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ABSTRACT This publication describes an original simple low-costMR fully-compatible and safe fiber-optic
breathing sensor (FOBS), which can be used for respiratory triggering and for monitoring the development
of respiratory rate within the MR environment and can, thus, serve as prevention from the hyperventilation
syndrome. The sensor is created by encapsulation of the Bragg grating into conventional nasal oxygen
cannulas. The sensor is immune tominor patient movements, thus limitingmovement artifacts to aminimum.
Thanks to this fact it can be used for the retrospective/prospective respiratory gating. The sensor is immune
to electromagnetic interference (EMI) and can thus be used in any magnetic field (1.5T, 3T, and 7T). The
sensor prototype has been tested in both laboratory and real magnetic resonance (3T) environments relative to
conventional pneumatic respiration references (PRR). The data measured were statistically evaluated using
the objective Bland-Altman method (BAM) and the functionality of the proposed solution was confirmed.
Respiratory Triggering functionality was confirmed by the radiologic doctors on the basis of analyzing
images using the most used respiratory triggered T2 TSE 3D sequences and by objective method using
the Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE).

INDEX TERMS Magnetic resonance imaging (MRI), respiratory rate (RR), fiber-optic sensor, fiber Bragg
grating (FBG), respiratory triggering.

I. INTRODUCTION
Patients undergoing MRI independent of magnetic field
strength should be monitored during the examination -
vital functions monitoring. The basic parameters monitored
include heart rate (HR) and respiratory rate (RR) of a human
body. The development of these vital functions over time for

The associate editor coordinating the review of this article and approving
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diagnosis purposes in case of mild, but also more serious
complications, is used as a basic tool for problem situation
diagnosis. The most widespread problem situations that arise
withinMRI include hyperventilation syndrome [1], [2]. In the
case of magnetic resonance, the hyperventilation syndrome is
most often caused by the closed so-called tunnel environment
of the scanner. It is a condition primarily related to breathing
activity when the patient starts breathing rapidly. As a result
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of the accelerated release of carbon dioxide (whose com-
pounds form a significant proportion of the natural pH correc-
tion), the body loses acid-base balance–blood pH increases,
resulting in so-called respiratory alkalosis (change in bicar-
bonate and carbonic acid concentration ratios). The human
body tries to neutralize respiratory alkalosis, thus beginning
to release H+ (hydrogen cations) from the cells. As a result,
Ca+2 ions (calcium) will bond, so free calcium deficiency
begins to occur in the body. This process triggers the symp-
toms of hyperventilation tetany. Physically, hyperventilation
syndrome manifests itself on the patient’s body as prickling,
tingling, both on the tips of the limbs and throughout the body.
Strong spasms can gradually appear throughout the body,
the patient may be disoriented and irritated. Hyperventilation
tetany may last in a matter of minutes or hours and may lead
to life-threatening conditions [3], [4].

Therefore, in MRI medical indications, it is advisable to
monitor the development of the pulse or respiratory rate
over time. As for respiration reference, pneumatic respi-
ration transducers are the most commonly used clinically
today [5]–[7]. These are relatively reliable devices supplied
by different manufacturers. However, their disadvantage is
the fact that the signal measured may be degraded when the
patient moves. What is also important is that in the case
of bigger patients, proper attachment of the device to the
patient’s body may be problematic; because of the proper
tension, the belt must be stretched around the body. Also,
correct tension adjustment of the respiration transducer is
important for achieving the best sensitivity; it is often nec-
essary to clamp the respiration belt repeatedly to achieve the
desired sensitivity.

Conventional reference devices for recording physiologi-
cal parameters, such as the respiration curve as well as ECG,
also have benefits in the form of retrospective ’cleaning -
filtration’ within fMRI studies and diffusion data on respira-
tion effects. However, if the subject tested in the MR scanner
moves more than normal respiration activity is, it causes
additional noise-artifacts that are very difficult to eliminate
and their impact on the measured data evaluation is hard to
assess. This results in a deterioration of the recording, or the
recording needs to be repeated [8].

This publication focuses on an alternative approach in the
form of fiber-optic technology that is an appropriate alterna-
tive to the MRI environment, as stated below, and can address
the above-stated issues. This publication is also one of the
first studies to provide a description and functional imple-
mentation of respiratory triggering by the pure fiber-optic
technology.

II. STATE OF THE ART
There are several studies that have described the use of
fiber-optic technology to monitor the respiratory rate of
the human body. The basis here consists of interferometric
and grating sensors. In the case of interferometric sensors,
the most interesting publications include [9], where Pod-
breznik et al. presented cost-efficient speckle interferometry

with plastic optical fiber for unobtrusivemonitoring of human
vital functions. The system is based on speckle interferome-
try; the results were analysed by means of 10 healthy persons
in the supine position. Based on the results, the authors
assessed the accuracies of 98.8%±1.5% and 97.9%±2.3%
and the sensitivities of 99.4 % ±0.6 % and 95.3 % ±3 %
for the heartbeat and respiration are obtained respectively.
Favero et al. [10] presented a microstructured optical fiber
interferometric respiration sensor which consists of a section
of photonic crystal fiber (PCF) fusion spliced at the distal
end of a standard telecommunication optical fiber. The sen-
sor proposed can be used to monitor a person’s breathing
whatever the respiration rate is. The use of interferomet-
ric sensors for monitoring respiratory rate is very closely
addressed by Sprager et al. [11], [12], and [15], Sprager
and Zazula [13], and Zazula and Sprager [14], where for
example publication [15] describes a sensor for unobtrusive
and continuous monitoring of a person’s vital functions. The
sensor performed with the optical fiber on the mattress.
The statistics is based on the data acquired from 5 male
persons in the duration of about 60 s. As for respiration,
the results obtained indicated a sensitivity of 93.8 %. In the
article [16], the authors described an interferometric sen-
sor for monitoring respiratory and heart rates of the human
body. They used a Mach-Zehnder interferometer. The mea-
suring part (fiber) was encapsulated into a thin circular layer
made of polyurethane. Based on the Bland-Altman analysis,
the authors defined accuracy for the respiratory rate averaging
96.49 %. The authors of [17] presented an optical respiration
sensor based on an agarose infiltrated photonic crystal fiber
interferometer. The interferometer is part of a respirator mask
that is placed on the patient’s mouth. The sensor detects the
variation in relative humidity that occurs between the inhale
and exhale. The sensor is suitable for monitoring patients
during the MRI. The summaries of the use of the fiber -
optic interferometer for biomedical applications are very well
described in [18]–[20].

In the case of fiber Bragg grating sensors (FBG), the most
interesting publications include [21], where the authors
present a prototype of a fiber-optic sensor for recording the
ballistocardiographic signal during MRI. The sensor was
tested in both laboratory and real conditions during an MRI
examination. The sensor is created by glueing the FBG
with epoxy adhesive to a plexiglass plate with dimesions
of 95×220 mm and a thickness of 1.5 mm was used. Based
on the results, 96 % of the samples recorded lie within a
±1.96 SD range (standard deviation range) and no significant
differences between the individuals were observed. The arti-
cle [22] describes three MRI compatible respiration sensors
based on fiber Bragg gratings, optical time-domain reflec-
tometry, and macro-bending effects. The developed smart
medical textiles can sense elongation of up to 3 % while
maintaining the stretching properties of the textile substrates
for patient’s comfort. The sensors were tested in a MR envi-
ronment and on healthy adults. Dziuda et al. [23] described
a sensor based on the FBG which was encapsulated on a
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plexiglass board. The results were obtained from a patient
during real MRI. The statistic is based on three patients; the
authors reported that 95.38 % and 94.88 % of the data lied
within the LoA (Limit of Agreement) of the range for the
respiratory rate 0.85 rpm (respiratory per minute) and heart
rate 3.29 bpm (beat per minute) determinations respectively.
The relative error level was below 8 %. The article [24]
described a sensor head which consists of an FBG attached
to an elastic board placed between the monitored person’s
body and a soft surface, enabling the board to deform in an
unobstructed way. Tests carried out in the MRI environment
proved the method to be immune to strong electromagnetic
fields. An RMS value of the relative error was below 1.8 %.
Nedoma et al. [25] designed and created a sensor based
on an FBG probe encapsulated inside fiberglass (fiberglass
is a composite material consisting of glass fiber, fabric,
and cured synthetic resin). The sensor is characterized by
small dimensions (30×10×0.8 mm) and low weight (2 g).
The sensor was tested in real MRI and is characterized for
RR by a relative error below 5 %. Leal-Junior et al. [26]
present development of a polymer optical fiber sensor for
simultaneous measurement of respiratory and heart rates. The
sensor is embedded as a smart textile solution that can be
used in the user’s clothes. The results show errors below
4 beats per minute and 2 breaths per minute for the HR and
BR respectively. An overview of the fiber-optic technology
used in real MR environments is reported in the article [27].
A total of 47 MR-tested or potentially MR-compatible sen-
sors have been described, but no sensor has been encapsulated
in nasal oxygen cannulas (Medical adult soft nasal oxy-
gen cannula tube for oxygen concentrator, Marne Medical,
Australia).

CMRI (cardiac MRI) can be performed with a majority of
measurements, in a state where the patient is not breathing
or holding their breath, specifically due to the reduction of
the aforementioned breathing-induced movement artifacts.
This fact is, however, limited by the scanning time to about
15–25 seconds. Breath retention must be longer because one
plane is picked up for several cardiac cycles. In clinical
practice, it limits the examination of many patients (espe-
cially elderly and sick people). Respiratory triggering for
MRI during free breathing is primarily designed to scan
the abdomen and chest when pneumatic respiratory belts
are used. Navigation (NAV) echoes (an additional RF pulse
capable of detecting the position of the diaphragm and, thus,
its movement in order to monitor the diaphragm position) is
a modern approach to respiratory triggering [28], [29]. NAVs
allow acquisition during a short sampling window at each
cardiac cycle. The NAV echo is acquired immediately after
the acquisition window, which means that there is a short
time interval between the acquisition of the navigation echo
and the acquisition of the image data. Nevertheless, when
scanning with CMRI, data needs to be captured throughout
the cardiac cycle, so triggering with one navigation echo
within one cycle is insufficient for this purpose. For this
reason, it is advantageous to use the self-gating method that

allows both cardiac and respiratory activity to be triggered.
This method is, however, based on a complicated correlation
calculation between the triggering image and the target image
obtained at the same cardiac phase and the desired position of
the respiratory cycle [29], [30].

Within cardiac/respiratory triggering methods by pure
fiber-optic technology, there are only some studies, which
investigated the possibility of sensing cardiac or respiratory
activity by optical fiber, but only when used in rodents [31].
The sensor is orally introduced into the rat’s oesopha-
gus or is placed on the chest the movement of which it
senses [32]. In our previous research [25], we discussed
the novel fiber Bragg grating probe encapsulated inside
fiberglass. We analyzed the time span of the R–J ranged
from 121–143 ms which is needed for cardiac trigger-
ing, but the practical research of cardiac triggering is still
performed.

The authors see the benefits to this publication in the
presentation of an original low-cost (more in the discus-
sion) MR-compatible To demonstrate the functionality of
the respiratoryfiber Bragg Grating (FBG) sensor, which can
be used to reliably monitor the development of respiratory
rate reliably even under high magnetic field conditions. The
sensor is created by innovative encapsulation of the Bragg
grating into conventional nasal oxygen cannulas. Due to the
innovative encapsulation, the sensor is immune to random
patient movements (minor movements of the patients do
not affect the measuring signal). Thanks to this, the sensor
presented can be used for the retrospective ’cleansing’ of
the fMRI and diffusion data on the effect of cardiac activity
and breathing, as well as for respiratory triggering - synchro-
nization of MR signal to the respiratory cycle (more in the
discussion). For the scan, the imaging of the upper abdomen
and the lower chest requires minimum diaphragmmovement.
When imaging of organs of the abdominal cavity or thoracic
currently most frequently used semence with apnoea, which
can take up to 25 seconds (time limit of one inspiration).
If a longer sequence is needed and cannot be shortened to
preserve spatial information, it is necessary to use breath
monitoring [33]; however, not every sequence allows breath
monitoring to be included in the current software equip-
ment of the scanner. The authors see a potential benefit
in the development of sequences using reliable and cheap
breath monitoring. The sensor is immune to electromagnetic
interference (EMI) and can thus be used in any magnetic
field (1.5T, 3T and 7T). The sensor prototype has been
tested in both laboratory and real magnetic resonance (3T)
environments.

To demonstrate the functionality of the respiratory trig-
gering, the most frequently used 3D sequence for imag-
ing of the biliary tree outlet and pancreatic ducts was
selected, wherein the sequence must be strictly respiratory-
triggered. The images obtained were subjectively evaluated
by senior radiologists who confirmed that these recordings
could be used for diagnosis. This part is described in detail in
section 4.B.
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FIGURE 1. The structure of an optical fiber with a bragg grating and its
function principle.

III. METHODS
A. FIBER BRAGG GRATING (FBG)
Bragg gratings belong to the category of single-point fiber
optic sensors that are used to measure a wide range of physi-
cal quantities. The principle of scanning is based on the action
of an external deformation or temperature on the optical and
mechanical parameters of the grating structure. The Bragg
grating structure is formed by the refractive index periodic
change in the optical fiber core. When the wide-spectrum
light is fed into optical fiber with FBG, a narrow spectral
part is reflected from this structure and the other wavelengths
pass through the structure without interference, please see
Fig. 1. Parameter n1 denotes the refractive index of the core,
parameter n2 the refractive index of the optical fiber cladding,
parameter n3 the increased refractive index of the optical fiber
core.

The central position of the reflection spectrum is called
Bragg wavelength and is defined by the following relation:

λB = 2neff3, (1)

where neff is the effective refractive index of the periodic
structure and 3 is the spatial period of the refractive index
change. The scanning principles are based on the action
of the temperature and the mechanical stress on the peri-
odic structure of the grating. Relation 2 describes the action
of deformation and temperature on the change in Bragg
wavelength:

1λB

λB
= kε + (α3 + αn)1T , (2)

where 1λB is the change in Bragg wavelength, k is the
deformation coefficient, ε is the size of deformation, α3 is
the coefficient of thermal expansion, αn is the thermo–optic
coefficient and 1T is the change in temperature.

Due to their very small dimensions, Bragg gratings rep-
resent an alternative approach to monitoring the vital func-
tions of the human body. As mentioned above, a number
of scientific research publications use optical fiber sensors
placed on the chest of a human body, implemented in worn
fabrics, installed in a mat, backrest, or in bed. This publi-
cation represents an innovative version on how to monitor
breathing when the Bragg sensor senses the air parameters
during inhalation and exhalation via the nasal passage. This
approach is particularly suitable for patients who use oxygen
inhalation through oxygen glasses.

FIGURE 2. A respiration sensor (FOBS) based on encapsulation of FBG
into conventional oxygen cannulas.

B. FBG ENCAPSULATION INTO CONVENTIONAL NASAL
OXYGEN CANNULAS
The sensor itself is made up of conventional nasal oxygen
cannulas, into which an optical fiber with a Bragg grating
is fed through a supply tube. The fiber and the FBG are
connected to an evaluation unit using G.657.A optical fiber
with reinforced protection terminated with an FC/APC con-
nector to eliminate reflections in the couplers. The Bragg
grating is set centrally at the inlets that are inserted into nasal
cavities. Using an adhesive (Loctite Gel Control), the Bragg
grating fiber is fixed at the point of entry into the oxygen
cannulas (blue part), see Fig. 2. In the figure, the location
of the Bragg grating is marked in red. The Bragg grating
portion is not fixed at the point of the outlet of these short
tubes (inserting into the nasal cavity). This ensures that the
principle of respiratory activity monitoring itself is based on
two principles. On the one hand, on the principle of heating
or cooling the Bragg grating due to the exhaled or inhaled
air, and, on the other hand, on the pressure effect of the
exhaled air on the optical fiber with the Bragg grating itself.
By the cumulative phenomenon of these two manifestations,
the Bragg wavelength and the possibility of respiration mon-
itoring, respiration and exhalation duty cycles, respiratory
rate, etc. are influenced.

To implement the FBG, a standard Bragg grating with
polyimide recouting with the central Bragg wavelength
of 1550.124 nm, the full width at half maximum (FWHM) of
the reflected spectrum of 216 nm and the reflectivity of 87 %
was used. The encapsulation method has no effect on the
mechanical and optical properties of the optical fiber Bragg
grating. Sensitivity relations, as well as the central Bragg
wavelength, the spectrum width and reflectivity parameters,
remain valid, which simplifies the design, manufacture and
multiplexing of sensors for monitoring more patients when
used for multiple MR scanners.

C. SIGNAL PROCESSING - RESPIRATORY RATE
DETERMINATION
The signal processing methodology described below is used
to determine the respiratory activity or the respiratory rate,
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FIGURE 3. A block diagram of the measuring and triggering system used, indicating a detail of
processing the signal from FOBS.

respectively. The methodology of respiratory rate determina-
tion is coming from our previous research presented in [25],
[34] and [35]. The aim of this publication does not bring
innovative solutions in the form of signal processing but
present the sensor design itself and its functional verification.
Input raw signal represents the signal from the used FBG
interrogator unit FBGuard (Safibra, Praha, Czech republic).
The signal is then filtered to remove any unwanted compo-
nents formed by motion major artifacts and slow temperature
drift by a second-order band-pass Butterworth filter with
cut-off frequencies 0.1 and 0.5 Hz. This frequency range
corresponds to the typical manifestation of human respiratory
activity and eliminates unwanted signal components. In the
next step, the signal is processed. This part includes centering,
normalization, peak detection and final smoothing of the
signal.

Based on detection of the individual peaks (maxima),
the respiratory rate (RR) is calculated according to the fol-
lowing equation:

RR = 60/ (tn − tn−1) , (3)

where tn is the time mark of the nth peak and tn−1 is the time
mark of the previous peak.

D. RESPIRATORY TRIGGERING - DESCRIPTION OF SW
AND HW IMPLEMENTATION
Signal measurements from FOBS were performed using the
FBG monitoring system. It is a fully autonomous system
with a built-in PC that allows simultaneous measurement
of up to 16 optical channels. The system does not contain
digital outputs, so it cannot be used to generate a triggering
pulse for magnetic resonance sequence gating. The triggering
pulse was generated using a second PC and a CompactDAQ
platform made by National Instruments, so this is a system

based on virtual instrumentation. The data transfer between
the measurement system and the triggering PC was made
via the Ethernet interface. The CompactDAQ system is a
PC-controlled chassis connectable via Ethernet or USB. The
chassis has slots for connecting various input/output modules
enabling various sensors, actuators or communication busses
to be connected. The cDAQ-9185 system used includes four
slots for connecting input/output modules and an Ethernet
communication interface. The triggering signal is generated
using the cRIO-9472 module (National Instruments, Austin,
Texas, USA), which consists of 8 digital outputs, 6 V–30 V
compatible, capable of delivering a current of up to 0.75 A per
output channel. A more detailed diagram of the entire trig-
gering chain with a detailed examination of signal processing
and analysis is shown in the Fig. 3.

The triggering system function is defined by a SW applica-
tion created in the LabVIEW development environment [36].
The application works as a TCP server connected to the
FBGuard system which sends it the optical signal measured
sampling a frequency of 1 kHz. The data is sent in packets
of 10 values and includes the timestamp of the first sample
obtained. The timestamp attached to the data is used to cal-
culate the moment of triggering signal generation. In order to
use this timestamp, it was necessary to provide time synchro-
nization between the FBGuard and the triggering PC using a
local NTP (Network Timing Protocol) server. The LabVIEW
application performs bandwidth filtering of the signal mea-
sured using the 2nd order Butterworth approximation with
the lower cut-off frequency of 0.1 Hz and the upper cut-off
frequency of 0.5 Hz. The signal filtered is then analyzed by a
simple positive-peak (inhalations) detection algorithm which
works on the principle of signal derivation, its subsequent
binarization and the ensuing search for a suitable pattern
corresponding to the desired peak. The user can configure the
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FIGURE 4. Example of trigger pulse generation.

peak detector by defining a so-called dead time (time after the
detected peak when the system does not expect a new peak
to occur) and a signal level threshold coefficient. Zero-level
passages are also detected in the signal, roughly defining the
moment at which the inhalation or exhalation is in the middle
of its course. Based on the times between the moment of
inhalation detected and the respiration signal passage through
the zero level, the moment of generating a triggering pulse is
calculated.

In order to successfully trigger an MRI sequence, the trig-
gering pulse must be ideally generated at the time the patient
finished their exhalation and their ventilation cycle is at a
short resting phase. This time interval varies in a window of
about 300 to 1000 ms (depending on the respiratory rate and
the health state of the person) and, in Fig. 4, it is represented
by the light blue band around the negative peak of the respi-
ration waveform filtered. The triggering system determines
the moment when the triggering pulse is generated from the
moment of passage of the respiration signal filtered through
the zero level, i.e. approximately from the middle of the
ongoing exhalation. From this moment, the triggering pulse
is generated in a time that corresponds to the average of the
durations from the middle of the inhalation to the end of the
inhalation and from the middle of the inhalation to the end
of the exhalation. The triggering pulse time calculation also
includes the signal processing time, the signal delay caused
by the IIR filter, and the expected delay caused by commu-
nication between the triggering PC and the cDAQ system.
Fig. 4 depicts a 20 s long section of the respiration signal (blue
curve) measured during an ongoing MRI sequence (T2 TSE
3D), showing the moments (vertical red line segments) of the
positive peak (inhalation) detected and the signal passages
through the zero level. Fig. 4 also shows a generated trigger-
ing pulse (black rectangular pulse) with a width of 200 ms,
whose beginning is always in the aforementioned triggering
band.

IV. EXPERIMENTAL SETUP AND RESULTS
A. RESPIRATORY RATE MEASUREMENTS
The FOBS was initially tested in an experimental lab-
oratory environment (laboratory of VSB-Technical Univ.
of Ostrava, Czech republic). This was followed by a series of

TABLE 1. Baseline characteristics of the ten volunteers taking part in the
study.

measurements in a real magnetic resonance environment with
a magnetic field of 3T (Siemens Prisma 3TMRI Scanner, Los
Angeles, USA) within a multimodal and functional imaging
laboratory (CEITEC - Research Centre on Life Sciences,
Advanced Materials and Technologies, Brno, Czech repub-
lic). In our study, a pneumatic elastic respiratory transducer
(type TSD221-MRI), was used as a reference for labora-
tory environment; in real MRI environment, a respiration
MR elastic belt (Siemens Prisma 3T), both for thoracic and
abdominal placement, was used. Respiratory belts are fur-
ther marked with the acronym PRR (pneumatic respiration
references). One to two respiration belts in the thoracic and
abdominal wall areas are used as a standard as recommended
by the manufacturer; it is common medical practice. The
measurements were conducted on a sample of 10 healthy
volunteers upon their written consent. The age group of the
volunteers was from 23 to 57 years and their weight was from
48 to 113 kg. The group of volunteers consisted of 7 men
and 3 women. In the laboratory environment, a total of 6 test
subjects (4 males and 2 females) were tested, while 4 test
subjects (3 males and 1 female) were tested in the real MRI
environment. Tab. 1 presents the baseline characteristics of
the ten study volunteers. The range is defined by the mean
value, maximum and minimum values.

A spectral conventional instrument called FBGuard was
used to evaluate the data from the FOBS. We used this type
of interrogator unit in our previous research [25] and [35].
Below we described the basic specifics used in this research,
which were used again because it was properly validated
in our past experiments and the articles. The wavelength
resolution of this instrument is 1 pm, the output power is
1 mW and used sampling rate was 1 kHz.

We employed the most widely used Bland-Altman method
as a statistical tool for data comparison [37]. Bland-Altman
method calculates the mean difference between two methods
(respectively instruments - sensors) of measurement, and
95 % limits of agreement as the mean difference ±1.96 SD
range. Fig. 5 shows schematically the measurement diagram.
In the case of MRI, the FBG interrogator was placed in the
control room; we used a standard 6 m long fiber-optic cable
(SMF, ITU-T, G.657.A) to connect the interrogator unit and
the FOBS. In the laboratory environment, the same type of
cable and methodology was used.

A photograph from an experimental measurement in the
laboratory environment is shown in Fig. 6(left), a photograph
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FIGURE 5. Schematic diagram of the experimental measurement.

FIGURE 6. A photo from an experimental measurement in the laboratory
environment (left); A photo from the real MR environment (right).

from the real MR environment is shown in Fig. 6(right).
The FOBS can be identified in both photos in green (nose
placement).

Fig. 7 shows a detail in the form of an example of the graph-
ical waveform of respiratory activity obtained from the proto-
type FOBS having a length of 300 s (test subject Male1). The
study performed has shown that the FOBS allows obtaining
dynamic strains on the sensing FBG in the range of 16–31 pm
caused by breathing, which is fully measurable by today’s
FBG interrogation systems, or the FBG interrogator unit used.
Fig. 7 also shows a detail of signals obtained from reference
respiration belts located in the thoracic and abdominal areas.
It is evident that the respiration activity curve has a greater
amplitude, which is caused by deepened breathing. This is
often seen in patients focusing on respiration activity andmay
be a problem for the monitoring type recommended by the
manufacturer. The signal from the FOBS is inverse towards
the reference measurement bands. Exhalation from the nose
of the test subject causes the Bragg grating to heat up and,
in a full exhalation state, the signal reaches the concave peak
while the signals from the reference bands reach the convex
peak in this state. In order to graphically compare the signals
from FOBS and the reference bands, the FOBS signal was
inverted.

Fig. 8 shows an example of the graphical waveform of res-
piratory rate measurement on a male test subject (Male1) in a

FIGURE 7. A detail of the graphical waveform of respiratory activity
obtained from the prototype FOBS having a length of 300 s and detail of
signals obtained from reference respiration belts located in the thoracic
and abdominal areas (test subject Male1).

FIGURE 8. An example of the graphical waveform of respiratory rate
measurement on a male test subject in a laboratory environment (Male1).

laboratory environment against the above–stated respiration
reference in the thoracic and abdominal areas. The length of
the recording was 66 minutes and 38 seconds. The waveform
recorded by the FOBS is shown by the blue curve, the ref-
erence respiration curve obtained from the thoracic area is
indicated by the yellow curve and the reference respiration
curve obtained from the abdominal wall area is indicated by
the yellow curve.

Visually, there is a very similar trend of the FOBS to the
respiration reference; we can also see that the respiration
reference belts themselves differ slightly in their waveforms.
This may be caused by a tightened respiration belt and points
to the negatives of this measurement method.

Fig. 9 shows the deviation of the RR obtained from FOBS
in relation to the reference band located on both the chest
and the abdomen. The data measured shows that the average
deviation in the time interval of 4000 seconds is 0.41 rpm.
In the Fig. 9, the largest deviations are indicated with the blue
area. These major errors are caused by shallow breathing,
during which the response of the chest and the air exhaled by
the nose is different. In fact, this is not a significant problem
because the error during shallow breathing is about ±4 rpm.

Fig. 10 shows a graphical example of a Bland-Altman
analysis of the FOBS prototype used against the reference
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FIGURE 9. Depiction of the deviation of the respiratory rate between
FOBS and the reference bands (both thoracic and abdominal placement) -
laboratory environment (Male1).

FIGURE 10. Bland-Altman graph: (a) FOBS vs PRR-abdomen (Male1);
(b) FOBS vs PRR-chest (Male1).

respiratory belts for the above-stated test subject recording
(Male1) in a laboratory environment. Fig. 10(a) shows a
Bland-Altman graph for the FOBS against the respiration ref-
erence PRR located in the abdominal area, Fig. 10(b) shows a
Bland-Altman graph for the FOBS against the PRR located in
the thoracic area. Amore detailed statistical analysis is shown
in Table 2.

Fig. 11 shows an example of the graphical waveform of
respiratory rate measurement on a male test subject (Male5)
in a real MRI environment (3T MR scanner) against the PRR
in the thoracic and abdominal wall areas. The length of the
recording was 13 minutes and 49 seconds (T2 space - brain
sequence).

Fig. 12 shows a graphical example of a Bland-Altman
analysis of the FOBS prototype used against the reference
respiratory belts for the above-stated test subject recording
(Male5) in a real MRI environment. Fig. 12(a) shows a
Bland-Altman graph for the FOBS against the PRR located in

FIGURE 11. An example of the graphical waveform of respiratory rate
measurement on a male test subject (Male5) in a real MRI environment
(3T MR scanner).

FIGURE 12. Bland-Altman graph: (a) FOBS vs PRR -abdomen (Male5);
(b) Bland-Altman graph: FOBS vs PRR -chest (Male5).

the abdominal area, Fig. 12(b) shows a Bland-Altman graph
for the FOBS against the PRR located in the thoracic area.
A more detailed statistical analysis is shown in Tab. 3.

Individual parameters of used sequences in MR are shown
in Tab. 2.

A summary of the respiratory measurements (laboratory
and real MR) is provided in the Tab. 3 and Tab. 4 bellow.
Tab. 3 represents data from the laboratory measurements,
and Tab. 4 represents data from the MRI measurements.
Tables also show data against both used respiratory belts
(chest and abdomen). The gender of the subjects tested
is displayed as Male1 to Male7 and Female1 to Female3.
Tables Tab. 3 and Tab. 4 includes the total recording time
(Time), the average respiratory rate (ARR) expressed in
respiration per minute (rpm), the total number of the sam-
ples recorded by the FOBS (NoS), mean differences (MD),
limits of agreement (LoA), which estimate the interval
±1.96 SD within which a 95 % of the differences between
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TABLE 2. Individual parameters of used MRI sequences.

TABLE 3. Summary data of the laboratory measurements.

TABLE 4. Summary data of the MRI measurements.

measurements should lie and the number of differences lying
in LoA (±1.96 SD range) expressed as a percentage (Samples
in LoA).

The data measured were statistically evaluated using the
objective Bland-Altman method and the functionality of the
proposed FOBS was confirmed. In the case of laboratory
measurements: 95.64 % against reference respiratory belt
(chest placement) and 95.93 % against reference respiratory
belt (abdomen placement). In the case ofMRImeasurements:
95.61 % against reference respiratory belt (chest placement)
and 96.27 % against reference respiratory belt (abdomen
placement). A total relative error (< 5 %) was recorded in
all measurements. We can confirmed above-mentioned that
the respiration reference belts themselves differ slightly in
their waveforms. As we mentioned this may be caused by a
tightened respiration belt and points to the negatives of this
measurement method.

B. RESPIRATORY TRIGGERING
To confirm the functionality in terms of using FOBS for respi-
ration triggering, themost frequently used sequence for imag-
ing of the biliary tree outlet and pancreatic ducts was selected,
wherein the sequence must be strictly respiratory-triggered
to eliminate movement artifacts. The images from MRI
are shown below; the image obtained using FOBS is dis-
played in the Fig. 13(a) and the image obtained from the

reference respiratory belt (Siemens Prisma 3T) is shown in
the Fig. 13(b).

Fig. 13 showsMIP (Maximum Intensity Projection) recon-
struction from a T2 weighted sequence for MRCP (Mag-
netic Resonance Cholangio-Pancreatography) made by a
T2 weighted respiratory-triggered 3D sequence. The images
in Fig. 13 aremadewith the samemale test subject (Male 5) at
virtually the same time (both measurements were performed
consecutively). It is possible to differentiate T2 weighted
hypersignal structures of the biliary tree and the biliary duct.
When using FOBS, the image quality is at least equally good,
and even better from the subjective perspective of senior radi-
ologists; a higher contrast between the T2 hypersignal fluid
and the environment can be observed (branching of secondary
bile ducts, sharp border of duct choledochal). In terms of
subjective views of radiologists, both sequences are useful for
diagnosis.

Fig. 14 shows a comparison of the T2 weighted image in
MIP reconstruction from the sequence of the T2 weighted
MRCP imaging triggered with the Male6 male test subject
(both measurements were performed immediately after each
other). It is possible to differentiate the liquid filling of the
biliary tree, the small intestine as well as the kidney outlet
system (ren arcuatus). On the right side of the image obtained
using a standard Siemens respiratory trigger (trigger period
4.0 s, accept pos. 0 %, SHIFT: H:4.5 mm), the negative effect
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FIGURE 13. (a) Image obtained by FOBS (Male5). (b) Image obtained by
Siemens Prisma 3T respiratory reference (Male5).

of the movement artifact during the movement of the colon
sigmoideum can be observed - it may have caused a slight
motion blur in the image; higher contrast of the recording
may be observed when using FOBS (higher sharpness of
the boundaries of the bile ducts and their filling with fluid).
In terms of subjective views of radiologists, both sequences
are again useful for diagnosis.

In addition to the subjective view of radiologists, the qual-
ity assessment of images from MRI was also carried out
by software quality analysis using the Blind/Referenceless
Image Spatial Quality Evaluator (BRISQUE) [38]. The out-
put of this method is a numerical quality score, which takes
values from 0 (best) to 100 (worst). Quality analysis was
performed for Fig. 13(a), 13(b), 14(a), and 14(b). In addition
to analyzing the overall images, we provided an analysis
of the cropped part of the images that were interesting for
doctors (white squares). The Quality Score is shown in Tab. 5.
The results of image quality analysis show that in all cases

FIGURE 14. (a) Image obtained by FOBS (Male6). (b) Image obtained by
Siemens Prisma 3T Respiratory Reference (Male6).

TABLE 5. Summary data of score quality images. (BRISQUE).

during the respiratory triggering was achieved by the FOBS
equivalent or better image quality.

V. DISCUSSION
This article is focused on the description, laboratory verifica-
tion and experimental verification of an original and simple
low-cost MR fully-compatible and safe sensor based on the
FBG in a real MRI environment (after consultation with
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senior doctors Pavla Hanzlikova, M.D., Ph.D. and Assoc.
prof. Petr Krupa,M.D., Ph.D.) that can be used formonitoring
the development of respiratory rate within an MR environ-
ment as well as in sleep laboratories, but also in other hospital
settings. The FOBS is created by innovative encapsulation of
the Bragg grating into conventional oxygen cannulas.

The authors see the benefits in the presentation of the
FOBS that is immune to random patient movements. Thanks
to this fact, it can be used for the retrospective/ prospective
gating within functional MRI (fMRI) and diffuse data (DWI
measurement - Diffusion Weighted Imaging, DTI - Diffusion
tensor imaging) on the breathing effect, as well as for respi-
ratory triggering. The FOBS was practically verified in a 3T
magnetic field; since it uses a combination of pure fiber-optic
technology and conventional oxygen cannulas, it is immune
to electromagnetic interference (EMI) and its use in any
magnetic field (3T and 7T) can be assumed.

However, the basis for using this type is the need for the
patient to breathe simultaneously through the mouth and the
nose, or just through the nose. Sensor testing was performed
on 10 test subjects that were asked tomeet the aforementioned
condition. No subject had a problem meeting this condition.

In the case of mass production, the price of a complete
sensor would be based on many factors that we are currently
unable to quantify. Here is the price of the prototype sensor,
which includes only the price for the Bragg grating and
oxygen cannulas and can be estimated for about 30-40 dollars
(work is not included). Although the FBG interrogation unit,
which is required for signal evaluation, is a costlier device,
it is possible to use the spectral evaluation approach and,
using a single FBG interrogation unit, to evaluate units to
dozens of sensors. Due to an affordable price, it can be
assumed that this type of sensor would be used once. How-
ever, there is also a possibility of repeated use in case of
sufficient sensor disinfection.

The FOBS is characterized according to the Bland-Altman
analysis with an accuracy that is greater than 95 % and a
relative error below 5 %. Here, too, the team of authors
sees the benefits of the FOBS introduced so far. Now,
the approval from the Ethics Committee, which conducted
extensive research to identify and analyze the sensor on the
largest possible sample of test subjects under clinical practice
supervision, is being awaited.

At present, the patient’s respiratory cooperation is a pre-
requisite when displaying the thoracic and abdominal organs.
However, most patients are at an age where repeated breath
retention for more than 15 seconds leads to early exhaustion
and loss of cooperation. This results in a reduced quality of
the images obtained, which are often impaired by motion
and are therefore minimally usable for diagnosis. From a
medical point of view, the development of sequences that
allow the patient’s free respiration activity is a huge benefit
for the future. Based on the reliable measurement of the
respiration activity, the sequences that can match the data
acquisition with the minimal movement of the diaphragm and
the thoracic wall can be developed in the future. This will

make the MR examination more accessible to patients with
limited cooperation who may benefit from the examination
conducted. This alternative respiration monitoring system
facilitates the required data acquisition and makes the acqui-
sition more precise, works reliably even in high MR fields,
this is promise of the development of other sequences that are
now not fully beneficial with partially collaborating subjects.

The possibility of secondary retrospective/prospective fil-
tration of respiratory and cardiac artifacts arising during
the measurement of functional MR and diffusion weighted
images promises improvement of the output of these mea-
surements, especially in the field of neurosurgery–refining
the localization of functional brain centres, more accurate
course of neural pathways, this may have a great future ben-
efit in the treatment of brain tumours, but also, for example,
in the treatment of epilepsy or mental illness.

VI. CONCLUSION
This publication describes an original MR fully-compatible
and safe fiber Bragg grating sensor, which can be used to
respiratory triggering and to monitor the development of
respiratory rate also within the MR environment. The basic
prerequisite is the use of the sensor as prevention of the
hyperventilation syndrome commonly found in patients
undergoingMR examination. The sensor is created by encap-
sulation of the Bragg grating into conventional oxygen can-
nulas. The sensor is immune to random patient movements
(minor movements), thus limiting movement artifacts to a
minimum. Thanks to this fact it can be used for the retro-
spective/prospective respiratory gating. The sensor prototype
has been tested in both laboratory and real magnetic reso-
nance (3T) environments relative to conventional pneumatic
respiration references. The data measured (a relative error
under 5 %) were statistically evaluated using the objective
Bland-Altman method (> 95 %) and the functionality of
the proposed solution was confirmed. Further, Respiratory
Triggering functionality was confirmed by the radiologic
doctors on the basis of analyzing images using the most used
respiratory T2 TSE 3D sequences and by objective method
using the Blind/Referenceless Image Spatial Quality Evalua-
tor (BRISQUE).
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