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IN THE LAST ten years operative proce-
dures on the aorta have developed into a
well established field in surgery. The differ-
ent technical, physiologic and hemody-
namic aspects are now fairly well defined.
Surgical treatment of congenital and ac-
quired lesions is now carried out from the
ascending aorta to its bifurcation. The prob-
lems arising from the acute interruption of
the circulation have been the most impor-
tant factors in the relatively late develop-
ment of this branch of surgery. It is amaz-
ing to consider how few difficulties were
encountered by interrupting the circulation,
and once undertaken, the solution of most
aspects of the problem has been relatively
easy.

The spinal cord, however, is the one or-
gan on which the effects of vascular occlu-
sion remain unsolved. This is partly because
this tissue is the most sensitive to vascular
occlusion but mainly because the exact
mechanism of effects of the occlusion of the
aorta on this organ is unknown. Although
in those cases in which damage results, the
complications are not lethal, they may lead
to permanent and crippling infirmity which
may be out of proportion to the seriousness
of the disease for which operation was un-
dertaken. Spinal complications have been
reported following all types of aortal opera-
tions but a knowledge of their true inci-
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dence is still lacking and as in all new fields
of surgery there has been a tendency to
consider the outstanding successes rather
than the few failures.

Although these complications are now
fairly well known, the exact reason for their
occurrence in individual cases is difficult
to explain. In fact, when these accidents
occur the operative conditions are identical
to those in many similar but successful
cases, and so a circulatory abnormality in
the spinal cord or a predisposing or previ-
ously latent pathologic condition is thought
responsible for these unexpected complica-
tions. The anatomic and physiologic back-
ground in these cases of spinal complica-
tions is complex. Understanding is difficult
because of both the interaction of so many
structural and dynamic variables in the cir-
culation and incomplete knowledge of the
reactions of nervous tissue to anoxia. As a
result there seems to have been a tendency
toward dogmatism in the consideration of
the problem of postoperative neurologic
deficit. Attention concerning its causation
has been focused mainly on the act of oc-
cluding the aorta. Because of the protect-
ing extensive collateral circulation, nervous
tissue damage during operations for con-
genital aortic lesions is considered unlikely;
also, in resectional surgical procedures
with or without the use of a shunt, the ef-
fects of technically necessary occlusion of
segmental vessels to the spinal cord are not
fully appreciated.

Again the tendency has been to consider
the neurologic deficit to originate only from
damage to the spinal cord so that little at-
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tention has been given to the possibility of
involvement of the extraspinal nervous sys-
tem. The increasing number of postopera-
tive complications of operations for con-
genital and acquired lesions of the aorta re-
ported in the more recent literature proves
that our concepts have not kept pace with
the progress made in this branch of sur-
gery; the necessity for a rational explana-
tion becomes apparent. It was felt, there-
fore, that it might be of interest to review
the extensive literature related to this sub-
ject to endeavor to obtain a better under-
standing of anatomic and neurophysiologic
factors causing these complications. As yet
no specific description exists of the differ-
ent aspects of the neurologic picture of
medullary ischemia, while little is known
about the picture of extraspinal neurologic
complications. The possibility of similarity
between the two which may contribute to
an erroneous diagnosis of spinal etiology
makes a description of both necessary.
Many studies have been devoted to the
prevention of these serious neurologic com-
plications by searching for technics to pre-
vent the effect of occlusion by shunt and
injections distal to the occlusion to increase
the oxygen level and pressure, and recently
by lowering the metabolism of the nervous
tissue by hypothermia. Successful applica-
tion of local or general hypothermia is no
longer in the experimental phase. As hypo-
thermia has yet to prove itself completely
effective in man and as experimental condi-
tions are not always identical to those at
operation, the possibility of neurologic
damage occurring during certain types of
procedures will remain until some means
is found of giving complete and rational-
ized guarantee for its prevention on an-
atomic and physiologic grounds.

GENERAL CONSIDERATIONS

The ischemic type of neurologic phe-
nomena under consideration may be caused
by any occlusion of the circulation from the
aorta to the nervous system resulting from
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aortic surgery. Procedures on the aorta are
a recent field of surgical progress, but the
neurologic complications of occlusion of
the aorta are an old topic of investigation
and discussion. The first mention of this
phenomenon was made in 1667 when both
Stenonis ¢ and Swammerdam *°7 observed
paralysis of the hindquarter in the rabbit
after occlusion of the abdominal aorta. This
observation is known as Stenonis’ experi-
ment. The etiology of this paralysis re-
mained obscure and was explained alterna-
tively as ischemia of the medulla or of pe-
ripheral nerves until Schiffer ®® in 1869
proved both etiologic possibilities. He dis-
covered that in the dog the determining
factor for the central or peripheral origin
was the difference between suprarenal or
infrarenal levels of aortic occlusion. In 1899
Hoche % explained that Stenonis’ experi-
ment as seen in the rabbit was impossible
in the dog because of the different spinal
circulation.

At the end of the nineteenth century a
method was found for producing elective
destruction in the central nervous system in
Stenonis’ experiment for the purpose of
studying the pathology of nerve cells. The
neuropathologic findings of these studies
form the basis of our present knowledge of
ischemia of the spinal cord. In man, neuro-
logic complications after aortal occlusion
were an early subject of much discussion
and controversy. In the older literature on
the etiology of neurologic damage after
saddle embolism many authors accepted a
peripheral nerve ischemic origin but others
were influenced by the experimental find-
ings in the rabbit and defended a spinal
origin in such cases. This may have delayed
the development of abdominal aortic sur-
gery. Occlusion of segmental vessels of the
aorta by a dissecting aneurysm resulting in
damage to the cord has kept up the early
interest in this subject. With the discovery
of the operability and possibility of cure of
aortic embolism in 1913 by Bauer,? interest
in this problem was lost until the advent,
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in the last decade, of aortic surgery for con-
genital lesions. It has gained impetus re-
cently with the development of surgery on
acquired lesions of the abdominal and
thoracic aorta, in 1951. Stenonis’ observa-
tion, which for 300 years had been of ex-
perimental value and of scientific interest
in aortic embolism and dissecting aneurysm,
has now become of great practical impor-
tance in its application to man.

The part of the nervous system which in
man is supplied by the aorta distal to the
left carotid artery, and now limits occlud-
ing procedures of the aorta, includes the
entire spinal cord except for part of the
cervical cord, the nerve roots, dorsal gan-
lia and peripheral nerves. These parts of
the nervous system can be divided into
spinal and extraspinal parts which vary in
their dependence upon the circulation by
difference in sensibility to ischemia. The
lower limit of the important aortic branches
to the spinal cord varies from the level of
the eighth thoracic to the fourth lumbar.
With this in mind it is possible to divide
the aortic blood flow into two parts: one
part below the lower level of the spinal
branches supplying only the peripheral
nervous system and one part above that
lower level supplying both the central
nervous system (by the blood flow sup-
plying the spinal branches) and the periph-
eral nervous system (by the blood flow go-
ing to the distal aorta) (Fig. 1). As aortic
surgery is now carried out over the entire
length of the aorta, the circulation to the
nervous system may be interfered with in
three ways depending on the site of occlu-
sion: (1) to the central and peripheral
nervous systems by occluding the aorta
above the level of the lowest spinal branch,
(2) to the central nervous system alone by
occlusion of the spinal branches only, and
(3) to the peripheral nervous system alone
distal to that point. In the first eventuality
the circulatory occlusion will cause a cen-
tral lesion long before a peripheral nervous
lesion develops because of the difference

f
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Fic. 1. Illustrating lpotential neurologic dam-
age. A, Suprarenal occlusion of the aorta—inter-
feres with the circulation of both the spinal cord
and peripheral nerves. B, Occlusion of the inter-
costal arteries interferes with only the blood sup-
ply of the spinal cord. C, Infrarenal occlusion of
the aorta interferes only with the circulation to
the peripheral nerves through arteries D.

in sensibility to ischemia, while a peripheral
lesion can become apparent only when the
collateral circulation in the spinal cord pre-
vents a central lesion. Therefore, occlusion
of the aortic circulation as a result of opera-
tion may result in neurologic complications
caused by spinal ischemia or in those
caused by ischemia of peripheral nerves.

CLINICAL PICTURE OF SPINAL ISCHEMIC
NECROSIS

Surgical occlusion as the cause of ische-
mic lesions of the spinal cord is a new en-
tity in human pathology and little is known
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TABLE 1. Clinical Picture in the Complicated Cases

Case

Postoperative Neurologic Disturbances

Evolution of Neurologic Disturbances

Case of Lam
(Table 4)

Case of Cooley
(Table 4)

Case of Burgess
(Table 2)

Case of Bahnson
(Table 3)

Case of Bahnson
(Table 4)

Case of DeBakey
(Table 4)

Case of Crafoord
Patient 8% years old
(Table 2)

Case of Crafoord
Patient 7 years old
(Table 2)

Case of Crafoord
Patient 34 years old
(Table 2)

Case of Crafoord
Patient 20 years old
(Table 2)

Case of Eiseman
(Table 4)

Marked weakness in lower extremities;
slight flexion of knees and dorsiflexion
of left foot; hypoalgesic to L;; urinary
retention

General weakness of all muscles of lower
extremities; diminished sensation in
feet ; no loss of function of sphincters of
anus and bladder

Almost complete flaccid paralysis of both
lower extremities

Paraplegia

Weakness of lower extremities

Moderate manifestations of spinal cord
ischemic damage ; paresthesias of lower
extremity

Flaccid paralysis and hypoesthesia both
legs; vesicorectal incontinence

Weakness and spasticity of both legs,
right greater than left; pain in lower
extremities

Urinary retention

Complete flaccid paralysis including hip

muscles, bilaterally ; severe pain in left
leg

Severe motor deficit in both lower extremi-
ties with maximal damage below L,

After 3 weeks prompt partial recovery;
spontaneous urination; after 12 weeks
able to walk

After 2 months, ambulatory with cane
support; after 11 months, unassisted
walking; minimal residual weakness in

legs

After 3 weeks strength and active control
of legs slowly returned; after 2 years
had not regained use of all muscles of
lower extremities; able to walk without
assistance, with alteration of gait;
marked atrophy of calves; legs tire
readily

First day, improved sensibility and slow
improvement of vesicorectal inconti-
nence; 10th day, some motility of toes
of right foot; died 14th day; autopsy
showed necrosis of lumbosacral spinal
cord

After 4 years diminishing of weakness;
after 6 years atrophy of right calf mus-
cles and bilateral anterior tibial region;
spasticity of feet; absent plantar re-
flexes

After 1 year leg muscle rigidity and sud-
den attacks of complete loss of power;
§ years after operation; atrophy of ad-
ductors and dorsal muscles of thigh;
cramps of calf muscles, absent plantar
reflexes bilaterally

After 1 month, slight flexion of left hip
and both knees; pain in thighs and
groin; hypesthesia and hypalgesia to
umbilicus; in 10 months, considerable
loss of function of lower legs, ugly
waddling walk, marked hypesthesia
and hypalgesia of lower legs and feet;
weakness of patellar reflexes, absent
plantar and Achilles reflexes -

Permanent
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about the various aspects of the clinical pic-
ture of postoperative ischemic necrosis. Per-
tinent data on these aspects as they were
reported in the literature are given in the
Tables. Neurologic data on these cases
are limited because of the difficulties of a
systematic neurologic examination after op-
eration (Table 1).

The neurologic symptomatology is the
manifestation of destruction of the lower
motor neurons and the sensory structures
in the lower spinal cord; therefore, as sug-
gested by van Harreveld,*® it is unlikely
that a stage of spinal shock is present in
these cases. The recognition of the symp-
toms as soon as the patient recovers from
anesthesia is characteristic. Disturbances of
motor function in the lower extremities are
constantly present, and vary from absent or
reduced to exaggerated. They may be lo-
calized to the sacral segments or they may
reach as high as the eighth thoracic seg-
ment, and the upper level may be different
on each side. Sensory disturbances are not
constant and may vary from absent or
reduced sensations to hypersensibility. Dis-
sociation of various types of sensory func-
tion is often present, touch and deep sensi-
bility being more frequently preserved. The
upper level corresponds to the level of the
motor disturbances. Reflexes are most often
reduced or absent and depend on the mag-
nitude and extent of the motor insult. Vesi-
corectal disturbances almost always are
present. The motor and sensory symptoms
may vary from very temporary to perma-
nent, but recovery is most likely to occur
in the sensory function and often does so
in the first postoperative days. The different
functions frequently recover in an irregular
way and one side may show better recovery
than the other. It seems that complete re-
covery is possible only during the imme-
diate postoperative period and that other-
wise variable sequelae will remain. In the
apparent recovery in the motor system an
important role is played by auxiliary muscle
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groups. The most serious permanent clinical
picture is that of paraplegia.

NEUROLOGIC COMPLICATIONS CAUSED BY
ISCHEMIA OF PERIPHERAL NERVES

Little attention has been paid to the pos-
sibility of neurologic complications after
aortic surgery that are not caused by spinal
ischemia, but result from ischemic damage
to the peripheral nervous system of the
lower extremities. These are important to
consider because in this way a neurologic
symptomatology may be caused which is
similar to that caused by spinal ischemia.
It results from prolonged interference with
the circulation to the lower extremities
which occurs during occlusion of the ab-
dominal aorta. Prolonged occlusion of the
abdominal aorta may be necessary during
abdominal aortic surgery as a result of ex-
tension of disease beyond this field. It also
may be caused by saddle embolism which
is a potential hazard in any aortic proce-
dure, and the more so in operation for
aneurysm which, even without surgery, is
one of the etiologic factors of saddle em-
bolism. Prolonged occlusion of the ab-
dominal aorta may also result from dissect-
ing aneurysm which has been reported as
resulting from aortic surgery (Clagett*).

The main diagnostic difficulty arises from
the fact that the vascular symptoms of ab-
dominal occlusion may be only temporary
and not result in gangrene of the extrem-
ities, but enough damage can be caused to
the nervous system to produce paraplegia
with no apparent damage to other tissues
because of the timely return of circulation.
This return may occur either during opera-
tion with re-establishment of normal cir-
culation or, in the case of saddle embolism,
by establishment of sufficient collateral cir-
culation. This is substantiated by a review
of the literature from which it appears that
many cases of untreated saddle embolism
as well as of ligature of the aorta did not
result in loss of tissue. Many of these pa-
tients were left with neurologic sequelae of
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varying degree to the extent of long-lasting
paraplegia.

A similarity of the neurologic picture
caused by ischemia of peripheral nerves,
and that caused by spinal ischemia is sub-
stantiated by the neurologic symptomatol-
ogy of saddle embolism reported in the
literature before the operative era. In more
recent cases neurologic symptoms often do
not have time to develop, whereas the vas-
cular symptomatology is the predominant
immediate problem requiring treatment.

Motor, sensory and reflex symptoms may
resemble in their different variations, in
their extent and in their evolution those re-
sulting from spinal ischemic necrosis. In
fact, a neurologic picture may be that of
paraplegia and loss of sensation which ex-
tends as high as the umbilicus. Vesicorectal
disturbances which have been a subject of
much controversy in discussing the neuro-
logic picture of ischemia of peripheral
nerves are reported only in older descrip-
tions and their occurrence after saddle em-
bolism as reported in the more recent litera-
ture is not fully appreciated. In going over
that older literature, vesicorectal disturb-
ances as symptoms of abdominal aortic oc-
clusion were found in 24 instances, each
occurring in cases with high level of motor
and sensory disturbances. Urinary or rectal
incontinence, or both, were found in 21
cases and urinary retention in three. In no
instance of a nonoperated embolism was
their absence mentioned.

Clinical differentiation between a central
or peripheral origin of neurologic complica-
tions associated with aortic surgery, may
be aided by an aortogram. When this shows
the presence of an embolus, operation may
prevent lasting nerve damage.

ANALYSIS OF COMPLICATIONS OF
AORTIC OPERATIONS

An attempt was made to review the inci-
dence of lesions due to spinal ischemia as-
sociated with aortic surgery from cases in
the literature and also from personal cases.
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Cases of suprarenal aortic surgery were
divided into three categories according to
the manner of interference with the vascu-
lar supply of the spinal cord. This may oc-
cur (1) by occluding the aorta alone, (2)
by occluding the intercostal arteries alone,
as in aortic resection with shunt, and (3)
by occluding both in cases of resection
without a shunt. Fifty-one cases from the
literature of occlusion of the suprarenal
aorta alone, with details of occlusion as
well as data on the presence or absence of
neurologic complications, are listed in Ta-
ble 2. Of these, six were found to have been
accompanied by spinal lesions. Illustration
of similar cases is given in the following
two case reports:

Case 1. This patient gave a 6 month history
of lower abdominal and back pain. Complete stud-
ies had been carried out elsewhere and were re-
peated at the Lahey Clinic. Exploratory laparotomy
was performed on June 9. Chronic cholecystitis
and cholelithiasis were found and cholecystectomy
and appendectomy were performed. A mediastinal
mass was demonstrated on a chest roentgenogram.
Bronchoscopy, angiocardiography and myelography
were carried out. Aneurysmorrhaphy was performed
on July 3. The day after operation he was para-
plegic and an epidural block was performed. On
July 13 an aortogram showed obstruction of the
aorta at the third lumbar segment. This patient has
permanent paraplegia to the fourth lumbar seg-
ment on the left and the first lumbar segment on
the right.

Case 2.* A 25-year-old woman had ligation of
a patent ductus arteriosus in 1950. In November
1952 she was readmitted to the hospital with vague
complaints in the upper thorax and symptoms of
compression of the left recurrent nerve. On Novem-
ber 7, during reintervention a large aneurysmal
mass was found between the left pulmonary
artery, the upper part of the descending aorta and
the aortic arch. This mass had originated at the
site of the former operation on a fistulous tract be-
tween the aorta and the left pulmonary artery. It
was necessary to liberate the aortic arch and the
first portion of the descending aorta, and the three
pairs of upper intercostal arteries had to be di-
vided. Crafoord clamps were placed on the aorta
proximal and distal to the aortic end of the fistulous
tract and distal to the left subclavian artery. The

® Case 2 is reported with the permission of
Dr. R. Sweet.100
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TABLE 2. Occlusion of Aorta Alone

Opera- No. Aortic Occlusion
tion, of Age, Operative
Author  year Cases yrs. Indications Duration Level Complications Comment
33
Czerny, 1870 1 Hemorrhage of aorta, Permanent Between 2 Paralysis and Patient died 10 hours after
1879 right kidney torn off renal ar- anesthesia, lower operation; gradual onset of
aorta teries extremities paraplegia 2 hours after op-
+ eration (probably caused by
peripheral nervous ischemia)
117
Villar, 1892 1 46 Aneurysm of aortic  Temporary Distal to No neurologic
1892 arch aortic arch  complications
50
Guinard, 1909 1 Aneurysm, upper Permanent At Dy No neurologic Died 2nd postoperative day
1909 thoracic aorta complications of anuria
75
Kiimmel, 1914 1 45 Aneurysm low 12 min, 10 cm. above Died during operation
1914 thoracic aorta diaphragm
87
Reid, 1921 1 36 Abdominalaneurysm Permanent Above celiac No neurologic Died 1 month after operation
19 axis complications
7
Andrus, 1931 1 57 Syphilitic aneurysm, Permanent Ligationand No neurologic Died 14 hours after operation
193 upper abdominal division of complications
aorta middle de- -
scending tho-
racic aorta
88
Reid, 1931 1 35 Syphiliticaneurysm, Temporary Middle No neurologic Died 10 hours after operation
1931 upper abdominal (time to descending complications
aorta fill aneu- thoracic -
rysm with  aorta
ball plug)
30 .
Crafoord, 1945 1 7  Patent ductus 18 min. Below left Permanent spastic Alive 6 years after operation
1952 arteriosus 50 sec. subclavian paraplegia
artery +
30
Crafoord, 1945 1 34 Patent ductus 24 min. Below left Permanent spastic Alive 5 years after operation
1952 arteriosus subclavian paraplegia
artery +
26
Conklin, 1946 1 9 Hemorrhageof aorta, 22 min.; Below left No neurologic
1950 patent ductus interval 25 subclavian complications
arteriosus; tear min. then  artery
posterior aorta 13 min.
30
Crafoord, 1946 1 83 Patent ductus 49 min. Below left Flaccid paraplegia Died 14th day after opera-
1952 arteriosus subclavian + tion
artery
4

Adams 1947 1 4  Patent ductus 15 min. Below left No neurologic
arteriosus; aortic subclavian complications
hemorrhage artery -

109 . .

Sweet 1950 1 20 Aneurysm on recur- 38 min, Below left Flaccid paraplegia Plus ligation of upper 3 and 4
rent patent ductus subclavian + pairs of intercostal arteries
arteriosus artery

64
Holman, 1950 1 11 Patent ductus Temporary Below left No neurologic
1953 arteriosus; aortic (time to subclavian complications
hemorrhage repair tear) artery —
95 X

Sandblom 1950 1 8  Wide patent ductus Temporary Distal left Died during operation

and arteriosus subclavian

Ekstrom, artery

1951
28 ]

Cooley 1951 1 41  Syphilitic aneurysm 22 min. Above Dy No neurologic During lateral excisional

and of descending aorta; complications therapy

DelBg%l;ey. lateral excision -
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TABLE 2. Continued
Opera- No. Aortic Occlusion
tion, of Age, Operative X
Author year Cases yrs. Indications Duration Level Complications Comment
30 . . :
Crafoord, 1951 1 20 Patent ductus 27 min. Below left Flaccid paraplegia Alive 10 months after opera-
1952 arteriosus subclavian + tion
artery
30 .
Crafoord, 1951 2 Not Patent ductus 10-15min. Distal left =~ No neurologic
1952 stated arteriosus subclavian complications
artery
5 Not Patent ductus 15-19 min,  Distal left No neurologic
stated arteriosus subclavian complications
artery
10 Not Patent ductus 20-24min, Distal left No neurologic
stated arteriosus subclavian complications
artery
1 Not Patent ductus 25-29 min,  Distal left No neurologic
stated arteriosus subclavian complications
artery
3 Not Patent ductus Distal left No neurologic
stated arteriosus subclavian complications
artery
9 0
Bahnson, 1952 1 45 Syphilitic aneurysm 37 min. Betweendia- No neurologic Lateral excision therapy
1953 of upper abdominal phragmand complications
aorta celiac axis
9 3
Bahnson, 1952 1 41 Syphilitic aneurysm 20 min, Distal toleft No neurologic Lateral excision therapy
1953 of upper thoracic subclavian complications
aorta artery, and
10 cm. below
left subcla-
vian artery
19
Burch 1952 1 67 Liver metastasis 10 min. Just above  No neurologic Partial resection of liver
et al., diaphragm complications
1953
9
Bahnson, 1952 1 49 Traumatic aneurysm 7 min, Proximal to No neurologic
1953 of upper thoracic left carotid  complications
aorta
19
Burch 1952 1 70 Liver metastasis 10 min, Proximal to No neurologic Partial resection of liver
et al., celiac axis complications
1953
20
Burgess, 1953 1 32 Patent ductus More than  Distal toleft Flaccid paraplegia Tear of posterior aortic wall;
1955 arteriosus 60 min. subclavian + operative cardiac arrest
artery
67
Javid 1954 1 61 Ruptured aneurysm Temporary Above Not mentioned Died 2 hours after operation
et al., of abdominal aorta diaphragm
1955
67
Javid 1954 1 64 Ruptured aneurysm 50 min. Above Postoperative Died 4 hours after operation
et al., of abdominal aorta diaphragm movement of
1955 legs normal
65
Hughes, 1954 1 Not Traumatic hemor- 15 min. At dia- ? Died during operation, intra-
1954 stated rhaging abdominal 10 min. phragm aortic balloon catheter tam-
aorta ponade
36
DeBakey 1955 1 72 Dissectinganeurysm Temporary Upper No neurologic Obliteration of false aortic
et al., of thoracic and thoracic complications passage
1955 abdominal aorta aorta
36
DeBakey 1955 1 43 Dissecting aneurysm 18 min. Low No neurologic Obliteration of false aortic
et al., of thoracic and thoracic complications passage
1955 abdominal aorta aorta
38
Dripps, 1955 1 Not More than At dia- No neurologic Under hypothermia
195 stated 2 hours phragm complications
69
Julian 1955 1 23 Patent ductus 38 min. Below No neurologic Accidental tear of aorta
et al., arteriosus subclavian complications
1955 artery
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TABLE 3. Occlusion of Intercostal Arteries Alone
Opera- .
Authors and tion, Age, Extent of Occlusion of Result and
Reference year years Operative Indication Intercostal Arteries Comment
97
Schafer and Hardin, 1951 60 Syphilitic aneurysm of Upper half of thoracic Shunt Died 1 hour after
1952 ascending, arch and intercostal arteries aorta operation
descending aorta
105
Stranahan et al., 1953 53 Syphilitic aneurysm of All thoracic intercostal Shunt No neurologic
1955 arch and descending arteries aorta complication
thoracic aorta
68
Johnson et al., 1953 24 Syphilitic aneurysm of Upper half of thoracic Shunt No neurologic
1955 upper thoracic aorta intercostal arteries aorta complication
105
Stranahan et al., 1953 25 Traumatic aortic Upper half of thoracic Shunt No neurologic
1955 aneurysm intercostal arteries aorta complication
10
Bahnson, 1953 Aneurysm of thoracic All thoracic intercostal Shunt Paraplegia, lower
1953 and suprarenal ab- arteries aorta extremities
dominal aorta
3
Adams, 1954 58 Syphilitic aneurysm of Ubpper half of thoracic Shunt No neurologic
1955 upper thoracic aorta intercostal arteries aorta complication
68
Johnson et al., 1954 24 Congenital aneurysm of Upper half of thoracic Shunt No neurologic
1955 upper thoracic aorta intercostal arteries aorta complication
Adams, 1955 30 Traumatic aneurysm of Upper half of thoracic Shunt No neurologic
1955 upper thoracic aorta intercostal arteries aorta complication
22 .
Chamberlain, 1955 64 Multiple aneurysms of All thoracic intercostal Shunt No neurologic
1955 thoracic aorta arteries aorta complication

aneurysm was then excised at its aortic end, the
fistulous opening in the aorta closed and the aortic
clamps removed. The aneurysm was freed from
the left pulmonary artery and resection of the
aneurysm completed. The aorta had been occluded
for 38 minutes. The blood pressure level remained
stable during the procedure. As soon as the patient
awakened after operation it was noted that she
had marked pain in both legs and it was impossible
for her to move her legs. Sensation was absent in
the lower part of the body up to a level between
pubis and umbilicus. There was urinary and rectal
incontinence. During the first postoperative week,
however, there was gradual, slow and partial re-
turn of motor power in all muscle groups of the
lower extremities. Deep sensibility returned com-
pletely, pain sensibility returnd to the level of the
groin and touch sensibility to the midcalf. One
and a half months after operation the patient was
able to control urinary and bowel function but no
further return of motor and sensory function
occurred.

Data on interference with the intercostal
circulation alone were found in nine cases,
with one spinal complication, and are listed
in Table 3. Data on occlusion of the aortic

circulation and of the intercostal arteries
were found in 18 cases and are listed in
Table 4. Of these, five had resultant spinal
lesions. Recently DeBakey 35 reported two
cases of manifestation of ischemia of the
spinal cord not mentioned in Table 1; they
were described as mild and transient and
occurred after resection which included the
proximal half of the thoracic aorta.

Ten cases of repair of isthmic coarctation
followed by spinal neurologic deficit were
gathered from the already extensive series
of resections reported in the literature. Per-
tinent operative and neurologic data on
these cases are listed in Table 5. To these
we add the following case report.

Case 3. During routine physical examination a
20-year-old healthy man was found to have hyper-
tension (220/110). A left transthoracic sympath-
ectomy from the fourth thoracic to the first lumbar
segment was performed on October 7, 1948, and
a right transthoracic sympathectomy from the
fourth thoracic to the first lumbar segment on
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Number 4
TABLE 4. Occlusion of Both Aorta and Intercostal Arteries
Aortic Occlusion
pera- Extent of Occlusion -
Authors and  tion,  Age, of Intercostal Duration, Result and
Reference year years Operative Indication Arteries minutes Level Comment
108 . .
Swan et al., 1949 16  Postcoarctation aneurysm Upper half of thoracic No neurologic com-
1950 intercostal arteries plication; graft 8 cm.
76
Lamand Aram, 1950 56 Syphilitic aneurysm from  All thoracic intercostal =~ 24  Below left Flaccid paraplegia of
1951 left subclavian artery to  arteries subclavian lower extremities; in-
diaphragm sertion of graft, aneu-
rysm left in place
34 ) )
DeBakey and 1953 46  Syphilitic aneurysm from Intercostal and lumbar 45 Midthoracic  No neurologic com-
Cooley, low thoracic aorta to arteries from Dy to aorta plication; graft 8 cm.
1953 upper abdominal aorta superior mesenteric
artery
29
Cooley and 1953 50 Syphilitic aneurysm from All thoracic intercostal 45 Below left Paralysis of lower ex-
Bakey, left subclavian to 5 cm. arteries subclavian tremities; graft
1955 above hiatus of diaphragm

Idem 1953 58  Aneurysm from left sub-  All thoracic intercostal 77 Below left Died 12 hours after
clavian artery to dia- arteries subclavian operation; graft 30
phragm cm.

Idem 1953 50  Syphilitic aneurysm of Lower half of thoracic 38 Midthoracic  Graft 12 cm.
lower half of thoracic intercostal arteries aorta
aorta

Idem 1953 17 Congenital aneurysm of Ubpper half of thoracic 53 Below left No neurologic com-
aortic arch and upper intercostal arteries carotid plication; under hy-
thoracic aorta (plus occlusion of left pothermia

subclavian artery)

Idem 1954 Traumatic aneurysm of Upper thoracic inter- 58 Proximal to No neurologic com-
upper thoracic aorta costal arteries (plus left sub- plication; under hy-

occlusion of left sub- clavian pothermia
clavian artery)

Idem 1954 Upper thoracic inter- 50 Proximal to No neurologic com-
costal arteries (plus left sub- plication; under hy-
occlusion of left sub- clavian pothermia
clavian artery)

Idem 1954 31  Traumatic aneurysm of Upper half of thoracic 62 Below left No neurologic com-
aortic arch and upper intercostal arteries carotid plication; under hy-
thoracic aorta (occlusion of left pothermia

subclavian artery)

Idem 1954 66  Syphilitic aneurysm of Upper two-thirds of 53 Proximal to
upper two-thirds of thoracic intercostal left sub-
thoracic aorta arteries clavian

51
Gwathmey and 1954 60  Aneurysm of thoracic All thoracic intercostal 40 No neurologic com-
Thompson, aorta arteries plus plication
1955 20
69
Julian et al., 1954 22  Traumatic aneurysm of Upper half of thoracic 30 Below left No neurologic com-
1955 upper thoracic aorta intercostal arteries subclavian plication; under hy-
pothermia
42
Eiseman and 1954 32  Traumatic aneurysm of Dy to L1 63 At Ds Paraplegia of lower
Summers, lower thoracic aorta, extremities; under
1955 Dio to D hyg)othermia (28° to
30°C.)
36
DeBakey etal., 1954 58 Dissecting aneurysm of 3 midthoracic inter- 44 Midthoracic No neurologic com-
1955 lower two-thirds of costal arteries aorta plication; under hy-
thoracic aorta pothermia

Idem 1955 40  Thoracic and abdominal Upper two-thirds of 34 Manifestations of

dissecting aneurysm thoracic intercostal spinal cord ischemia
arteries in lower extremities
11
Bahnson, 1955 Aneurysm of thoracic ? thoracic intercostal 45 Weakness of lower
1955 aorta arteries extremities
69
Julian et al., 1955 51 Aneurysm of upper Upper half of thoracic 68 Below No neurologic com-
1955 thoracic aorta intercostal arteries subclavian plication; under hy-

pothermia
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TABLE 5. Complicated Cases after Operation for Coarctation of Aoria
Opera-
Authorsand  tion, Age, . Evaluation of Neuro-
eference year years Technical Details Neurologic Findings logic Findings Comment
16 .
Blalock 1948 Proximal segment of Partial paralysis of Diagnosed as occlusion
(Bing et al.), aorta too short, left legs; sensory probably of anterior spinal artery
1948 subclavian used as by- normal
pass; operative shock
13 . : .
Beattie et al., 1951 29 No distinct rib notch-  On 1st postoperative Died Sth postoperative Autopsy: Pathologic
1953 ing; 2 highest intercos- day paralysis areflexia; day; statu quo changes Ls to S; ante-
tals below coarctation  intact tactile and posi- rior gray matter; pos-
not dilated; occlusion  tion sense; catheter terior horns and white
of subclavian artery; necessary matter free
normal circulation re-
stored after 38 min,
48
Gross, 1952 31 Ligation of 4 sets of During first 24 hours  After 4 to 5 days sen-
1953 intercostals which were unable to move lower sory function returned
not large and extremities; loss of and able to move big
4 to 5 cm.; nothing sensation toes of each foot in 1
abnormal month; =+ return in
thighs; pain in lower
extremities 3 months;
in 1 year good return
of thigh muscle func-
tion; uses braces
48 .
Gross, 1952 50 Not large collaterals; Complete flaccid para- In 4 months patchy re- Diagnosed as caused by
1953 nothing abnormal; no plegia; rectovesical turn of motor function, presence of small ante-
shock; no division of incontinence left better than right; rior spinal artery and
collaterals return of sensation to arteriosclerotic changes
knees; in 2 years pain
in legs; no spontaneous
defecation, automatic
bladder; little move-
ment in lower extremi-
ties
4
Finnerty, 1952 Occlusion of right sub- Paraplegia Persistent
1955 clavian artery origi-
nating distal to coarc-
tation
96
Santy, 1952 36 Huge collateral inter-  Paraplegia with loss Died 3rd postoperative
1953 costal torn off aorta of sensation up to day; clinical picture
below stenosis; clamp-  sternum unchanged
ing of aorta proximal
to stenosis and proxi-
mal and distal to torn
intercostal; clamping
of left subclavian ar-
tery; severe blood loss
15
Beck, 1953 19 Occlusion of left subcla- Mild lower leg weak- Permanent
1953 vian artery originating ness requiring use of
distal to coarctation; braces
normal circulation in
45 min.; intercostals
less hypertrophied
than expected
80
Mustard etal., 1953 13 1949 ligation of patent Bilateral lower limb 1 month postoperative Diagnosed as injury or
1955 ductus arteriosus; liga- flaccid paralysis and motor statu quo; hy- thrombosis of anterior
tion of 2 pairs of inter- areflexia; sensory nor- pothermoalgesic to Ls; spinal artery
costal arteries 3 mm. in mal except hypoalgesia to Ls
diameter; normal cir- Ds; urinary retention
culation restored in 60
min,
79
Mustard 1954 8 Plus ligation of very Some movement pos-  In 14 days motor func- Diagnosed as thrombo-
large ductus; moderate sible in both legs tion normal to thigh; sis of anterior spinal
coarctation ; normal sensory normal except artery
circulation restored hypoalgesia T11 to Tis;
after 60 min.; explora- absent reflexes
tory thoracotomy dur-
ing previous year
83
Swan 1955 18 Plus ligation of patent Bilateral symmetrical Return of sphincter
(Owenset al.), ductus arteriosus in paraplegia and vesico- function; partial re-
1955 preductal type; poor rectal disturbances turn of leg function;

collaterals; normal cir-
culation restored in 62
min.; no shock

uses crutches
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December 4, 1948. At the time of the left thoracot-
omy an isthmic coarctation was found to be pres-
ent. Resection of the coarctation was advised and
on May 20, 1949, the patient again underwent
operation.

A high degree coarctation was found to be
present at the usual site. The left subclavian artery
was huge, approximating the size of the aorta.
The collateral circulation was developed to a high
degree and the fourth and fifth intercostal arteries
were exceedingly large and tortuous, and disap-
peared almost together. A very small prestenotic
ductus arteriosus which appeared and felt patent
was ligated and divided. One pair of intercostal
arteries was ligated and divided above the coarcta-
tion and two pairs of intercostal arteries were sim-
ilarly treated below the coarctation. Modified
Blalock clamps were placed on the left subclavian
artery, on the aortic arch distal to the left carotid
artery and on the aorta distal to the coarctation.
The coarctation was then resected and repair was
completed. The blood pressure level throughout the
procedure remained stable. The morning following
operation flaccid paralysis and areflexia in the lower
trunk and lower extremities was noted, with loss of
all modalities of sensation up to the level of the
eighth thoracic segment. There was urinary and
rectal incontinence. Arterial pulsations were normal
in the lower extremities. The neurologic picture
has remained unchanged since then until March
1955 when he was last seen.

In infrarenal aortic surgery both by liga-
ture and resection no instance of a spinal
ischemic lesion has been found although
the cases published and our own series are
now extensive.

From this review it appears that spinal
complications are reported only after supra-
renal aortic surgery and even then occur
very irregularly. This has happened despite
the same type of procedure and similar op-
erative circumstances and in patients of all
ages. The patients were above the min-
imum age of seven years in the instance
of occlusion of the aorta and eight years
in coarctation. Occlusion for less than 18
minutes 40 seconds produced no complica-
tions. In the complicated cases occlusion
was of variable duration above this time.
From clinical observations and from patho-
logic data it would appear that the lumbo-
sacral localization of lesions of the spinal
cord was a constant feature.
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An attempt will be made to analyze the
local and general factors which play a role
in this erratic occurrence of complications
after suprarenal aortic surgery and also in
the absence of lesions of the spinal cord
after infrarenal aortic surgery.

I. The Occurrence of Spinal Lesions after
Suprarenal Aortic Surgery. From the an-
atomic distribution of the important aortic
vessels to the spinal cord above the level
of the eighth thoracic to the fourth lumbar
it may be said that, except in rare cases,
suprarenal aortic surgery is constantly ac-
companied by varying degrees of interfer-
ence with the spinal blood supply. Yet
neurologic lesions occurred in only a small
percentage of cases, as may be seen from
Tables 3 to 5. In this small percentage all
were occluded for longer than 18 minutes
40 seconds. The absence of a lesion with
occlusion below this length of time may be
explained by the physiologic resistance
of the structures of the spinal cord to
anoxia.

The results of the experiments on re-
sistance of nervous tissue to anoxia were
reviewed by Heymans.’” This resistance
varies in most tissues and nervous tissue is
most sensitive. Even here the sensitivity
varies from one structure to another, with
the highest sensitivity in the brain cortex
decreasing toward the periphery and low-
est in the distal end of the peripheral
nerves. Thus, the minimal survival time
when one part of the nervous tissue is
ischemic seems to be determined by the
resistance offered by the structure most
sensitive to anoxia. This same difference is
encountered in the spinal cord where the
gray matter is most sensitive. It is probable
that in the entire spinal cord the resistance
of the various structures is comparable to
that of similar structures at other levels.

Considerable difference of opinion exists
as to the minimal survival time of the spinal
cord experimentally because of the tech-
nical difficulty of obtaining the necessary
absolute ischemia of the spinal cord. Dif-
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ferent methods have been used, all aiming
at the exclusion of the collateral circulation.
In the rabbit most experimenters used mod-
ifications of Stenonis’ experiment. The re-
sults of earlier experiments were revised by
De Buck and De Moor.?" In these experi-
ments, times of vasular occlusion necessary
to cause damage varied from 30 minutes to
60 minutes. More recently Tureen 2 ob-
tained ischemic spinal lesions in cats after
occlusion of the aorta for 15 minutes. The
shortest time of aortic occlusion followed
by spinal lesions in different kinds of an-
imals was 10 minutes (Spronck,°? Carrel,*
Gross,*® Rexed 2°). Krogh, however, proved
that in similar experiments the ischemia
had been incomplete, so that the minimal
survival time is likely to be even shorter
than indicated by these experiments. In
man the duration of resistance to anoxia
of the most sensitive structure of the spinal
cord is unknown. Cooley ?* stated that 20
to 30 minutes of occlusion of the aorta is
tolerable in man. Crafoord ** stated that
27 minutes and Dubost3® 30 minutes of
aortic occlusion was permissible. Eiseman 42
thought that 52 to 60 minutes of aortic oc-
clusion was safe. The occurrence of ische-
mic lesions after 18 minutes 40 seconds
would indicate that in man the survival
time is closely related to that in animals.
As in aortic occlusion there always exists a
theoretical possibility of a complete ische-
mia in part of the spinal cord, it is quite
possible that the safe time of occlusion is
shorter than that generally accepted. The
cytochemical mechanisms which influence
the maximal duration of the anaerobic life
of the nervous cell fall beyond the scope of
this article and the reader is referred to the
works of Himwich 58 and Gerard.*® Also,
for the histopathologic phenomena which
characterize the reversibility and irrevers-
ibility of the ischemic cell, the reader is
referred to the works of Tureen'* and
Gildea and Cobb.*

Having first considered this resistance to
anoxia and the absence of lesions resulting
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from the physiologic resistance of the
spinal structures most sensitive to anoxia,
we will now consider the cases with occlu-
sion of longer duration. Even in these cases
there are relatively few complications and
they occurred after variable times of occlu-
sion.

In discussing these constants it may be
said that the duration of vascular occlusion
necessary to cause spinal damage depends
on the degree of the resulting anoxia in the
spinal cord. This time will be minimal when
the degree of anoxia is maximal, but this
probably never occurs, even experimentally.
In fact, when the normal blood flow to a
part of the spinal cord is interrupted, the
collateral circulation becomes operative and
prevents complete ischemia by causing a
reduction in the degree of anoxia so that
the structures concerned still receive some
oxygen. Under these conditions the interval
of time necessary for their destruction be-
comes longer. In fact, it seems likely that
there is a certain level of anoxia at which
cellular damage is impossible, where there
is a relation between degree and duration
of unsafe anoxia, in the sense that for a
given level of anoxia there may be a requi-
site duration to cause damage. It should be
noted, however, that very little is known
about this relation and about the effects of
stagnant anoxia on the nervous tissue in
general. Thus, if damage results during
suprarenal aortic surgery, this indicates
that during the occlusion the collateral cir-
culation did not develop fast enough in the
deprived area. Therefore, damage should
be considered as resulting from the interac-
tion of (1) the interference with the nor-
mal blood supply and (2) the speed of
establishment of the collateral circulation.
It is the dependence on the interaction of
such variables that has made the explana-
tion for the occurrence of lesions of the
spinal cord complex. But one of the reasons
for this difficulty is also that little is known
about how aortic surgery interferes with
normal spinal circulation and also about the
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establishment of collateral circulation. A
discussion of the interference with normal
circulation and of the establishment of col-
lateral circulation will therefore follow.

A. Interference with Normal Spinal Cir-
culation. Before discussing the interference,
certain anatomic features on the circula-
tion to the spinal cord will be considered
solely from the viewpoint of aortic surgery.

Anatomic Considerations. The circula-
tion of the spinal cord is not exactly de-
fined, although there are many excellent
descriptions of its vascular system. The
modern principle of this circulation based
on the plurality in origin of blood vessels
each supplying different parts of the spinal
cord dates from Adamkiewicz ? in 1882. He
refuted the older concept that the supply
to the spinal cord was from the anterior
and posterior branches of the vertebral ar-
teries running on the respective surfaces
of the cord and giving branches to the seg-
mental nerve roots, and therefore called an-
terior and posterior spinal arteries. Instead,
he described these arteries as anastomosing
channels, each being formed from anas-
tomosing branches of segmental arteries
from the aorta. Kadyi ° called them tractus
arteriosus anterior and posterior. In spite of
70 years’ knowledge of this principle, the
older concept is still described in some
anatomy books, while in the 1936 nomen-
clature # the older terms of arteriae spinales
were maintained. Many studies in neurol-
ogy and other fields have been based on
the older anatomic concept. Present knowl-
edge about the human spinal circulation is
derived from studies of arterial and venous
injection carried out by Adamkiewicz,?
Kadyi,” Tanon,'*® Suh 1°¢ and Bolton,?” who
altogether have examined 108 spinal cords.
In their interpretation of the circulation
from these studies, these authors depended
on the direction taken by the injected prod-
uct and by the appearance and dimensions
of the injected vessels. No attempt has yet
been made to study the regional blood
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supply in vivo by injection of radiopaque
products. Most current data on the spinal
vascular system have been reviewed by
Tureen ! in 1936. Essentially, most de-
scriptions are concordant. In the extrinsic
circulatory apparatus the only supplying
branches which are constant are the most
cranially situated two anterior and two pos-
terior segmental branches from the verte-
bral arteries. These are the most cranial
anterior and posterior radicular arteries of
the spinal cord. A variable number of ante-
rior radicular arteries (Adamkiewicz, three
to ten; Suh, six to eight; Kadyi, five to ten)
and of posterior radicular arteries (Kadyi,
ten to 24) originate from the vertebral
arteries, the upper two intercostals from
the truncus costocervicalis, the aortic inter-
costals and the lumbar arteries. All these
radicular arteries running on the ventral or
dorsal, right or left nerve roots, join the
midline. All adjacent cranial and caudal
branches of the ventral radicular arteries
join to form the continuous tractus arterio-
sus anterior, while dorsally, too, the tracti
posteriores, similarly formed, are continu-
ous only in the cervical and lumbosacral
region.

Only minimal variations were found in
the anterior and posterior intrinsic circula-
tory apparatus, and so it is possible to
schematize the intrinsic blood supply in
different individuals. The anterior tractus
arteriosus gives off transverse branches
which supply nearly the entire cross-sec-
tional area of the spinal cord. Transverse
branches from the tracti posteriores supply
only the posterior horns of the gray matter
and the dorsal white matter (Fig. 2).

In the extrinsic supply over the posterior
spinal surface schematization to one type
in the manner of distribution of the blood
supply is again possible because of the
great number of posterior radicular arteries
which arborate into an extensive posterior
network with better development of the
tracti arteriosi only in the lumbosacral and
cervical regions.
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Fic. 2. Cross-sectional vascular supply to the

spinal cord demonstrating the large anterior area
(l;haded) of the spinal cord receiving its blood
supply via the arteria radicularis anterior and the
tractus arteriosus anterior.

A similar schematization into one type in
the extrinsic distribution of the blood from
the anterior radicular arteries is possible
only in lower Vertebrata % 1°¢ and in the
human fetus * (His). In man after fetal
life, schematization is difficult because of
great variations in the anterior segmental
pattern and in the number of radicular ar-
teries, both of which result from develop-
mental evolutional desegmentation. In spite
of these variations many authors were able
to find in their interpretations of the re-
gional spinal circulation some similarity
among several spinal cords in the anterior
blood supply. In such studies more atten-
tion is paid to factors which stress the in-
dividual similarities instead of differences
and therefore are less helpful for this study.

Kadyi’s investigations are especially in-
teresting to this study because he examined
the individual differences in the anterior
circulatory pattern. After an exhaustive re-
search, this author concluded that a sche-
matization in the anterior circulation is im-
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RA

Fic. 3. Two different patterns of desegmenta-
tion are shown. A, Purely segmental vascular sup-
ply, radicular arteries 1, 3 and 10 each supplyintﬂ
onc segment. B, Desegmentation pattern wi
radicular arteries 1 and 10, each supplying five seg-
ments via the tractus arteriosus anterior. C, De-
segmentation pattern with radicular arteries 1 and
10 supplying only one segment, and radicular
artery 3 supplying eight segments.

possible, that the blood supply is equal at
any level of the spinal cord and that the
apparent relative poverty of the thoracic
regional supply recognized by other authors
is caused merely by the greater length of
the thoracic segments in which the central
arteries are separated farther from each
other than in the other parts of the spinal
cord. In his interpretation of the spinal
circulation he stated that in the process of
evolution the tractus anterior is primarily
formed by fusion of adjacent branches of
the purely segmental primitive radicular
arteries. By evolutional changes the area
formerly supplied by regressed radicular
arteries is taken over by the remaining
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Fic. 4. a, Stages in the phylogenetic development of the spinal cord vascular system. This
is the initial staﬁe in which each segment is supplied by an individual radicular artery (rabbit).

A, Cervical cor:

; B, thoracic cord; C, lumbosacral cord.

b, A succeeding stage of phylogenetic development with two radicular arteries remainin;
after regression of most of the segmental arteries (RAR) in the lower thoracic and lumbosacra!

spinal cord. The tractus arteriosus anterior (T
ascending and descending branches of the gure
ev

c(1), A further stage in phylogenetic

is being formed by fusion of the adjacent

y segmental primitive radicular arteries.
lopment resulting in two important patterns:

Type 1 (here illustrated), complete desegmentation of the vascular supply of the cervical and
upger thoracic region. The lower of the two radicular arteries supplying the lower thoracic
and lumbosacral spinal cord has also regressed, leaving one large arteria radicularis magna
(RAM) in the lower thoracic region and a considerably better developed tractus arteriosus

anterior (B) suppll{ling the entire lower third
illustrating a second important pattern, a larger number of radicular arteries

c(2), Type 2,

of the spinal cord.

(RA) persists at all levels with a less well developed tractus arteriosus anterior. The two
important lower radicular arteries remain (RA and RAM), one to the lower thoracic level
of the spinal cord and the other from the aorta below the renals.

radicular arteries. As a result the number
and diameter of the radicular arteries do
not depend on a greater or smaller need of
a particular region, but rather on the length

of the segment of the tractus which they
supply. This supplied segment may be sit-
uated to a variable extent above, below, or
on both sides of the supplying radicular
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artery (Fig. 3). This “phenomenon of re-
gression and progression” (Fig. 4a) was
found most constant and evolved farthest
in the anterior lower third of the thoracic
and the entire lumbosacral spinal cord. At
a certain point in development there were
two radicular arteries, one in the lower
thoracic and one in the lumbar region (Fig.
4 b). (An example of this happens to exist
in the anterior venous pattern of the lower
spinal cord.) If subsequently the superior
artery becomes the more important one, the
inferior artery regresses (Fig. 4 ¢-1). This
process has occurred in approximately 50
per cent of Kadyi’s cases. In contrast, if the
inferior artery becomes more important, the
superior one persists (Fig. 4 ¢-2). This oc-
curs in the remaining approximately 50 per
cent of his cases. As a result the lowest
radicular artery was found to be always
the best developed and has therefore been
called the arteria radicularis magna; in it
the blood flow is consistently in a cranio-
caudal direction (Kadyi found the latter
artery from the ninth thoracic to the fourth
lumbar; Suh found it as high as the eighth
thoracic). The lower one fourth of the
spinal cord is always supplied by this ar-
tery. The lumbosacral pattern was found
to influence the cervical and upper thoracic
pattern. With a high type of arteria radicu-
laris magna the cervical and upper thoracic
radicular arteries are usually better devel-
oped and in these cases the whole spinal
cord is supplied by a smaller number of
larger radicular arteries. It thus becomes
possible to distinguish two extreme degrees
of anatomical pattern with all variations be-
tween (1) the type with high arteria radic-
ularis magna, important cervical and upper
thoracic vessels and a small number of im-
portant radicular arteries, and (2) the type
with low magna with numerous but small
radicular arteries. Between these two all
transitions are possible (Fig. 5). Indication
of the variable region supplied by the ar-
teria radicularis magna as suggested by

Fic. 5 .The human spinal cord demonstrating the
extreme desegmentation of the vascular pattern.
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Fic. 6. a, Purely segmental, primitive, vascular sup'ily demonstrating the corresponding

levels of origin of the segmental radicular arteries from the aorta (rabbit).

b, Desegmentation of the vascular supply of the spinal cord demonstrating the considerably
higher aortal origin of the blood supply of the spinal cord for each level and all of the blood
supply arising from the aorta above the renals.

Kadyi’s findings can be shown from find-
ings in cases of paraplegia after lumbar
aortography as reported by Antoni,® Boyar-
sky * and Evans.** Antoni’s case showed
permanent flaccid paraplegia with anesthe-
sia to the twelfth thoracic segment, and
autopsy showed necrosis of the lumbosacral
region. Boyarsky’s patient developed per-
manent complete paraplegia with tempo-
rary anesthesia up to the eighth thoracic

segment. Although Antoni explained that
his case resulted from compression of the
aorta for 30 minutes by the use of a pillow
under the epigastrium, another explanation
of this phenomenon suggested by Boyar-
sky and by Hol ¢ was the toxicity of the
contrast medium to the cord. The latter
author proved this possibility in rabbits.
The localization of the lesions in both hu-
man cases would indicate that the injection
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occurred at the level of the arteria radic-
ularis magna which in one case extended to
the twelfth thoracic and in the other to the
eighth thoracic segment.

The divisions of the spinal cord, each
supplied by the subclavian arteries, by the
proximal half of the thoracic aorta, by the
distal half of the thoracic aorta and by the
infrarenal aorta, would be equal to each
other in a purely segmentally supplied
spinal cord such as occurs in the rabbit
(Fig. 6 a). In man, however, individual
variations in the manner of desegmentation
do not allow such divisions; individual dif-
ferences occur in the extent and localization
of the area of the spinal cord supplied by
each considered aortic segment. This is
caused, first, by the variation in the anterior
pattern with differences in number and im-
portance of radicular arteries and, second, by
the erratic manner in which radicular arter-
ies supply segments located above, below or
on both sides. This difference is most obvious
in the variations of the area supplied by the
arteria radicularis magna. In approximately
50 per cent of the cases the lower thoracic
aorta supplies one fourth of the spinal
cord. In the other 50 per cent it supplies
approximately one half of the spinal cord
(Fig. 6 b). This difference also becomes
apparent in the variation in the lower level
of the area supplied by the subclavian
arteries: the subclavian arteries may sup-
ply half of the spinal cord if the upper
thoracic aorta does not give rise to a radic-
ular artery.

These anatomic and circulatory findings
applied to aortic operations suggest that
great individual variations may occur in the
extent of interference with the spinal blood
supply. In the degree of interference with
the normal blood supply the type of aortic
procedure is important: (a) the extent of
interference in cases of occlusion of the
aorta alone will increase proportionately to
a rise in the level of occlusion, (b) the de-
gree of the interference will also increase
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when segmental branches of the aorta are
occluded, proportionately to the number of
occluded intercostal and lumbar vessels,
(c) when both are occluded the degree
again will increase proportionately to the
level of occlusion as in (a). This difference
in the degree of interference is caused by
the difference in number of radicular ar-
teries occluded from one type to another
which is the result of the segmental pattern
of spinal supply. As a result of the seg-
mental character of the spinal blood supply
it becomes apparent that interference with
blood supply of the cervical and uppermost
part of the thoracic spinal cord can be pro-
duced only by occlusion of the left sub-
clavian artery. When this artery is occluded,
only occlusion of the left truncus costo-
cervicalis with terminal spinal branches is
of concern, as the left vertebral artery has
a good collateral circulation via the basilar
artery.

Even in a single type of procedure the
extent of the area to which there is inter-
ference of the blood supply may show in-
dividual differences. These differences will
result from individual variations in the ex-
tent of the area supplied from one segment
of the aorta, which is the result of the
variation in the anterior spinal circulatory
pattern and the variable manner in which
blood is divided over the anterior tractus
from the anterior radicular arteries. It
should be noted that the type of aortic
procedure is also important in the degree of
interference with normal circulation: (a)
The degree of interference is incomplete
and temporary when the aorta alone is
occluded because partial circulation exists
in the aorta distal to the site of occlusion
due to the collateral circulation around the
occlusion. It has been shown by different
authors that during experimental occlusion
of the aorta, blood pressure in the aorta
distal to the site of occlusion is maintained
at one fourth to one third of its normal
value.® 14 54 26, 116,119 () The degree of in-
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Frc. 7. b
Fi1c. 7. The effect of occlusion of the aorta alone. a, Effect of occlusion of the aorta distal

the blood supply to the cord
The incomplete

egree of interference is due to the fact that the aorta distal to the site of occi'. ion still receives

blood via collaterals,

b, Effect of occlusion of the aorta in the lower thoracic region. Incomplete degree of
interference with the blood su:lﬁ‘;;ly to the lumbosacral cord (stippled areas) C in Type 1 and

B in Type 2 patterns of vasc supply.

terference is complete and permanent when
the occlusion is only of intercostal and lum-
bar arteries (resection with shunt). (c)
Both the above possibilities are combined
in resectional therapy without shunt.
These differences in degree and extent
of interference as they occur in different in-
dividuals and in different types of aortic

procedures are illustrated by the theoretical
manner in which the blood supply to the
spinal cord would suffer interference in two
types of circulatory pattern (Figs. 7, 8
and 9).

B. The Role of Establishment of the
Spinal Collateral Circulation. No study
dealing with the problem of the collateral



594
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Fic. 7. ¢

Fic. 7. ¢, The effect of occlusion of the aorta
below the renals at A. Incomplete interference with
blood supply in Type 2 only (stippled area B).

circulation in the spinal cord is available.
Most authors concluded from the extensive
network in and around the spinal cord that
the collateral circulation was potentially
good. This should protect the cord against
limited pathologic conditions in the blood
vessels and against physiologic changes in
the blood flow due to changes in pressure
during movement. Kadyi compared the
anastomotic network of the spinal cord with
the circle of Willis. He stated that whereas
in the brain there was one anastomotic net-
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work formed by four arteries, the spinal
cord possessed a series of circular anasto-
moses formed from 20 or more arteries. In
spite of this the spinal cord is the only or-
gan in aortic surgery in which the collateral
circulation may be insufficient. This para-
dox is apparently caused by the fact that
in man the spinal anastomotic network is
not always sufficiently well developed to
allow the collateral circulation to come into
play rapidly in a large ischemic area. A
similar situation may occur in cases of dis-
secting aneurysm but data from such cases
have not increased the understanding of
how collateral circulation develops as in-
formation concerning the occlusion of the
intercostal vessels is rarely reported. Ob-
servations from experimental aortic occlu-
sion in animals cannot be directly applied
to man because of the difference in the
circulatory pattern.s ¢2 104

Conditions common to cases with and
without spinal complications after aortic
surgery, and some cases of dissecting an-
eurysm, provide an opportunity for study-
ing some of the factors playing a role in the
speed with which the spinal collateral cir-
culation comes into use. In both compli-
cated and uncomplicated cases after aortic
occlusion just below the subclavian artery,
the normal blood flow to the spinal cord is
interfered with partially but to the same
degree, and in both the same source of
collateral blood supply from the cervical
spinal cord is available. This fact and the
constant lumbosacral localization of the
spinal lesions suggest that a deciding factor
in the causation of spinal damage may be
the difference in the speed with which the
collateral blood supply comes from the
cervical to the lumbosacral spinal cord.
This difference may be explained by a dif-
ference in capacity of the anterior spinal
tractus. Actually it has been shown by in-
jection studies of the intrinsic and extrinsic
vascular system that the anterior tractus is
the only continuous arterial channel from
the cervical to the lumbosacral spinal cord.*”
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Fic. 8. Interference with circulation of the spinal cord in suprarenal aortic resection utiliz-
ing a shunt. a, The effect of resection of the upper thoracic aorta éA) utilizing a shunt (B).

Interference with the blood su?ply to the ugﬁe

b, The effect of resection of the lower h

r thoracic spinal cor
f the thoracic aorta (A) utilizing a shunt (B).

in Type 2 only (C).

Interference with the bloog)supply of the lumbosacral spinal cord in Type 1 (C) and in the

lumbar cord in Type 2 (

In animals it has been shown ¢ that the
presence of ischemic lesions in the rabbit
and their absence in the dog following ab-
dominal aortic occlusion are due to a better
development of the dog’s anterior tractus
in the lower thoracic and lumbosacral re-
gions (Fig. 10 a and b). This better de-
velopment is caused by desegmentation in
the lumbosacral vascular pattern. In man
it is possible to find this difference in the

extent of desegmentation resulting in a dif-
ference in development of the tractus and
therefore it seems likely that these varia-
tions may become so important in some
cases that, other factors being equal, great
differences in the availability of the col-
lateral blood supply occur (Fig. 11 a and
b). When there are only two segmental
arteries, one cervical and the arteria radic-
ularis magna, the blood will be more read-
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Fic. 8. ¢

Fic. 8. ¢, The effect of resection of the entire
thoracic aorta distal to the left subclavian (A)
utilizing a shunt (B). Interference with the blood
supply to the spinal cord in Type 1 (D) and
Type 2 (C).

ily available from the cervical sources with-
in the lumbosacral region than when there
is a small tractus with many segmental
arteries. A similar comparison may be
drawn between cases of dissecting aneu-
rysm of Hamburger ** and Moersch 77 in
both of which complete occlusion of all
aortic intercostal and lumbar arteries oc-
curred. The complete necrosis up to the
ninth thoracic in the first and the absence
of lesions in the second may be explained
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by a difference in the capacity of the ante-
rior tractus arteriosus.

The localization of spinal lesions has
been constantly found to be lumbosacral in
the complicated aortic procedures and
pathologic conditions with occlusion of
radicular arteries. This localization was un-
related to the duration, degree or level of
the occlusion. It would appear from this
that the collateral circulation is insufficient
only when the arteria radicularis magna has
been occluded as well, and it is probable
that the collateral circulation will be suffi-
cient when only the other radicular arteries
are occluded. If, however, the arteria radic-
ularis magna is infrarenal and is the only
occluded anterior spinal vessel, the collat-
eral circulation will always be sufficient, as
is apparent from the absence of lesions after
infrarenal aortic occlusion. Yet if the arteria
radicularis magna is suprarenal and orig-
inates from the lower third of the thoracic
aorta, occlusion of this vessel may lead to
insufficiency in the collateral circulation.
This possibility is illustrated by cases of
medullary ischemic necrosis after lower
thoracic sympathectomy, of which Mos-
berg "® reported nine cases and Rubio
three cases. Isolated cases were mentioned
by Suh. The most logical explanation for
these accidents is the operative occlusion
of a low thoracic arteria radicularis magna.

In contrast with occlusion of the aorta
below the subclavian artery, the number of
cases with occlusion of the midthoracic
aorta alone is very small, but the absence
of lesions indicates that sufficient collateral
circulation is present in these cases.

In thoracic aortic resection, the spinal
collateral circulation may become insuffi-
cient from one of the forms of occlusion
mentioned above: (1) When lesions occur
after resection of the proximal half of the
thoracic aorta, insufficiency of the collateral
circulation will have been caused by the
temporary but too prolonged occlusion of
the aorta below the subclavian artery but
not by the ligation of the upper thoracic
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Fic. 9. Interference with circulation of the spinal cord in suprarenal aortic resection without
utilizing a shunt. a, Effect of resection of the proximal half of the thoracic aorta (A) without
utilizing a shunt. Interference with the blood supply incomplete in both Type 1 and T}&piai

in areas E and D (

) and complete in area C Type 2 where the upper spinal cor

ppled
a greater number of ra(ficular arteries and consequently a less well developed tractus arteriosus
anterior which does not adequately supply this region from above as in Type 1.
b, The effect of resection of the distal half of the thoracic aorta (A) without utilizing a

shunt. Complete interference with the blood supply in

e lumbosacral spinal cord in Type 1

(BJ and complete interference in the distal thoracic and lumbar spinal cord in Type 2 (C)
and incomplete interference in the lumbosacral supply in Type 2 (D).

intercostals. (2) When lesions occur after
resection of the lower half of the thoracic
aorta insufficiency of the collateral circula-
tion will probably not have been caused by
the temporary midthoracic aortic occlusion
but by the occlusion of a low thoracic type

of arteria radicularis magna. (3) In resec-
tion of the entire thoracic aorta the collat-
eral circulation may be insufficient both as
a result of the temporary aortic occlusion
and by occlusion of a low thoracic type of
arteria radicularis magna.
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1 2
Fic. 9. ¢

Fic. 9. ¢, The effect of resection of the entire
thoracic aorta distal to the left subclavian artery
(A) without utilizing a shunt. Complete interfer-
ence with the blood supply to the lumbosacral
spinal cord in Type 1 &C) and complete interfer-
ence in the thoracolumbar spinal cord inog'(i/pe 2
(B) and incomplete interference in the bl sup-
ply in the lumbosacral spinal cord in Type 2 (Dg.

Considering these concepts of the col-
lateral circulation with those on the differ-
ences in interference with normal spinal
circulation it seems that in most cases the
interference is such that the tractus arterio-
sus anterior will be able to supply sufficient
collateral circulation: (1) The collateral
circulation will be sufficient in cases of oc-

Annals of Surgery
October 1956

Fic. 10. b

Fic. 10. a

Fic. 10. a, Steno’s experiment in the rabbit.
Occlusion of the abdominal aorta at A is always
followed by ischemic necrosis of the lumbosacral
spinal cord (B). This results from the purely seg-
mental vascular supply and the resulting lack of
development of collateral or anastomotic channels
running on the anterior surface of the spinal cord.

b, Steno’s experiment in the dog does not pro-
duce ischemic necrosis as in the raibit due to the
intermediate stage of desegmentation and collateral
development approaching these developmental
changes in man.

clusion of any thoracic intercostals when
the arteria radicularis magna is infrarenal
because the tractus arteriosus anterior in
the ischemic area is supplied from above
and below by collateral blood. (2) In mid-
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Fic. 11. b

Fic. 11. a, The effect of occlusion of the aorta distal to the left subclavian artery at A

in a Subtype 2 with many persistent segmental vessels (RA) in the thoracic re

on and a

resulting less well developed tractus arteriosus antericr (B) causing a very poor blood supply
to the lower spinal cord during the occlusion, and ischemic damage may occur.

b, The effect of occlusion of the aorta distal to the left subclavian artery at A in a Subtype
1 with only two radicular arteries remainin% and a very well developed tractus arteriosus ante-

rior (B). Excellent blood supply to the
damage is unlikely to occur.

thoracic aortic occlusion, it is the incom-
plete degree of interference with the blood
supply which will enable the tractus to
complete the necessary supply. (3) In oc-
clusion of an infrarenal type of arteria
radicularis magna sufficient collateral cir-
culation will be given from the important
and constantly present low thoracic radic-
ular artery.

ower spinal cord during occlusion, and ischemic

In two instances, however, the interfer-
ence may be such that the tractus may be
unable to supply sufficient collateral cir-
culation: (1) in occlusion of a suprarenal
type of arteria radicularis magna in which
case such a large and completely ischemic
area may be caused that in some cases a
sufficiently rapid development of collateral
circulation cannot be provided, and (2) in
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occlusion of the aorta below the subclavian
artery a large area of incomplete ischemia
is caused and if there is poor development
of the tractus arteriosus anterior, this not
only may lead to poor potentialities of the
collateral circulation but also to greater
length of the spinal cord suffering interfer-
ence, for example, when the supra-occlu-
sional aorta only supplies the cervical cord.
In this latter form of occlusion the tractus
would carry the anterior and posterior
blood supply. This is made possible by the
extensive anastomosis around the spinal
cord. It is also probable that the degree of
anoxia will gradually increase from the
level of normal blood supply toward the
conus medullaris. Krogh ™ found this in-
crease in degree of anoxia in the lumbo-
sacral spinal cord after occlusion of the
aorta in experimental studies with radio-
sodium. This degree of anoxia may in one
individual be so profound as to cause dam-
age during the operative occlusion. As a
relation is thought to exist between the de-
gree and duration of anoxia causing dam-
age, this damage will occur after shorter
times of occlusion when the degree of
anoxia is greater. These conclusions are sub-
stantiated by the variations which were
found to occur in the longitudinal extent
of the ischemic lesions in the reported
cases. In fact all were found to reach as
low as the conus medullaris but they varied
in their upper level of extent from the level
of the lower lumbar to the level of the
eighth thoracic. These variations can be
explained as resulting from individual dif-
ferences in the caudal extension of suffi-
cient collateral supply to prevent ischemic
damage for a given duration of occlusion.
These variations can also be explained by
the fact that the lesion will increase in
length with longer duration of anoxia, as a
result of both the gradual caudal increase
of the degree of anoxia and the accepted
relation between degree and duration of
anoxia sufficient to cause a lesion.
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In summary, damage seems to result after
a type of procedure that causes ischemia
of the lower spinal cord of sufficient extent
and degree in an individual with a poorly
developed tractus arteriosus anterior, which
during the time of operative ischemia does
not provide adequate caudal collateral cir-
culation for the protection of the nervous
tissue.

C. Spinal Ischemic Necrosis after Opera-
tion for Coarctation of the Aorta. A special
aspect in this discussion of the occurrence
of lesions of the spinal cord after supra-
renal aortic surgery is the origin of ischemic
lesions in cases of operation for coarctation
of the aorta. These form a special problem
because of their increased aortic collateral
circulation. Occurrence and clinical similar-
ity with the other cases of postoperative
ischemic necrosis indicate a preoperative
ischemia of the caudal spinal cord. In these
cases the tractus anterior is always better
developed and may even produce compres-
sion in the cervical spinal cord with ensuing
paraplegia.?* 52 This might lead to the be-
lief that the distal spinal cord is provided
mainly by blood coming from sources above
the coarctation. With this belief the re-
ported accidents might be explained by oc-
clusion of the intercostals at the coarctation
level or by occlusion of the left subclavian
artery (Fig. 12 a). However, Maude Ab-
bott* stated that in isthmic coarctation
changes in the vascular system only occur
in the neighborhood of the coarctation it-
self and that from the midthoracic aorta
onward a normal circulatory pattern is pre-
served. This is substantiated in the spinal
cord by autopsy findings of cases of coarcta-
tion from which it appears that dilatation
of the tract arteriosi only occurs in the
cervical and upper third of the thoracic
spinal cord.#¥ 12 From this it appears likely
that the lumbosacral spinal cord is supplied
in a normal way through the arteria radic-
ularis magna. Therefore, it seems more
likely that ischemic lesions after operation
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Fic.12. b

Fic. 12. g, The theoretical, present concept of the circulation to the lower spinal cord in
isthmic coarctation of the aorta. This supply is from the vertebrals and prestenotic intercostals
via the “arteria spinalis anterior” (D). According to this concept, lower spinal cord ischemia
can be caused by occlusion of the sources of supply to the anterior spinal artery at A and B.

b, Our new concept of the vascular supply of the lower spinal cord in isthmic coarctation
is based on the excellent collateral circulation to the aorta distaf to the stenosis and the presence
of a normal pattern of aortal sources of blood supply to the lower spinal cord via the arteria
radicularis magna (E). Marked interference with the collateral circulation to the aorta distal
to the stenosis by barriers B,B,B can produce ischemic damage to the lumbosacral spinal cord.

for isthmic coarctation are produced sim-
ilar to those in cases with normal aortic
circulation and by interference with the
circulation in the distal aorta (Fig. 12 b).
It has been difficult to conceive how this
can occur as it is generally agreed that only
minor interference may be caused to the
distal aorta by the operative occlusion in

these cases. This may be due to the fact
that it is often difficult to evaluate the
diameter of the stenosis and that more
blood may be passing than is suspected.
This difficulty is partly caused by the fact
that there is no direct relation between the
amount of blood passing through a stenotic
area and its diameter. In experimental
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aortic stenosis Clatworthy 2% found little in-
fluence on blood passage until the intra-
luminal diameter was reduced to about 50
per cent of its normal size. Considering the
importance of the diameter of the stenotic
area on the development of the collateral
circulation # it is possible that the blood
flow to the distal aorta is more interfered
with than has been suspected in some cases.
Another factor may be that it is often nec-
essary for technical reasons to interfere
with the collateral circulation even to the
extent of temporarily occluding the left
subclavian artery. In connection with this
it is interesting to mention Finnerty’s
case in which occlusion of a poststenotic
right subclavian artery was necessary and
paraplegia followed the repair. Occlusion
of a patent ductus arteriosus may also
play a role. In cases of preductal coarcta-
tion the part played by a patent ductus on
the development of the collateral circula-
tion is not entirely clear. Although in some
of them good collateral circulation exists,
probably in others it carries most of the
blood supply to the caudal parts of the
body. Incidental interference with sources
of normal blood supply to the distal spinal
cord may also play a role as in our case in
which during a previous bilateral sympath-
ectomy intercostal arteries giving important
branches to the spinal cord were probably
occluded and although this produced no le-
sion at that time, it is probable that it
played a role in causing damage during
operation for the coarctation.

II. Infrarenal Aortic Surgery. In their
anatomical explanation for the absence of
spinal complications after infrarenal sur-
gery, many authors concluded that interfer-
ence with the blood supply to the spinal
cord was impossible because in man the
spinal cord reaches only to the first lambar
segment. This explanation is based on the
concept that the spinal branches originate
from the aorta at the same level as that at
which they reach the spinal cord. In reality,
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as a result of the ascent of the spinal cord
embryologically, the aortic origin of the
lowest spinal vessels is situated five seg-
ments lower than their point of arrival in
the spinal cord. The fact that in about 50
per cent of Kadyi’s cases the arteria radic-
ularis magna, which is the lowest important
spinal vessel, originates above the renal ves-
sels, indicates that the absence of lesions
can be explained only in about 50 per cent
of the cases by the higher level of the spinal
vessels. In the remaining cases the normal
circulation to the spinal cord may be in-
terrupted, but the lack of lesions can be
explained by the establishment of sufficient
collateral blood supply via the important
radicular artery from the lower thoracic
aorta, which is constantly present in these
cases. The absence of lesions after infra-
renal surgery may be correlated with an
analysis of the reports on saddle embolism.
Reference to early case reports of saddle
embolism often states that spinal complica-
tions may result from this disease. In re-
viewing these earlier case reports we have
not been able to find pathologic or clinical
proof of these statements. Only in Hel-
bing % and Heiligenthal % cases were micro-
scopically proven pathologic lesions found
and according to these authors they were
not caused by ischemia. In the only case
found with typical ischemic lesions of the
spinal cord, Alexander’s * case, the embolus
reached high above the renal vessels and
produced renal and splenic infarction.

GENERAL FACTORS

Influence of the Blood Pressure. The im-
portance of the blood pressure at the time
of aortic occlusion has been mentioned by
different authors in connection with neuro-
logic deficit.#%: 9 101, 118 Although the pres-
ence of nerve fibers in the blood vessels
of the spinal cord was demonstrated by
Clark 2* and by Penfield,®® there has been
no study on the influence of nervous control
of the systemic blood pressure and of the
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action of chemicals and drugs on the spinal
circulation. The presence of a safety mech-
anism against fall in pressure similar to that
in the brain has not been demonstrated.
Age. Of the patients with spinal compli-
cations reported in the literature the young-
est with occlusion of a normal aorta was
seven years, and of those who were op-
erated upon for isthmic coarctation the
youngest was eight years. Many observers,
however, have shown the difficulty of pro-
ducing experimental spinal ischemic dam-
age to young animals.”® 94 102 11¢ This was
explained by the greater resistance of the
spinal structures to anoxia,> "% 115 although
it has been proved experimentally that the
oxygen requirement in the spinal cord of
young animals is relatively greater.'® It is
very likely that during operation on the
aorta the young individual is protected also
against spinal damage by better potential-
ities of collateral circulation from the cra-
nial spinal cord. In fact in the child Suh 1°¢
demonstrated remakably pronounced ante-
rior spinal vessels and on measurement the
diameter of the tractus arteriosus anterior
was almost equal to that of the adult. This
may be related to the greater oxygen re-
quirement. In isthmic coarctation it is pos-
sible that, besides these factors, the lack of
localization of collateral circulation around
the aortic stenosis in the young patient pro-
vides more protection against technical ma-
nipulations than does localization of col-
lateral circulation in the older patient. In
fact, collateral circulation usually becomes
apparent only after five years. With increas-
ing age and the development of arterio-
sclerotic changes the possibility of develop-
ment of collateral circulation dwindles.
Hypothermia. In the spinal cord, van
Harreveld 15 showed that the temperature
coefficient of the processes ultimately re-
sulting in destruction of nerve cells was
consistently higher than that of the proc-
esses involved in the oxygen uptake of the
spinal cord. Thus, as the temperature is
lowered, destruction of nerve cells is de-
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creased to a greater extent than is the oxy-
gen uptake. As a result, hypothermia has
been reported to be effective in the experi-
mental prevention of paraplegia following
temporary high occlusion of the aorta, 4 4
83, 84,8 although experimental and clinical
cases are reported in which paralysis oc-
curred in spite of general and local hy-
pothermia. 4% 4. 8¢ GSince first used by
Oudot #? in aortic surgery it has now been
employed by many surgeons. One of the rea-
sons for the clinical value of hypothermia
in temporary occlusion is that in these cases
circulation in the ischemic areas returns to
normal when the temperature returns to
normal. The question may be raised as to
whether in cases of permanent occlusion of
spinal vessels sufficient collateral circulation
is actually established during the hypo-
thermia to prevent spinal damage when the
temperature is returned to normal. In brain
tissue it was shown 7% 92 that the blood flow
varied to the same extent as the oxygen
consumption under hypothermia, and so
far there is no consistent evidence concern-
ing the vascular status during recovery
from hypothermia. Imig ¢ has shown that
in cases in which the temperature is brought
down to 27° C., blood flow is within normal
values after hypothermia but it has been
found 3% % that recovery to normal blood
flow is often slow and incomplete. Experi-
ments by Rosomoff ** indicate that with
permanent occlusion of the arteria cerebri
media in the dog under hypothermia, the
incidence of ischemic damage is much
lower, but the incidence in normothermic
dogs is indefinite. With this question in the
balance, it is still possible that in aortic
resection under hypothermia permanent oc-
clusion of a thoracic type of arteria radic-
ularis magna might cause ischemic damage.
Eiseman 2 has recently reported a case of
permanent damage to the spinal cord asso-
ciated with resection of a lower thoracic
aneurysm under hypothermia with the
aorta clamped at the level of the sixth
thoracic for 63 minutes. This well docu-
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mented case and Eiseman’s careful evalua-
tion of the factors involved are an impor-
tant contribution to this subject.

CONCLUSIONS

Twenty-four instances of ischemia of the
spinal cord associated with aortic surgery
have been gathered from reported and per-
sonal cases, 11 after operation for coarcta-
tion, seven after aortic resection, and six
after temporary occlusion of the aorta. By
comparing the procedures that cause these
complications with the aortic procedures
without complications as they have been
reported in the literature and from consid-
eration of the circulation of the spinal cord
in relation to aortic surgery, the following
conclusions were drawn:

1. The spinal cord is protected against
damage during infrarenal aortic surgery
either by the absence of infrarenal blood
supply to the cord, or when present, by col-
lateral supply from a constant and impor-
tant low thoracic spinal vessel.

2. From all types of suprarenal aortic
procedures, only temporary occlusion of
the aorta below the subclavian artery and
procedures including ligature of the lower
thoracic intercostal vessels were found
likely to cause spinal damage. The reason
temporary occlusion of the aorta below the
subclavian artery is followed by ischemic
damage in one individual and not in an-
other is explained by the extreme differ-
ences that are possible in the segmental pat-
tern of the spinal cord supply. In the multi-
segmental type, occlusion of the aorta
results in a greater interference with normal
supply and poor potentialities of collateral
circulation from the aorta above the occlu-
sion via the tractus arteriosus anterior.

Ligation of the lower thoracic intercostals
causes damage when it results in occlusion
of a low thoracic type of arteria radicularis
magna, supplying the major part of the
lower spinal cord. Therefore, if the radic-
ular arteries from the eighth to the twelfth
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thoracic are sacrificed there is a definite
possibility of spinal damage.

For the same reason even when hypo-
thermia or a shunt is used it becomes nec-
essary to maintain adequate circulation to
the lower spinal cord in some cases.

Therefore, a lesion in the lower thoracic
aorta can be resected safely only if the ar-
teria radicularis magna arises from the ab-
dominal aorta, “roughly about 50 per cent”
of Kadyi’s series of cases.

In all other types of procedures either the
interference with the normal blood supply
is small or incomplete or else adequate
sources of collateral blood supply are
present.

In spite of hypothermia or shunt, aortic
surgery may still cause spinal damage when
the lower intercostals are occluded. Failure
of hypothermia to protect the spinal cord
from injury can be explained by the fact
that nerve tissue may survive during the
lowered metabolism and decreased circula-
tion if the occlusion is temporary. If the
occlusion is permanent, such as during re-
section, these same tissues may not survive
when the normal temperature is resumed
owing to the fact that collateral circulation
has not developed adequately.

After surgical procedures for isthmic
coarctation, damage to the spinal cord is
caused by interference with the circulation
to the distal aorta in the same manner as
that produced in the presence of normal
circulation. In addition, there is danger to
the cord if any congenital shunts are pres-
ent around the coarctation, such as a post-
stenotic ductus arteriosus or a poststenotic
subclavian, either right or left, or if the
degree of stenosis is relatively incomplete,
“less than 50 per cent,” since under these
conditions adequate collateral circulation
may not be established in the sense of the
usual coarctation, and prolonged occlusion
of the aorta cannot be tolerated.

The minimum safe time of occlusion of
circulation of the spinal cord is still un-
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known but it is shorter than is generally
accepted and is probably under 18 minutes.

The young individual is protected against
spinal damage by greater resistance to
anoxemia of the spinal cord and better po-
tentialities of collateral circulation resulting
from relatively larger spinal vessels. The
youngest individual with spinal damage
was seven years old.

Lesions of the spinal cord are always
localized in the lower spinal cord and
variations of their clinical manifestations
result from the differences in extent and
degree of the ischemia.

Neurologic complications after aortic sur-
gery may be caused by ischemia of periph-
eral nerves to the lower extremities as well,
resulting from prolonged occlusion of the
infrarenal aorta. In such instances the
symptomatology may be similar to that of
spinal ischemia but usually there is evi-
dence of peripheral circulatory deficiency
as well.
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DiscussioN.—Dr. WiLLiam S. McCuNg, Wash-
ington, D. C.: I wish to congratulate Dr. Adams
on this very thorough and excellent discussion of
a highly important subject. We have had the mis-
fortune of having two patients who have developed
varying degrees of motor and sensory paralysis
following operations on the abdominal aorta. In
both of these instances the paralysis appeared im-
mediately after the patient came out of the anes-
thetic. In both cases also there was some bilateral
extremity cyanosis indicating perhaps that the
paralysis may have been due to thrombosis of
peripheral vessels with ischemia of the correspond-
ing nerves.

In the first patient the paralysis was partial, of
a flaccid type, and was accompanied by a cor-
responding degree of sensory loss. This patient
otherwise progressed fairly well for three days, but
died suddenly of coronary occlusion. At the post
mortem examination there was a partial occlusion
of one femoral artery.

The second patient was found to have bilateral
spastic paralysis with sensory loss extending above
the crests of the ilium on each side immediately
aftter operation. In this particular case the aorta
had been occluded temporarily in the thoracic re-
gion during the operation because of severe hemor-
rhage. Another interesting finding was the presence
of a very large lumbar vessel, almost as large as
the hypogastric artery, which extended directly
backward from the abdominal aorta.

These two cases had several points in common
which may be of interest from the point of view

of etiology of the paralysis. In both instances the
resections were for ruptured aneurysms of the
abdominal aorta. In both instances the patients
were in fairly severe shock at the time of opera-
tion, in spite of rapid blood replacement.

In both instances when the abdomen was
opened the hemorrhage was found to be severe,
and it was necessary to clamp off the aorta almost
immediately below the renal vessels. In one in-
stance it temporarily was occluded in the thoracic
region. This prolonged the length of clamping of
the aorta.

In both instances the aneurysms were very
large and extended down to involve not only the
common iliac but part of the external iliac vessels,
and when an orlon prosthesis was sutured in place
it was impossible to reestablish the hypogastric
circulation.

In reviewing these findings it was our impres-
sion that the large lumbar vessel may have been
carrying a great deal of the circulation to the
spinal cord. Furthermore, it has seemed to us that
the hypogastric vessels may supply some circula-
tion to the cord, although this has never been
demonstrated satisfactorily.

At the present time we are injecting the hypo-
gastric vessels of autopsy specimens in an endeavor
to find out whether or not any circulation reaches
the spinal cord from them.

Shock is also of importance. In an already im-
paired circulation severe hypotension must add to
the ischemia of the chord.

I congratulate Dr. Adams again. Thank you.



