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Abstract
Background: To explore the changes of the F-wave in the posterior tibial nerve of rabbits after different
levels of lumbar spinal cord ischaemic injury and its correlation with motor function and the extent of
lumbar spinal cord pathological damage.

Methods: Thirty New Zealand rabbits were randomly divided into 6 groups. The control group (n=5) was
used to exclude the in�uence of anaesthesia and surgery on the F-wave. Different levels of lumbar
arteries were ligated in the �ve experimental groups (n=5). The F-wave was recorded to observe the
changes in the acute phase of spinal cord ischaemia.The correlation between the changes of the F-wave
in the acute reversible phase and the motor function of the spinal cord was analysed.

Results: The results for the control group indicated that anaesthesia and surgery did not affect the F-
wave results.There was no statistically signi�cant difference in the F-wave amplitudes and latency before
and after ligation in the 1 and 2 level ligation groups. The F-wave changed immediately after ligation in
the 3, 4 and 5 ligation groups. The latency of the F-wave gradually extended, the amplitude of the F-wave
gradually reduced.The amplitude variations of the F-wave were positively correlated with the motor
function 2 days after ligation, there was a statistically signi�cant difference.

Conclusion: The F-waves in the posterior tibial nerve of rabbits were found to be sensitive to the lumbar
spinal cord ischaemic injury and speci�c to predict motor function.

1. Background
Spinal cord injury (SCI) affects many people worldwide and typically has a life-long family and social
burden[1]. The New Zealand rabbits are easy to obtain, low cost, and possess mammal-like anatomical
structures similar to humans.The use of new Zealand rabbits as an animal model for studying spinal
cord ischaemia has allowed us to understand neurophysiological and pathophysiological changes that
occur following SCI and how to prevent and treat SCI[2].The purpose of neurophysiological monitoring is
to �nd ischaemic spinal cord injury in the reversible phase of spinal cord ischaemia. Protective measures
can be taken for the prevention of irreversible spinal cord injury during surgery. At present, scholars hold
the view that less-than-�ve-minute spinal cord ischaemia will not cause irreversible spinal cord injury[3].
Data have shown that the amplitude of the F-wave could re�ect the function status of the anterior horn
cells[4]. The role of the F-wave in predicting the prognosis of one patient after conus medullaris infarct
has been reported[5]. Iyori evaluated the degree of spinal cord ischaemic injury in rabbits via the F-wave,
which was recorded in the plantar muscle by stimulating the rabbits’ posterior tibial nerve[6]. In this study,
we established different levels of permanent lumbar spinal cord ischaemic animal models via ligation at
different levels of the lumbar arteries between the left renal artery and the arterial bifurcate of rabbits. The
characteristics of the F-wave in acute spinal cord ischaemia and its correlation with motor function were
analysed, which provides a theoretical basis for protecting spinal cord function by detecting spinal cord
injury in the acute reversible phase of spinal cord ischaemic injury.
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2. Materials And Methods

2.1. Perioperative management
The present study was carried out in strict accordance with the Use of Laboratory Animals.(National
Research Council of USA, 1996).The present study was carried out in strict accordance with Laboratory
Animal Regulations of the National Science and Technology Commission[7]. The management of the
laboratory animals conformed to the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The handling of laboratory animals and their use conformed
to the Guidelines for Animal Experiments at Fujian Medical University Medical Laboratory Animal
Management Regulations. The protocol was approved by the Committee on the Ethics of Animal
Experiments of the Union Hospital of Fujian Medical University (Fuzhou, China; permit no. 12‐5923). All
experimental animals were fed under the same conditions at the institute, where they had access to food
and water adlibitum, and were housed individually in metal cages under a 12h light/dark cycle at a
regulated temperature of 25‐26˚C and a relative humidity of 50‐65%. The housing facility maintained
national standards, in compliance with the Laboratory Animal-Requirements of Environment and Housing
Facilities (GB 14925‐2001)[8]. The rabbits in the groups with low Tarlov scores[9]were maintained on the
premises with su�cient water and food under standard animal housing conditions. They could feed
themselves with the help of an animal administrator. The paralyzed lower limbs were moved with the help
of an animal administrator every 2 h.

2.2 Experimental animals and grouping
A group of 30 healthy male and female New Zealand White rabbits (17 males and 13 females; weight:
3.0–3.5 kg; age: 11±1.2 months) were randomly selected for this experiment. Rabbits were purchased
from the Center for Animal Experiments of Hubei Province (Wuhan, China). Rabbits in the experimental
group were randomly divided into �ve groups n = 5  according to the different numbers of lumbar
arteries being ligatured between the left renal and arterial bifurcate. Group 1 underwent a ligation of the
lumbar artery at one level (L1). Group 2 underwent a ligation of the lumbar artery at two levels (L1-L2).
Group 3 underwent a ligation of the lumbar artery at three levels (L1-L3). Group 4 underwent a ligation of
the lumbar artery at four levels (L1-L4). Additionally, group 5 underwent a ligation of the lumbar artery at
�ve levels (L1-L5). The control group n = 5  was used to exclude the effects of anaesthesia and surgery
on the F-wave of the posterior tibial nerve. For rabbits in the experimental group, F-waves were recorded
continuously within 2 hours after ligation of the lumbar arteries. Then, the changes of the F-wave in the
acute stage of spinal cord ischaemia were observed. The percentage values of the postoperative F-wave
waveform when the F-wave was steady after ligation and the preoperative baseline were recorded. In the
control group, a group of F-waves were recorded every 30 minutes after anaesthesia for 3 hours to
exclude the effect of anaesthesia on the F-wave. The control group underwent a surgical operation to
separate the lumbar artery without ligation of the lumbar artery. F-waves were recorded at different times
before and after surgery to exclude the effect of surgery on the F-wave. All rabbits were sacri�ced with
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deep intravenous sodium pentobarbital anaesthesia (100 mg/kg) 2 days after surgery.Haematoxylin and
eosin (HE) staining was performed to observe pathological changes of the spinal cord between L2 and
L4.

2.3 Anaesthesia management
Anaesthesia in all the rabbits was induced by marginal ear vein administration of a dose of 1 ml/kg of
3% pentobarbital sodium (100 mg/kg; China Langchem, Inc., Shanghai, China) and was maintained at
1/3–1/2 of the initial dose according to the response of the animals during the experiment. A tracheal
tube was inserted and connected to a respirator to control the rabbits’ breathing during the experiment;
nitrous oxide and oxygen at a 2:1 ratio were inhaled. Another intravenous line of lactated Ringer’s solution
(Henan Huali Pharmaceutical Co., Ltd., Pingdingshan, China) was infused according to the amount of
bleeding. During the experiment, body temperature was monitored continuously with a rectal thermometer
and was maintained between 38 and 39°C with an electric blanket.

2.4 Surgical technique
Skin preparation was applied to the abdomen, the lower extremity ankle and the foot bottom. An alcohol
scrub was used to disinfect the area. The limbs were then �xed to the operating table. Additional local
anaesthesia, containing 0.5% lidocaine hydrochloride (1 ml; Henan Huali Pharmaceutical Co., Ltd.), was
applied to the abdominal wall, and a 10 cm longitudinal incision was made on the abdomen. The
abdominal cavity intestines were carefully reversed to the right side, with warm and wet gauzes to reduce
the evaporation of water and heat loss. The retroperitoneal area separates the abdominal aorta from the
inferior vena cava and isolates all �ve lumbar arteries between the left renal artery and arterial
bifurcation. If there was artery variation, then that animal was excluded. During the course of the
experiment, air conditioning was used to keep the room temperature between 24℃ and 26℃, and the
rectal temperatures of the rabbits were maintained at no less than 38 ℃. Due to the amount of
intraoperative blood loss, saline infusions were added intravenously. After the surgical procedures, the
skin and muscles of the area were sutured.

2.5 Monitoring technique for the F-wave of the tibial nerve
Needle-stimulating electrode (Axon Systems, Inc., Hauppage, NY, USA) cathodes were used to stimulate
the proximal end of the rabbit ankle joint. The anode, as the reference electrode, was under the stimulus
electrode. The stimulating electrodes were connected to an EpochXP–2000 electrical stimulator (Axon
Systems, Inc.). The placement of the recording electrode was as follows: the needle-stimulating electrode
(Axon Systems, Inc., Hauppage, NY, USA) cathode was in the foot plantar muscle abdomen surface; the
anode was in the bottom of the foot plantar muscle abdomen’s tendon, with a distance of approximately
5 mm between the two; and the wire between the stimulus electrode and the recording electrode was
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grounded. The parameter settings were as follows: stimulus intensity at approximately 4–8 mA
(approximately 20% above the supramaximal stimulus for the M response); single pulse automatic
stimulation; stimulation frequency: 1 Hz; and stimulation interval: 0.3 ms. The recording parameters were
as follows: display sensitivity: 500 uv/div; time baseline: 3–5 ms/div; bandpass �lter range: 50–3000 Hz;
average processing of 10 signals; signal analysis time: 50 ms; and notch �lter: 50 Hz closed.

2.6 Statistical analysis
SPSS17.0 was used for statistical analysis. The measurement data were expressed byx±s. The amplitude
and latency of the rabbits after anaesthesia and surgery in the control group were used for comparison
via repeated measurement of variance analysis. The paired t-test was used on the experimental group
before and after ligation. The Pearson correlation test was then used to analyse the relations between the
amplitude change of the F-wave and the motor function 2 days after ligation. The test level was set at α =
0.05.

3. Results

3.1 Animal model establishment and typical F-wave
waveform
Thirty New Zealand white rabbits were used in this experiment. Two rabbits were excluded due to lumbar
artery variation or intraoperative bleeding. The remaining rabbits successfully underwent the surgical
procedure and post-operative evaluation process. After anaesthesia, the rabbits were free to eat. The
success rate of the animal models was 93.3%. After anaesthesia, all animals obtained ideal waveforms
in this group. The latency of the F-wave of all 30 rabbits before ligation was 11.2±1.4 ms and the
amplitude was 790.3±589.5 μV.

3.2 The control group
Analysis of Variance of a Single Set of Repeated Measurement Data was used to analyse, after
anaesthesia, the amplitude of the control group at different times. The spherical test results were χ2 =
34.634, P<0.05. The data did not meet the Huynh-Feldt condition or satisfy the spherical hypothesis.
There was no statistically signi�cant difference in the corrected variance analysis results (F = 0.59,
P>0.05). Analysis of Variance of a Single Set of Repeated Measurement Data was used to analyse, after
anaesthesia, the latency of the control group at different times. The spherical test results were χ2 =
30.761, P<0.05. The data did not meet the Huynh-Feldt condition or satisfy the spherical hypothesis.
There was no statistically signi�cant difference in the corrected variance analysis results (F = 1.738,
P>0.05). Analysis of Variance of a Single Set of Repeated Measurement Data was used to analyse the
amplitude of the different times before and after the operation in the control group. The results of the
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spherical test were χ2 = 6.071 P>0.05. The data satis�ed the spherical assumptions, and no freedom
correction was required. There was no statistically signi�cant difference (F = 1.212, P>0.05). Analysis of
Variance of a Single Set of Repeated Measurement Data was used to analyse the latency of the different
times before and after the operation in the control group. The results of the spherical test were χ2 = 6.727,
P <0.05. The data did not meet the Huynh-Feldt condition, and the spherical hypothesis was not satis�ed.
There was no statistically signi�cant difference in the corrected variance analysis results (F = 3.969, P>
0.05). Therefore, the changes in the F-wave during the course of the experiment were not related to
anaesthesia and surgery.

3.3 Experimental group
No waveform changes in the F-waves were found after ligation in group 1 and group 2.The waveform of
the F-wave began to change rapidly after lumbar artery ligation in group 3, group 4, and group 5. The
latency began to increase and the amplitude to decrease immediately. The waveforms began to decrease
after 0.9 ± 0.3 min, 0.7 ± 0.3 min, and 0.8 ± 0.2 min, respectively, in group 3, group 4, and group 5. Then,
they started to stabilize after 1.3 ± 0.3 min, 1.9 ± 1.6 min, and 1.9 ± 0.5 min, respectively, in group 3, group
4, and group 5(Fig ure1).

3.3.1 Amplitude changes
In the experimental group, the amplitude change can be recorded to be consistent with the damage
degree after spinal cord ischaemia. The F-wave amplitude disappeared in group 5 after lumbar artery
ligation. There was no statistically signi�cant difference according to the amplitude paired t-test after
lumbar artery ligation when the F-wave was steady compared to before the operation in group 1 and
group 2 (all P> 0.05). There was a statistically signi�cant difference according to the amplitude paired t-
test after lumbar artery ligation when the F-wave was steady compared to before the operation in group 3,
group 4, and group 5 (all P 0.05) (Table 1).

group     before surgery(%)   after surgery(%)        P       t

Group1    100.0±0.0             100.6±1.6              0.512   0.741

Group2    100.0±0.0             98.1±2.8                 0.209   1.495

Group3    100.0±0.0             78.1±9.0 a              0.005   5.472

Group4    100.0±0.0             33.5±16.6 a            0.001   8.941

Group5    100.0±0.0              0±0                            /      /   

a, paired t-test after and before lumbar artery ligation, P 0.05.

Table 1
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The percentage values of the F-wave amplitude after ligation and the baseline before ligation at different
times (`x±s)

3.3.2 Latency changes
There was no statistically signi�cant difference according to the latency paired t-test after lumbar artery
ligation when the F-wave was steady compared to before the operation in group 1 and group 2 (all P>
0.05). The latency of the F-wave began to extend rapidly in group 3, group 4, and group 5. There was a
statistically signi�cant difference according to the paired t-test in the latency after lumbar artery ligation
when the F-wave was steady compared to before the operation in group 3 and group 4 (all P 0.05) (Table
2)

group   before surgery (ms)  latency after surgery (ms)     P       t

Group1   11.0±1.7                  11.0±1.7                                   0.215    1.567       

Group2   11.1±1.4                  11.2±1.5                                   0.099    2.138  

Group3   12.1±1.7                  12.8±2.0 a                                 0.03     3.283  

Group4   11.4±1.5                  13.7 ±1.4 a                               0.001    8.061      

Group5   11.2±1.3                      /                                                /          / 

a, paired t-test after and before lumbar artery ligation, P<0.05.

Table 2
F-wave latency after and before ligation at different times (`x±s)

3.4 Histomorphological observation of lumbar spinal cord
pathological sections.
Normal spinal cord tissue with complete structure and neuronal cells with normal morphology in the
control group, group 1 and group 2 could be seen under the light microscope. The spinal cord structure
was basically complete in group 3. Point foci degeneration, necrosis, and mild edema of the grey matter
could be seen under the light microscope. We could see many morphologically normal neurons. Several
neurons became smaller, and the cytoplasm became concentrated. The density of the nuclear chromatin
increased, showing apoptotic changes. The spinal cord structure basically disappeared in group 5, with
obvious congestion and swelling. There were a large number of vacuolar degenerations and a small
number of normal neurons. The nuclei of most neurons were atrophic or dissolved; the cytoplasm was
eosinophilic; and the Nissl bodies in the cytoplasm disappeared(Figure 2). The experimental results in
group 4 was between those in group 3 and group 5.
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3.5 Results of spinal motor function scores
There was no statistically signi�cant difference in motor function score 2 days after ligation according to
the two independent samples Wilcoxon rank sum test between the control group and group 1, group 2,
and group 3 (all P> 0.05). There was no statistically signi�cant difference in motor function score
according to the paired-sample Wilcoxon rank sum test between before and 2 days after ligation in group
1, group 2, and group 3(all P> 0.05). There were statistically signi�cant differences in motor function
score 2 days after ligation according to the two independent samples Wilcoxon rank sum test between
the control group and groups 4 and 5 (Z = 2.835 and Z = 2.739, all P 0.05). There were statistically
signi�cant differences in motor function score according to the paired-sample Wilcoxon rank sum test
before and 2 days after ligation in group 4 and group 5 Z = 2.07 and Z = 2.126, all P 0.05) (Table 3).

group                  before surgery           after surgery 2d  

Control group        5.0(5.0,5.0)          5.0(5.0,5.0)

Group 1                    5.0(5.0,5.0)          5.0(5.0,5.0)

Group 2                    5.0(5.0,5.0)          5.0(5.0,5.0)

Group 3                    5.0(5.0,5.0)          5.0(5.0,5.0)

Group 4                    5.0(5.0,5.0)          4.0(2.0,5.0)a b

Group 5                    5.0(5.0,5.0)          0.0(0.0,0.8)a b

a, the two independent samples Wilcoxon rank sum test compared with the control group, P<0.05.
b, the paired-sample Wilcoxon rank sum test before and 2 days after ligation, P<0.05.

Table 3
Motor function score (score) M(QL, QU)

3.6 Correlation analysis
Based on the Pearson’s relation analysis, the percentage value of the F-wave amplitude when the F-wave
was steady after ligation and the baseline before ligation was positively correlated with the motor
functions (r = 0.964). There was a statistically signi�cant difference (P<0.01).

4. Discussion
The neurophysiological mechanism of the F-wave is that nerve impulses, being generated after strong
stimulation, pass along motor nerve �bres by retrograde conduction to the spinal cord and then to excite
motor neurons, which causes excitement[10]. The excitement then spreads along the motor nerve to the
muscle[11]. F-waves only measure a small portion of the motor unit pool tested by antidromically
activating some of the alpha-motor neurons[12]. The amplitude of the F-wave is the overall excitability
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index of the measurement of the motor neuron pool[13]. F-wave can be used to measure the functional
status of the entire motor pathway and to determine its velocity, which is the elapsed time between a
stimulus artefact and the �rst F-wave. Additionally, it is closely correlated with the length of the alpha
motor nerve[14].

The posterior 1/3 of the spinal cord is supplied with blood by two continuously posterior spinal
arteries[15], whereas the anterior 2/3 is supplied with blood by an intermittent anterior spinal artery[16].
As a result of the good continuity of the posterior spinal artery and many posterior root arteries, the
possibility of ischaemia being generated in the posterior spinal artery is very small, but the damage of the
root artery mainly has an impact on the anterior 2/3 spinal cord[17]. Ischaemia of the anterior 2/3 spinal
cord would affect the spinal neurons in the anterior horn of the spinal cord. The amplitude of the F-wave
can re�ect the excitement of the spinal anterior horn motor neurons. We established different levels of
spinal cord ischaemia animal models, the results indicate that when the injury of the spinal cord
ischaemia has developed to a certain extent, the latency of the F-wave starts to extend quickly, and the
amplitude starts to reduce quickly and eventually disappears.The results of this experiment further
proved that the F-wave is sensitive to spinal cord ischaemia.

The aim of electrophysiological monitoring is to �nd the injury in the early stage of spinal cord damage.
Thus, we should take protective measures to prevent irreversible spinal cord injuries. It is reported that F-
wave monitoring during spinal operation offers the opportunity to monitor part of the proximal nervous
system in a different manner than the use of the somatosensory evoked potentials or motor evoked
potentials[18]. Reports about F-wave monitoring to protect the spinal motor conduction pathway are rare.
The results of our experiment indicate that the F-wave is sensitive to spinal cord ischaemic injury and
speci�c to re�ecting movement function.

This study has several limitations. First,the spine cord of The New Zealand rabbits are more small than
the humanity,may cause more spine cord injury.Second,how to ensure that the silicone column is parallel
to the long axis of the spine without distortion or skew? If it is distorted, the experimental results will be
inaccurate. Future expansive studies that use mammals more similar to humans and increase MRI
examination may help uncover the further underlying mechanisms.

In short, the amplitude of the F-wave is sensitive to ischaemic injury of the spinal cord and can identify
ischaemic injury in the reversible period. In addition, amplitude changes of the F-wave can predict the
motor function of the spinal cord. All these above features provide evidence that the F-wave can be used
to discover injury during the acute reversible period of the spinal cord and lay the basis for taking
measures to prevent irreversible spinal cord injuries.

5. Conclusion
The F-waves in the posterior tibial nerve of rabbits were found to be sensitive to the lumbar spinal cord
ischaemic injury and speci�c to predict motor function.
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Spinal cord injury (SCI)

lumbar vertebrae one (L1)

lumbar vertebrae two (L2)

lumbar vertebrae three (L3)
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Haematoxylin and eosin  (HE)
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Figure 1

A F-wave of control group and group1-5 The amplitude and latency of F-wave were stable at different
times after anaesthesia in the different groups. a A typical F-wave. b Sham group. c Group 1. d Group 2. e
Group 3. f Group 4. g Group 5. F-wave latency(Lat) is de�ned as the duration, in millisecond, from
stimulation to the �rst progressive negative de�ection. F-wave amplitude is de�ned as peak-to-peak
amplitude in microvolts (N1–P1). N1 is the �rst upward negative wave; P1 is the �rst downward positive
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wave; The red graphics indicate the positive and negative baseline waveform before ligation;The green
graphics indicate the positive and negative baseline waveform after lumbar artery ligation.With the
increase of the number of lumbar arteries being ligatured, ischemia is further aggravated, which is
manifested by the prolongation of the F- wave latency of the posterior tibial nerve and the decrease of the
amplitude.

Figure 2
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Haematoxylin-eosin staining of spinal cord sections at the 2 days after operation. a:There are no sign of
neurnal damage was observed in the sham group and Intact motor neurons were observed in the ventral
horn (indicated by arrows). Magni�cation, x200;b:Apoptotic and necrotic motoneurons in the ventral horn
were observed in group 5(indicated by arrows). Magni�cation, x200.


