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The collateral network concept: A reassessment of the anatomy of
spinal cord perfusion
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Objective: Prevention of paraplegia after repair of thoracoabdominal aortic aneurysm requires understanding the

anatomy and physiology of the spinal cord blood supply. Recent laboratory studies and clinical observations sug-

gest that a robust collateral network must exist to explain preservation of spinal cord perfusion when segmental

vessels are interrupted. An anatomic study was undertaken.

Methods: Twelve juvenile Yorkshire pigs underwent aortic cannulation and infusion of a low-viscosity acrylic

resin at physiologic pressures. After curing of the resin and digestion of all organic tissue, the anatomy of the

blood supply to the spinal cord was studied grossly and with light and electron microscopy.

Results: All vascular structures at least 8 mm in diameter were preserved. Thoracic and lumbar segmental arteries

give rise not only to the anterior spinal artery but to an extensive paraspinous network feeding the erector spinae,

iliopsoas, and associated muscles. The anterior spinal artery, mean diameter 134 � 20 mm, is connected at mul-

tiple points to repetitive circular epidural arteries with mean diameters of 150� 26 mm. The capacity of the para-

spinous muscular network is 25-fold the capacity of the circular epidural arterial network and anterior spinal artery

combined. Extensive arterial collateralization is apparent between the intraspinal and paraspinous networks, and

within each network. Only 75% of all segmental arteries provide direct anterior spinal artery–supplying branches.

Conclusions: The anterior spinal artery is only one component of an extensive paraspinous and intraspinal col-

lateral vascular network. This network provides an anatomic explanation of the physiological resiliency of spinal

cord perfusion when segmental arteries are sacrificed during thoracoabdominal aortic aneurysm repair. (J Thorac

Cardiovasc Surg 2011;141:1020-8)
A thorough understanding of the anatomy of the blood supply

of the spinal cord appears essential for developing optimal

strategies to prevent spinal cord injury during and after

open surgical or endovascular repair of extensive thoracic

and thoracoabdominal aortic aneurysms (TAAAs). Direct vi-

sualization of these vessels is difficult clinically,1-5 however,

and most surgeons therefore continue to rely on descriptions

of the spinal cord circulation derived from a few classic

anatomic studies.6-8 The most influential of these has been

the treatise by Albert W. Adamkiewicz (1850–1921), whose

meticulously detailed and beautiful drawings suggest that

the most important input into the anterior spinal artery

(ASA) is a single dominant branch of a segmental artery
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(SA) in the lower thoracic or upper lumbar region with

a characteristic hairpin turn, which is now often referred to

as the artery of Adamkiewicz.9

The consensus has been that identification and then reim-

plantation of the SA supporting this important artery during re-

pair of TAAA is the best possible strategy for preserving spinal

cord blood supply and thereby preventing paraplegia or parapa-

resis.1,2,4,10-12 Despite various painstaking and inventive

techniques to avoid spinal cord injury with this approach,

there continues to be a definite seemingly irreducible

incidence of paraplegia and paraparesis after treatment of

extensive TAAAs.4,12-14 Furthermore, reattaching the artery

of Adamkiewicz or other large intercostal or lumbar

arteries—already a daunting undertaking during open

surgical repair—is not really possible with current

endovascular techniques. Thus the combined incentives of

trying to avoid the rare but devastating occurrence of

paraplegia after surgical repair of extensive TAAAs, and the

appealing future prospect for their treatment, make it seem

reasonable to reassess our understanding of the spinal cord

circulation with the aim of developing a strategy to ensure

postoperative spinal cord perfusion adequate to prevent

paraplegia without reattaching SAs.15,16

We therefore undertook a series of anatomic explorations

in the pig, which previous studies have documented has a spi-

nal cord circulation very similar in its physiologic responses
gery c April 2011
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Abbreviations and Acronyms
ARMA ¼ anterior radiculomedullary artery

ASA ¼ anterior spinal artery

SA ¼ segmental artery

SEM ¼ scanning electron microscopy

TAAA ¼ thoracoabdominal aortic aneurysm
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to that of human beings. These anatomic studies, described

here for the first time in detail, establish the presence of an ex-

tensive collateral network that supports spinal cord perfu-

sion. Our anatomic findings buttress previous clinical and

experimental observations that have suggested the presence

of such a network in both human beings and pigs.16-18

Putting together all our evidence to date, the collateral

system involves an extensive axial arterial network in the

spinal canal, the paravertebral tissues, and the paraspinous

muscles, in which vessels anastomose with one another

and with the nutrient arteries of the spinal cord.19 The con-

figuration of the arterial network—in both in human beings

and pigs—includes inputs not only from the segmental ves-

sels (intercostals and lumbars) but also from the subclavian

and the hypogastric arteries.20 The presence of this extensive

network implies a considerable reserve to ensure spinal cord

perfusion when some inputs are compromised but also pres-

ents opportunities for vascular steal. The aim of this study is

to describe the collateral network in sufficient detail to allow

appreciation of its potential benefits as well as vulnerabilities

to lay a sound foundation for development of strategies to

prevent paraplegia after TAAA repair.
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MATERIALS AND METHODS
Twelve female juvenile Yorkshire pigs (Animal Biotech Industries, Al-

lentown, NJ) weighing 12 � 2 kg (range, 10–13 kg) underwent standard

aortic cannulation and total body perfusion with a low-viscosity acrylic

resin (800 mL, Batson’s No. 17, Anatomical Corrosion Kit; Polysciences

Inc, Warrington, Pa) to create a vascular cast of the circulation. Perfusion

was carried out with extracorporeal circulation (the cardiopulmonary bypass

circuit without an oxygenator) at physiologic pressures with pulsatile flow

to achieve filling of all vessels, including the capillaries.

As has previously been described, the pig differs anatomically from hu-

man beings in having 13 thoracic vertebrae. The first 3 thoracic SAs are

branches of the left subclavian; the subsequent 10 thoracic and 5 lumbar ar-

teries arise together from the aorta and then divide.20,21 Previous studies

suggest that the subclavian arteries and the median sacral arteries each play

a major role in the perfusion of the paraspinous collateral vascular network

in both species, although the iliac arteries may provide a greater proportion

of the direct blood supply in human beings than in pigs.20 Previous experi-

ments with this model have demonstrated that spinal cord perfusion pressure

and collateral flow in the pig behave in ways very similar to those observed

clinically under comparable circumstances in human beings.18,22,23

After curing of the resin and digestion of all organic tissue as described,

the anatomy of the blood supply to the spinal cord was studied grossly and in

detail with light microscopy and scanning electron microscopy (SEM), with

special attention to its interconnections with the vasculature of adjacent

muscles. To visualize vessels contributing to the blood supply of the spinal
The Journal of Thoracic and Car
cord and for better comparison of the porcine vascular cast with human anat-

omy, selected vascular casts were scanned and processed for 3-dimensional

image reconstruction in a computed tomographic scanner.

Perioperative Management and Anesthesia
All animals received humane care in compliance with the guidelines of

Principles of Laboratory Animal Care formulated by the National Society

for Medical Research and the Guide for the Care and Use of Laboratory

Animals published by the National Institutes of Health (NIH Publication

No. 88-23, revised 1996, www.nap.edu/catalog/5140.html). The Mount

Sinai institutional animal care and use committee approved the protocols

for all experiments.

After pretreatment with intramuscular ketamine (15 mg/kg) and atropine

(0.03 mg/kg), an endotracheal tube was placed. The animals were then

transferred to the operating room and were mechanically ventilated. Anes-

thesia was induced and maintained as described previously18 An arterial line

was placed in the right brachial artery for pressure monitoring before and

during resin perfusion.

Operative Technique and Acrylic Resin Perfusion
The chest was opened through a small left thoracotomy in the fourth in-

tercostal space. The pericardium was opened, and the heart and great vessels

were identified. After heparinization (300 IU/kg), the right atrium was can-

nulated with a 26F single-stage cannula, and the aortic arch was cannulated

with a 16F arterial cannula. The cardiopulmonary bypass circuit consisted of

roller heads without an oxygenator and heat exchanger. The animal was

perfused and blood washout was accomplished with 1800 mL 0.9% saline

solution and 4000 IU heparin. The reservoir of the pump was then loaded

with low-viscosity acrylic resin. After a clamp had been placed across the

proximal ascending aorta to prevent leakage of resin across the aortic valve,

whole-body perfusion was started at physiologic pressures while exsangui-

nation was achieved through the venous cannula. Perfusion pressures were

monitored through a right axillary catheter and a pressure line connected to

the aortic inflow tubing. Peak pressure was 120 to 130 mm Hg, achieving

complete filling of all vascular structures at least 8 mm in diameter. The

pump was stopped and the lines were clamped after the concentration of

the acrylic resin in the right atrium reached 80%.

Cast Processing
The resin was allowed to cure for 24 hours at room temperature. There-

after the paraspinous structures were dissected en bloc, preserving all spinal

and paraspinous bony, muscular, and central nervous tissues. All organic

tissue was dissolved in a bath of 10N potassium hydroxide solution in

specially designed tubs with an active stirring device to accelerate tissue dis-

solution. During the next 3 to 7 days, the acrylic casts were removed daily

from the potassium hydroxide bath, and organic debris was carefully re-

moved before reimmersion. At the end of the cleaning process, all casts un-

derwent multistep analysis.

Cast Analysis
The anatomy of the spinal cord blood supply and its connections with the

vasculature of adjacent muscles was investigated grossly and with light mi-

croscopy and SEM. Each cast was analyzed with focus on the axial arterial

network within the spinal canal and in the paraspinous muscles. Collateral

anastomoses were identified and the vessel network described in detail,

quantifying vessel volumes and diameters.

Light microscopy. For visualization of the intraspinal vascular struc-

tures, the spinal canal was exposed by removing the dorsal processes and

washing the intraspinal portion of the cast. Images of the intraspinal vessels

(ASA and epidural arcades) were obtained at every segmental level. The

digital image files were used for measurements of intraspinal vessel diame-

ters with ImageTool 3.0 image analysis software (University of Texas

Health Science Center at San Antonio, San Antonio, Tex).
diovascular Surgery c Volume 141, Number 4 1021
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FIGURE 1. Processing of an acrylic cast. A, After the soft tissue maceration and multiple cleaning steps with distilled water, the spinal canal (black arrows)

is opened dorsally by cutting pedicles of vertebrae. Casts of spinal cord arteries (white arrow lower lumbar cord) are dissected and freed from neural and glial

tissues. Asterisks indicate the vessels of the lower paraspinous musculature. B, Lateral view of casts of vessels along dorsal processes shows paravertebral

extramuscular arcades consisting of arterioles that interconnect segmental levels longitudinally (black arrowheads). Asterisks indicate the extensive vascu-

lature of the paraspinous muscles. C, Dorsal view of the opened spinal canal onto the lower thoracic (left) and upper lumbar (right) segments. Yellow arrows

show the anterior spinal artery. DP, Distribution points of single dorsal segmental arteries, where the dorsal main stem divides into the extensive muscular

paraspinous vascular tree, giving rise to different intraspinal branches.
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Scanning electron microscopy. A scanning electron microscope

(Hitachi S 4300 cold field SEM; Hitachi High Technologies America, Inc,

Schaumburg, Ill) was used to visualize the microstructure of the arterial net-

work. Each sample was cleaned in a warm distilled water bath to remove

organic remnants and calcium for a minimum of 10 days before gold coating

for SEM with a Technics Hummer V Sputter Coater (Stanford Nanofabrica-

tion Facility, Stanford, Calif).

SEM imaging data were systematically acquired and subjected to mor-

phometric study with ImageTool 3.0 image analysis software. Angio com-

puted tomographic scanning and 3-dimensional reconstructions of selected

casts allowed digital processing and collection of data regarding spatial con-

figuration. The studies were designed to enable accurate quantification of

the configuration and capacity of the vascular network supplying both the

spinal cord and the muscles and other tissues adjacent to it.

Quantification of cast volumes. For evaluation of blood volume

distribution among the different collateral systems (intraspinal, paraspinal)

of a single SA, 5 nonadjacent segments that were representative in their

macroscopic appearance and had optimal perfusion results were dissected

from the cast tissue block. Cast volume was calculated from cast weight

and resin density (density of Batson’s No. 17 resin is 1.18 g/mL, calculated

by polymerized resin block). The cast of the paraspinous vascular tree was

separated from all vessels directly supplying the anterior spinal circulation

(anterior radiculomedullary arteries [ARMAs]) and the epidural arcades. In-

traspinal and extraspinal cast volumes were calculated by weighing each of

the different parts of the disassembled vascular model.

SEM quantification of vessel diameter distribution. For

morphometric analysis of the vascular networks, an overview image

(380) was used to identify representative areas of the vascular cast specimen

with good perfusion. Pictures were taken of these areas at various magnifi-

cations (3100, 3200, 3400). All image data were stored as digital files and
1022 The Journal of Thoracic and Cardiovascular Sur
processed for morphometric analysis. Contrast within each image file was

adjusted to achieve optimal visualization of as many vessels as possible.

A counting grid (35 single squares, 0.034 mm2 each, images 3100) was pro-

jected onto the original image file with x- and y-axes in every square (Adobe

Photoshop CS 2; Adobe Systems Inc, San Jose, Calif). The grid was used for

spatial orientation within the image and to ensure an even and random dis-

tribution of measurements. The vessels to be measured were chosen from

lists of random numbers used as coordinates within the counting grid.

Two measurements per square were analyzed with ImageTool 3.0 image

analysis software.

Arterial vessels were identified according to SEM morphologic criteria

defining arterioles as sharply demarcated and longitudinally oriented endo-

thelial nuclear imprints, oval in shape. The distribution of the measured ves-

sel diameters within the paraspinous networks was systematically assessed.

Statistical Methods
Data were entered in an Excel spreadsheet (Microsoft Corp, Redmond,

Wash) and transferred to an SAS file (SAS Institute Inc, Cary, NC) for

data description and analysis; data are described as percentage, median

with range, or mean � SD.
RESULTS
The vascular system supplying the spinal cord (including

SAs, ARMAs, and the ASA) and its adjacent tissues (includ-

ing the vertebrae and the erector spinae and psoas muscles)

was cast in its entirety in each animal (Figures 1 and 2). The

polymeric resin reached networks of small arterioles,

capillaries (with diameters less than 7 mm), and venules.
gery c April 2011



FIGURE 2. Anatomy of the collateral network, sagittal (A) and dorsal (B)

views. Macroscopic appearance of the pair of dorsal segmental vessels at

L1. The dorsal process is removed. In A, the X designates the paraspinous

muscular vasculature providing extensive longitudinal arterioarteriolar con-

nections in A and B; the triangle indicates iliopsoas muscle; the double ar-

row indicates anterior spinal artery.

FIGURE 3. Relationship of the anterior spinal artery (ASA) and the repet-

itive epidural arcades. The dorsal view into the opened spinal canal showing

the dorsal surface of 2 vertebral bodies. The spinal cord is removed to clarify

anatomic location of the epidural circular arcades and the anterior spinal ar-

tery. V indicates the epidural venous plexus. Anterior to the extensive ve-

nous plexus, 4 arteriolar branches (yellow arrows) contribute to 1 circular

epidural arcade. This pattern is repeated at level of each vertebral segment.

These vascular structures connect segments side to side as well as longitu-

dinally. They connect with the main stems of segmental arteries and can

therefore be considered to contribute indirectly to anterior spinal artery.

Green arrows designate the anterior radiculomedullary artery, which con-

nects directly with the anterior spinal artery.
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Thoracic and Lumbar SAs and Types of
Intersegmental Connections

The thoracic and lumbar SAs give rise to 3 major vessel

groups, which anastomose extensively within each group

and with one another (Figures 2 and 3). The first group

consists of the intrathecal vessels: the ASA and

a longitudinal chain of epidural arcades lying between the

spinal cord and the vertebral bodies (Figures 2 and 3). The

second is a group of interconnecting vessels lying outside

the spinal canal along the dorsal processes of the vertebral

bodies (Figure 1). The third is a massive collection of

interconnecting vessels supplying the paraspinous muscles,

including the iliopsoas anteriorly and the erector spinae

posteriorly.

Intrathecal Vessels (Figures 3 and 4)
The intrathecal vessels consist of the ASA, with an aver-

age diameter of 134.0 � 20 mm, and the epidural arcades,

which have a mean diameter of 150.0 � 26 mm. The ASA
The Journal of Thoracic and Car
is supplied primarily by the ARMAs, filled principally by

the left-sided branches of the SAs, with 60% of the SAs

in the thorax and 82% in the lumbar region providing a direct

branch to the ASA.

The epidural arcades consist of a series of circular or po-

lygonal structures at the level of each vertebral body. They

form a longitudinal as well as a side-to-side anastomotic net-

work and connect extensively to the ASA by way of the AR-

MAs and branch points from the SAs. Branches from the

segmental vessels to the arcades are present at each level

from both sides. The combined volume of all the intrathecal

vessels—the ASA, the epidural arcades, and the connecting

vessels—is 5 mL/segment.
Extrathecal Vessels
The first group of extrathecal vessels consists primarily of

small branches of the dorsal limbs of the SAs. It is not pos-

sible to separate these branches distinctly from the muscular

vessels, except for the fact that they are particularly rich in

connections along the long axis of the spine and also from

one side to the other around and posterior to the spinous pro-

cesses of the vertebral bodies. The plexus of interconnected

vessels within the paraspinous muscles—including the iliop-

soas anteriorly and the erector spinae and assorted muscles

posteriorly (quadratus lumborum, ileocostalis lumborum,

longissimus thoracis)—dominate the segmental circulation

(Figure 2). The volume of these extrathecal vessels is 125

mL/segment, 25-fold that of the intrathecal vessels.

The microanatomy of the intramuscular network is de-

picted in Figures 5 and 6. Arteries and arterioles, veins and

venules, and capillaries can be readily distinguished from
diovascular Surgery c Volume 141, Number 4 1023



FIGURE 4. A schematic diagram of the blood supply to the spinal cord demonstrates the relationships, relative sizes, and the interconnections among the

segmental arteries (SAs), the anterior radiculomedullary arteries (ARMAs), the epidural arcades, and the anterior spinal artery (ASA). The longitudinal anas-

tomoses along the dorsal processes of spine as well as dorsal communications (interstitial connections) between the right and the left branches of segmental

arteries are also shown.
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each other (and from perfusion artifacts). The predominant

arterial structures are arterioles between 10 and 40 mm in

diameter (Figure 5). The vessels most frequently encountered

overall are capillaries, vessels less than 10 mm in diameter

(Figure 7). Because the emphasis of this study was on the

arterial blood supply of the cord, veins and venules were

not quantified.
DISCUSSION
The studies described in this report provide a more de-

tailed anatomic basis than has heretofore been available to

substantiate what we have previously described as the collat-

eral network hypothesis of spinal cord blood flow, chiefly on

the basis of physiologic observations in both human beings

and pigs.17 The cast studies demonstrate quite dramatically

that the previously hypothesized collateral network includes

the SAs and the spinal cord circulation but is dominated by

the much more extensive dense, rich vasculature of the para-

spinous muscles. It shows that the arteries to the spinal cord,

the muscles, and the other paravertebral tissues are all inter-

connected, with multiple longitudinal anastomoses all along

the vertebral column.
1024 The Journal of Thoracic and Cardiovascular Sur
Although these studies were purely anatomic and were

carried out in young pigs for practical reasons, their rele-

vance to the clinical situation is supported by numerous pre-

vious physiologic studies in which patterns of response in

the pig model have proved remarkably similar to observa-

tions in patients with aortic disease.16,24 The human spinal

cord circulation, outlined by quite similar techniques in the

commercial exhibit Bodies shows a convincingly close

resemblance to these pig cast studies; however, images

from that exhibit cannot be published. In 1976, Crock and

colleagues25 published the results of an anatomic cadaver

study describing the arterial supply to the vertebral column,

cord, and nerve roots in human beings. Parallels can be

drawn between the human and the porcine segmental blood

supply and collateralization when comparing our results

with the results described by Crock and colleagues.25 For ex-

ample, as is only briefly described in that article, a repetitive

ring-shaped arterial pattern on the dorsal surface of the ver-

tebral bodies is present in human beings as well as in pigs;

however, it has hardly been noted before and has not been

systematically described as a possibly vital part of a backup

system to restore flow to the cord after loss of direct segmen-

tal inflow. Although it can be argued that the collateral
gery c April 2011



FIGURE 5. Cast analysis with scanning electron microscopy of paraspinous vascular cast specimens after soft tissue maceration and multiple cleaning steps.

Image shows arteriolar intramuscular network; counting grid used for vessel diameter distribution analysis within collateral network is superimposed. The

inset shows detail of single counting grid, 1 of 35 per image. The vessels shown have diameters of small precapillary arterioles down to 15 to 20 mm.
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circulation in a patient with an aneurysm has undergone

modifications that may make its response different from

that in a young and healthy pig, reliable data regarding these

pathologic changes and their impact on physiology are lack-

ing, so this objection to extrapolating from the pig model re-

mains speculative.

The implications of these findings are quite profound. The

studies reinforce the idea that the spinal cord circulation is

a longitudinally continuous and flexible system, so that input

from any single SA along its length is unlikely to be critical.

Thus the quest to identify and reattach the elusive artery of

Adamkiewicz is a quixotic endeavor.17 Various studies

have already demonstrated that the total number of SAs sac-

rificed during TAAA repair is a more powerful predictor of

the risk of paraplegia than is the loss of any specific individ-

ual SA.13,26 In fact, systematic attempts to identify and

reimplant the putative artery of Adamkiewicz thus far have

not succeeded in eliminating paraplegia.4,12 Furthermore,

intercostal patch aneurysms appear to be a significant

complication of this approach.27

The participation of the subclavian and iliac arteries in the

spinal cord perfusion network has been confirmed in previous

studies, and the explanation for their physiologic importance

is readily found in the context of the collateral network con-

cept.17,28 The related possible collateral pathways from the

internal thoracic and epigastric arteries providing reversed

anterior to posterior flow through the intercostal and lumbar

arteries were not visualized in these studies but probably
The Journal of Thoracic and Car
also contribute collateral flow to the spinal cord and back

muscles. The rationale for preserving even distant inputs to

the collateral system to ensure spinal cord integrity after SA

sacrifice is reinforced by an understanding of the

dependence of spinal cord perfusion on this extensive

interconnected collateral network.

One of the initially startling but ultimately unsurprising

findings of this study is just how dramatically the muscular

arterial component dominates the anatomy of the network

when compared with the small arteries that feed the spinal

cord directly. This is a reminder of the precarious nature

of the spinal cord blood supply: despite the powerful phys-

iologic mechanisms that are present to safeguard the integ-

rity of spinal cord perfusion, cord blood supply can be

seriously threatened by steal phenomena. The anatomic im-

balance between the vascular inputs to muscle and spinal

cord gives us a clear rationale for being meticulous about

minimizing the activity of paravertebral muscles during

and immediately after TAAA surgery. This can be effected

by liberal use of anesthesia and muscle relaxants and by in-

sistence on at least moderate hypothermia, which dramati-

cally reduces metabolic rate in both muscle and spinal

cord and is known to prolong spinal cord ischemic tolerance.

Steal from the spinal cord circulation because of demand

from muscles is a potent postoperative threat that needs to

be added to an already developed awareness of the intraoper-

ative danger of steal from bleeding from open intercostal or

lumbar arteries. The threat of steal is particularly relevant
diovascular Surgery c Volume 141, Number 4 1025



FIGURE 6. Microanatomy of the collateral network. An overview of casts of paraspinous vascular structures. A, Capillary micromesh. B, Detail of typical

corkscrew-shaped capillaries. C, Artifact of acrylic resin that has leaked through a damaged vessel wall (white arrowheads). D, Endothelial nuclear imprints

on a precapillary arteriole (arrows). E, Network of venules. F, Arteriolar network.
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during the first 12 hours after SA sacrifice, when critical

spinal cord ischemia most often occurs.24

Various adjuncts, such as somatosensory- and motor-

evoked potential monitoring and cerebrospinal fluid

drainage, are currently being used to maximize spinal cord

protection during open and endovascular TAAA repair,

and they have succeeded in reducing the rate of spinal cord

injury.14,16,29-31 Although the rate of paraplegia and

paraparesis after TAAA repair has declined significantly

during the past decade, however, spinal cord injury remains

a uniquely devastating complication, the elimination of

which has a high priority in many aortic centers. The recent

trend toward an increase in the proportion of cases of
1026 The Journal of Thoracic and Cardiovascular Sur
delayed rather than immediate neurologic injury after

surgery for TAAA has highlighted the particular

vulnerability of spinal cord perfusion during the first 24

postoperative hours, a time when monitoring of spinal cord

function is difficult.24 The precariousness of spinal cord per-

fusion during the early hours after surgery has been docu-

mented both in the pig model and in patients by direct

pressure recordings from vessels in the collateral circuit;

this measurement of spinal cord perfusion pressure is a rela-

tively recent and potentially useful additional monitoring

technique.18,19,23,24 Ways of minimizing demand from

muscles competing for a share of reduced collateral

network flow after TAAA repair—such as postponing
gery c April 2011



FIGURE 7. Size distribution of capillary and arterioles within the paraspi-

nous collateral network. The graph shows the distribution of vessels of dif-

ferent diameters (up to 80 mm) within the paraspinous vascular network. The

number of times vessel of given a diameter was measured is shown as a per-

centage of all analyzed vessels (n ¼ 2030 total).
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rewarming and inhibiting shivering—may prove effective in

improving spinal cord perfusion during this vulnerable early

postoperative interval and may help to reduce the occurrence

of delayed paraplegia.

The importance of the venous circulation within the spinal

canal is also apparent from our current anatomic studies

(Figure 3), which show prominent epidural venous channels.

Previous clinical observations have suggested that elevated

venous pressures can interfere with adequate spinal cord per-

fusion,24 and certainly the cast pictures make it seem plausi-

ble that distended epidural veins within the fixed constraints

of the spinal canal could physically obstruct the small

arteries in addition to the direct hemodynamic effect of

reducing net perfusion pressure.

Although the cast studies thus emphasize vulnerabilities as-

sociated with spinal cord perfusion, they also provide reason

for optimism with regard to the eventual success of endovas-

cular therapy for extensive TAAA. The existence of a continu-

ous network with multiple potential sources of inflow—rather

than the traditional view of a system that depends on fixed

sources that may fall within a region of aortic pathology

requiring resection or exclusion—should enable preservation

of spinal cord integrity by manipulation of the existing vascu-

lar collateral network without requiring technologic solutions

to restore lost segmental sources of input. Monitoring of pres-

sures within the collateral network suggests that precariously

low perfusion pressures only prevail for 24 to 72 hours postop-

eratively, with return to preoperative levels of perfusion there-

after.18,32 Further studies in this promising pig model should

clarify how the vascular collateral network compensates to

provide a stable increase in spinal cord blood flow, and may

furnish clues for shortening the interval of postoperative
The Journal of Thoracic and Car
vulnerability during which, at present at least, spinal cord

ischemia sometimes results in delayed paraplegia.
CONCLUSIONS
Cast studies of the perfusion of the spinal cord confirm the

existence of a continuous collateral arteriolar network feed-

ing directly and indirectly into the ASA along its entire

length. The network is dominated by the rich vasculature

of the paraspinous muscles and features multiple longitudi-

nal interconnections as well as input from the intersegmen-

tal, subclavian, and iliac arteries.
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