells in vessels harvested with a 
no-touch technique despite similar density and size of CD34+ ves-
sels in both the adventitia and media when compared with conven-
tionally harvested vessels (139). Meanwhile, progenitor-like cells 
that comprise atherosclerotic lesions of vein grafts have been shown 
to be derived from tissue-resident stem cells in the adventitia (65). 
Inclusion of the adventitia, perivascular adipose, and vasa vasorum 
together is thought to serve as key biological and mechanical sup-
port components for vein graft patency in coronary artery bypass 
grafting. Although these clinically relevant examples highlight the 
importance of perivascular tissues and vasa vasorum in the health 
and function of parent vessels, what remains unknown and mostly 
untested is whether microvascular dysfunction and local cells di-
rectly incite pathologies of larger vessels.

Aortic aneurysm and dissection
The aorta carries a higher blood volume than any other vessel, and 
its high number of elastic lamellae dictates a clear need for a robust 
vasa vasorum network to nourish the outer layers of aortic media. 
Several lines of evidence collected using animal surgical models 

http://clinicaltrials.gov
http://clinicaltrials.gov
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reveal the impact that loss of vasa vasorum imparts on aortic func-
tion. In the mid-1960s, an investigation by Wilens et al. (6) demon-
strated in a canine model that stoppage of blood flow through the 
vasa vasorum via ligation at the origin of four pairs of intercostal 
arteries resulted in elastin degeneration and medial necrosis, main-
ly in the middle third of the aorta media of the descending thoracic 
aorta with no sign of aortic dissection. Mitotic adventitial fibro-
blasts, neovascularization, and thickening of the adventitia were 
noted within 1 week after ligature. Endothelial proliferation and 
leukocyte infiltration around adventitial vessels in addition to neo-
vascularization of the outer third of the media were observed within 
2 weeks. Notably, Wilens et al. (6) do not report development of 
aneurysm in any of the five dogs that underwent intercostal artery 
ligation when compared with a single sham–operated dog. In 1981, 
a similar report of a larger canine study (n = 22 dogs) revealed that 
intercostal artery ligation resulted in dilated vasa vasorum within 
the middle third of the aortic media, which were unresponsive to 
the vasodilator adenosine as measured by tracking injected micro-
spheres (140). Medial necrosis and loss of elastin were reproducible 
findings noted, absent of gross changes in aortic size. Vasa vasorum 
underwent modest recovery of vasodilator capacity at later time 
points. The authors’ observations of an increased prominence of 
vasa vasorum led them to suggest that regenerative changes oc-
curred following intercostal ligation. Aggregated medial cells of 
unknown phenotype were also observed, which opens questions of 
cell dedifferentiation, transdifferentiation, or infiltration. The same 
group later demonstrated that an aortic interposition graft disrupt-
ed vasa vasorum blood flow and led to medial necrosis in the as-
cending aorta but not in the abdominal aorta and concluded that 
adventitial vasa vasorum is not required for nourishment of the me-
dial layer (141). Adventitial vasa vasorum penetrate the outer two-
thirds of the medial layer in the ascending aorta; therefore, their 
essential role in nourishment of the medial layer in this aortic region 
remains critical.

Other canine studies in the mid-1990s revealed that the removal 
of the perivascular fat from the left subclavian artery to the coronary 
arteries containing the vasa vasorum similarly led to medial necro-
sis, elastin degeneration, and a decrease in aortic distensibility, 
although aneurysm formation was not evident (142, 143). When 
blood flow through the vasa vasorum of the porcine descending 
aorta was disrupted, straightening of elastin and collagen fibers and 
increased tissue stiffness was noted without changes in collagen or 
elastin protein content (144). The authors also described a detach-
ment of layers near the adventitia-media border. These observa-
tions led to the notion that a mechanical defect due to tissue 
remodeling predisposes the aorta to dissection, a theory supported 
by vasa vasorum alterations observed in human aneurysmal speci-
mens (43) and dissected specimens (145) and by the typical location 
of dissection near the adventitia-media border. Occlusion of the 
porcine vasa vasorum of the descending thoracic aorta led to “isch-
emic necrosis” in the outer aortic media evidenced by localized 
SMC loss and areas of elastin interspersed with fragmented elastin 
fibers (144). These phenomena are reminiscent of the histopatho-
logical hallmark of human thoracic aortic aneurysm (TAA) known 
as cystic medial degeneration. This work in animal models, albeit 
generally limited in sample size, supports a vital role for the vasa 
vasorum in aortic wall integrity, although it is important to empha-
size that these microvascular perturbations did not lead to overt 
aortic dilatation, dissection, or rupture, thus limiting the usefulness 

of the models and interpretation of the findings. Further studies 
should determine the impact of disruption of the vasa vasorum on 
biomechanical strength of the aorta to better understand the influ-
ence of these microvessels on tissue biomechanics and a resultant 
influence on the propensity for dissection or rupture.

Aneurysms of the abdominal aorta can arise idiopathically or 
because of lifestyle conditions. Aneurysms in this locale involve ex-
tensive inflammation-mediated wall degeneration, and intralumi-
nal thrombi (ILT) commonly develop. Macrophage accumulation 
and increased production of reactive oxygen species are thought to 
provoke increased production and related activity of matrix metal-
loproteinases, the drivers of elastin and collagen degeneration and a 
hallmark of abdominal aortic aneurysm (AAA) pathophysiology. 
Unlike the thoracic aorta, human abdominal aortic media are typi-
cally avascular and devoid of vasa vasorum (7), although increased 
microvascular density has been reported for human AAA (124, 146–149). 
Histopathological studies of human AAAs revealed increased pres-
ence of medial microvasculature as shown by lectin- and laminin- 
positive cells (150), as well as CD31+ (146) and CD34+ (151) cells 
when compared with normal abdominal aorta, indicative of vasa 
vasorum expansion into the media. Another study compared small 
(<5 cm), mid-sized (5 to 7 cm), and large (>7 cm) AAAs and reported 
a modest reduction in CD31+ cells in the aortic media of AAA spec-
imens (147). When all diameters were considered and compared 
with a smaller set of normal aortic specimens (n = 6), a higher area 
fraction of CD31+ cells were found in large aneurysms when com-
pared with small AAA. Cells participating in AAA-associated vasa 
vasorum neovascularization and intimal hyperplasia are believed to 
have originated in the adventitia. In addition to the aortic lumen, 
medial vasa vasorum expansion is a possible route of administra-
tion for inflammatory cells to the media (149) and production of 
mitogenic cytokines that can induce SMC proliferation and intimal 
hyperplasia. In aneurysmal sac specimens from human AAA, luminal 
stenosis was noted in adventitial vasa vasorum explained by intimal 
hyperplasia and proliferative smooth muscle within the wall of the 
vasa vasorum evidenced by Ki67-positive cells (148). This study 
also reported hypoxia inducible factor 1 (HIF-1)–positive cells 
within the adventitial vasa vasorum of aneurysm sac specimens 
near the intima in addition to HIF-1 immunoreactivity with par-
tial overlap with the macrophage marker calprotectin within medial 
specimens of the aneurysm sac and neck. Vasa vasorum expansion 
in human AAA was found in abundance within the adventitia and 
outer media, although this was not observed in the associated ILTs 
(152). Further support for the theory that hypoperfusion of vasa va-
sorum invokes and exacerbates progression of AAA comes from 
work in a rat model (153–156). Removal of perivascular tissue, in-
sertion of a polyurethane catheter in the infrarenal abdominal aorta, 
and suture ligation of the aorta over the catheter together resulted 
in hypoperfusion of the adventitial vasa vasorum without disrupt-
ing blood flow in the aortic lumen and led to a twofold expansion of 
the aortic diameter within 14 days (155). A follow-up study using 
the same hypoperfusion technique in rats noted diffuse and hyper-
local HIF-1 expression in the aortic wall within 24 hours of hypoper-
fusion onset with elastin fragmentation, increased gelatinase activity, 
decreased collagen content, and apoptotic SMCs observed after 
28 days (153). Most recently, the same group reported rapid detec-
tion of HIF-1 in medial SMCs and macrophages (within 3 hours 
after ligation) and, despite an increased number of vasa vasorum, 
inferred that their hypoperfusion exerts time-dependent effects on 
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aortic wall biology including potential hypoxia-mediated changes 
in contractile SMCs before onset of AAA (156). Pretreatment with 
a phosphodiesterase inhibitor (K-134) was shown to prevent aortic 
rupture in the hypoperfusion rat model, with noted decreases in 
vasa vasorum stenosis and medial hypoxia as well as prevention of 
rupture in elastase- and Ang-II–induced models of AAA (157). 
These studies in rat models definitively demonstrate that when vasa 
vasorum perfusion is physically compromised, wall hypoxia and 
degeneration ensue, resulting in histological phenomena reminis-
cent of human aneurysmal pathology. That hypoxic cells in the wall 
of vasa vasorum incite inflammatory cell infiltration and transition 
of SMCs from a contractile to synthetic phenotype is plausible, al-
though further study using new experimental techniques is needed 
to determine whether vasa vasorum alterations precede or result 
from aneurysmal dilatation in the human abdominal aorta. None-
theless, involvement of the arterial vasa vasorum in AAA offers an 
opportunity for therapeutic intervention.

There may be no vessel more life-sustaining than the aorta, and 
when support from its resident microvessels is compromised or re-
stricted, the parent vessel consequently exhibits histopathologic 
features consistent with wall weakening and vulnerability such as 
medial degeneration. Involvement of vasa vasorum in both AAA 
and TAA has long been hypothesized. The likely compromised 
function of the parent vessel requires further interrogation to deter-
mine putative biomechanical changes due to loss of or reduced 
function of vasa vasorum. A prior review summarized evidence 
supporting a role for the vasa vasorum in aortic dissection, a theory 
built on a clinical and experimental knowledge base that ECM de-
formations and alterations in contractile forces reduce microvascu-
lar tone and lead to an influx of interstitial fluid and an increase in 
transmural pressure (158). Others have reviewed the literature and 
suggest that faulty mechanosensing is involved in aortic disease, es-
pecially because of genetic defects in key genes that regulate cell 
contractility and the elastin-contractile unit and are associated with 
aneurysm and dissection (159). Thus, it has been proposed that loss 
of microvascular tone coupled with faulty mechanosensing cause 
aortic dissection. Additional studies that incorporate multidisci-
plinary approaches to comprehensively evaluating manipulation of 
vascular tone are needed to definitively test this theory.

Other summaries postulate that SMC origins may contribute to 
dissection tear location. This developmentally minded theory is 
based on observations that dissection tears were histologically iden-
tified in the outer third of the aortic media in the vast majority 
(95%) of a 21-patient cohort and emerging genetic fate mapping 
studies, revealing clear demarcation of cellular origins in the as-
cending aorta with neural crest–derived cells noted throughout the 
entire media and second heart field–derived cells confined to the 
outer media (160). Several other factors likely influence tear loca-
tion and the clinical manifestations of dissection (161) including 
material properties of the aortic wall (162), hemodynamics, wall 
tensile stress (163), wall shear stress (WSS) (164), and wall stiffness 
unrelated to WSS (165).

Studies centered on human ascending aortic specimens support 
the theory of vasa vasorum involvement in aortic disease including 
aneurysm and dissection. Osada et al. (145) considered specimens 
from 21 patients undergoing aortic replacement operation due to 
either Stanford type A (n = 20) or Stanford type B (n = 1) dissection. 
The researchers located dissection tears in the outer third of the aortic 
media and adventitial inflammation and thickening. Examples of 

histological phenomena consistent with remodeling of the vasa va-
sorum including tortuosity, elastosis, intimal fibrosis, and muscular 
hyperplasia were noted in two to four patient specimens per feature. 
Adventitial inflammation was found to be associated with sclerosis 
of the vasa vasorum evidenced by lymphoid aortitis. In their report, 
the authors allude to red blood cell extravasation from the vasa va-
sorum as a “probable initial feature of dissection.” IMH absent of an 
intimal tear occurs in a minority of dissection autopsies (166) yet 
has been frequently speculated to stem from rupture of medial vasa 
vasorum aneurysm (167), yet data to support this notion remain 
sparse (168, 169). More rarely, an associated penetrating atheroscle-
rotic ulcer is thought to cause vasa vasorum rupture, leading to 
formation of an IMH, a concept that is also empirically unsubstan-
tiated as of yet. This hemorrhage from vasa vasorum could, in the-
ory, progress outwardly, causing rupture, or inwardly, as an intimal 
tear and dissection initiation. Histological artifacts notwithstanding 
these provocative findings encourage additional studies to evaluate 
causation, and contemporary surgical expert opinion continues to 
mount a logical and convincing argument for a role for vasa vasorum 
in aortic dissection (170). Hemorrhage of the vasa vasorum inciting 
IMH and leading to aortic dissection reveals an additional facet of 
aortic pathophysiology and, with the advent of novel imaging mo-
dalities and multiparameter tissue level studies, may offer new meth-
ods for preventative therapies through microvascular protection.

Reminiscent of the work of Heistad in canine models (140, 171), 
Kessler et al. (172) noted increased medial vasa vasorum density in 
specimens of human TAA as evidenced by a higher number of von 
Willebrand factor–positive vessels. This study found increased ex-
pression of angiogenic factors, angiopoietin 1 and 2, in the media of 
human TAA specimens, which were unchanged in adventitial spec-
imens collected from just four patients when compared with healthy 
specimens from nine patients. Conditioned medium from TAA 
specimens reduced impedance of cultured endothelial cells and pre-
vented their migration/proliferation when compared with condi-
tioned medium from healthy aortic specimens. A supposition of 
microvessel leakage was inferred from increased expression of plas-
ma proteins albumin and plasminogen in the media of human an-
eurysm specimens and qualitative observations of poor endothelial 
junctional associations and mural cell coverage from electron mi-
crographs. The authors interpret these data as evidence that any 
angiogenic process in the aortic media likely spawned from within 
the adventitial layer. Although perhaps proangiogenic factors in the 
media also exert chemotactic influence on adventitial cells. Further-
more, additional in-depth studies that interrogate endothelial integri-
ty, cell-cell junctions, and communication are needed to confirm 
endothelial dysfunction in vasa vasorum of human TAA.

Research initiatives from the author’s laboratory enthusiastically 
support a fresh perspective of the adventitia in aortic biology and 
agree with writings by Kessler et al. (172), Osada et al. (145), and 
others (15, 173) that this important blood vessel layer directly affects 
medial biology and deserves our attention and inquiry to delineate pre-
viously unknown aortic disease mechanisms. Work by the author’s 
team in human aneurysmal specimens partially agree with the findings 
of Kessler et al. (172), with respect to decreased Vegf and elevated 
thrombospondin 1 (TSP1), although this was found in the adventi-
tia rather than the aortic media (43). In contrast to Kessler et al., 
who observed increased vasa vasorum in the media of human TAA 
specimens, the study of Billaud et al. (43) identified decreased 
adventitial vasa vasorum density. Only adventitial vasa vasorum 
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morphometrics were quantified as medial vessels are more difficult 
to discern amidst smooth muscle and elastic lamellae. Decreased 
density of adventitial vasa vasorum in TAA specimens was associated 
with increased lumen area and thickened walls. Moreover, increase 
in lumen size may be due to poor pericyte-endothelial cell interac-
tions. These features of microvascular remodeling were associ-
ated with locally increased expression of glucose transporter 1 
(Glut1), a marker of chronic hypoxia, in the aortic media of aneu-
rysmal specimens. Elevated Glut1 was most prominent in speci-
mens of degenerative TAA and was found near regions of intense 
elastin fragmentation. There were fewer areas of focally elevated 
Glut1 in specimens of bicuspid aortic valve–associated human an-
eurysm, perhaps due to notably less elastin fragmentation in these 
specimens. This evidence of vasa vasorum remodeling and medial 
hypoxia is strongly suggestive of poor microvascular function in 
TAA. Likewise, inflammatory infiltrates have been commonly ob-
served near vasa vasorum (43, 174–177) particularly in the adventi-
tia and have been proposed as an influence of putative neovessel 
formation in the aortic media. However, medial vasa vasorum are 
challenging to delineate by histological methods, and evidence of 
neovessels is unconvincing—absent of definitive and quantitative 
markers of neovessel formation. Additional studies are needed to 
determine the underlying cause of hypoxia and vasa vasorum re-
modeling and how one phenomenon may influence the other. In-
creased lumen area may also be a response to hypoxia as was shown 
in a prior canine study examining effects of acute systemic hypoxia 
(39). Conversely, vasa vasorum dysfunction due to vessel occlusion 
as in atherosclerotic vessels or constriction (178, 179) could cause 
the aortic media to become hypoxic. Elevated expression of the an-
tiangiogenic factor TSP1 and down-regulation of hypoxic gene tar-
gets and proangiogenic factors Vegf, Hif1, and Mt-1a were also 
noted in the adventitia of human TAA specimens (43). Hypoxia 
evokes a cascade of proangiogenic signaling, causing neovessel 
formation as demonstrated in the hypertensive rat aorta (180). It is 
well established that hypoxia triggers angiogenic activity including the 
vasa vasorum in the rat aorta (180), human carotid artery (181), and 
bovine pulmonary artery (182). Paradoxically, multiple lines of evi-
dence demonstrate that chronic hypoxia can also inhibit an an-
giogenic response (183, 184). Work focusing on the ECM of the 
adventitia in human aorta revealed that a biomaterial composed of 
decellularized aneurysmal tissue contained less proangiogenic fac-
tors (e.g., angiopoietin 2, VEGF-A, and FGF2) than nonaneurysmal 
aortic tissue (185). These studies suggest that vasa vasorum rarefac-
tion and/or lack of angiogenesis in human TAA may be influenced 
by an imbalance of pro- and antiangiogenic signals in the adventi-
tia, owing to, contributing to, and/or perpetuating a state of chronic 
hypoxia in human TAA. Current avenues of inquiry are focused on 
identifying what factors regulate vasa vasorum function in the set-
ting of TAA.

The reduction in vasa vasorum density that is observed in hu-
man TAA differs from what is seen in human AAA, where vasa va-
sorum expand and contribute to neovascularization of an associated 
atherosclerotic lesion (150). The law of LaPlace applies to aortic 
dilatation where wall weakening, biomechanical deformation, and 
increased tangential stress together can likely create an ischemic en-
vironment in the media and adventitia. Together with the presence of 
an ILT additionally contributing to local tissue hypoxia, the prompted 
accumulation of inflammatory cytokines can enable local vasa vaso-
rum expansion. When canine aortic segments were subjected to 

dilatation via balloon catheters, the vasa vasorum became damaged 
such that extravasation occurred (186). Tissue remodeling after bal-
loon injury included proliferation of vasa vasorum, formation of 
a neointima, and adventitial hyperplasia (186), revealing that vasa 
vasorum can reestablish after disruption due to parent vessel dila-
tion, thus protecting from further aneurysm progression. Additional 
studies including new animal models are needed to better delineate 
whether and how vasa vasorum remodeling causes, exacerbates, or 
alleviates aneurysmal pathophysiology in the thoracic and abdomi-
nal aorta.

Cerebral aneurysm
Clarke (28) first stated in 1965 that cerebral arteries lack vasa vaso-
rum; however, intracranial arteries were since found to contain vasa 
vasorum that do not extend to the media or intima. Later studies 
described adventitial microvessels of the canine internal carotid and 
vertebral arteries (20). Despite multiple studies in the late 1990s that 
sought to settle the debate on the existence of vasa vasorum in intra-
cranial arteries, the matter remains unresolved at present with some 
studies, failing to find evidence of vasa vasorum (19), while others 
report the presence of adventitial vessels (122) described in some 
reports as being confined to the proximal ends of the internal carotid 
and vertebral arteries (19, 187). An area of agreement is the existence 
of vasa vasorum in the media of intracranial arteries in a pathological 
setting (e.g., atherosclerosis, thrombosis, or aneurysm). It has been 
suggested that the same structural features that could explain a lack 
of vasa vasorum in cerebral arteries may also contribute to the for-
mation of aneurysm in these vessels; these include a fenestrated in-
ternal elastic lamina, a thinner vessel wall, a lack of external elastic 
lamina, and a dearth of stroma in the perivascular subarachnoid space 
(18). Vasa vasorum are not thought to cause aneurysm formation in 
the intracranial arteries, an interpretation based on reproducible 
findings that vasa vasorum are seen in saccular aneurysms of >4 mm 
(188–190). Specimens from a cohort of unruptured intracranial 
specimens revealed via histological methods not only the presence 
of vasa vasorum mainly in the adventitia but also the ILT in 61% of 
specimens (14 of 23) (191). Rather, the presence of vasa vasorum 
seems to play a role in aneurysm enlargement. A recent article noted 
vasa vasorum in 25 specimens of intracranial aneurysms in a range 
of sizes from 3 to 27 mm associated with increased inflammatory 
infiltrate and intimal hyperplasia (192). Since vasa vasorum are rel-
atively fragile and under pathological conditions such as aneurysm, 
which disrupt flow and vessel homeostasis, occluded vessels could 
lead to intralaminar hematoma, triggering an inflammatory response, 
and release of mitogenic growth factors as reported for AAA (193). 
Leakiness, bleeding, and hyperplasia of vasa vasorum likely con-
tribute to aneurysm growth, wall weakening, and an increased pro-
pensity for rupture.

More recently, a newly established model of intracranial aneu-
rysm was developed in ovariectomized rats (194). This was achieved 
by several manipulations of the vasculature including ligation of the 
left common carotid artery, the right external carotid artery, and the 
right pterygopalatine artery. Systemic hypertension was induced via 
high-salt diet and peritoneal injection of Ang-II and inhibitors of 
nitric oxide synthase, and the copper-dependent matrix cross-linking 
enzyme lysyl oxidase (194). Histological analysis of 12 ruptured 
aneurysms revealed the presence of vasa vasorum in approximately 
one-half of the specimens. The number of vasa vasorum in the 
ruptured lesions was relatively low (~1 to 2 vessels); however, the 
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diameters of smooth muscle actin–positive vasa vasorum appear to 
be on the order of 25 to 100 m, and the area occupied was reported 
to be ~600 m2. The authors also observed higher Fgf2 expression 
in rupture-prone intracranial aneurysms when compared with le-
sions near bifurcations without rupture. Therefore, the presence of 
local proangiogenic factors could favor development of vasa vaso-
rum and contribute to a propensity for rupture of the host vessel. 
Similar to the pursuit of preventing rupture of atherosclerotic 
plaques through VEGFR blockade, administration of agents that 
limit VEGF or FGF2 signaling may lessen risk for intracranial rup-
ture through modulation of vasa vasorum expansion.

Vasa vasorum in pulmonary hypertension
A role for vasa vasorum remodeling in pulmonary hypertension has 
been demonstrated over the past two decades via extensive work in 
sophisticated animal models and observations of human specimens. 
A calf model of hypoxia-induced pulmonary hypertension revealed 
vasa vasorum expansion (182). Consistent with studies reporting a 
contribution of bone marrow–derived cells to atherosclerosis-related 
arterial remodeling and plaque development (123), an increased 
proportion of c-kit+ cells in peripheral blood versus bone marrow 
and the presence of c-kit+ cells in pulmonary artery vasa vasorum 
were interpreted as bone marrow–derived progenitor cells, migrat-
ing to areas of neovascularization in hypoxic calves. In pulmonary 
artery specimens from patients with idiopathic pulmonary arterial 
hypertension, similar progenitor-like cells coexpressing c-kit and 
CD34 were noted in the vascular wall along with vasa vasorum expan-
sion and increased numbers of circulating bone marrow–derived cells 
(195). Extravasation from vasa vasorum was noted in hypoxic calves 
as well, indicating that neovessels exhibit leakiness, similar to vasa 
vasorum noted in TAA (43) or dissection (145). Later work identi-
fied that the highly proliferative c-kit+ cells isolated from hypoxic 
calves included more ECFC-like cells among vasa vasorum–associated 
endothelial cells than control (normoxic) calves (196). Most recently, 
transcriptional control of angiogenic activity of vasa vasorum–associated 
endothelial cells isolated from hypoxia-exposed calves was defined 
(197). It was also learned that adenosine receptors mediate vasa va-
sorum endothelial barrier function (198), thus identifying a putative 
therapeutic target to improve vasa vasorum function in pulmonary 
hypertension. These elegant studies broadly advanced our knowl-
edge of pathological vasa vasorum remodeling not only by uncover-
ing involvement of hypoxia-mediated vasa vasorum expansion in 
pulmonary hypertension but also by identifying the contributing 
cell populations, elucidating the underlying signaling pathways 
leading to neovessel formation and uncovering the putative mo-
lecular mediators to therapeutically improve endothelial function in 
disease. It will be important to apply similarly rigorous and elegant 
experimental designs to learn more about vasa vasorum remodel-
ing in aneurysmal and atherosclerotic disease and cardiovascular 
manifestations of other diseases, including those involving emerg-
ing pathogens.

Vasa vasorum and severe acute respiratory syndrome 
coronavirus 2 infection
Given the extensively reported involvement of the microvasculature 
and angiotensin-converting enzyme 2–positive cells including peri-
cytes and the frequent occurrence of microthrombi in fatalities from 
cardiovascular complication of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection (199), the vasa vasorum 

have become part of the conversation as a center point of SARS-
CoV-2–induced microthrombi in lung microvasculature and po-
tentially other large arteries (200, 201). Autopsy case reports of 
patients with coronavirus disease 2019 (COVID-19) describe his-
tological evidence of thrombotic microangiopathy and vasculitis 
in thrombosed mid-sized vessels and perivascular lymphocytic in-
filtration (202). Fibrin microthrombi near pericytes were noted in 
the lungs. Another study reported the development of an occlusive 
arterial disease requiring lower left limb amputation and, upon 
histological examination, identified lymphocytic infiltrate and edema 
of adventitial vasa vasorum (203). More recently, multiple occlusive 
microthrombi were noted in the vasa vasorum amidst numerous 
atherosclerotic plaques in the aorta of a patient with a fatal COVID-19 
infection (204). Evidence of focal inflammation of the endothelium 
and endothelial detachment in the vasa vasorum was also noted. These 
studies and emerging theories on the role of vasa vasorum and as-
sociated pericytes represent just the beginning of what we have yet 
to study, understand, and conquer in the ongoing battle against 
COVID-19 infection.

Advances in vasa vasorum imaging
Clinical imaging of vasa vasorum formation, remodeling, and func-
tion could serve as powerful diagnostic and prognostic tools in the 
evaluation of the many cardiovascular diseases where vasa vasorum 
are involved whether as a cause or consequence of the pathophysi-
ology. Contrast-enhanced clinical imaging modalities (e.g., magnetic 
resonance and CT) that identify changes in vasa vasorum would be 
helpful in both diagnosis and prognosis of cardiovascular disease. 
Micro-CT, optical coherence tomography (OCT), and magnetic res-
onance imaging (MRI) are high-resolution imaging modalities that 
have successfully detected microvasculature in preclinical models. 
A disadvantage of micro-CT for broad clinical adoption is the expo-
sure to radioisotopes and contrast agents. OCT is a high-resolution 
intravascular imaging technique with demonstrated success in de-
tection of vasa vasorum in humans and in animal models, yet it suffers 
from inadequate depth of tissue penetration. Furthermore, OCT 
availability in cardiac catheterization centers remains sparse, thus 
limiting translational feasibility and potential. Likewise, MRI sys-
tems are impractical for repeated imaging due to device size and cost. 
Conventional noninvasive ultrasound such as Doppler and contrast- 
enhanced ultrasound (CEU) is compatible for vascular imaging but 
lacks the spatial resolution necessary for imaging microvessels the 
size of vasa vasorum. High-frequency intravascular ultrasound results 
in sufficient resolution but has the drawback of being invasive (205).

Super-resolution ultrasound (SRU) is an approach inspired by 
other super-resolution imaging techniques such as photoactivated 
localization microscopy and stochastic optical reconstruction mi-
croscopy. In SRU, contrast agents perfuse vascular networks to 
supplant the role of fluorophores in the optical super-resolution 
imaging techniques. The desirable larger imaging depth achieved through 
ultrasound is unfortunately at the expense of spatial resolution. In-
travascular ultrasound using microbubbles can adequately quantify 
vasa vasorum density but is susceptible to motion artifact and is not 
applicable to larger vessels such as the aorta or carotid arteries. A 
simulated approach was applied for detection of coronary artery vasa 
vasorum using microbubble perfused cellulose tubing, thus demon-
strating additional feasibility of using vasa vasorum remodeling as a 
metric for plaque rupture risk (206). CEU has been postured as an 
attractive approach for risk stratification of atherosclerotic plaques. 
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Using microbubbles, transcutaneous CEU allows for visualization 
of adventitial vasa vasorum expansion in human atherosclerotic ca-
rotid arteries (207) and femoral arteries in pig and rabbit models of 
atherosclerotic plaque development (208–211). CEU in rabbit fem-
oral arteries revealed increasing vasa vasorum density associated 
with atherosclerotic plaques, findings that were validated histologi-
cally (210). Despite a perceived promise of the CEU approach to 
enabling derivation of a diagnostic index for identifying unstable 
plaques, this strategy has also faced criticism that enhancement may 
lead to inaccurate detection of vasa vasorum. Recent advances in 
SRU imaging demonstrated detection of vasa vasorum in athero-
sclerotic plaques within rabbit femoral arteries, validated with ex vivo 
micro-CT and histological methods (208). Despite these promising 
modalities, implementation of a clinically impactful noninvasive 
imaging tool with sufficient spatial resolution to quantify metrics of 
vasa vasorum is hindered by long scan times, control of microbub-
ble concentration, and acoustic attenuation in deeper tissues. Even-
tual high-resolution bioimaging technologies that balance spatial 
resolution with depth of penetration and enable detection of re-
gional vasa vasorum remodeling will offer additional advantages. 
The numerous associated cell populations and how they dynamically 
interact within the adventitia and influence cells of the medial and 
intima layer provide additional biologic imaging targets of interest 
to better understand vasa vasorum presence and function in normal 
and diseased vessels using emerging technical innovations in non-
invasive imaging.

Therapeutic opportunities in the vasa vasorum
Therapeutic strategies should be tailored to what pathological changes 
the vasa vasorum undergo during different disease processes and 
the pertinent consequences of these changes. For example, in aneu-
rysmal disease of the ascending aorta where adventitial vasa vaso-
rum have been shown to be less dense and the media is hypoxic 
(43), a strategy that restores the balance in pro- and antiangiogenic 
signals might be a candidate strategy for treatment. The author’s 
laboratory demonstrated that human adventitia contains numerous 
angiogenesis-related factors and that adventitial ECM derived from 
aneurysmal aortic specimens exhibited less proangiogenic and high 
amounts of TSP1 (185). ECM hydrogel bioscaffolds prepared from 
decellularized porcine aortic adventitia exhibited proangiogenic ac-
tivity in vitro and in vivo predominantly via FGF receptor 2– and 
VEGFR2-dependent mechanism (185). FGF2 was previously in-
ferred as the main proangiogenic factor in the adventitia, governing 
pathologic expansion of the vasa vasorum due to an observation of 
elevated Fgf2 mRNA and unchanged levels of another well-known 
proangiogenic factor, Vegf, in a hypercholesterolemic mouse model 
(212). Conversely, in atherosclerotic disease and aneurysms of the 
abdominal aorta, prevention of vasa vasorum–derived neovessels that 
facilitate neointimal formation and nurture its persistence could be 
abrogated through inhibition of proangiogenic signals. There are 
numerous studies that seek to limit plaque development through 
inhibition of angiogenesis including a first-in-man clinical trial 
with bevacizumab-eluting stent (213). However, in part, because 
preclinical models failed to show efficacy of intravenous bevaci-
zumab where intercostal artery ligation led to hypoxia-induced 
neovascularization in the descending aorta of pigs (132), any thera-
py addressing this vital microvascular network should be carefully 
tailored. A successful strategy will take into consideration not only 
the vasculogenic potential of local cell populations and their 

abundance but also the delicate balance of pro- and antiangiogenic 
factors in a temporal and spatially appropriate manner, as well as 
the contribution of pro- and anti-inflammatory signals. A balance 
among these many facets must be the goal.

Final perspectives
Vasa vasorum remodeling is likely both a cause and consequence of 
parent vessel disease and reaching a deep understanding of both 
perspectives could have tremendous impact on how cardiovascular 
pathologies are diagnosed and clinically managed, in addition to how 
they are studied toward the development of novel therapeutic inter-
ventions. The establishment of these microvascular network pat-
terns during development likely stem from spatial cues of soluble 
and immobilized morphogens that signal to local vasculogenic cells. 
Postnatal thickening of the parent vessel via addition of elastic 
lamellae directs vasa vasorum expansion from the adventitia to the 
media in some vessels. ECM biochemical and biophysical cues and 
overall health of the host vessel, especially the presence of athero-
sclerotic or aneurysmal disease, likely guide postnatal vasa vasorum 
remodeling. Advances in imaging modalities such as contrast en-
hanced ultrasound offer new opportunities to differentiate vasa va-
sorum changes related to disease onset and severity; these, together 
with basic science discovery, will pave the way toward theranostic 
interventions for diseases involving vasa vasorum. New animal models 
could help discern which changes in the vasa vasorum incite disease 
of the parent vessel or exacerbate disease progression while serving 
as test beds for the development of novel imaging modalities and 
therapeutics. Several perivascular populations of vasculogenic pro-
genitor cells identified within the adventitia may contribute to vasa 
vasorum expansion and remodeling in normal and pathological vessels, 
offering additional insight into vessel pathophysiology and oppor-
tunities for constructive tissue remodeling, regeneration, and repair.

Several questions regarding the role of vasa vasorum in cardio-
vascular disease persist. Involvement of arterial vasa vasorum ex-
pansion in atherosclerosis, AAA, and pulmonary hypertension is 
clear from both animal studies and observations in human speci-
mens with hypoxia-driven neovascularization a main pathway of 
disease progression. However, what is the cadence for adventitial 
cell migration and differentiation toward vascular lineages to form 
plaque neovessels? What are the spatial and temporal matrix cues 
that drive pathological neovascularization? Evidence for a role of 
vasa vasorum dysfunction in ascending aortic disease is less clear, 
perhaps because of potential for artifactual observations and differ-
ences in human specimens by ethnicity and/or disease etiology and 
severity, as well as other patient-specific and sample differences 
among study cohorts, thus limiting the ability for study reproduc-
tion. However, observations of red blood cell extravasation in dis-
eased human ascending aortas have been noted by multiple groups, 
implicating reduced vasa vasorum integrity as a putative driver of 
IMH and aortic dissection. Limitations of human vessel studies aside, 
animal models support a role for vasa vasorum as both an inciting 
and exacerbating component of aneurysm and/or dissection. Is ar-
terial vasa vasorum remodeling a cause or consequence of medial 
hypoxia in human ascending aortic disease, or both? A definitive 
answer will require further study via novel animal models com-
plemented by in vitro disease models of human tissue and cells. 
That bone marrow–derived cells contribute to neovessel formation 
in atherosclerotic vessels and vasa vasorum expansion in pulmo-
nary hypertension, it is likely that circulating progenitor cells also 
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contribute to neovascularization in AAA. Could these and other 
tissue- resident precursors of the endothelial, pericyte, and SMC 
lineage be harnessed for therapeutic vasa vasorum regeneration in 
thoracic aortic disease or improvement of vein/arterial graft patency 
for coronary artery bypass graft? A summary of the evidence for 
vasa vasorum involvement in several cardiovascular pathologies 
and the persisting unanswered questions are depicted in Fig. 5 
and remain the areas of intense research interest for the author and 
other researchers.

The vasa vasorum have captivated relatively few adoring anatomists/
scientists and artists for centuries and anew amidst the ongoing 
global threat of the COVID-19 pandemic. This vital microvascular 
network is expected to provide additional clues of disease origins and 
opportunities for intervention by medicinal, cellular, or biomaterial- 
based therapies and surgical and image-guided therapies. The vasa 
vasorum remain worthy of our continued curiosity and deserving 
of increased attention to advance our understanding of great vessel 
disease and organ and tissue failure.
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