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Abstract- There are limited data on the lesion volume changes following spinal cord injury (SCI). In this 

study, a meta-analysis was performed to evaluate the volume size changes of the injured spinal cord over time 

among animal studies in traumatic SCI. Following the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines, we conducted a comprehensive electronic search of English literature of 

PubMed and EMBASE databases from 1946 to 2015 concerning the time-dependent changes in the volume of 

the spinal cord following mechanical traumatic SCI. A hand-search was also performed for non-interventional, 

non-molecular, and non-review studies. Quality appraisal, data extraction, qualitative and quantitative analyses 

were performed afterward. Of 11,561 articles yielded from electronic search, 49 articles were assessed for 

eligibility after reviewing of titles, abstracts, and references. Ultimately, 11 articles were eligible for 

quantitative synthesis. The ratio of lesion volume to spinal cord total volume increased over time. Avascularity 

appeared in spinal cord 4 hours after injury. During the first week, the spinal subarachnoid space decreased. 

The hemorrhagic lesion size peaked in 1 week and decreased thereafter. Significant loss of gray and white 

matter occurred from day 3 with a slower progression of white matter damage. Changes of lesion extent over 

time is critical in pathophysiologic processes after SCI. Early avascularity, rapid loss of gray matter, slow 

progression of white matter damage, and late cavitation are the pathophysiologic key points of SCI, which 

could be helpful in choosing the proper intervention on a timely basis.  

© 2019 Tehran University of Medical Sciences. All rights reserved.  
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Introduction 
 

Understanding the pathophysiology of spinal cord 

injury (SCI) is the key element for developing 

interventions to eliminate, or even reverse the 

pathological processes after SCI that lead to permanent 

damage of the spinal cord. The pathophysiology of SCI is 

biphasic, including a primary injury followed by a second 

wave of damage that can be the target for the 

interventions to prevent further spinal cord destruction. 

The initial pathogenic factor is a mechanical injury due to 

the disruption of spinal cord structures. The secondary 

injury consists of a cascade of biochemical and molecular 

events that lasts several days to weeks and leads to the 

progression of the primary injury (1). These events lead 

to intramedullary hemorrhage, cellular inflammation, 

necrosis, apoptosis, gliosis, demyelination, and cyst and 

microcyst formation around the lesion (2). Enlargement 

of lesion size due to secondary damage could cause 

massive additional cell death (3). The changes in spinal 

cord lesion volume over time following SCI remains 

poorly understood. It is important to understand the 
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changes related to the extent of tissue damage as an 

inevitable pathophysiologic process following SCI. 

Therefore, through a systematic review of time-

dependent pathophysiology of traumatic SCI in 

experimental animal studies, we aimed to focus on the 

injury volume changes after SCI and provide best 

evidence of the timing and factors contributing to this 

change.  

  

Materials and Methods 

 

Search and selection of studies 

This systematic review was conducted following 

PRISMA (Preferred Reporting Items for Systematic 

Review and Meta-analyses) guidelines (4) (see the 

Appendix). An electronic database searches on 

MEDLINE via PubMed and EMBASE via Ovid SP were 

performed on 24 October 2015 to retrieve the relevant 

English literature published using the following 

keywords: SCI, pathophysiology, time, and animal. We 

also reviewed the references of relevant studies.  

 

Study eligibility 

We included all animal studies on SCI published in 

English, regardless of study design, sample size, date of 

publication, or follow-up time. Following the removal of 

duplicates, the abstracts of the remaining articles were 

independently screened by 2 of the authors. An article 

was eligible if it was an experimental study on time-

dependent pathophysiology of traumatic SCI. We also 

selected eligible studies considering the extent of tissue 

damage and changes in injury volume. Injury volume was 

defined as regions containing intramedullary 

hemorrhage, edema, cellular inflammation, gliosis, 

necrotic tissue, apoptosis, cyst, cavitation, or 

demyelination, which were compared to the surrounding 

normal spinal cord tissue (5-7). Exclusion criteria were 

non-English studies, reviews, molecular studies, and 

interventional studies. No studies were excluded based on 

the quality of methods. Inter-observer agreement for 

study eligibility after abstract screening was tested using 

the kappa statistic. When studies had insufficient data on 

the volume change of the injured spinal cord, the authors 

were contacted via e-mail, up to 3 times when necessary, 

and the studies were excluded if data were still not 

supplied. 

 

Data extraction and quality assessment  

To survey the level of evidence, we used a checklist 

of potential variables affecting the quality of animal 

studies regarding the pathophysiology of traumatic SCIs 

(8). Two independent reviewers (FV and MS) extracted 

data focusing on the extent of tissue damage and injury 

volume. In case of disagreement or uncertainty, the 

consensus was achieved through focused discussion 

meetings. 

 

Data analysis  

Descriptive analyses were conducted using PASW 

(SPSS Inc., Illinois, USA). The injury volume changes 

were investigated, given the homogeneous animal and 

injury models. Because of the heterogeneity of studies for 

animal models we considered 11 studies with maximum 

similarity in animal and injury models to perform a 

quantitative synthesis. 

To specifically compare the results of homogeneous 

studies with different scorings, the coefficient of variation 

(standard deviation divided by the mean) was used.  

 

Results 
 

Of 11,557 papers identified through Medline and 

EMBASE searching, 49 were eligible. The study 

selection procedure is summarized in figure 1. 

Characteristics of the included studies are presented 

in table 1. The last column of Table 1 depicts quality 

scores of studies achieved by using the checklist of 

Hassannejad et al., (8) and were expanded in table 2. 

 

 
Figure 1. Flow diagram of the summarized search procedure 
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Table 1. 49 studies related to injury volume after traumatic spinal cord injury based on publication date, 

animals, injury model, number of animals, grouping, and quality scores 

Author; Date Animals 

Injury Model: 

Method (feature); 

Level 

Number 

of animals 

Grouping (Number per 

group) 

Numbe

r of 

control

s 

Quality 

scores* 

(from 

15) 

Andrade; 2008 (9) Rat 

NYU impactor (10 g 

from 25 or 50 mm)); 
T9-10 

28 
Injury severity: 

25 mm (11), 50 mm (10) 
8 10 

Anthes; 1995 (42) Rat 
Clip (53 g for 1 min); 

C8-T1 
24 

Post-SCI time: 

15 min, 2 h, 24 h (each group: 6) 
6 11 

Blight; 1985 (43) Cat 
Weight drop (13 g 

from 20 cm); T9 
30 

Post-SCI time: 

2 d (5), 7 d (4), 3 m (5), 8 m (5) 
11 8 

Blight; 1991 (36) Guinea pig 
Forceps (for 15 sec); 

T13 
16 

Post-SCI time: 
57-94 d (12) 

4 10 

Blomster; 2013 (34) Mouse 
IH impactor (0.5 N)); 

T9 
16 

Post-SCI time: 
7 d (4), 28-35 d (7) 

5 12 

Bose; 2005 (10) Rat 
NYU impactor (10 g 

from 2.5 cm); T7&9 
10 

Post-SCI time: 

4 m (10) 
6 10 

Brennan; 2013 (33) Mouse 
IH impactor (71 
kilodynes); T9 

4 

Post-SCI time: 

Live imaging in 2 h, 1, 3, 7 & 30 

d (4) 

0 11 

Bresnahan; 1978 (40) Monkey 
Weight drop (20 g 

from 25 cm); Thoracic 
13 

Post-SCI time: 

4 h, 6 h, 12 h, 18 h, 48 h, 1 w, 3 

w, 9.5 w, 10 w (each group: 1) 

4 8 

Byrnes; 2010 (11) 
Rat 

Mouse 

Weight drop (Rat: 10 g 

from 25 mm; Mouse: 
1.9 g from 20 mm); T9 

Rat: 9 
Mouse: 9 

Post-SCI time: 

Live imaging in 1, 7, 14, 21 & 
28d 

N/A 12 

Camand; 2004 (44) Mouse Transection; T7-9 82 

Post-SCI time: 

8 d (19), 1 m (14), 3 m (10), 6 m 
(11), 12 m (8) 

10 10 

Carlson; 2003 (41) Dog 

Dynamic compression 

(for 30 or 180 min); 
T13 

16 
Compression time: 

30 min (8), 180 min (8) 
0 10 

Ditor; 2008 (45) Rat 
Clip (50 g for 60 sec); 

T4 
9 

Post-SCI time: 

6 w (9) 
0 9 

Dusart; 1994 (3) Rat 
Transection; Middle to 

lower thoracic 
47 

Post-SCI time: 

1 h, 3 h, 6 h, 12 h, 1 d , 2 d, 4, 8 d, 

15 d, 21 d, 1 m, 2 m, 3 m (each 
group: 2-7) 

2 9 

Ek; 2012 (24) Rat 
Impactor (28.5 N); 

T10 
N/A 

Post-SCI time: 

1 d, 1w, 4 w, 10 w (each group: 3-
4) 

N/A 9 

Ellingson; 2010 (12) Rat 
NYU impactor (10 g 

from 25 mm), T8 
66 

Post-SCI time: 
2 w (10), 5 w (8), 10 w (7), 15 w 

(7), 20 w (11), 25 w (7) 

16 10 

Fairholm; 1971 (32) 
Rabbit 

Dog 

Weight drop 

(Rabbit:50 gcf; Dog: 
300 gcf); L3-4 

Rabbit:34 

Dog: 5 

Post-SCI time: 

Rabbits: 10 min, 30 min, 1 h, 2 h, 

4 h, 6 h, 12 h, 1 d, 2 d, 7 d, 14 d 
(29) 

Dogs: 2 d (5) 

Rabbit: 5 

Dog: 0 
7 

Finkelstein; 1990 (13) Rat 
Weight drop (10 g 
from 2.5, 5,or 17.5 

cm); T8 

24 
Injury severity: 

2.5 cm (9), 5 cm (7), 17.5 cm (8) 
0 11 

Gledhill; 1973 (39) Cat 
Brass screw 

compression (N/A); L1 
13 Unique Severity: (8) 5 7 

Griffiths; 1975 (46) Dog 
Fogarty catheter (0.35 
cc for 30 sec to 5.5 h) ; 

T13 

20 

Compression time: 

Acute maintained  (4), Acute 
maintained (4), Chronic 

maintained (3), Chronic released 

(5) 

4 5 

Grossman; 2001 (14) Rat 
Weight drop (10 g 
from 205 cm); T7 

56 

Post-SCI time: 

15 min (10),  4 h (15), 8 h (10), 24 

h (15) 

6 9 

Guizar-Sahagun; 1994 

(31) 
Rat 

Weight drop (15 g 
from 8 cm); T9 

54 

Post-SCI time: 

1 d, 3 d, 5d, 8d, 11 d, 2 w, 3w, 
4w, 5w, 6w, 7w, 8w, 15w,  20 w, 

30 w, 52 w (each group: 3) 

0 10 
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Hill; 2001(15) Rat 

Weight drop (10 g  

from 6.25, 12.5, or 25 

mm); T9-10 

33 

Injury severity: 

6.25-mm (4), 12.5-mm (26), 25-

mm (3) 

N/A 9 

Hu; 2010 (16) 
Rat 

Dog 

Weight drop (Rat: 10 g 

from 25 mm; Dog: 30 
g from 50mm); T9 

Rat: 58 

Dog: 16 

Post-SCI time: 

Rat: 1 d,1 w, 2 w, 4 w, 8 w, 16 w 

(each group: 9) 
Dog: 1 d, 1 w, 2 w, 4 w, 8 w, 16 

w (each group: 2) 

Rat: 4 

Dog: 4 
11 

Kostyk; 2008 (47) Mouse 

Contusion by an 
electromagnetic device 

(1.35 mm tip diameter 

over 23 msec); T9 

64 
Genetic Background: 

C57BL/6J (35), MRL/MpJ (39) 
N/A 13 

Kouyoumdjian; 2009 

(48) 
Mouse 

Compression by an 

ogival-shaped device 
(for 1, 5, or 10 min); 

T9-10 

106 

Injury severity: 

1-mm, 0.9 mm, 0.8 mm (each  

group: 10) 

18 15 

Koyanagi; 1993 (22) Rat 
Clip (51 g for 1 min); 

C8-T1 
19 

Post-SCI time: 

15 min (9), 4 h (5), 24 h (5) 
0 7 

Kuhn; 1998 (35) Mouse 

Weight drop (1 or 2 or 

3 g  for 2.5 or 5 cm); 
T8 

57 
Injury severity: 

1 g (4), 2 g (21), 3 g (17) 
15 13 

Lane; 2007 (37) Opossum Transection; T4–6 57 
Post-SCI time: 

0 h, 3 h, 24 h (each  group: 15-20) 
6 12 

Leskovar; 2000 (49) Rat 
Watchmaker’s forceps 

(for 3 sec); T9-12 
44 

Post-SCI time: 

3 d, 5 d, 10 d,  21d  (each  group: 

11) 

N/A 8 

Li; 2004 (50) 
Rat 

Mouse 

Weight drop; T8-9 
Rat: 35 or 50 g 

Mouse: 5 or 10 g/mm2 

Rat: 40 

Mouse: 16 

Injury severity: 

Rat: 35 g (16), 50 g (16) 

Mouse: 5 g /mm2 (4), 10 g/mm2 
(4) 

Rat: 8 

Mouse: 8 
10 

Liu; 1997 (20) Rat 

Weight drop (10 g 

from 6.25 or 12.5 
mm); T8-9 

100 
Injury severity: 

6.25 mm (64), 12.5 mm (24) 
12 11 

Lonjon; 2010 (28) Rat 

Fogarty catheter (10 or 

15 μl for 10 min); T8-

9 

46 

Injury severity: 

10 μl of water (10), 15 μl of water 

(26) 

10 11 

Moriarty; 1998 (30) Rat 
Watchmaker’s forceps 

(N/A); T11 
22 Unique Severity: (20) 2 9 

Namiki; 1999 (51) Rat 
Clip (20 or 112 g for 1 

min); T1 
53 

Injury severity: 

20 g (38), 112 g (15) 
N/A 10 

Narayana; 2004 (26) Rat 

Impactor (speed of bit 
1.5 m/sec, 

compression 

1.7 mm), T7 

25 

Unique Severity: 
speed of the bit 1.5 m/sec, cord 

compression 1.7 mm, duration of 

compression: 80 msec (19) 

6 9 

Noble; 1985 (7) Rat 

Weight drop (10 g 

from 2.5, 5, 7.5, 10, or 
17.5 cm); T8 

51 

Injury severity: 

2.5 cm (11), 5 cm (9), 7.5 cm (8), 
10 cm (11), 17.5 cm (9) 

3 9 

Nout; 2009 (52) Rat 
NYU impactor (10 g 

from 12.5 mm); C5 
12 Unique Severity: (6) 6 12 

Pearse; 2005 (25) Rat 
OSU impactor (3 

Kilodynes); C5 
70 

Injury severity: 

0.8 mm, 0.95mm, 1.1 mm (each 
group: 20) 

10 11 

Poon; 2007 (53) Rat 
Clip (20, 26, or 35 g 

for 1 min); T2 
24 

Injury severity: 

20 g, 26 g, 35 g  (each group: 8) 
N/A 10 

Reyes-Alva; 2013 (27) Rat 
NYU impactor (10 g 

from 12.5mm); T9 
20 

Post-SCI time: 
1 h, 1 d, 3 d 7 d, 30 d, 90 d (each 

group: 2) 

8 12 

Shibuya; 2003 (23) Rat 
Metal rod impactor (30 

g for 10 min); T11-12 
25 

Post-SCI time: 
24 h, 1 w, 4 w, 12 w (each group: 

5) 

5 11 

Steencken; 2010 (17) Rat 
NYU impactor (10 g 

from 25 mm); T9 
32 

Post-SCI time: 
2 w (7), 6 w (17) , 16 w (4) 

4 11 

Swartz; 2009 (54) Rat 
IH impactor (100 

kilodynes); T10 
35 

Compression time: 

10 sec (9), 30 sec (8), 5 min (10) 
8 11 

Vaughn; 2013 (29) Rat 
Forceps (for 15 sec); 

T8 
40 

Post-SCI time: 

1 d, 3 d, 1w, 2w, 4w, 6w (each 

group: 6) 

4 11 

Vessal; 2007 (55) 
Rat 

Monkey 
Rhizotomy; C8-T1 
Rhizotomy; C5-T1 

Rat: 18 
Monkey: 7 

Injury location: 

Rat: Dorsal column (6), Dorsal 

root (6) 

Rat: 6 

Monkey: 

2 

10 
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Vink; 1989 (38) Rabbit 
Weight drop (20 g 

from 7.5 cm); L3 
22 Unique Severity: (14) 8 9 

Whetstone; 2003 (56) Mouse 
Weight drop (3 g from 

5 cm); T8 
72 

Post-SCI time: 
25 min (4), 35 min (5), 1.5 h (5), 

4.5 h (5), 1 d (12), 3 d (9), 1 w 

(10), 2 w (12), 3 w (9) 

13 12 

Zai; 2005 (18) Rat 
Weight drop (10 g 
from 2.5 cm); T8 

40 

Post-SCI time: 

1 d (10), 2 d (8), 3 d (12), 4 d (2), 

7 d (4) 

6 9 

Zhang; 1997 (21) Rat Forceps (for 2 sec); T8 54 

Post-SCI time: 

2 min (2), 3 h (2), 6 h (4), 12 h 

(4), 2 d (4), 3 d (6), 1 w (7), 2 w 
(6), 3 w(9), 6 w (5), 8 w (5) 

0 11 

 

Table 2. Quality assessment of the included studies (8)* 

Author; Date (Ref. No) 

S
p

ec
ie

s 

A
p

p
ro

p
ri

a
te

 t
es

ts
 

S
ev

er
it

y
 o

f 
in

ju
ry

 

L
ev

el
 o

f 
in

ju
ry

 

A
g

e/
w

ei
g

h
t 

N
u

m
b

e
r
 o

f 
a
n

im
a
ls

 p
e
r
 g

r
o
u

p
 

D
es

ig
n

a
ti

o
n

 o
f 

st
ra

in
 

D
ef

in
it

io
n

 o
f 

co
n

tr
o

l 

S
ta

ti
st

ic
a

l 
a

n
a

ly
si

s 

R
eg

u
la

ti
o

n
 a

n
d

 e
th

ic
s 

B
la

d
d

er
 e

x
p

re
ss

io
n

 

B
li

n
d

n
es

s 
o

f 
a

ss
es

so
r
 

G
en

et
ic

 b
a

ck
g

ro
u

n
d

 

A
ll

o
ca

ti
o

n
 c

o
n

ce
a

lm
en

t 

R
ea

so
n

s 
fo

r 
ex

cl
u

d
in

g
 

a
n

im
a

ls
 

Andrade; 2008 (9) + + + + + + + + + ? + ? ? ? ? 

Anthes; 1995 (42) + + + + + + + + + + + ? ? ? ? 

Blight; 1985 (43) + + + + + + + + ? ? ? ? ? ? ? 

Blight; 1991 (36) + + + + + + + + + ? + ? ? ? ? 

Blomster; 2013 (34) + + + + + + + + + + + + + ? ? 

Bose; 2005 (10) + + + + + + + + + + ? ? ? ? ? 

Brennan; 2013 (33) + + + + + + + ? + + + ? + ? ? 

Bresnahan; 1978 (40) + + + + + + + + ? ? ? ? ? ? ? 

Byrnes; 2010 (11) + + + + + + + + + + ? + + ? ? 

Camand; 2004 (44) + + + + + + + + + + ? ? ? ? ? 

Carlson; 2003 (41) + + + + + + + ? + + + + ? ? ? 

Ditor; 2008 (45) + + + + + + + ? + + ? ? ? ? ? 

Dusart; 1994 (3) + + + + + + + + + ? ? ? ? ? ? 

Ek; 2012 (24) + + + + + + ? + + + ? ? ? ? ? 

Ellingson; 2010 (12) + + + + + + + + + + ? ? ? ? ? 

Fairholm; 1971 (32) + + + + + + ? + ? ? ? ? ? ? ? 

Finkelstein; 1990 (13) + + + + + + + + + ? ? + ? + ? 

Gledhill; 1973 (39) + + + + + + ? + ? ? ? ? ? ? ? 

Griffiths; 1975 (46) + + + + ? + ? ? ? ? ? ? ? ? ? 

Grossman; 2001 (14) + + + + + + + + + ? ? ? ? ? ? 

Guizar-Sahagun; 1994 (31) + + + + + + + ? ? + + ? ? + ? 

Hill; 2001(15) + + + + + + + ? ? + + ? ? ? ? 

Hu; 2010 (16) + + + + + + + + + + + ? ? ? ? 

Kostyk; 2008 (47) + + + + + + + + + + + + + ? ? 

Kouyoumdjian; 2009 (48) + + + + + + + + + + + + + + + 

Koyanagi; 1993 (22) + + + + + + + ? ? ? ? ? ? ? ? 

Kuhn; 1998 (35) + + + + + + + + + + + ? + + ? 

Lane; 2007 (37) + + + + + + + + + + ? + ? + ? 

Leskovar; 2000 (49) + + + + + + + ? + ? ? ? ? ? ? 

Li; 2004 (50) + + + + + + + + ? ? ? ? + + ? 

Liu; 1997 (20) + + + + + + + ? + + + ? ? + ? 

Lonjon; 2010 (28) + + + + + + + + + + + ? ? ? ? 

Moriarty; 1998 (30) + + + + + + + + + ? ? ? ? ? ? 

Namiki; 1999 (51) + + + + + + + + + + ? ? ? ? ? 

Narayana; 2004 (26) + + + + + + + + + ? ? ? ? ? ? 

Noble; 1985 (7) + + + + + + + + + ? ? ? ? ? ? 

Nout; 2009 (52) + + + + + + + + + + ? + ? + ? 

Pearse; 2005 (25) + + + + + + + + + + + ? ? ? ? 



Volume changes after spinal cord injury 

390    Acta Medica Iranica, Vol. 57, No. 6 (2019) 

Continuance of Table 2 

Poon; 2007 (53) + + + + + + + ? + + + ? ? ? ? 

Reyes-Alva; 2013 (27) + + + + + + + + + + + + ? ? ? 

Shibuya; 2003 (23) + + + + + + + + + + + ? ? ? ? 

Steencken; 2010 (17) + + + + + + + + + + + ? ? ? ? 

Swartz; 2009 (54) + + + + + + + + + + ? ? ? + ? 

Vaughn; 2013 (29) + + + + + + + + + + + ? ? ? ? 

Vessal; 2007 (55) + + + + + + + + + + ? ? ? ? ? 

Vink; 1989 (38) + + + + + + + + + ? ? ? ? ? ? 

Whetstone; 2003 (56) + + + + + + + + + + ? + + ? ? 

Zai; 2005 (18) + + + + + + + + + ? ? ? ? ? ? 

Zhang; 1997 (21) + + + + + + + ? + ? + + ? + ? 

* + : Low risk; ? : Unclear; - : High risk 

 

 

 

Contusion was the most common pattern of injury 

(44, 90%) followed by transection (5, 10%). The most 

common level of injury in the included studies was 

thoracic (43, 88%) followed by cervical (5, 10%), lumbar 

(2, 4%), and unknown (3, 6%). The rat was the most 

common animal in the experimental models of SCI. More 

than one animal was used in 5 studies (10%). All animals 

are shown in figure 2. 

 

 
Figure 2. Animals used in 49 included studies 

 

Due to the heterogeneity of studies in view of a 

variation of animal models, a meta-analysis was 

impossible. We considered studies with maximum 

similarity in animal and injury models to undertake a 

quantitative synthesis. We selected 11 homogeneous 

studies (7,9-18) which all used the rat model of SCI in the 

lower thoracic level induced by a 10 grams weight 

dropped from a height of 25 mm, (Figure 3) and showed 

functional, electrophysiological, and morphological 

outcomes similar to humans following SCI (19). 

Using the coefficient of variation, the results of 

homogeneous studies with different scorings were 

compared. The ratio of injury volume to the total volume 

of spinal cord over the time period after traumatic SCI 

was shown in Figure 3.  

 
Figure 3. The process of selecting homogeneous studies 

 

 
Figure 4. The percentage of injury volume compared to the total 

volume of the spinal cord through time after traumatic injury 

* Coefficient of variation: the ratio of the standard deviation to the 

mean, displayed in percentage. 

 

Discussion 
 

The rat was the most common animal used in the 

included studies. In rat SCI models, immediately after 

contusive SCI, the lesion of the spinal cord was narrow 
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and elliptical in shape. The progressive expansion of the 

lesion was initially identified at 5 minutes post-injury 

through the disappearance of Nissl substance in neurons 

(20). The continuity of the cord was disrupted, and the 

gap appeared approximately 0.3 mm long (equivalent to 

the width of the forceps) in the white matter and slightly 

longer in the central gray matter (21). After 15 minutes, 

tissue damage and hemorrhages were largely confined to 

the central gray matter with little visible damage in the 

surrounding white matter. However, the rapid loss of gray 

matter neurons occurred at the same time (1). One hour 

later, the injury volume was still small, corresponding to 

the initial mechanical trauma. Adhesion of inflammatory 

cells onto the endothelium within the vascular wall was 

seen at 3 hours (3). After 4 hours, avascularity could be 

seen inside the injured spinal cord, and displacement of 

the sulcal arteries occurred at the injury level, extending 

rostrally and caudally (22). Constriction of the sulcal 

arteries at the injury site was more likely to be detected 

after 24 hours (22). The microscopic examination at 24 

hours after injury showed a marked hemorrhagic and 

necrotic lesion at the epicenter, extending to both sides 

approximately equivalent to the spinal cord diameter 

(23). At this time point, the boundary between white and 

gray matter was difficult to distinguish (24).  

Three days post-injury, a significant loss of gray 

matter volume was observed (25). On day 4, the core of 

the impact site, with blood cells intermixed with damaged 

axons and the damaged regions appeared to be merging 

(15). The dorsal column lesion continued to enlarge in 

size and took the configuration of a long narrow tunnel 

rostrocaudally extending to the epicenter (26). Five days 

post-injury, accumulations of macrophages within the 

hemorrhagic lesion of the spinal cord in degenerating 

parenchyma could be found, and cystic cavitation of the 

extended until compromising the white matter (21). 

Zhang and Guth reported that during the first week, a 

secondary vascular injury occurred leading to 

hemorrhage around the dorsal column which increased 

the SCI injury volume (21). During the first week, the 

spinal subarachnoid space was decreased regardless of 

the grades of spinal cord injury severities (27).  

After one week, the hemorrhagic lesion almost 

disappeared, and flattening of the spinal cord in the 

epicenter became more prominent (23). Shibuya et al. 

showed that the hemorrhagic lesion reached the 

maximum size in the 5-mm rostral and caudal regions up 

to 1 week after the injury, and thereafter gradually 

decreased. No large hemorrhagic or necrotic lesion was 

observed in the 10-mm rostral or caudal regions in the 

first week (23). However, in a balloon inflation SCI 

model, the injury was extended toward rostral and caudal 

spinal cord. Seven days after inflating the balloon with 10 

microliters of water, the lesion size was 74% of the tissue 

at the epicenter with a 12 mm rostrocaudal extension. At 

the same time, inflating the balloon with 15 microliters of 

water caused 96% of the epicenter tissue damaged and the 

rostrocaudal extension was 18 mm (28). During the first 

2 weeks, the total cord volume significantly decreased in 

mild, moderate, and severe injuries. The decrease in the 

area of spared white matter started on day 1 and reached 

its maximum size on 14 days post-injury (29). By the 2nd 

and the 3rd weeks, the primary lesion remained large, 

whereas the dorsal column lesion significantly decreased 

in size, probably due to regeneration (21). The 

progression of white matter damage was slower than grey 

matter and was related to the severity of injury. The area 

of the spared white matter was significantly greater in 2 

weeks compared to that in 16 weeks post-injury (17). The 

significant loss of white matter volume was reported only 

in moderate and severe injuries, while reduction in gray 

matter volume continued significantly for 3 weeks in all 

grades of injuries (25). Three weeks after mild, moderate, 

or severe injury, the average measured rostral/caudal 

extent of the lesion reached 4 mm (25,30). In addition, a 

large amount of fluid filling the cystic cavity was found 

in the center of the spinal cord, with only a thin rim of 

white matter remaining underneath the pial surface. At 4 

weeks after SCI, only an outer rim remained at the injury 

center, and a similar appearance was seen as late as 10 

weeks (24). Histopathologic assessment at 1 month 

showed restitution of the spinal subarachnoid space, 

atrophy of the cord, intramedullary cysts in various sizes, 

and also post-traumatic arachnoiditis characterized by 

cord tethering, subarachnoid cysts, and nerve roots traps 

(27). Two months after injury (crushing with jewelers 

forceps), the dorsal column lesion was almost completely 

repaired, and the lesion volume significantly reduced 

(21). The maximal extensions of the cavity occurred 

rostrocaudal during this time (15). At 9 weeks, significant 

reductions in the volume of normal-appearing white 

matter were seen (25). Although the spinal subarachnoid 

space reduced after both mild and severe injuries in the 

first week, this space increased in chronic stages post-

injury (27). Ellingson et al., showed a significant 

extension of the traumatic lesion up to 15 weeks at a 

speed of 57 m/day (12).  

After 16 weeks, the lesions, in the longitudinal plane, 

reached 1 to 1.5 segments, both rostrally and caudally. In 

the medial to lateral plane, these lesions varied in severity 

from moderate intensity with loss of gray and white 

matter to severe intensity with loss of gray matter and 
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extensive loss of white matter with only a thin rim of 

white matter remaining (10). Fifty-two weeks after 

contusion, the lesion area appeared to be collapsed. Small 

flattened cavities were seen in the preserved spinal cord 

parenchyma (31). 

In the other animal models, results were slightly 

different from what was observed in the rat model. In 

mice, tissue softening was detectable at the injury site 

after 6 hours (32). The dorsal columns showed the most 

dramatic and rapid decline in the myelin amount by 1-day 

post-injury (33). This reduction was observed in ventral 

and lateral funiculi, too. During the first week, the 

Wallerian degeneration occurred obviously through the 

dorsal funiculi proximal and distal to the site of impact 

(34). Myelin reduction and shrinkage of cord continued 

to 30 days (33). Four weeks after contusive SCI, tissue 

volume loss was approximately 50%, and presence of 

tissue atrophy was observed (35). In guinea pigs, the 

spinal cord reduced in the cross-sectional area, 

particularly in the dorso-ventral axis, over a length of 5-

10 mm of the injury level after 10 weeks (36). In 

opossums, the gap between the cut ends of transected 

cords increased considerably after 3 days. However, this 

gap started to be filled up with tissue, some of which 

appeared to invade the surrounding meninges (37). In 

rabbits, the epicenter was characterized by a central 

cavity surrounded by partial rim of the residual white 

matter after 2 weeks (38). In cats, after 3 weeks, the 

longitudinal extent of lesion was equivalent to the spinal 

cord diameter (39). In monkeys, complete disruption in 

the center of the lesion was reported at 48 hours post-

contusion (40). In dogs, the quantitative analysis of 

spared tissue revealed a dramatically smaller lesion 

volume and a greater percentage of residual white matter 

at the 30 minutes compared to 3 hours (41). 

Changes related to the extent of tissue damage over 

time is an important part of the pathophysiologic process 

after SCI. Early avascularity, the rapid loss of gray matter, 

slow progression of white matter damage, and late 

cavitation are the pathophysiologic key points of SCI, 

which could help researchers to develop proper 

interventions on a timely basis. 
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