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Introduction

Spinal cord injury (SCI) is one of the most preva-

lent causes of long-term disability in the United

States (US) with approximately 273,000 total cases

and about 12,000 new cases each year (National

Spinal Cord Injury Statistical, 2013). The spinal cord

is composed of a bundle of neural pathways. After

injury, nervous tissues and motor neurons are dam-

aged and the signals can be disrupted or

disconnected. The neurological deficit occurring after

injury can be classified into tetra or paraplegia de-

pending on the level of injury and body parts

involved. Complete neurological recovery has been

reported in only a few patients with SCI (National

Spinal Cord Injury Statistical, 2013). Since there is

no cure available at this time, the management of

SCI presents a large financial burden on the United

States economy (Midha et al, 1987). The average

cost of care and treatment of patients with SCI var-

ies depending on the severity of injury. The annual

social cost for management of SCI in the US has

been estimated at $9.7 billion (Berkowitz, 1998). The

use of non-invasive measurements are critical to re-

duce social cost by enhancing our understanding of

the pathophysiology of SCI and examining the effi-

cacy of physical therapies that are aimed to minimize

secondary injuries or to enhance recovery.

The Concept of Primary and 

Secondary Damage

Spinal cord damage is characterized by the pri-
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The spinal cord is highly complex, consisting of a specialized neural network that comprised both

neuronal and non-neuronal cells. Any kind of injury and/or insult to the spinal cord leads to a series of

damaging events resulting in motor and/or sensory deficits below the level of injury. As a result, muscle

paralysis (or paresis) leading to muscle atrophy or shrinking of the muscle along with changes in muscle

fiber type, and contractile properties have been observed. Traditionally, histology had been used as a gold

standard to characterize spinal cord injury (SCI)-induced adaptation in spinal cord and skeletal muscle.

However, histology measurements is invasive and cannot be used for longitudinal analysis. Therefore, the

use of conventional magnetic resonance imaging (MRI) is promoted to be used as an alternative

non-invasive method, which allows the repeated measurements over time and secures the safety against

radiation by using radiofrequency pulse. Currently, many of pathological changes and adaptations

occurring after SCI can be measured by MRI methods, specifically 3-dimensional MRI with the advanced

diffusion tensor imaging technique. Both techniques have shown to be sensitive in measuring

morphological and structural changes in skeletal muscle and the spinal cord.
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mary mechanical injury and subsequent secondary

injury at the cellular and molecular levels. After the

first mechanical injury to the spinal cord, the secon-

dary reactions induce resultant damage at the pri-

mary region as well as at the regions above and be-

low injury. The concepts of these subsequent

changes, also referred to as secondary damage, were

first speculated by Allen (1911, 1914) and confirmed

by numerous experiments (Fehlings and Sekhon,

2000; Mortazavi et al, 2015; Peterson and Anderson,

2014; Tator and Fehlings, 1991; Tzekou and Fehlings,

2014).

First, disruption and destruction of nerve and tis-

sue occur at the site of the primary lesion and these

deficits mostly result from the initial mechanical

damage (Ronsyn et al, 2008). Additional physical in-

jury results from compression induced by fractured

bone, ruptured discs, or invasive external material.

Generally, there are four different types of primary

injuries: (a) initial mechanical impact with persistent

compression, (b) initial mechanical impact with tran-

sient compression, (c) spinal cord distraction, (d)

spinal cord transection or laceration (Dumont et al,

2001). The first two types (type a and b) are most

common in patients with SCI (Sekhon and Fehlings,

2001).

After the first mechanically induced physical dam-

age, secondary pathophysiological damage is caused

by inflammation, hemorrhaging, and edema. It is

known that the secondary mechanisms are highly

related to each other (Figure 1). Secondary damage

exacerbates the structural damage of spinal cord

over time and neurological deficits caused by secon-

dary damage lead to paralysis (or paresis) of

muscles. Thus, the magnitude and extent of initial

mechanical injury have direct implications on skeletal

muscle and locomotor function. The secondary mech-

anisms of injury are particularly important in clinical

settings and appropriate responses can either prevent

or minimize the additional nervous tissue damage

and potentially save residual intact tissue.

Characterizing the injury to the spinal cord plays a

pivotal role in understanding of the muscular

adaptation.

Muscular Adaptations After SCI

Muscle size

The disrupted signal from efferent pathways after

SCI results in muscle paralysis and subsequent mus-

cle atrophy. Skeletal muscle atrophy is caused by a

disturbance in the balance of protein synthesis and

degradation, with the latter being more prominent in

SCI. Muscle atrophy is expressed by a decrease in

muscle size, mass, fiber size, and/or cross-sectional

area (CSA) (Dudley et al, 1999; Engstrom et al,

1991; Mahoney et al, 2005; Martin et al, 1992;

Rochester et al, 1995). The rate or extent of muscle

atrophy following SCI has been investigated in sev-

eral pre-clinical and clinical studies. Within a week

of moderate contusion injury in rats, the muscle

weight of the soleus (Sol), medial gastrocnemius and

lateral gastrocnemius was reduced by 22∼26%,

whereas the extensor digitorum longus (EDL) muscle

weight was not affected (Hutchinson et al, 2001).

Similarly in severe contusion injury, significant atro-

phy was observed only observed in Sol (27.2%) and

triceps surae (21.8%) muscles whereas EDL was rel-

atively preserved (10.9%) even after 3 weeks

post-injury (Ye et al, 2013). The pre-clinical studies
Figure 1. Interrelationship of pathophysiologic
processes.
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that examined muscle wasting after injury using

magnetic resonance imaging (MRI), reported the

similar findings. In a moderate contusion injury, the

maximum muscle CSA as measured by MRI, was

observed to decrease by 16.6% in triceps surae,

11.7% in tibialis anterior (TA), and 10.4% in EDL

after a week of injury (Liu et al, 2008). Similar

trends were observed in severe contusion injury (Ye

et al, 2013). One week post-injury, triceps surae

muscle (24.9%) showed more atrophy than TA mus-

cle (20.6%). There was no recovery in triceps surae

even after 3 weeks of the injury and the substantial

atrophy (22.1%) was observed. In animals, more

atrophy has been observed in posterior compartment

(Sol, gastrocnemius muscle), compared to anterior

compartment muscles (TA and EDL muscle) (Lieber

et al, 1986; Midrio et al, 1988; Talmadge et al,

2002b). Therefore, muscle wasting cannot be attrib-

uted to decline in neuromuscular activity alone, but it

is also influenced by muscle loading conditions

(Baker and Matsumoto, 1988; Pachter and Eberstein,

1984). In humans, similar pattern of muscle wasting

has been observed after injury. Significant atrophy

(12∼24%) was observed in the Sol and gastro-

cnemius muscles whereas TA muscle was relatively

preserved even after 24 weeks of injury (Castro et

al, 1999a). Similarly, in a study on SCI individuals

using wheelchair, the CSA of medial gastrocnemius,

Sol, and TA was found to decrease by 39%, 28%,

and 20%, respectively 13 months (±9.0 months)

post-injury (Shah et al, 2006). Overall, atrophy has

been more pronounced in antigravity muscles

(Gordon and Mao, 1994; Gordon and Pattullo, 1993;

Roy et al, 1991). These muscles have more pro-

portions of fatigue resistant slow muscle fibers,

which are largely responsible for maintaining posture

weight bearing.

Fiber type

Muscle fiber type conversion from fast to slow is

known in skeletal muscle following SCI. The muscle

fiber types can be described using immunohisto-

logical, physiological, morphological, or biochemical

characteristics. Currently, myosin heavy chain (MHC)

isoform identification is the most common method for

muscle fiber typing. MHC isoforms can be identified

by immunohistochemical analysis using anti-MHC

monoclonal antibodies or by sodium dodecyl sulfate

polyacrylamide gel electrophoresis. In a MHC isoform

identification, three major isoforms have been ex-

pressed in both humans (I, IIa, and IIx) and small

mammals (I, IIa, and IIb). Type I fibers are slow

twitch oxidative fibers that have higher blood capil-

lary density, oxidative capacity, and a large number

of mitochondria (Armstrong and Phelps, 1984; Brown

et al, 1976; Jänkälä et al, 1997; Pette and Staron,

2000; Simoneau and Bouchard, 1989; Stein and

Padykula, 1962). Thus, slow muscle fibers are more

suitable for aerobic or endurance activities that de-

mand sustained production of adenosine triphosphate.

In contrast, type II fibers are the fast twitch fibers

identified by fast concentration time and a low re-

sistance to fatigue due to higher concentrations of

glycogen, and glycolytic enzymes (Armstrong and

Phelps, 1984; Brown et al, 1976; Jänkälä et al, 1997;

Pette and Staron, 2000; Simoneau and Bouchard,

1989; Stein and Padykula, 1962). Type IIb fibers are

relatively high in force production and have lower

endurance than type IIa.

In humans, a significant decrease in type I muscle

fibers and a relative increase in the proportion of

type IIb, IIx, and/or mixed muscle fiber have been

observed following SCI (Burnham et al, 1997; Castro

et al, 1999b; Lotta et al, 1991; Scelsi et al, 1982). A

similar shift in fiber type expression was also ob-

served in animals after complete SCI. In moderate

contusion SCI, the conversion of muscle type was

comparatively less (Hutchinson et al, 2001; Stevens

et al, 2006). Interestingly, most transformation was

shown to occur at the early stages (1∼3 weeks) and

it returned back to baseline or close to control val-

ues in chronic stage. Overall, it is demonstrated that

muscle paralysis following injury leads to shift in

muscle fiber type from slower fatigable to faster fa-
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tigable type and this shift is more pronounced in the

Sol muscle due to higher proportion of slow muscle

fibers. This conversion of muscle fibers has been

linked to change in other muscle characteristics such

as contractile properties (Burnham et al, 1997;

Hopman et al, 1994).

Contractile properties

The adaptation of contractile properties such as

time to peak tension (msec), half-relaxation time

(msec), fusion frequency (㎐), and specific tension

(N/㎠) is commonly observed in SCI. As mentioned

above, the muscle fiber type composition moves to-

ward fast following SCI. The fast muscle fiber type

is characterized by a shorter time to peak tension

and shorter half relation time compared to slow

muscle. In animal models of transection SCI, slow

muscles like Sol show a significantly decreased time

to peak tension (50% compared to normal muscle)

and increased fusion frequency. In contrast to Sol

muscle, no change in time to peak tension and fusion

frequency of the EDL muscle was observed (Lieber

et al, 1986). Additionally, a significant decrease in

maximum tetanic force of Sol muscle was also ob-

served at an early stage (between 2 and 3 weeks

post injury) following moderate contusion injury

(Hutchinson et al, 2001; Singh et al, 2011; Stevens et

al, 2006), and severe contusion injury (Ye et al, 2013).

In contrast to time to peak tension, half-relaxation

time, and absolute peak tetanic force, the results re-

ported on specific force vary after SCI. In transected

SCI rats, the normalized peak tetanic force (force per

unit area) in Sol muscle was increased in SCI ani-

mal model with decreasing muscle CSA (Lieber et al,

1986). Some other studies have reported no difference

in normalized peak tetanic force in severe contusion

SCI (Ye et al, 2013) or decreased normalized peak

tetanic force in moderate contusion SCI (Hutchinson

et al, 2001). Potential confounding factors like fat

proportion (Elder et al, 2004; Gorgey and Dudley,

2007; Gorgey and Dudley, 2008) have to be consid-

ered when interpreting the tetanic force after SCI.

The adaptations in the muscle properties after SCI

influence muscle fatigue also. In complete transection

SCI, the fatigue resistance of Sol muscle has been

shown to decrease by 25% after 3 months of injury

and 45% after 6 months post-injury in rats

(Talmadge et al, 2002b). Generally the fast muscles

contain low proportion of oxidative type I fibers that

are considered to be more fatigue resistant than type

II fibers (Enoka, 1988). However, decline in slow ox-

idative fibers after injury is not the only reason

suggested for reduced fatigue resistance (Otis et al,

2004). The impairment of adenosine triphosphate

synthesis capacity, neuromuscular junction, and ex-

citation-contraction apparatus are suggested as other

possible causes (Baldwin et al, 1984; Favero, 1999;

Fitts, 1994; Prakash et al, 1995; Talmadge et al,

2002a; Williams and Klug, 1995).

Magnetic Resonance Imaging (MRI)

At present, extensive research is being done to

develop effective treatment interventions for SCI.

Therefore, the identification and development of

non-invasive and sensitive outcome measures that

are specific to relevant therapeutic targets, is very

important. The muscle biopsies, which are widely

used in clinical setting, are invasive; limiting their

use for longitudinal measurements. In addition, a

small piece of muscle collected by a biopsy needle

may not be representative of disease status because

of the inhomogeneity of muscle involvement follow-

ing injury (Halkjaer-Kristensen and Ingemann-

Hansen, 1981). The tissue properties can be different

based on the regions (i.e., distal part vs. proximal

part or deep vs. superficial). In contrast, MRI is an

excellent non-invasive tool that allows longitudinal

evaluation of the morphometric and structural

changes in spinal cord and skeletal muscle. In pre-

vious studies, in vivo conventional MRI has been

used to show the exercise-induced recovery in mus-

cle (Liu et al, 2008) and the recovery of spinal cord
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(Narayana et al, 2004) in rats models of SCI.

Furthermore, throughout the recent work on animal

models of SCI and humans, MRI has been used as a

key methodological tool to characterize lower ex-

tremity skeletal muscle and spinal cord adaptations.

Although various medical imaging tools like such as

X-ray and computed tomography exist for identi-

fication of the progress and providing the potential

way of intervention, these are basically based on

ionizing radiation. So these methods cannot be free

from radiation risk. However, MRI techniques se-

cures the safety against radiation by using natural

magnetic properties from hydrogen.

Basics of MRI

Hydrogen is the most abundant atom in the body

(approximately 60% of body) and it has odd numbers

of protons as charged nuclei. The water has two

hydrogen atoms and each hydrogen has one nucleus

(since the hydrogen nucleus does not have a neutron,

it is also considered a proton), which has a positive

charge, and one electron which has a negative

charge. This unpaired proton generates a magnetic

field while it is spinning. In the paired protons with

even number of protons, magnetic fields induced by

protons cancel each other out and then no net mag-

netic field is left. So, every proton, which has an

odd number of protons, can have its own magnetic

field. However, without external magnetic field, every

proton spins randomly around its own axis with a

small magnetic field and in this case, the net mag-

netization is zero. In the presence of an external

magnetic field, the axes of protons are lined up

based on the axis of the external magnetic field,

with the protons spinning around their own axes and

precessing at the axis of the external magnetic field.

The rate of precession is decided by the strength of

the external magnetic field. This is expressed using the

Larmor equation as follows: ω=γ×B0, where ω=angular

precessional frequency of proton, γ=gyromagnetic ratio,

and B0=external magnetic field. The gyromagnetic ra-

tio is a constant with almost 42.6 million of cycles

per second per tesla (42.6 ㎒/T). Since longitudinal

magnetization placed in the external magnetic field

cannot be read, a radio frequency (RF) pulse is used

as an excitation pulse to change the longitudinal

magnetization to transverse magnetization. When the

frequency of RF is matched with the precession fre-

quency, resonance occurs and then transverse mag-

netization is created. After an RF pulse is applied,

the longitudinal magnetization of protons flip into the

transverse plane and produce transverse magnetization.

When the RF pulse is turned off, flipped protons re-

turn back to the axis of the external magnetic field

and give the excess energy back to the surrounding

lattice. The term relaxation refers to this return to

the equilibrium state (or the lowest energy state).

The signals in MRI result from the energy absorbed

by protons while resonating. In MRI, there are two

types of relaxation time. The time to regain longi-

tudinal magnetization is called the T1 relaxation time

(also called spin-lattice relaxation time), which is

taken by spins to release energy obtained from RF

pulse to their surroundings. The time of decay of

transverse magnetization is called the T2 relaxation

time. The spins, which were initially in phase, begin

to get out of phase with each other due to “spin-

spin interactions (internal inhomogeneities)” and

“external magnetic field inhomogeneity”. Because of

these two processes, transverse magnetization is rap-

idly decreased. Each tissue in the body has different

inherent relaxation times. Differences in the inherent

relaxation times of tissues (e.g., between fat and

muscle) result in magnetic resonance (MR) contrast

and this contrast can be adjusted by two major pa-

rameters (repetition time of RF: TR, echo time: TE).

Generally, short TR and short TE is used in longi-

tudinal relaxation time (T1) weighted images and

long TR and long TE is used in transverse relaxa-

tion time (T2) weighted images to maximize contrast.

Longitudinal relaxation time (T1) weighted 

images

Morphological changes in muscle and spinal cord
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after SCI are well characterized by T1 weighted

images. In the human body, T1 of white matter, gray

matter, and cerebrospinal fluid (CSF) was 510 msec,

760 msec, and 2650 msec at 1.5 T, respectively

(Hashemi et al, 2004). In muscle, the T1 of fat was

100∼150 msec approximately, but it is 3 seconds ap-

proximately in pure water. The tissue that has a

longer T1 returns relatively slowly to the longitudinal

magnetization than the tissue that has a shorter T1.

T1 from two different tissues are described in Figure

2. A shorter TR (TR1) is enough to show the differ-

ence in contrast in MR image, but the contrast is

not appropriate to differentiate two tissues in a lon-

ger TR (TR2). Thus, in T1 weighted image, the in-

herent T1 recovery property of each tissue plays an

important role in the final contrast in MR image and

a shorter TR enhances the T1 contrast between two

tissues. Generally, the contrast in MR image between

muscle and fat is well distinguished in T1 weighted

images (Reimers and Finkenstaedt, 1997).

Transverse relaxation time (T2) weighted 

images

T2 is influenced by the rate of dephasing of proton

spins. If the rate of dephasing is slow, the tissue has

longer T2 properties. The dephasing of water in the

human body is slower compared to other solid or fat

structures and it has longer T2 (Figure 3). So, the

order of T2 is “muscle<fat<fluid” in skeletal muscle.

In spinal cord, CSF (180 msec at 1.5 T) has longer

T2 than white matter (67 msec) and gray matter (77

msec) (Hashemi et al, 2004). In T2 weighted images,

too short TE does not provide enough contrast be-

tween two tissues. Appropriate decay of transverse

magnetization will be ideal to differentiate different

tissues or to diagnose the pathologic changes follow-

ing disease. Thus, the inherent T2 decay property of

each tissue plays an important role in the final con-

trast in the MR image and a longer TE enhances

the T2 contrast between two tissues. Currently, T2

weighted images have been widely used to measure

pathological changes like inflammation occurring after

injury.

Diffusion tensor imaging (DTI)

T1 and T2 weighted images have been the most

common methods in MRI techniques. However, cer-

tain tissues like myelin have a short T2 relaxation

time which is not detectable using conventional MRI

(Henkelman et al, 2001; Kozlowski et al, 2008).

Additionally, conventional MRI has not been seen to

be sensitive to structural changes in the spinal cord

(Ford et al, 1994). A more advanced technique, DTI

measures structural changes by detecting molecular

diffusion in tissue. Water diffusion in tissues can be

restricted by architectural obstacles such as axons,

Figure 2. The example of T1 relaxation curves
in two different tissues (TR1: first repetition
time, TR2: second repetiton time).

Figure 3. The example of T2 relaxation curves
in two different tissues (TE1: first echo time,
TE2: second echo time).
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fibers, and membranes (Figure 4). Thus, the dif-

fusion of molecules shows the structure of tissue in-

directly and further can reveal the severity of injury

in SCI because disrupted or disconnected spinal

tracts can be detected. Early DTI studies were im-

plemented in the brain and this technology has been

expanded to various tissues including spinal cord (De

Smet et al, 2014; Kelley et al, 2014; Le Bihan et al,

1986; Moseley et al, 1990; Murphy et al, 2014). Since

the spinal cord includes multiple longitudinal tracks

and each track is closely related with certain func-

tions, DTI can provide a good measure to character-

ize the spinal cord following injury and estimate the

progression of injury. The relationship between DTI

metrics and structural damage in axon, myelin, and

white matter has been reported in a number of stud-

ies (Ellingson et al, 2008; Kozlowski et al, 2008;

Song et al, 2002; Song et al, 2003; Sun et al, 2006).

Conclusion

SCI leads to neurologic deficits and loss of loco-

motor function with severe muscle atrophy.

Neurologic deficits including pathophysiologic changes

in muscle have been widely studied in both animal

models of SCI and humans. However, muscle biopsy,

which has been widely used in clinics, is limited be-

cause it is invasive and only allows a single time

measurement. In addition, a small piece of tissue col-

lected by a biopsy needle does not represent the

characteristics of whole muscle or spinal cord be-

cause of the inhomogeneity within the sample. In

comparison to biopsy, MRI allows for a longitudinal

evaluation of the morphological and structural

changes of the spinal cord and muscles. Longitudinal

outcome measures are very important for physical

therapists to understand a series of adaptations in

spinal cord and muscle in response to physical

therapy. Previously, only ex vivo conventional MRI

has successfully shown the pathophysiologic changes

and exercise-induced recovery, but 3-dimensional

MRI and advanced DTI currently plays an important

role in detection of morphological and structural

changes of muscle and spinal cord even in vivo.

Additionally, the safety, feasibility, and effectiveness

of MR measures strongly support the potential for

translation of numerous pre-clinical researches for

clinical application in physical therapy.
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