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Accurate placement of pedicle screw (PS) is crucial in spinal surgery. Developing new real-time
intra-operative monitoring and navigation methods is an important direction of clinical appli-
cation research. In this paper, we studied the spectrum along the ¯xation trajectory of PS in
frequency domain to tackle the accuracy problem. Fresh porcine vertebrae, bovine vertebrae and
ovine vertebrae were measured with the near-infrared spectrum (NIR) device to obtain the
re°ected spectrum from the vertebrae. Along the ¯xation trajectory of PS, average energy from
di®erent groups was calculated and used for identifying di®erent tissues and compared to achieve
the optimal recognition factor. Compared with the time domain approach, the frequency domain
method could divide the spectra measured at di®erent tissue points into di®erent groups more
stably and accurately, which could serve as a new method to assist the PS insertion. The results
gained from this study are signi¯cant to the development of hi-tech medical instruments with
independent intellectual property rights.
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1. Introduction

Pedicle screw (PS) internal ¯xation has been
commonly used for correcting instability of spine.

Accuracy in placement of PS is very important for

an e®ective PS ¯xation.1–4 Nowadays, the clinical

standard for evaluation of PS position is by using
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postoperative computed tomography (CT) scan.5,6

However, this method is not applicable as a real-
time monitoring method during surgery. The X-ray
°uoroscopy can be used in real time, but the limi-
tation is that the radiation dose to surgeons is high
and scans must be done several times.7,8 The elec-
trical conductivity measuring device was intro-
duced, which enables real-time detection of
independent parameters of di®erent tissues.9 How-
ever, it is inevitable that the sensitivity of electrical
conductivity of tissue is very low. Thus, accurate
and reliable insertion of PS remains a challenge.

In previous research, we have presented the de-
sign and implementation of the ¯ber optic free-hand
drilling probe and the spectrum measurement sys-
tem for in vitro assessment of pattern from the op-
tical re°ectance.10,11 Based on this device, we have
found some ways in time domain to explore the
di®erent tissues of porcine vertebra along the ¯xa-
tion trajectory of PS by comparing the speci¯c peak
and the slope value of the re°ected spectrum.
However, these methods have some disadvantages,
which cannot be avoided. For example, the classi-
¯cation accuracy of these methods is easily a®ected
by the instrument.

In this study, we ¯rst collected and compared the
optical re°ectance spectra from three di®erent ani-
mal models along the ¯xation trajectory, including
fresh porcine vertebrae, bovine vertebrae and ovine
vertebrae. These models were chosen because por-
cine vertebra was similar to that of human, and
bovine and ovine vertebrae were similar in compo-
sition, used as vertebral models in some research.12

Our goal was to develop a di®erent method to an-
alyze the characteristic of the corresponding spec-
trum and distinguish tissues according to the
di®erent characteristics.13–15 Along the ¯xation
trajectory of pedicle screw, average energy patterns
used for identifying di®erent tissues were calculated
in frequency domain.16,17

Speci¯cally, the spectra from di®erent animal
vertebral bones at similar positions along the tra-
jectory were investigated simultaneously. The same
vertebra tissues had similar re°ectance spectra
among di®erent animal species. In frequency do-
main, FFT changes of spectra during speci¯c band
were conducted and the energies of speci¯c band
were analyzed, named Fenergy. Finally, Fenergy factor
and slope factor in time domain11 were compared
from di®erent aspects such as sensitivity, accuracy
and correlation. It was found that the frequency

domain method could divide the spectrums of dif-
ferent tissue measurement points into di®erent
groups more stably and accurately. To our knowl-
edge, this is the ¯rst study of simple, accurate, and
sensitive method to monitor the PS during ¯xation
based on optical re°ectance spectrum collected
by the spectrum measurement system. The methods
presented in this study could serve as a new
approach to assist PS insertion.

2. Materials and Methods

2.1. Instrument

The experimental set-up for spectrum measurement
is shown in Fig. 1. The system consists of a tungsten
halogen light source (HL2000-HP-FHSA, Ocean
Optics, Inc., Dunedin, FL), ¯ber optic probe, spec-
trometer (USB2000, Ocean Optics, Inc., Dunedin,
FL) and a computer.10,11 The home-made stainless-
steel bifurcated ¯ber optic free-hand drill probe
holder contains two 200-�m diameter ¯bers for light
delivery and collection, respectively, with an outer
diameter of 5mm. The controller is used to adjust
the light intensity. Data acquisition, scan conver-
sion and display were implemented in real time at 2
frames per second in commercial LabView interface
software (National Instrument, Austin, TX). The
optical re°ectance spectra were analyzed using
custom made software in LabView and Matlab
(The Math Works, Natick, MA).

2.2. Vertebral bones experiment

The human vertebra was similar to that of porcine,
especially between T6 and T10.18,19 We chose these

Fig. 1. The measurement system for spectrum on the verte-
bral bone model: 1: computer, 2: light source, 3: spectrometer,
4: ¯ber optic probe, 5: vertebral bone model, 6: controller.
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porcine vertebrae in the experiment. The study
comprised 10 fresh vertebral bones, which were
taken from mature pig cadavers weighting 38–45 kg.
All vertebral bones carefully cleaned o® all soft
tissues, except the periosteum. First, the puncture
path (nine points) in the vertebra was planned as
shown in the red arrow line (Fig. 1). Normally, the
length of the trajectory varies between 22mm to
35mm. The distance between each of the two
sampling points was about 5mm. Then, the optic
probe was drilled into vertebra to measure each
sampling point. According to the scale on the han-
dle, the probe was drilled 5mm into the vertebra
every time. In order to eliminate the volatility, 30
spectra were recorded and stored for each point.
Integration time was 100ms and the optical re°ec-
tance spectra consisted of 2048 pixels.

During the bovine vertebra experiment, 10 fresh
vertebral bones were extracted from mature cow
cadavers weighting 300–350 kg. The light spectra
were produced in a two-step process, similar to the
steps in porcine vertebra experiment. Nine sampling
points were chosen with an 8mm distance between
each of the two sampling points, due to the larger
size of cow vertebral bone. Ovine vertebra experi-
ment also comprised 10 fresh vertebral bones, which
were used from mature sheep cadavers weighting
70–80 kg. The size of sheep vertebra is smaller than
those of pig or cow vertebra. Therefore, the sam-
pling points have the smallest distance between
each other. Other experimental steps are similar to
those in porcine vertebra experiments.

Statistical analysis was performed with the Stu-
dent t-test. A 95% con¯dence level was chosen to
determine the signi¯cance of di®erences between
groups, with a P value of less than 0.05 indicating a
signi¯cant di®erence.

2.3. Recognition factor in frequency
domain

The optical re°ectance spectra consisted of 1024
CCD pixels and were imported into MATLAB for
processing using in-house written software codes.
Then, Fenergy was calculated from original spectrum
by frequency domain approach. If the spectra were
looked as common curve with intensity via wave-
length (nm), fast fourier transform (FFT) could be
used to analyze the change cycles per nm. The in-
formation in frequency domain is more stable than
that in time domain in this case. The point number

of FFT is named N and the wavelength range is
from A to B. Then, it de¯ned the sampling fre-
quency in wavelength as Fs, shown as Eq. (1).

Fs ¼
N � 1

B�A
: ð1Þ

In this paper, N is 2048. Wavelength range is from
339.99 nm to 1019.64 nm. Then, Fs ¼ 3:012 (1/nm).
The sampling interval in horizontal coordinate was
Fs=ðN � 1Þ ¼ 0:00147 (1/nm). Because there were
di®erent numbers of each band, we calculated the
average energy of some points and compared. Then,
it was di®erences between two di®erent vertebra
tissues were found. Speci¯cally, in order to search
for the optimal recognition factor, FFT changes of
di®erent bands were done and average energy of
di®erent frequency sections were compared after
FFT changes. Fenergy was de¯ned as the average
amplitude value of points during speci¯c frequency
section after FFT changes of speci¯c band.

3. Experimental Results

3.1. Original spectrum

Figure 2 shows a representative initial spectrum
relating to the nine sampling points along the tra-
jectory from one vertebra of each of the three ani-
mal species. Each spectrum curve represents the
value in one sampling point on one animal vertebra.
Points 1 and 9 are in the cortical bones and points 2
to 8 are in the cancellous bones. In Fig. 2, the values
of points 1 and 9 in cortical bones are distinct from
those in the cancellous bones. In Fig. 2(a), the
values of points 1 and 9 are larger than those of
points 2 to 8. However, the values of points 1 and 9
are smaller than those of points 2 to 8 in some bands
in Figs. 2(b) and 3(c).

3.2. Optimal recognition factor

The initial curves can be analyzed in frequency
domain by FFT. FFT changes over the whole band
(339.99 nm to 1019.64 nm) were shown in Fig. 3.
The amplitude di®erences of di®erent tissues were
obvious but it is not easy to extract. In Fig. 2, it
is found that the di®erences in spectra between
cortical bones and cancellous bones exist in the
entire band, especially remarkable from 450 nm
to 750 nm. Therefore, FFT changes were mainly
analyzed within this speci¯c band.

Investigation of optical re°ectance from di®erent animal vertebra
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The value of amplitude was summed and aver-
aged over cortical bones and cancellous bones, re-
spectively. The proposed patterns were compared
between the two di®erent tissues using the calcu-
lated average amplitude values. Speci¯cally, we
chose di®erent band groups to calculate average
energy such as 450 nm to 500 nm. The total number
of all the groups is 21. Then, the sample points were
divided into two groups based on cortical bones and
cancellous bones and mean amplitude values from
each group was calculated. The average amplitude
value from di®erent band groups in porcine
vertebra experiment is shown in Fig. 4(a). Then, we
calculated the di®erences between two di®erent
vertebra tissues and the results are shown in
Fig. 4(b). Here, the calculated di®erences were de-
¯ned asD ¼ ðVcortical bone � Vcancellous boneÞ=Vcortical bone.
The results show that the average amplitude value

(550 nm to 750 nm) has the largest absolute value
among all the bands.

In order to explore further, FFT changes of
550 nm to 750 nm were done as a foundation and
average energy of di®erent frequency section were
compared after FFT changes. Figure 4(c) shows
average energy values after FFT changes in porcine
vertebra experiment based on two groups (cortical
bone group and cancellous bone group). Then, we
calculated the di®erences (with the same method
abovementioned) between two di®erent vertebra
tissues in Fig. 4(d). The results show that the dif-
ference of average energy (4Hz to 5Hz) has the
largest absolute value, which could be used as a
characteristic factor (Fenergy) to distinguish between
the two tissues.

We conducted the same analysis with bovine
vertebra experiment and ovine vertebra experiment.

(a) (b)

(c)

Fig. 2. Original spectra of di®erent animal vertebra (a) porcine vertebra, (b) bovine vertebra, (c) ovine vertebra.
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(a) (b)

(c)

Fig. 3. FFT changes over the whole band in di®erent animal vertebra experiment (a) porcine vertebra, (b) bovine vertebra,
(c) ovine vertebra.

(a) (b)

Fig. 4. Average energy from di®erent groups based on the two tissues with porcine vertebra experiment (a) the average energy
from di®erent band groups, (b) the di®erence of average energy from di®erent band groups, (c) the average energy from di®erent
frequency section (550 nm to 750 nm), (d) the di®erence of average energy from di®erent frequency section (550 nm to 750 nm).
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(c) (d)

Fig. 4. (Continued)

(a) (b)

(c) (d)

Fig. 5. Di®erences of average energy from di®erent band groups in cow and sheep vertebra experiment. (a) di®erent band groups in
cow vertebra experiment, (b) di®erent frequency section after FFT changes in cow vertebra experiment (550 nm to 750 nm), (c)
di®erent band groups in sheep vertebra experiment, (d) di®erent frequency section after FFT changes in sheep vertebra experiment
(550 nm to 750 nm).
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The related results for bovine vertebra were shown in
Figs. 5(a) and 5(b). The results for ovine vertebra
were shown in Figs. 5(c) and 5(d). These results were
similar to those of the pig vertebra.

3.3. Compare di®erent patterns

In addition, we calculated Fenergy in frequency do-
main and slope factor in time domain (named Tslope)
and compared the two. Based on the previous
studies, Tslope (500–550 nm) from the original light
spectra could be used to express the di®erence be-
tween the two tissues of porcine vertebrae.19 The
average values of Tslope of nine sample points after
normalization from porcine vertebra models are
shown in Fig. 6(a). The result showed that the ab-
solute slope values of the curve at both ends are

larger and Tslope has a high distinguishable ability.
However, the average Fenergy values of each sample
point have a higher sensitivity than that of Tslope.
The results of bovine vertebra and ovine vertebra
models are shown in Figs. 6(b) and 6(c). Similarly,
it was found that Fenergy has better distinction than
Tslope. The values of Tslope have low sensitivity in
distinguishing between the two di®erent tissues,
especially in the ovine vertebra experiment. In bovine
vertebra experiment, the curve has large volatility.

4. Discussion

PS internal ¯xation has been commonly used for
correcting instability of spine.20 In PS ¯xation,
there are two major problems to the e®ect of surgery
outcomes. The ¯rst one is that the tip of traditional

(a) (b)

(c)

Fig. 6. The pattern values of nine sample points from di®erent animal vertebra models. (a) porcine vertebra models, (b) bovine
vertebra models, (c) ovine vertebra models.
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instrument breaks the boundary of bone (cortical
bone) and damages ambient tissues of patients. The
second one is that the screw is not placed into the
exact position and the ¯xation stability is not
strong enough. The ideal position is that the screw
is placed starting from the arch, through the can-
cellous bone and arrives at the cortical bone. In the
previous study, the method using optical spectrum
and needle-like probe based on the principle of local
bone re°ectance spectrum, provides a new way to
overcome the two problems to the most extent.

In this study, various animal vertebra (porcine,
bovine and ovine) were measured in the experiment.
Although bovine and ovine vertebrae are di®erent
in structure from human vertebrae, they are similar
in composition, used as vertebral models in some
research.12 We obtained di®erent animal vertebra
spectrum according to nine sampling points along
the trajectory. In Fig. 2, each spectrum curve
represents a speci¯c sampling point on one animal
vertebra. Points 1 and 9 are in the cortical bones
and points 2 to 8 are in the cancellous bones. During
di®erent animal experiment, the values of points 1
and 9 were compared with those of points 2 to 8. We
found that some values of points 1 and 9 were larger
but some were not. It means the spectra of cancel-
lous bones and cortical bones had similar shapes but
with di®erent values. The cause of this result is that
di®erent vertebra has di®erent structures. It is the
¯rst time to search for the di®erences among spectra
of di®erent animal vertebra.

Frequency domain method was used to distin-
guish between cancellous bone and cortical bones.
First, the spectra were divided into two groups
based on the two tissues. Then, after the FFT of
initial spectra, the average energy of the two groups
from di®erent bands were calculated and compared.
A speci¯c band (550 nm to 700 nm) was chosen
because within it, the average energy showed the
largest di®erence. Finally, based on this band we
continued to obtain the average energy of frequency
section. Since the information in frequency domain
is usually more stable than that in time domain,
thus Fenergy (the average energy of 4Hz to 5Hz) is a
better choice.

For method validation, we compared Fenergy and
Tslope according to di®erent ways in this study. In
Fig. 6, Fenergy has better distinction between two
di®erent tissues in the three animal experiments.
The results show that the values of Fenergy on point 1
and 9 are both smaller than 2 and are much smaller

than those on point 2 to 8 which are larger than 5.
However, Tslope have low sensitivity in distinguish-
ing between two di®erent tissues and the values of
Tslope on point 2 to 8 vary in a large range. In por-
cine vertebra experiment, the value of Tslope on point
4 is close to that on point 9, which indicates the
distinction between two di®erent tissues is small.
Moreover, in bovine vertebra experiment, the curve
of Tslope has larger volatility in cancellous bone than
that of Fenergy. Therefore, the sensitivity of using
Fenergy is higher than that of Tslope.

Near-infrared optical spectroscopy would not be
the only way. Another optical spectroscopy has also
been used in both clinical and basic science research
about vertebra.21,22 For example, the cartilage,
subchondral bone and cancellous bone could be
examined by ¯ber-optic Raman spectroscope and
photoacoustic tomography.23–25 As in other litera-
ture, the varying optical signal can provide some
information about structures and composition of
bone such as bone mineral crystallinity and tissue
density. In this study, the cortical and cancellous
bones are di®erent in mineral crystallinity and
density. We only provided one method in frequency
domain such as the calculation of energy di®erences.
The near-infrared optical spectrum will be charac-
terized according to di®erent domain in di®erent
animal experiment.

This paper provides real-time monitoring method
during surgery. The distinguished pattern from
spectrum can be used in surgery navigation. For the
application, the pattern parameters must have high
sensitivity. There are two things to be done to
validate this method: ¯rst, the sample number
needs to be increased and more calculation methods
need to be improved and tested; second, the surgery
requires much time and experienced surgeons. Bone
research for other animal models should be done in
further research, such as rabbit models.

5. Conclusion

In this project, an NIR optical ¯ber probe is
employed to monitor the characteristic spectrum
along the placement trajectory of PS in di®erent
animal vertebral bones. Based on it, we investigated
the optical re°ectance along the ¯xation trajectory
of PS in frequency domain. The main research
results of this study include: we measured the
spectrum of vertebra tissue on the trajectory of
pedicle screw. Fresh porcine vertebrae, bovine
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vertebrae and ovine vertebrae were used in the
experiments. Fenergy and Tslope factors of vertebral
bones and identifying model of pathway of PS were
deduced. Sensitivity of the two patterns was eval-
uated and Fenergy was proved to be the optimal
identi¯cation factor. The results gained from
this study are vital signi¯cant to the development
of hi-tech medical instruments with independent
intellectual property rights.
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