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1  |  INTRODUC TION

Lumbar spinal stenosis (LSS) is a condition in which narrowing of the 
neural and vascular structures of the lumbar spine causes variable 

clinical symptoms such as back or lower extremity pain and fatigue, 
especially when walking or standing. If symptoms persist after 
conservative treatment or if there is a neurological deficit, surgical 
treatment is indicated.1,2 Clinical signs of stenosis, such as pain or 
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Abstract
Background: An increase in epidural pressure around the stenosis has been observed 
in patients with lumbar spinal stenosis (LSS) with positive signs of sedimentation or 
redundant nerve roots. Further analysis of the pressure conditions in the stenotic area 
would be of great interest. We hypothesized that it would be possible to determine 
the physiological parameters of the epidural pulse wave and its course in pathological 
stenosis as a basis for objective identification of LSS based on pressure using a new 
measuring method with continuous spatial and temporal resolution.
Methods: We performed a single-case proof-of-principle in vivo animal trial and used 
a newly developed hybrid pressure-measurement probe with a fiber-tip Fabry–Pérot 
interferometer and several fiber Bragg gratings (FBG).
Results: With reproducible precision, we determined the mean epidural pressure to 
be 7.5 mmHg and the peak-to-peak value to be 4–5 mmHg. When analyzing the pres-
sure measured by an FBG array, both the heart and respiratory rates can be precisely 
determined. This study was the first to measure the pulse wave velocity of the cer-
ebrospinal fluid pressure wave as 0.97 m/s using the newly developed pressure probe. 
A simulated LSS was detected in real time and located exactly.
Conclusions: The developed fiber-optic pressure sensor probe enables a new objec-
tive measurement of epidural pressure. We confirmed our hypothesis that physiologi-
cal parameters of the epidural pulse wave can be determined and that it is possible to 
identify an LSS.
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reduced functionality, possibly with evidence from a treadmill test, 
radiological evidence of narrowing,3 or a positive sedimentation 
sign,4 can indicate surgery.5

Because an increase in pressure in the area of the stenosis was 
found in patients with severe LSS with positive signs of sedimen-
tation or redundant nerve roots, emphasized by other studies,6–9 a 
further analysis of the pressure conditions in the area of the stenosis 
would be of great interest.

Cerebrospinal pressure waves result from complex interactions. 
Cerebral ventricles with the choroid plexus produce liquor, which 
is resorbed by meningeal arachnoid granulations and drained by 
nerve root outlets via the lymphatic system. Pressure is influenced 
by arterial and venous blood flow in the brain and separately in the 
spinal cord itself, by breathing and the volume of the abdominal cav-
ity with feedback on the blood flow, and by the cross sections of 
the spinal cord in relation to the dural sac and the surrounding bony 
structures.10–14 In humans, this forms a wave-shaped pressure curve 
with bidirectional cerebrospinal fluid movement15,16 with an average 
pressure of ~9 mmHg in the supine position in the lumbar spine, mea-
sured using conventional piezoelectric pressure probes with similar 
intra- and epidural pressure.12,15

A human flow velocity of 3 cm/s can be determined in magnetic 
resonance tomography; however, measured values for the epidural 
and intradural pulse wave velocities are not yet available. A change 
in the human flow gradient of ~4.5 m/s was previously determined, 
which could correspond to the pulse wave velocity.17

The flow, pressure, and waveform of the flow and pressure 
curves vary with stenosis in the spinal canal.4

2  |  METHODS

We hypothesized that it would be possible to determine the physi-
ological parameters of the epidural pulse wave and its course in 
pathological stenosis using a new fiber-optic measurement method 
with continuous spatial and temporal resolution. Pressure and flow 
of the epidural pulse wave could be the basis for objective identifica-
tion of LSS requiring surgery.

2.1  |  Pressure probe

Fiber-optic sensors in the form of Fabry–Pérot interferometers (FPI) 
and fiber Bragg gratings (FBG) are suitable for many medical applica-
tions because of their simple operation, small structural size, signal 

linearity, sensor multiplexing ability, and electromagnetic compat-
ibility.18–20 They enable continuous spatial- and time-resolved meas-
urements. Fiber-optic pressure-sensor catheters compensate for the 
disadvantages of conventional pressure-measurement systems.21,22 
We used a newly developed hybrid pressure-measurement probe 
with a fiber-tip Fabry–Pérot interferometer (FTFPI) and several 
pressure-sensitive FBGs (Figure 1).

FBGs are refractive-index modulations written on the core of 
a silica optical fiber, each of which reflects light at a characteristic 
wavelength. This allows the use of multiple intrinsic strain-, pres-
sure-, and temperature-sensitive sensors along the optical fiber.21 
The measurement combines the registration of hydrostatic pressure 
using a membrane pressure sensor with the registration of dynamic 
pressure differences by radial compression of the fiber, causing a 
Bragg wavelength shift in different FBGs. Our probe prototype 
had the following specifications and dimensions: fiber diameter, 
125 μm; material, fused silica; mantle diameter, 1.5 mm; and material, 
medical-grade silicone (Figure 2). The tip of the probe is a cylindrical 
pressure sensor chip consisting of a pressure-sensitive membrane 
manufactured using microelectromechanical system technology. 
The membrane deformation for absolute pressure measurement 
was detected using the implemented interferometer. Evaluation in 
the wavelength window of the FBG enabled the simultaneous spec-
tral recording and evaluation of an FPI and several FBGs with one 
readout unit.

The detection rate for FBG is 200 Hz, and that for the absolute 
pressure sensor on the tip is 11 Hz. Because the FBG area is located 
outside the introducer in direct contact with the surrounding tissue, 
the influence of needle material on temperature and registration 
time must not be considered.23

A broadband light source with a continuous broadband spectrum 
in the infrared range emits an optical signal that is reflected by a 
wave-selective mirror and finally detected. If an external pressure 
on the plastic jacket deforms the glass fiber, light reflection changes.

The interference pattern and Bragg wavelength were read si-
multaneously using a specially designed FBG interrogator combined 
with a broadband light source, and conclusions can be drawn regard-
ing the ambient pressure values.19

Pretesting on a dynamic vessel model resulted in high-
pressure resolution with automated temperature compensation, 
if necessary, such that spatially and temporally resolved pres-
sure wave curves could be derived in real time. The pretesting 
was verified in different media and different experimental set-
ups for technical reliability and reliability of the data with high 
reproducibility.24,25

F I G U R E  1  Schematic cross section of 
the sensitive area.
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2.2  |  Signal processing

The prototype of the evaluation unit consisted of a superlumines-
cent diode (SLED) and a spectrometer (including optical compo-
nents and an image sensor) and was designed for querying FBGs. 
Broadband light was coupled to a glass fiber. The SLED contained 
a circulator to transmit superimposed FTFPI and FBG signals to the 
spectrometer (Figure 3).

2.3  |  Animal testing application

Preliminary tests on isolated organs were not planned because after 
the presentation of functionality in the simulators, the interaction 
between anatomy and physiological parameters in vivo is important.

Due to the complexity of the anatomy of the organs and associ-
ated questions as well as the organ dimensions and physiology of the 
organ systems, which are similar to those of humans, the pig model 
was found to be particularly suitable for this study.26–28

Considering the reliability of pretest measurements and the 
minimization of animal harm, we designed our study as a proof-of-
concept investigation. Repeated measurements in animals would 
have no additional benefits for further human applications. Human 
surveys are more reasonable for basic scientific research and have 
already begun after ethical approval.

The large-animal experiment was examined and approved by 
Az. 42502-2-1617 FDG Landesverwaltungsamt Sachsen-Anhalt, 
Dessauer Straße 70, 06118 Halle (Saale).

2.4  |  Surgical approach

Due to the design of the pressure probe prototype and its unequivo-
cal positioning in the epidural space, the probe was inserted via L5 
laminectomy (Figure 4).

The 50-kg domestic pig was given general anesthesia under 
monitored conditions and was subjected to a standard Caspar 

microsurgical approach with laminectomy L5 under image intensi-
fier control until the dura was clearly visible. After probe insertion, 
the wound was closed to restore a normal situs. The pressure probe 
was repeatedly advanced cranially into the epidural space. Epidural 
pressure curves of all five pressure-sensitive FBGs were obtained 
continuously during the entire process.

We inserted a 15-mm kyphoplasty balloon (Medtronic, 
Minneapolis, MN, USA) in addition to the sensor probe up to the 
level of L4 and successively filled the balloon with a contrast me-
dium (Iopamidol SOLUTRAST 250, Bracco, Milan, Italy) to simulate 
LSS under image intensifier control up to the maximum extent in the 
spinal canal (Figure 5). Measurements were performed 10 times with 
and without simulated stenosis with high reproducibility. We did not 
calculate repeatability because we used different prototypes.

3  |  RESULTS

The calibration of the hybrid sensor resulted in a sensitivity of 
−5 pm/mmHg for the absolute pressure sensor and 0.75 pm/mmHg 
for the distributed sensors.

F I G U R E  2  Image of the inserted probe.
F I G U R E  3  Optical spectrum of superposed FTFPI (fiber-tip 
Fabry–Pérot interferometer) and FBG (fiber Bragg grating) signals.

F I G U R E  4  Surgical epidural insertion of the probe during in vivo 
trial (cranial, asterisk; interlaminar window, arrow).
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The FTFPI indicates the prevailing pressure level in the lumbar 
spinal canal. The figure shows the absolute pressure in the lumbar 
spinal canal of the test animal lying down, with a mean pressure of 
7.5 mmHg and a peak-to-peak value of almost 4 mmHg (Figure 6).

The time- and space-resolved relative pressure distributions 
along the FBG array within a breath are shown in Figure  7. The 
raw data were smoothed using a moving average filter. Due to the 
high sample rate of the readout, this is possible without the loss of 
information.

An analysis of the pressure measured by the FBG array showed a 
heart rate of 84 beats per minute and a respiratory rate of 18 breaths 
per minute, which corresponded exactly to the heart and respiratory 
rates of the test animal documented in systemic monitoring. They 
were determined using peak detection algorithm in the time domain 
(Figure 7). This was done manually in the current dataset and veri-
fied by a transformation to frequency domain. In a future application 
wavelet filtering or Fast Fourier Transform-based algorithms can be 
used to determine these parameters. Pulse waves were generated 
by the pulsating liquid in the spinal canal, which is linked to the car-
diovascular system, as described earlier.

The time delay between the heartbeat-induced pulse maxima on 
each FBG represented the movement of the pressure wave along 
the probe. An algorithm was used to detect all pulse wave maxima 
on each FBG (marked with “+” in the diagram). The pulse wave time 
delay between FBGs was reproducible for each heartbeat. The aver-
age pulse wave velocity was calculated by applying the time delay of 
the pulse wave peaks between the FBGs and the distance between 
FBG01 and FBG05. The increasing offset is the respiration-induced 
pressure variation of ~12 mmHg peak to peak per breath.

A pulse wave velocity of 0.97 m/s was determined.
After the normal epidural pressure in the lumbar spinal canal of 

the lying animal was measured, lumbar spinal canal stenosis was sim-
ulated by filling the canal with a kyphoplasty balloon.

Simultaneous measurements along all detection points provided 
an overview of the effect of the LSS on the absolute pressure and 
propagation of pulse waves. Wavelength data are shown in Figure 8.

The lower frequency still detectable by all FBGs corresponds to 
the respiratory rate.

The heart rate and respiration-dependent pulse waves and 
their changes at the level of the simulated stenosis can be clearly 
determined and are important parameters for the localization of 

the stenosis. Coherent pulse waves corresponding to the heartbeat 
were no longer recognizable caudal to the FBG01. Consequently, 
the stenosis was immediately caudal to FBG01 and was detectable 
on the X-ray image.

The stenosis simulated by the insertion of the kyphoplasty bal-
loon and its degree, determined by the filling volume of the kypho-
plasty balloon, was detected in real time, with the pressure probe 
positioned along the simulated stenosis. Probe localization was con-
firmed by measuring the length of the X-ray-visible fiber from the tip 
under the image intensifier. In the future, probes for human applica-
tions would have vapor-deposited tantal markers.

4  |  DISCUSSION

Pressure measurement plays a critical role in many areas of clinical 
practice by providing valuable diagnostic and monitoring informa-
tion (e.g., blood pressure and intracerebral pressure).

In spinal surgery, examinations related to pressure are rare and 
mostly of a scientific nature, that is, for intradiscal pressure, with al-
most no clinical relevance.29,30 This is due to the technical difficulty 
in measuring the pressure and the lack of a physiological basis that 
make the interpretation of pathological findings impossible. FBG-
based probes were demonstrated to measure the decrease in pres-
sure in the “loss of resistance method” for epidural puncture31–33 
but were up-to-date never used for epi- or intradural pressure 
measurement.

F I G U R E  5  Anatomy of the spinal 
column with simulated LSS (lumbar spinal 
stenosis) under X-ray and sensor probe 
next to the balloon.

F I G U R E  6  Range of epidural pressure and pulse waves in lumbar 
spinal canal without LSS (lumbar spinal stenosis) registered with 
FTFPI (fiber-tip Fabry–Pérot interferometer).
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Takahashi et  al.34,35 highlighted the importance of intra- and 
epidural pressure in the development of LSS symptoms. Direct in-
traoperative epidural pressure measurement revealed a connection 
between increased intradural pressure8 and the positive sedimenta-
tion sign36 on sagittal magnetic resonance imaging (MRI) as a phe-
nomenon of redundant nerve roots,37,38 an indicator of surgery.

Recently, studies by Kheram et al. and Zipser et al.7,9 and the in-
terpretation of phase-contrast MRI measurements6,39 have led to 
increased focus on the pressure in the spinal canal.

We confirmed our hypothesis that physiological parameters of 
the epidural pulse wave can be determined using this new mea-
suring method and that it is possible to identify LSS. A weakness 
of our study is that we created an acute situation by mechanically 

triggering stenosis; therefore, we cannot conclude how pressure and 
flow would change in slowly developing LSS. Our previous inves-
tigation on epidural pressure using a conventional pressure probe 
showed no differences in epidural pressure as a function of the time 
of development of acute stenosis due to disc herniation or chronic 
stenosis due to degeneration.

Measurements were taken only in animals lying under general 
anesthesia. As further investigations are possible after approval and 
are more meaningful in humans, this proof of concept is the first step 
toward establishing the development of this novel probe.

The miniaturization of the FBG fiber and its combination with 
an FPTIF enables minimally invasive measurement of the pressure 
in the spinal canal at spatial and temporal resolution so that the 

F I G U R E  7  Detection of pulse wave 
and pulse wave velocity without stenosis. 
The base level shows pressure increase 
due to respiration during inspiration 
(crosses represent the amplitude 
produced by heart pulse wave, and 
triangles represent the amplitude of the 
superposed breath wave).

F I G U R E  8  Demonstration of the 
relation between narrowing location 
(FBG01) and no-longer detectable pulse 
waves distal to the stenosis (FBG02–
FBG05), with the pressure probe 
positioned along the simulated stenosis.
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pressure, flow, and pulse wave velocity as well as the character-
istics of the time course of these parameters can be recorded in 
real time.

The prerequisites for a clinically reliable pressure measurement 
(accuracy, calibration, and signal artifact suppression) were met, re-
sulting in a pressure resolution of 1 mmHg. Because the application 
of multiple FBGs of various lengths is possible, an unknown stenosis 
can be diagnosed over the entire predetermined length, that is, by 
introducing a probe with a 20-cm sensor length interlaminar at L5/
S1 for investigation of the lumbar spine.

Because of the mechanical strength of fiberglass and silicone 
coating systems, their broad clinical application in the diagnosis and 
treatment of LSS is possible.

1.	 Preoperative application to determine clinically relevant steno-
ses different from other pathologies causing claudication and 
multilevel pathology for functional testing of different postures 
for stress testing on the treadmill or retroflexion test.

2.	 Intraoperative monitoring of sufficient decompression of the 
spinal canal in the cranial and caudal directions, especially dur-
ing endoscopic procedures. Clinically, the perception of pulsatile 
phenomena in the dural sac is already used as a characteristic of 
sufficient decompression.

In addition to neuromonitoring, pressure measurements can 
help to avoid excessive corrective maneuvers in scoliosis and 
profile realignment, particularly in minimally invasive procedures.

3.	 Postoperative monitoring for sudden detection of postoperative 
clinically relevant epidural hematomas, which are rare but often 
have serious clinical consequences.

Several questions must be answered before clinical applica-
tion of this technique, particularly collection of data sets from in-
dividuals with and without various spinal diseases. Helpful might 
be a combination and extrapolation of real pressure data from 
MRT images. The next step is the semi-industrial production of the 
pressure-measuring probe at a price that allows for its wider use 
after Conformité Européenne testing and approval to collect basic 
physiological data, from which the limits of relevant pathologies in 
relation to clinical symptoms can be reliably derived. However, ob-
jective parameters can be used to determine whether decompres-
sion is necessary for LSS or not.

Because the longitudinal characteristics of pressure waves 
can be recorded for the first time with the help of a new type of 
pressure-measuring probe, progress is also possible in other medical 
areas, especially in cardiological and vascular diagnostics and in uro-
logical and gastroenterological diagnostics.

Derivation of the indication for surgery for LSS in the lumbar 
spine alone from measurements with the pressure probe is not ex-
pected because stenoses causing spinal claudication can also se-
lectively affect the nerve roots in the neuroforamina and recessus. 

Segmental instability and alignment pathology result in additional 
aspects of surgical therapy. Therefore, the indication for spinal sur-
gery remains a complex decision based on the background of an in-
dividual patient.

5  |  CONCLUSIONS

The proposed fiber-optic pressure sensor probe might be a new 
objective measurement method for the assessment of LSS. The 
simultaneous evaluation of several measuring points enables the 
time- and location-resolved recording of the pressure distribution 
in real time.

The pulse wave measured in a feasibility study in a large animal 
experiment in the lumbar spinal canal without stenosis had an am-
plitude of ~4 mmHg. Values of up to 12 mmHg were obtained by su-
perimposing the change in pressure synchronously with respiration. 
A pulse wave velocity of ~0.97 m/s was determined.

The LSS simulated by balloon dilatation was reliably localized and 
quantified in real time by changing the pulse-wave characteristics. 
Whether this technique has the potential to improve diagnostic ac-
curacy for chronic stenosis and patient outcomes remains unclear.
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