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Spinal Cord Blood Flow 
Measured with Microspheres 

Following Spinal Cord Injury in the Rat 
M. Christopher Wallace and Charles H. Tator 

ABSTRACT: A decrease in spinal cord blood flow (SCBF) is a known sequela of spinal cord injury. The radioactive 
microsphere technique permits repeated measurement of spinal cord blood flow (SCBF) and cardiac output (CO) in 
the same experimental animal. The purpose of this study was to adapt the radioactive microsphere technique for use 
in the rat extradural clip compression injury model used in our laboratory. 

Thirteen adult Wistar rats were anaesthetized and ventilated. Mean systemic arterial pressure (MSAP) was 
recorded continuously. Control animals (n = 8) did not have a surgical procedure whereas the injured animals (n = 5) 
underwent a C7-T1 laminectomy followed by a one minute, 50 gram extradural clip compression injury at Tl. 
Radioactive microspheres were used for two blood flow and CO determinations in both groups. 

MSAPfell 59% in the injured animals (p<0.01), but this was not accompanied by significant changes in heart rate or 
CO. There was a 50% reduction in SCBF in the injured cord (p<0.02), and there were significant reductions in 
cerebral blood flow (p<0.05) and cerebellar blood flow (p<0.02) following spinal cord injury. 

RESUME: Le flot sanguin medullaire mesure aux microspheres a la suite d'une blessure de la moelle epiniere chez le 
rat Une diminution du flot sanguin medullaire est une sequelle bien connue de traumatisme a la moelle Epiniere. La 
technique utilisaht des microspheres radioactives permet des mesures repetees du flot sanguin medullaire et du debit 
cardiaque chez le meme animal d'experimentation. Le but de cette etude etait d'adapter la technique utilisant des 
microspheres radioactives, pour l'appliquer chez le rat utilise dans notre laboratoire comme modele animal de 
traumatisme par compression au moyen d'une pince extra durale. 

Treize rats Wistar adultes furent anesthesies et ventiles. La tension arterielle systemique moyenne fut enregistree 
de fagon continue. Les animaux controles (n = 8) n'eurent pas d'intervention chirurgicale, alors que les cas subirent 
une laminectomie au niveau de C7-T1, suivie d'une traumatisme par compression au moyen d'une pince extradurale 
exercant une pression de 50 gm pendant 1 minute au niveau de Tl. Deux determinations du flot sanguin et du d6bit 
cardiaque furent faites dans les deux groupes au moyen de microspheres radioactives. 

La tension arterielle systemique moyenne chuta de 59% chez les animaux traumatisms, mais ceci ne fut pas 
accompagne de changements significatifs du rythme ou du debit cardiaque. Le flot sanguin medullaire fut reduit de 
50% dans la moelle traumatisee (p<0.02) et le flot sanguin cerebral (p<0.05) et cerebelleux (p<0.02) furent reduits de 
fagon significative a la suite du traumatisme medullaire. 
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A number of techniques have been utilized to measure spinal 
cord blood flow (SCBF) in experimental spinal cord injury.'"5 

Techniques used in larger animals include the l4C-antipyrene 
method,1,3-6 the hydrogen clearance technique,24'5 and radio
active microspheres.7"10 The majority of investigations have 
demonstrated a drop in SCBF following experimental cord 
injury,1'5" although hyperemia following cord injury has also 
been reported.2 In our laboratory, the experimental model has 

been clip compression injury in the rat,12 and SCBF was mea
sured before and after injury by 14C-antipyrene autoradio
graphy.1'3'6 Although very accurate, this blood flow technique 
allows only one flow study per animal. In contrast, the radioac
tive microsphere method used by other investigators allows 
multiple studies per animal,7'10 although only large animals 
such as dogs have been studied. Microspheres also allow mea
surement of regional organ blood flow, cardiac output (CO), 
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and distribution of CO, and these parameters have been mea
sured in the rat.13"24 However, to our knowledge, SCBF has 
not been measured in rats with radioactive microspheres. 

The purpose of this experiment was to adapt the radioactive 
microsphere technique for SCBF studies in the rat and to apply 
the method to the measurement of SCBF, regional organ blood 
flow and CO before and after clip compression injury of the rat 
spinal cord. 

METHODS 

1. Operative Procedure 

Thirteen female Wistar rats weighing 218-251 grams, were 
anaesthetized with sodium pentobarbital (40 mg/kg intraperi
toneal^). A tracheostomy was performed, and the animals 
were mechanically ventilated. The right femoral artery and 
vein, and the right internal jugular vein were cannulated with 
PE50 tubing filled with heparinized saline (10 IU/ml). Two 
special catheters were made by heat-fixing a segment of PE10 
tubing to the end of a PE50 cannula. These catheters were 
subsequently placed into the left ventricle via a right common 
carotid arteriotomy, and into the abdominal aorta below the 
renal arteries via a left femoral arteriotomy. MSAP and arterial 
blood gases were monitored via the femoral artery cannula. 
MSAP was measured with a pressure transducer (Bell & Howell, 
Model 4-327-101) coupled to a pressure amplifier (Hewlett Packard 
Model 8805c) and multi-channel recorder (Hewlett Packard 
Model 87758c). The left ventricular pressure profile and central 
venous pressure (CVP) were measured with the same trans
ducer and recorder. Arterial blood gases (120 fx 1 samples) were 
measured on a Radiometer blood gas system (BMS MK 111) at 
37°C. A continuous three lead electrocardiogram was used to 
record heart rate. Animal temperature was maintained with a 
thermal blanket (Corman Rupp Ind.) and recorded with a rectal 
probe connected to a telethermometer (Yellow Springs Inst. 
Co. Model 43TA). Animals were then allowed to stabilize fol
lowing instrumentation. 

2. Experimental Protocol 

A) Control Group Each of eight animals underwent two serial 
blood flow determinations 30 minutes apart. Except for trache
ostomy and cannulation, no surgical procedure was performed. 
The initial flow was measured after the injection of ''"Cerium-
labelled microspheres, and 30 minutes later the second flow 
was measured with 85Strontium-labelled microspheres. During 
the experiment, the animals received an infusion of normal 
saline at 2 ml/hr via the right femoral, vein and respiratory rate 
and volume were adjusted to maintain blood gases within the 
physiological range. 

B) Injury Group Five animals underwent a two level laminec
tomy at C7-T1, and then the first blood flow was measured with 
l4lCerium-labelled microspheres. Fifteen minutes later a 50 
gram, one minute clip compression injury was performed at 
Tl . 1 2 Fifteen minutes after injury, during which time blood 
gases were assessed and any necessary ventilatory changes 
made, the second flow determination was made with 85Strontium-
labelled microspheres. The animals received a normal saline 
infusion at 2 ml/hr throughout the experimental period. 

3. Blood Flow Determination 

A) Isotope Preparation Radioactive microspheres, 15 ± 3 u,m 
diameter (3M, New Brighton, Minnesota) were used for flow 

determinations. The microspheres were labelled with l4'Cerium 
or 85Strontium with main gamma energy peaks of 320 and 514 
keV respectively. The specific activity for both isotopes was 10 
mCi/gm. Microspheres, obtained in the dry form, were weighed 
and then suspended in normal saline in a concentration of 
45,000 microspheres/50 JJLI. Tween-80 (3M, New Brighton, 
Minnesota) was used as a surfactant at a concentration of 
0.05%. 

Standards for each isotope were prepared and used to deter
mine the appropriate energy windows for the particular gamma 
counter utilized (Searle, model 1195). The counting efficiency 
for each isotope in its particular energy window was assumed to 
be 100%, and overlapping counts from the other isotope were 
expressed as a percentage to develop an equation for calculat
ing from the raw counts, those counts originating from a spe
cific isotope.25"27 

B) Microsphere Injection Prior to each flow determination, the 
microsphere solution was shaken by a Vortex mixer (Scientific 
Industries Inc., Model k-500-1), and a 100 n.1 sample with
drawn with a micropipette. This sample was then injected into a 
length of PE100 tubing, one end of which was connected to a 
saline-filled syringe attached to an infusion pump (Sage, Model 
351) and the other end attached to the left ventricular cannula. 

The arterial reference sample technique was used for measur
ing blood flow14 with the reference sample aspirated by a pump 
(Harvard, model 901) into a segment of PE100 tubing from the 
left femoral artery. Withdrawal began 15 seconds before 
microsphere injection, and was maintained at a rate of 0.393 
ml/sec for 90 seconds. The microspheres were injected by the 
infusion pump into the left ventricle at a rate of 0.05 ml/sec for 
12 seconds. At the end of the 90 second withdrawal period, the 
reference blood specimen was flushed with 5 ml of normal 
saline into a test tube for isotope counting. 

C) Specimen Preparation and Treatment After the second 
microsphere injection in both groups, the animals were sacri
ficed with an intravenous injection of KC1, and the spinal cord 
was removed via a complete C1-L4 laminectomy. The spinal 
cord was then placed on a 6 cm long template, containing four 
marked divisions each 1.5 cm long. The cord was placed so that 
the injury site rested at the midpoint of the second 1.5 cm 
division on the template. Any excess cervical or lumbar cord 
extending beyond the proximal and distal ends of the template 
were excised. The cord was then cut into 4 segments according 
to the division markings on the template, and designated: cervical, 
cervical-thoracic, thoracic and lumbar segments. The injury 
site was always located at the midpoint of the cervical-thoracic 
segment. Each segment was then placed in a pre-weighed count
ing tube and reweighed. The cerebral and cerebellar hemispheres, 
lungs, heart, spleen and kidneys were also removed, and simi
larly prepared. The position of the left ventricular catheter was 
determined prior to removal of the heart. 

The specimens were then placed in a gamma counter (Searle, 
model 1195) and counted in both the l4lCerium and 85Strontium 
windows. A minimum of 10,000 total counts were accumulated 
in each channel to minimize counting errors.26,27 

D) Flow Calculations and Statistical Analysis All calculations 
and statistical analyses were performed with a Wylbur text 
editor and the Statistical Analysis System at the University of 
Toronto Computing Centre. Paired T-tests were used on all 
flow, blood pressure and CO measurements within the control 
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Table 1: Hemodynamic Parameter. 

(A) Control Animals (N = 8) 

MSAP(mmHg) 
HR (beats/min) 
Cardiac Output 

(ml/min/kg) 

Flow 1 

133 ± 25 
386 ± 19 
153 ± 71 

,* 

Flow 2 

119 ± 9 
382 ± 45 
136 ± 79 

% Diff. 

- 8 ± 13 
- 1 ± 13 

1 ± 69 

Sig. 

NS 
NS 
NS 

(B) INJURED ANIMALS (N = 5) 
Flow 1 Flow 2 

(Pre-Injury) (Post-Injury) 

MSAP(mmHg) 114 ± 19 48 ± 33 
HR (beats/min) 390 ± 60 345 + 71 
Cardiac Output 234 ± 74 1 2 1 + 6 8 

(ml/min/kg) 
* Values are means ± standard deviation 
% Diff. is a mean of the percent differences of 

each animal within a group 

% Diff. 

- 5 9 : 
- 1 0 : 

-131 : 

25 
12 
107 

Table 2: Arterial Blood Gases and Temperature * 

(A) CONTROL ANIMALS (N = 8) 

Flow J Flow 2 

7.41 
36.1 : 

0.04 
1.6 

7.41 ± 0.03 
32.7 ± 2.3 
140 ± 24 

37.2 ± 0.9 

PH 
pC02 (mmHg) 
p02(mmHg) 134 ± 22 
Temperature (°C) 36.7 + 1.2 

(B) INJURED ANIMALS (N = 5) 

Flow 1 Flow 2 
(Pre-lnjury) (Post-Injury) 

pH 7.40 ± 0.04 7.27 + 0.11 
pC02(mmHg) 35.2 ± 0.9 35.7 ± 1.5 
p02(mmHg) 137 + 17 136 ± 18 
Temperature (°C) 37.5 + 0.7 36.7 ± 1.4 
* Values are means ± standard deviation 
% Diff. is a mean of the percent differences of 

each animal within a group. 

Table 3: Regional Organ Blood Flow * (ml/gm/min) 

% Diff. 

0 ± 0 
-10 ± 5 

3 ± 15 
1 + 2 

% Diff. 

- 2 ± I 
2 ± 4 
0 ± 0 

- 2 + 3 

(A) CONTROL ANIMALS (N = 8) 

Organ Flow 1 Flow 2 

Heart 
L Lung 
R Lung 
Spleen 
L Kidney 
R Kidney 

(B) INJURED ANIMALS (N = 5) 
Flow 1 Flow 2 

(Pre-lnjury) (Post-Injury) 

% Diff. 

Organ 

Heart 
L Lung 
R Lung 
Spleen 
L Kidney 
R Kidney 

3.3 
0.7 
0.8 
0.6 
2.2 
1.9 

1.9 
0.9 
0.9 
0.3 
0.6 
1.0 

3.2 
0.3 
0.4 
0.3 
1.2 
1.0 

1.3 
0.5 
0.6 
0.2 
0.7 
0.5 

% Diff. 

7 ± 35 
-29 ± 78 
-11 ± 136 
-60 ± 29 
-46 ± 23 
-41 ± 28 

Values are means + standard deviation 
> Diff. is a mean of the percent differences of 
each animal within a group. 

Sig. 

p<0.01 
NS 
NS 

Sig. 

NS 
p<0.01 

NS 
NS 

Sig. 

p<0.05 
NS 
NS 
NS 

Sig. 

5.3 + 1.4 
1.0 ± 1.5 
0.9 ± 1.6 
1.3 ± 1.0 
3.0 ± 0.6 
2.5 ± 0.8 

5.4 ± 2.0 
0.6 ± 0.5 
0.5 ± 0.5 
1.3 ± 1.1 
2.3 ± 1.1 
2.0 ± 1.2 

7 + 47 
28 ± 130 
37 + 142 
2 + 46 

-21 ± 40 
- 1 4 ± 48 

NS 
NS 
NS 
NS 
NS 
NS 

Sig. 

NS 
NS 
NS 

p<0.01 
p<0.02 

NS 

and injury groups, whereas T-tests were used between experi
mental groups. Each percent difference represents the mean of 
the percent differences of each animal within the group in 
question. 

RESULTS 

In the control group, there were no significant changes in 
MSAP, CO or heart rate between the two flow determinations, 
but in the injury series, MSAP decreased by 59% (p<0 .0 l ) 
following clip compression injury (Table I). Although the CO in 
the injured series fell by 131%, this difference was not significant. 
Isolated changes in the arterial blood gases were noted in both 
groups (Table 2). For example, the p C 0 2 fell to 32.7 between 
the two flows in the control group, whereas pH was signifi
cantly lower after injury (p<0.05) . This post-injury fall in pH 
produced a pH significantly lower than that of the control group 
(p<0.05). 

Regional organ blood flow values are noted in Table 3. In the 
control series, there were no significant differences between 
the two flows, whereas in the injured animals, there were 

Table 4: Spinal Cord Blood Flow « (ml/lOOgm/min) 

(A) CONTROL ANIMALS (N = 8) 

Region Flow 1 Flow 2 % Diff. Sig. 

Cervical 
Cerv-Thor 
Thoracic 
Lumbar 

66 + 1 6 68 ± 16 
54 ± 1 0 55 ± 14 
53 ± 1 6 48 ± 16 
66 ± 1 5 66 ± 17 

10 ± 47 
6 ± 43 

- 6 ± 31 
4 ± 37 

NS 
NS 
NS 
NS 

(B) INJURED ANIMALS (N = 5) 
Flow 1 Flow 2 

Region (Pre-lnjury) (Post-Injury) % Diff. 

Cervical 
Cerv-Thor 
Thoracic 
Lumbar 

79 
56 
41 
66 

10 
17 

41 ± 22 
28 ± 17 
34 ± 13 
50 + 22 

-49 
-51 
-16 
-21 

23 
26 
25 
30 

Sig. 

p<0.01 
p<0.02 

NS 
NS 

* Values are means ± standard deviation 
% Diff. is a mean of the percent differences of 

each animal within a group. 

Table 5: Brain Blood Flow (ml/100 gm/min) 

(A) CONTROL ANIMALS (N = 8) 

Region Flow 1 Flow 2 % Diff. 

L Cerebrum 
R Cerebrum 
L Cerebellum 
R Cerebellum 

78 ± 21 
70 ± 27 

115 ± 42 
124 ± 34 

81 ± 15 
78 + 18 

120 ± 48 
130 ± 30 

6 
17 
9 
18 

13 
22 
39 

: 58 

(B) INJURED ANIMALS (N = 5) 
Flow 1 Flow 2 

Region (Pre-lnjury) (Post-Injury) 

L Cerebrum 
R Cerebrum 
L Cerebellum 
R Cerebellum 

64 ± 19 
53 ± 14 

126 ± 28 
142 ± 56 

49 ± 20 
17 ± 29 
71 ± 28 
60 ± 35 

% Diff. 

-25 ± 19 
-71 ± 43 
- 4 4 + 22 
-56 ± 26 

Sig; 

NS 
NS 
NS 
NS 

Sig. 

p<0.05 
p<0.05 
p<0.02 
p<0.02 

* Values are means ± standard deviation 
% Diff. is a mean of percent differences of 

each animal within a group. 
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significant decreases in flow to the spleen and left kidney after 
injury. 

SCBF measured 30 minutes apart in the control series did not 
differ significantly (Table 4). However, following spinal cord 
injury, SCBF fell 51 % in the cervical-thoracic junction segment 
containing the injury site (p<0.02), and in the cervical region, 
SCBF also fell significantly (49%, p<0.01). Although SCBF 
decreased in the thoracic and lumbar segments, these changes 
were not significant (Table 4). 

Although flow did not change in the cerebral or cerebellar 
hemispheres in the control series, there were marked decreases 
in cerebral and cerebellar blood flows following clip compres
sion injury, with the decline being more pronounced in the right 
cerebral and right cerebellar hemispheres (Table 5). 

DISCUSSION 

Radioactive microspheres have been used in larger animals 
(dogs, sheep) to perform repeated SCBF determinations in the 
same animal.7"10 The distinct advantage of such a technique is 
that each animal serves as its own control. To date, there have 
been no reports of the use of microspheres for SCBF studies in 
rats. The injury model most frequently used in our laboratory is 
the clip compression injury in the rat,l2 and similar small animal 
injury models are being used increasingly elsewhere. Thus, a 
simple, cost-effective technique of obtaining multiple blood 
flow determinations in the rat would be advantageous. 

Since microspheres were first introduced in the late I960's 
for measurement of uterine blood flow,28"30 the technique has 
been used to study CO, regional CO distribution, and blood 
flow in a variety of animals.3'"33 For large animals, Buckberg 
et al34,35 have determined the minimum number of spheres 
required per sample to reduce the experimental error, and have 
also cautioned about the maximum number of microspheres 
which can be injected before capillary bed occlusion by 
microspheres disturbs hemodynamic performance. To date, 
the only guidelines for the rat have been reported by Tsuchiya 
et al22 who determined that 200,000 15 u,m microspheres could 
be injected before adverse systemic effects are noted. Studies 
have not been done to precisely determine the minimal number 
of spheres per sample in the rat which provide a small experi
mental error, but 200 microspheres per sample has been 
suggested.22 To achieve a minimum number of 200 microspheres 
in each of the four segments of the spinal cord, the total spinal 
cord would have had to receive at least 800 microspheres. 
Given a percent CO distribution of approximately 1.5%,9 then 
approximately 54,000 microspheres would have had to be injected 
to achieve this minimal microspheres per sample requirement. 
However, because of the reduced flow status known to occur 
following spinal cord injury,1"5 it was felt that a larger number 
of microspheres should be injected. Given that a total injection 
of more than 200,000 microspheres might compromise the 
hemodynamics of the rat,22 we limited the number of injections 
to two and the number of microspheres to 90,000 per injection. 
It was felt that this number would be sufficent to minimize the 
experimental error in flow determinations,253435 although, 
the large standard deviations in the current data suggest that a 
larger number of microspheres should have been used. Clearly, 
an accurate study needs to be done to determine the minimal 
number of microspheres required per spinal cord sample to 
reduce the experimental error. 

In the control animals, the two flow studies 30 minutes apart, 
showed no changes in flow to the spinal cord, brain or major 
organs. These results verify the reproducibility of the tech
nique in small animals to measure two flows within the same 
animal. 

After clip compression injury, there were significant decreases 
in SCBF and in cerebral and cerebellar flow. Although CO 
decreased 15 minutes following experimental spinal cord injury, 
the change was not statistically significant. It is possible that a 
true drop in CO following spinal cord injury has been missed 
due to the small number in the injured group of animals (n = 5) 
and the large standard deviations encountered. A similar find
ing was reported by Tibbs et al,36,37 who noted a non-significant 
drop in CO in dogs following spinal cord transection. This 
maintenance of CO is somewhat surprising considering the 
decrease in sympathetic stimulation following cervical cord 
injury or transection.9'36,37 

The posttraumatic decline in SCBF in the present experi
ment occurred in the cervical-thoracic junction segment con
taining the site of clip compression injury, as well as in the 
adjacent cervical segment which extended up to 2.25 cm away 
from the injury site. It should be noted that a compression 
injury with a clip whose blades have a width of 1 mm, has 
resulted in ischemia in a segment of cord extending from 0.75 to 
2.25 cm from the injury site. Despite these large 1.5 cm seg
ments of the cord, the microsphere technique was able to detect 
a drop in SCBF. It should be noted however that the SCBF 
measurements represent average flow values for the entire 1.5 
cm segments, and do not represent regional SCBF. Changes in 
SCBF in smaller regions of the cord within each 1.5 cm segment, 
could be missed due to the effect of averaging. Smaller seg
ments could not be studied because of the restriction imposed 
by the necessity to limit the total injected to less than 200,000 
microspheres. Regional blood flow techniques such as autoradi
ography are much better suited for examining smaller regions 
of the cord if more discrete changes in SCBF are being studied. 
Although SCBF declined slightly in the thoracic and lumbar 
segments, the changes were not significant (Table 4). It is of 
interest that SCBF was maintained in these areas remote from 
the cord, despite a dramatic decline in MSAP to 48 mmHg 
(p<0.01, Table 1), indicating that autoregulation remained intact 
in most areas of the spinal cord remote from the injury site. 

The decline in SCBF demonstrated following cord injury is 
consistent with that found by others.1"5" The drop in SCBF is 
likely due to a variety of reasons including vasospasm intravas
cular thrombosis or hypotension in an area devoid of normal 
autoregulation.M"6-40 Large areas of hemorrhage may also 
contribute to ischemia.41 It is of interest to note that SCBF was 
decreased in a segment which was 7.5 mm away from the 1 mm 
wide clip compression site. The mechanism for this remote 
change in SCBF is unknown, but again, a change in autoregula
tion or excessive hemorrhage may play a role. The mechanism 
by which these remote SCBF changes develop deserves further 
study, because of the possible deliterious effect on clinical 
recovery which might occur in cord injured patients. 

The organ blood flow values were very similar to those 
reported by others'7-20'40 whereas the CO values were slightly 
lower than others.917,20'38 If the percent CO distributions are 
compared to previous studies l4l6:!0-22-24 the current results 
are higher, particularly in the heart. The explanation for the 
slightly lower CO values is not known, but it may have been due 
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to an overestimation of the number of spheres injected into the 
left ventricle. This might have been due to excessive adhesion 
of spheres to the tubing or injection pipettes, even though the 
radioactivity in the pipettes and tubing was also included by 
placing them in the gamma counter. However, the technique 
was consistent throughout the experiment, and so relative changes 
in CO remain accurate. 

Marked decreases in cerebral and cerebellar flow were detected 
following spinal cord injury (Table 5). The fall in cerebral and 
cerebellar blood flow on the right side, particularly the 71% 
decline in the right cerebral hemisphere, may be in part due to 
the occlusion of the right carotid artery to permit left ventricu
lar cannulation. However, the decline in MS AP to 48± 33 mmHg 
may have resulted in perfusion pressures below the range of 
autoregulation for certain animals. It would be beneficial to 
study the changes in cerebral and cerebellar blood flow follow
ing spinal cord injury at different levels of posttraumatic MSAP 
to investigate whether or not cerebral autoregulation remains 
intact after cord injury. 

The radioactive microsphere technique has been shown to be 
useful for measuring SCBF, organ blood flow and CO in the rat. 
The technique is simple, inexpensive, reproducible and capa
ble of detecting changes in SCBF following spinal cord injury. 
It will provide a useful tool for the continued investigation of 
spinal cord ischemia following cord injury in the rat. 
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