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Abstract

We aimed to evaluate changes in respiratory pattern after sedation by simultaneously applying a respiratory volume monitor
(ExSpiron1Xi, RVM) and infrared thermography (IRT) to patients undergoing spinal anesthesia during endoscopic urologic
surgeries. After spinal anesthesia was performed, the patient was placed in a lithotomy position for surgery. Then, we estab-
lished the baseline of the RVM, and started monitoring the mouth and nose with the infrared camera. SpO, was continuously
measured throughout these processes. Once the baseline was set, 0.05 mg/kg midazolam was administered for sedation.
Apnea was defined as cessation of airflow for > 10 s with respiratory rate of <6 breaths/min; hypopnea was defined as a
decrease in oxygen hemoglobin of > 4%, compared to baseline. We measured the time at which apnea was detected by IRT,
the time at which hypopnea was detected by RVM, and the time at which hypoxia was detected by SpO,. Twenty patients
(age: 68.9 + 11.2 years, body mass index: 24.2 +2.6 kg/min®) completed the study. Before sedation, the baseline correla-
tion coefficient of respiratory rate detection between RVM and IRT was 0.866. After midazolam administration, apnea was
detected in all subjects within the first 5 min by IRT; the median time required to detect apnea was 102.5 [interquartile range
(IQR) 25-75%: 80-155] s. Hypopnea was detected in all subjects within the first 5 min by RVM: the median time required to
detect hypopnea was 142.5 (IQR 115-185.2) s. The median time required for SpO, to decrease > 4% from baseline was 160
(IQR 125-205) s. Our results suggest that IRT can be useful for rapid detection of respiratory changes in patients undergoing
sedation following spinal anesthesia for endoscopic urologic procedures.
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1 Introduction

Spinal anesthesia is commonly performed in patients under-
going endoscopic bladder or prostate resection. It provides
adequate anesthesia for patients, with adequate relaxation
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of the pelvic floor and the perineum for the surgeon [1].
However, patients undergoing surgery under conscious spi-
nal anesthesia experience anxiety and discomfort during the
procedures, and anesthesiologists administer sedatives to
reduce the discomfort [2]. Endoscopic urologic procedures
require a short operation time (< 1 h); thus, anesthesiologists
use an intermittent short-acting benzodiazepine as a seda-
tive for relieving patient discomfort during the procedure.
Benzodiazepines reduce minute ventilation in proportion to
the dose administered. Decrease in minute ventilation leads
to increase in blood carbon dioxide partial pressure, which
could lead to vasodilation, tachycardia, arrhythmia—which
can result in unconscious confusion—and coma. Especially
in older obese male patients who are high risk of obstructive
sleep apnea, a small dose of benzodiazepine may cause air-
way obstruction, resulting in hypoxia [3—5]. Therefore, dur-
ing endoscopic procedures, the medical staff should closely
observe for respiratory and cardiopulmonary complications
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caused by sedation and be prepared to initiate prompt man-
agement of such complications [6].

As aroutine practice, sedation is performed while attaching
and monitoring the pulse oximetry to the patient. However,
there is a definite limit to early detection of apnea by using
only a pulse oximeter. The pulse oximeter works on the prin-
ciple of analysis of the oxygen dissociation curve of oxygen-
ated hemoglobin. Even if the oxygen saturation falls sharply
and the oxygen partial pressure of the blood drops to 60 mm
Hg, the level of oxidized hemoglobin can be kept high and
the hypoxia may not be immediately detected. In contrast, it
is known that the measurement of real-time end-tidal carbon
dioxide partial pressure is faster and more accurate than pulse
oximetry for more timely evaluation of the degree of ventila-
tion of a patient. However, end-tidal CO, partial pressure is
a qualitative measure, rather than a quantitative one, because
this measurement yields inconsistent values in patients who
exhibit spontaneous breathing without intubation [7-9].

Recently, numerous studies have been conducted to meas-
ure respiratory mechanics in a noninvasive manner. Thoracic
impedance [10], acoustic monitoring [11-13], strain gauges,
and magnetometers [14] have been developed. Non-invasive,
non-contact imaging techniques have also been developed,
including thermal imaging [15-22], structured light plethys-
mography [23, 24], and optoelectronic plethysmography [25,
26].

The respiratory volume monitor (RVM), which is becom-
ing increasingly popular among the many noninvasive res-
piratory monitoring methods, is a tool that measures the min-
ute ventilation, tidal volume, and respiratory rate per min in
succession through a set of standard chest electrodes. Previ-
ous studies have demonstrated the accuracy of the standard
spirometry measurements obtained using an RVM [27-29].
In a study on spontaneously breathing patients, the RVM’s
measurements of the respiratory rate demonstrated a bias of
1.8% and a relative error of 1.8% [28]. It has been shown that
the RVM can be useful for real-time detection of the decrease
in the minute—minute volume after sedation for spontaneous
breathing for gastrointestinal endoscopic procedures [27].

The objective of this study was to determine whether an
infra-red camera can detect apnea in patients undergoing
spinal anesthesia during endoscopic urological surgery. In
addition, we compared the speed with which IRT can detect
respiratory changes, compared with RVM.

2 Method
2.1 Clinical setting
The present study was performed at Severance Hospital from

February 2017 to July 2017. This study was conducted in
accordance with principles of Good Clinical Practice and
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was approved by the Institutional Research Board of Sev-
erance Hospital (Reference No. 1-2016-0008); all patients
gave written informed consent. The study was registered at
ClinicalTrails.Gov with the number NCT02993497.
Twenty patients who had ASA physical status I or IT and
were scheduled to undergo elective transurethral resection of
the prostate (TURP) or transurethral resection of the bladder
(TURB) were recruited. Exclusion criteria included infection
on puncture sites, coagulopathy disorders, allergy to local
anesthetics, psychiatric history, and neurological diseases.

2.2 Spinal anesthesia

No premedication was given. Prior to spinal block, 300 ml
of lactated Ringer’s solution was administrated intravenously.
Spinal puncture was performed with a 25 gauge Quincke nee-
dle at L3/4 in the lateral decubitus position. After confirmation
of free-flow and clear cerebrospinal fluid, 7-8 mg of hyper-
baric bupivacaine (Marcaine®Spinal Heavy: Astra, Soder-
talje, Sweden) was administered intrathecally over 10-15 s.
Then, the pin-prick test was performed every 2 min at the
mid-thoracic line bilaterally. The peak block level was defined
as the same block level that persisted at four consecutive pin-
prick tests. When the peak sensory block was determined, the
degree of motor block was assessed using a modified Brom-
age Scale (0=no paralysis; 1 =unable to raise extended leg;
2=unable to flex knee; 3 =unable to flex ankle) [30].

After the patient was placed in the lithotomy position for
surgery, a pre-calculated (0.05 mg/kg) amount of midazolam
was administered [1]. Blood pressure was monitored non-
invasively and heart rates were recorded every 5 min during
anesthesia, at the end of surgery, as well as at arrival and
30 min after arrival in the post anesthetic care unit. SpO, data
were acquired every 2 s by using Masimo Radical-7®Pulse
CO-Oximetry (Rad7; Masimo Corp., Irvine, CA, USA).

For real time monitoring of respiratory rate, we used non-
invasive respiratory volume monitor (RVM: ExSpiron™,
Respiratory Motion, Inc., Waltham, MA). The non-invasive
RVM is based on thoracic electrical impedance. The imped-
ance signal was recorded via the electrode PadSet, which
was placed on the subject’s thoracic region at the sternal
notch, xiphoid, and mid-axillary line at the level of the
xiphoid, according to manufacturer’s specifications (Fig. 1).

To obtain a thermal image of fluctuations in the
region around the nostrils during the respiratory cycle,
as assessed by infrared thermography (IRT), the camera
was placed 50 cm above the face of the patient lying down
(Fig. 2). The camera has a spatial resolution of 320 X 240
and has a noise equivalent temperature difference (NETD)
of 0.05 K (FLIR T-420, FLIR Systems, Inc). The ther-
mal image of the patient’s face, including the nasal cav-
ity and nostril, is taken at a distance of at least 50 cm, at
10 frames/s. Imaging was performed by using a program
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Fig. 1 RVM pad attached to the anterior chest with the patient in the
lithotomy position for the endoscopic urologic procedure

made with the SDK (C++ ActiveX) provided by FLIR,
which stores the absolute temperature as a csv file up to
the second decimal place. The program was run on a work
station with an 17-5500U, 8 GB RAM environment.
Figure 3 depicts the processing flowchart. First, pre-
processing was performed to convert absolute temperature
value to image pixel value. Second, a tracking process was
performed, comprising KLT and block matching. Regions
of interest (ROIs), extracted from the image domain, were
obtained by KLT tracking, which compensated for large
motion (i.e., head movement from respiration). In par-
ticular, a state of hypopnea causes head movement. ROIs
were defined in relation to the area of respiration, which
constitutes the temperature-changing region caused by
respiration. Regions of measurement (ROMs), extracted
from ROI sequences, were acquired by block matching,
which compensated for the inaccuracy of KLT tracking.

KLT tracks head movement, enabling the ROIs to include
the ROMs; the KLT extracts ROMs by using block match-
ing. Last, respiration waveforms were extracted from ROM
sequences by min—max calculating.

2.3 Pre-processing

The first step of Fig. 3 is an image preprocessing-based
algorithm for respiratory rate detection, which is presented
in this paper. When a temperature value must be converted
to the image domain to perform image tracking, the objec-
tive of preprocessing is to maintain facial temperature
characteristics for stable KLT tracking. According to the
algorithm, a two-dimensional array of absolute temperature
values is obtained in the subject with stable motion. The
resulting temperature value includes the temperature of the
nasal structure. Raw temperature value is not suitable for
image processing. Therefore, the median value of the tem-
perature value per frame is converted into the intermediate
value of the 8-bit grayscale image. This conversion enables
image processing while preserving the features of the facial
structures to the maximum extent. The transformed image
has the same coordinate values as the original data; KLT
tracking is performed in the image domain, and the actual
calculation is performed in the temperature domain.

The formula for the preprocessing process is shown in
Eq. (1), where a is a parameter that determines the width of
the temperature band to be used, depending on the experi-
mental environment from which the temperature data is
obtained. In this study, we used 0.05, which is the tempera-
ture resolution of the camera. The lower limit image pixel
value has a value of 0 in an 8-bit grayscale image; and the
upper limit value has a value of 255. The values between
the upper and lower limits are transformed by using Eq. (2).
Importantly, the median value is robust to outliers that can
occur when obtaining temperature data. Outliers, such as
a surgical device or doctor’s actions, involve a very differ-
ent temperature from that of a normal frame; thus, these
change the temperature distribution of the frame. Interfer-
ence of outliers can cause feature points to be lost at the
moment of interference in successive image domains. Fig-
ure 4 shows that median values are more robust to outliers,
compared with maximum and minimum values.

Lower limity = Median(Ty(x,y)) —a X 128

ROMs are the areas required for actual calculation. The Upper limity = Median(TN(x, y)) Lax128 ()
Ty(x,y) < Lower limity =0
Iy = 9 Lower limity < Ty(x,y) < Upper limity = InGoy)-Lower Bty 5 956 @)

Ty(x,y) > Upper limity = 255

ax256
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Fig.2 Location of infrared camera installation over the subjects who underwent urologic endoscopic procedures

Fig.3 Processing flowchart

Pre-processing

2.4 KLT tracking

The KLT Tracker (Kanade—Lucas—Tomasi) is based on the
feature tracker and uses the sum of squared intensity differ-
ences matching technique to obtain a transformation matrix
[31, 32]. The KLT algorithm is widely used tracking features
from frame to frame [33-36]. In particular, Bourel suggests
that the nostril can be used as an important anchor point in
facial features [37]. In this study, the aim of tracking was to
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KLT Tracking and
Block Matching

Extract Respiratory
Waveform

o

align irregular movements of the face caused by apnea. If
there is an initial rotation based on the first image converted
to grayscale for image processing, the nose is vertically
aligned on the x and y axes by applying the initial angle to
the affine transformation. The ROI is defined as including
the entire nasal structure for feature extraction required for
tracking. The “mineigen features” were extracted from the
specified ROIs, and this was done using the “detect minei-
gen” function of MATLAB (version 2016b) program. The
quality parameters used in the function were changed for
each subject, and the optimal parameters were selected to
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Fig.4 Comparison of preprocessing between median and mean tem-
perature when outliers are present in the data

perform feature extraction. Four parameters were changed
to perform KLT tracking well: the number of image pyra-
mids that change the image resolution to find larger motion
[38], the threshold value of the bidirectional error when the
feature disappears [39], the range value at which each fea-
ture can move between frames, and the maximum iteration

counts. Figure 5 shows an example of a KLT trace. (a) shows
the state where the ROM is initialized in the first image
frame. (b), (c), and (d) show the process in which the ROM
is tracked and aligned, on the basis of the patient’s large
motion.

The KLT tracking in thermal images of the face differs
from the tracking in conventional RGB images. In contrast
to conventional RGB images, portions of contrast that can
be used as good feature points, such as lines, corners, and
edges, are clear. Conversely, in thermal images of the face,
the contrast is not shown because the temperature distribu-
tion is shown. To resolve this problem, median value image
transformation was performed to stably extract feature points
in successive image sequences during processing. This con-
version stably preserves the temperature characteristics of
the facial structure, allowing stable tracing even at less suit-
able feature points.

2.5 Block matching and extract graph

The goal of block matching is to obtain a well-aligned
image for the actual calculation in a roughly aligned
image. The region of measurement (ROM) is set to the
position where the temperature change related to respi-
ration is best observed in the first frame of the tracked
image sequence. In this experiment, the nostril region is
the ROM. We set this as the reference ROM and searching

Fig.5 The KLT Tracking (Kanade-Lucas—Tomasi) sequence example. a Initial frame, b 552 frame, ¢ 561 frame, d 603 frame. Thermal images

are captured at 10 frames/s
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window of the same size to find the position where the
sum of the absolute differences is the minimum and set
it as the next reference ROM. Since the maximum and
minimum temperatures fluctuate during the respiratory
cycle, observing the tendency of max—min temperature
can reveal the respiratory rate. Figure 6 shows an example
of block matching. (a) shows an example of reference and
searching windows in block matching. (b) Explains repre-
sentative results of difference values of multiple searching
windows, compared with the reference window. (1) dem-
onstrates a low value, and (2) shows a high value. Similar
to the previous reference window, this method reveals a
distribution with low variance (Fig. 7).

Apnea was defined as cessation of airflow for > 10 s with
a respiratory rate of <6 breaths/min, and hypopnea was
defined as a decrease in oxygen hemoglobin of > 4%, com-
pared to baseline [40]. We recorded the time when apnea

Reference window
hr— ~
9
/ \
’

(a)

was detected using the two devices, RVM and IRT. In addi-
tion, the time at which SpO, decreased by more than 4%
compared to baseline was recorded. When hypoxemia (SpO,
< 90%) was detected, the patient was immediately awakened
to induce spontaneous breathing and additional oxygen was
provided through a facial tent mask.

2.6 Statistical analysis

Statistical analysis was performed with SAS (version 9.4,
SAS Inc., Cary, NC, USA) and R (version 3.4.3; http://
www.R-project.org). Regarding demographic data, values
are expressed as mean + standard deviation (SD), median
(95% confidential interval), or as integers (for count data).
For validation of IRT for the detection of respiratory rate
per min, intra-class correlation between RVM and IRT was
used. Because we applied all three methods simultaneously

Fig. 6 Block Matching Process. a An example of reference and searching windows in block matching. b Representative results of difference val-
ues of multiple searching windows, compared with the reference window. (1) Demonstrates a low value, and (2) shows a high value
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Fig.7 Schematic representation of T1, T2, and T3 in a representa-
tive subject. T1, Time required to observe apnea by IRT camera after
midazolam injection; T2, Time required to observe apnea by RVM
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to one patient, we analyzed by using the stratified log-rank
test, rather than the unmodified/standard log-rank test. The
overall test was performed comparing among the three meth-
ods; pairwise comparisons were performed with Bonferroni
correction. In addition, since T1, T2, and T3 did not follow
normal distributions, the overall difference was tested by
the non-parametric Friedman’s test; pairwise tests were per-
formed with Wilcoxon’s signed rank tests. Similarly, multi-
ple comparisons were adjusted using Bonferroni correction.

3 Results

Twenty patients (19 males, 1 female) were enrolled in this
pilot study (Table 1). All subjects underwent urologic endo-
scopic procedures (TURP or TURB). The mean age of sub-
jects was 68.9 +11.2 years, and mean body mass index of
the subjects was 24.2 +2.6 kg/min’. The mean dose of bupi-
vacaine administered for spinal anesthesia was 7.8 + 1.0 mg.
All subjects received 0.05 mg of midazolam per kg after
spinal anesthesia (Table 1. mean+SD; 3.16 +£0.41).

3.1 Correlation of RVM and IRT

Correlation between respiratory rate measured with two
devices (RVM and IRT) was determined by intra-class cor-
relation before midazolam administration. We obtained
respiratory rate measurement by two methods, RVM and
infrared, measured for 30 s in each patient. Therefore, we
considered repeated measures when estimating the correla-
tion between the two methods. The correlation coefficient
between RVM and infrared with repeated measures was
r=0.8659 (p <0.0001). Figure 8 shows the Bland—Altman
plot of the RR measured by RVM and infrared camera. The
validation test demonstrated a strong correlation of respira-
tory rate measured by RVM and IRT (Table 2).

Bland - Altman Plot

Difference RVM - Infrared

Average of RVM and Infrared

Fig.8 Bland-Altman plot of baseline respiratory volume monitor
(RVM) and infrared thermography (infrared)

3.2 Comparison of time to detection of change
in breathing pattern among three different
devices after midazolam administration

T1 was defined as the time at which apnea was first meas-
ured in the IRT after midazolam injection. We defined T2
as the first recorded time of <6 breaths/min in the RVM
after midazolam injection. T3 was defined as the time at
which SpO, began to drop below baseline 4%, or 90%,
after drug injection.

In all subjects, apnea was detected by IRT within
the first 5 min after midazolam administration. The
median time for the first observation of apnea with IRT
was 102.5 s, and IRT was the fastest method of measur-
ing apnea among the three methods. The difference was

Table 1 Patient demographics

and clinical characteristics Mean Standard deviation
Age (years) 68.9 11.2
Sex (male/female) 19/1
Body mass index (kg/m?) 242 2.6
Bupivacaine dose for spinal anesthesia (mg) 7.8 1.0
Midazolam dose for sedation (mg) 3.16 0.41
Peak sensory block level by spinal anesthesia (thoracic 7/8/9) (5/5/10)
Duration of operation (mm:ss) 41 min 26 s 12min 15s
TURP/TURB (16/4)
The difference between the maximum and minimum temperature 3.12 0.94

measured by infrared thermography during respiration (°C)

TURP transurethral resection of the prostate, TURB transurethral resection of the bladder
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Table? Cgmparison of apnea Median (s) IQR (25-75%) Overall T1 versus T2 T1 versus T3 T2 versus T3
detection time measured by
three methods T1 102.5 80-155 <0.0001  <0.0001** <0.0001 0.005%*

T2 142.5 115-185.2

T3 160 125-205

IRT infrared thermography, RVM respiratory volume monitor, 7/ Time required to observe apnea by IRT
camera after midazolam injection, 72 Time required to observe apnea by RVM after midazolam injection;
T3 Time required for SpO, to decrease after midazolam injection; values are median (interquartile 25-75%)

#5p <0.01

statistically significant as determined by stratified log rank
test (p <0.05).

The long-link test was performed among the three meth-
ods, and the pairwise comparison results were presented
with Bonferroni correction. Compared with T3, both T1
and T2 showed statistically significant differences. In addi-
tion, a statistically significant difference was also observed
when T1 and T2 were compared.

4 Discussion

The results of this study show that IRT detected apnea more
quickly compared to the use of RVM or evaluation of SpO,
in patients under sedation after spinal anesthesia. Compared
with evaluation of SpO,, when IRT was used, respiratory
deterioration could be detected 1 min earlier; respiratory
depression could be detected 40 s earlier than when RVM
was used. According to these results, IRT constitutes a rapid
diagnostic tool for respiratory depression in patients who are
susceptible to hypoxemia during monitored anesthesia care.

Patients undergoing surgery with spinal anesthesia are
frequently sedated to suppress awareness and to enhance
comfort. However, sometimes, even a small dose of benzo-
diazepine could cause unexpected deep sedation leading to
upper airway collapse and may cause severe arterial oxygen
desaturation. In this study, a novel non-invasive, non-contact
respiratory monitor was used to assess the component of
ventilation in endoscopic urologic procedures. The ASA
practice guidelines for sedation and analgesia indicate that
the primary causes of morbidity during sedation are drug-
induced respiratory depression and airway obstruction [41].
The guideline recommendations for ventilation monitoring
through observation or auscultation do not provide an objec-
tive measure of respiratory volumes. The inclusion of EtCO,
monitoring in procedural sedation procedures performed by
anesthesiologists provides a surrogate measure of ventila-
tion; however, this monitoring technique is not always avail-
able, is not a quantitative test, and has limitations.

In recent years, contactless monitoring tools are increas-
ingly being used, and IRT is being developed as an image
diagnostic tool in various medical fields [16-22, 42-48].

@ Springer

According to the data in this study, in patients under con-
scious sedation, IRT is comparable in reliability to other
non-invasive respiratory measurements, such as RVM, and
could detect respiratory deterioration sooner than RVM.

The greatest limitation of this study is that this was a
small-scale pilot study of 20 patients who underwent spi-
nal anesthesia. A large-scale follow-up study is needed to
determine whether respiration can be measured by applying
IRT in a variety of clinical situations and patient popula-
tions. Second, we did not measure respiration quantitatively.
Previous studies reported that respiratory rate-based alarm
cutoff monitoring would not only fail to detect low minute
ventilation events but would also capture numerous false-
positive events [27]. In addition, Castro et al. reported that
the respiratory depression effect of perioperative benzodiaz-
epine influences TV, rather than RR [49]. Further research is
needed to determine whether tidal volume can be measured
with IRT by calibrating the patient’s movements. Third, to
commercialize IRT as a medical monitoring device, it is
necessary to resolve the technical limitations of IRT itself.
For example, it is necessary to determine whether a sub-
tle temperature change can be detected in an environment
that involves extreme temperature changes, and whether the
breathing of the patient can be immediately monitored and
quantified. Therefore, we think that IRT should be used as
an auxiliary tool for devices that are already used in clinical
situations, such as RVM. Fourth, a simple comparison of
two devices with different measurement mechanisms could
be problematic in itself. RVM has been validated and com-
mercialized to measure the RR and TV of spontaneously
breathing patients. However, RVM is not designed to detect
apnea, but constitutes a device designed to calculate a low
respiration rate over an average of 30 s. Considering the
measurement principle, RVM is delayed in reporting hypo-
pnea with respect to IRT, so it may not be fair to compare
these two devices.

Notwithstanding, these limitations, the results of the pre-
sent study are significant in at least two major respects. First,
the IRT provides the possibility of non-contact respiratory
monitoring. In addition to patients with spinal anesthesia,
IRT may be a useful tool for patients in other clinical set-
tings, such as when using sedation for CT or MRI study.
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Second, this study aimed to overcome the limitations of the
current respiratory monitoring tools used in clinical prac-
tice. So far, hypoxic symptoms have been treated sympto-
matically only when hypoxia due to respiratory depression
occurs on administration of a sedative to the patient. Real-
time instant respiratory monitoring systems, such as IRT,
could detect apnea events before symptoms of hypoxia occur
and could prevent major complications, such as respiratory
arrest.

5 Conclusion

Our results suggest that IRT can be used for rapid detection
of respiratory changes in patients undergoing sedation fol-
lowing spinal anesthesia for endoscopic urologic procedures.
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