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Level-Set Segmentation-Based Respiratory
Volume Estimation Using a Depth Camera
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Abstract—In this paper, a method is proposed to measure
human respiratory volume using a depth camera. The level-
set segmentation method, combined with spatial and tem-
poral information, was used to measure respiratory volume
accurately. The shape of the human chest wall was used as
spatial information. As temporal information, the segmenta-
tion result from the previous frame in the time-aligned depth
image was used. The results of the proposed method were
verified using a ventilator. The proposed method was also
compared with other level-set methods. The result showed
that the mean tidal volume error of the proposed method
was 8.41% compared to the actual tidal volume. This was
calculated to have less error than with two other methods:
the level-set method with spatial information (14.34%) and
the level-set method with temporal information (10.93%).
The difference between these methods of tidal volume er-
ror was statistically significant (p < 0.0001). The intra-class
correlation coefficient (ICC) of the respiratory volume wave-
form measured by a ventilator and by the proposed method
was 0.893 on an average, while the ICC between the ven-
tilator and the other methods were 0.837 and 0.879 on an
average.

Index Terms—Respiratory volume, level-set method,
depth camera, non-contact, ventilator.

|. INTRODUCTION

REATHING is a critically important human physiological
B activity. Respiration volume has been used as an impor-
tant indication in the diagnosis and treatment of pulmonary
diseases that require rapid medical diagnosis and attentive care.
Therefore, it is important to measure respiratory volume and
evaluate pulmonary functions effectively. There have been nu-
merous studies on methods for measuring respiratory volume
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using, for example, electrical impedance tomography [1], body
plethysmography [2], and strain gauges [3]. However, these
methods require contact with the human body and may inter-
fere with respiration by causing a sense of physical limitation
or a feeling of irritation. To overcome these inconveniences,
several methods have been studied by which to measure the res-
piratory volume without the need for contact [4]-[6]. Among
the non-contact methods, the use of depth cameras has several
advantages. This method is capable of assessing regional pul-
monary function from asymmetrical movements of the chest
wall. Convenient installation allows measurement in a variety
of environments, and the cost of this method is low.

When calculating the respiratory volume using a depth cam-
era, it is important to distinguish the respiration-related region
in the depth image. In previous studies using depth cameras,
predefined regions [7] or joint points [8] were applied to dis-
tinguish the respiration-related region. The respiratory volume
was estimated by multiplying the difference of the depth value
by the actual size of the distinguished respiration-related region.

In this paper, a method is proposed by which to measure the
human respiratory volume from morphological changes of the
chest wall by distinguishing only the respiration-related region
using the level-set method. The result from estimation of respira-
tory volume using this method were verified by comparing them
with the respiratory volume measured with a ventilator. To show
that the proposed method outperforms the two other non-contact
methods presented in this paper, we compared the accuracy of
the respiratory volumes calculated by the various methods.

Il. METHODS
A. Experimental Setup

1) Experimental Settings: Respiratory activity was recorded
independently by a depth camera (Creative Sez3D) [9] and by
a ventilator. A sequence of separate depth images was recorded
with associated time stamps at 16 frames per second (fps).
The depth image resolution was 320 x 240 pixels. Fig. 1 shows
the experimental environment. In Fig. 1, the red box shows the
depth camera and blue box shows the ventilator. In experiments,
subjects were instructed to breathe as much air as was coming
from a ventilator for two minutes and to look at the front of
the camera. As the amount of air pumped from the ventilator
changed, the number of breath in 2 minutes varied from 25 to
35. The experiments were repeated three times while changing
the input volume from the ventilator per subject. The distance
between the camera and the subject ranged from 40 to 50 cm.
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Fig. 1. Experimental environment (red box: depth camera, blue box:
ventilator).

TABLE |
OVERVIEW OF INFORMATION ABOUT PARTICIPANTS IN THIS STUDY

Subjects Gender Age[years] BMI[kg/m?] CC[cm] AC[cm]
1 M 25 24.1 96 86
2 M 26 224 93 76
3 M 24 18.94 89 68
4 M 23 23.46 95 82
5 M 27 20.38 88 75
6 M 27 22.39 86 80
7 M 25 21.36 80 73
8 M 24 24.58 95 85
9 M 25 22.09 89 73
10 M 25 25.73 93 81

Mean 25.1 22.54 90.4 77.9
STD 1.3 2.02 49 5.8

*CC: Chest circumference, AC: Abdominal circumference, STD: Standard deviation

The output of the ventilator was used as a standard to evaluate
the respiratory volume. The ventilator used in the experiment
was a Hamilton G5 (Hamilton Medical AG) [10].

2) Clinical Settings: For the experiment, 10 male sub-
jects (age = 25.1 £ 1.3 y, BMI = 22.54 4 2.02 kg/m?, chest
circumference = 90.4 + 4.9 cm, abdominal circumference =
77.9 £ 5.8 cm) without lung disease were recruited. Table I
shows the information about the subjects. The experiment in this
study was performed at Severance Hospital and was approved
by the Institutional Research Board of Severance Hospital (ref-
erence number 1-2015-0054). The subjects voluntarily agreed
prior to the experiment to participate in this clinical study and
written informed consent was obtained from each participant.

B. Respiration-Related Region

The main body parts involved in respiration include the air-
ways, the lungs, the blood vessels connected to the lungs, and the
muscles involved in respiration [11]. Among these body parts,
respiratory muscles cause changes that can be observed with
a camera. The respiratory muscles consist of the diaphragm,
the intercostal muscles, and the muscles that support breathing
[12]. During inspiration, the chest wall and cavity expand due
to contraction of the intercostal muscles and the diaphragm.
When a person inhales air, intercostal muscles between the ribs

enlarge the chest cavity. The dome-shaped diaphragm contracts
downward and becomes flat. The flattened diaphragm pushes
the viscera and produces a visible outward movement of the
abdominal wall. During expiration, the intercostal muscles be-
tween the ribs relax, which causes the chest cavity to compress.
The diaphragm also relaxes and moves upward into the chest
cavity. This returns the viscera to their original position and re-
tracts the abdominal wall. For this paper, the respiration-related
region was defined as the region of the chest wall that shows an
outward bulge due to the action of the intercostal muscles and
diaphragm.

C. Level-Set Method

The level-set method was used to distinguish only the
respiration-related region. In the sequence of depth images, spa-
tial and temporal information was combined with the level-set
method. The shape of the human chest wall was used as spatial
information. As temporal information, the respiration-related
region segmented from the previous frame in a time-aligned
depth image was used.

1) Spatial Information: While breathing, the chest wall
moves in a pattern related to respiration by the muscles as-
sociated with breathing. In contrast, body parts other than the
chest wall, such as arms, have motions unrelated to respiration.
Therefore, regions showing non-respiratory movement need to
be excluded. Traditional level-set methods such as the Chan-
Vese method [13] are often used in image segmentation meth-
ods. Nevertheless, traditional segmentations tend to fail when
images are corrupted or when object boundaries are ambiguous.
In the depth image, there is a limitation in distinguishing the
chest wall region because the depth values of the chest wall
and the arm regions are similar. To solve this problem, level-set
segmentation was used along with the shape-prior knowledge
method [14] proposed by C. Arrieta. This method adds an en-
ergy term for shape-prior knowledge to the Chan-Vese method.
This energy term forces the curve to separate properly, these
ambiguous boundaries by measuring dissimilarity in the shape
from prior knowledge and the evolving curve. The dissimilarity
of the shape can be calculated using (1).

Eshape - d2(¢7¢()) = A(H (¢ (QTAf_F M))
— H(¢o(7)))*di M

where Z is a location vector, and ¢ and ¢ are signed distance
functions of the evolving curve and a shape prior, respectively.
H(4(%)) is the Heaviside function of ¢(Z), €2 is the image
domain, and @, A, and M are the eigenvectors, eigenvalues, and
center of gravity of ¢. In (1), the dissimilarity is measured in
the normalized coordinate system by rotating, translating, and
scaling. To obtain the evolution equations, we need to calculate
the derivative of (1) with respect to ¢, which can be expressed
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as (2).
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where 0 is the Dirac delta function and D(¢, ¢y) is defined
in (3).

D(¢,¢0) = H($(7)) — H(¢o(QTAT+ M)))  (3)

This method was used to distinguish the chest wall region in
the depth image. As shape-prior knowledge, a manually sepa-
rated chest-wall shape was used and described as spatial infor-
mation.

2) Temporal Information: Movement of the chest wall while
breathing causes changes observable with a depth camera. These
are indicated as changes in the depth value over time. How-
ever, changes in depth value that are unrelated to respiration
also appear. The location where the depth change occurs gives
information to distinguish the respiration-related region. It is
suitable for use in respiration probability estimation. For in-
stance, if the location of the depth change is in the chest wall re-
gion, it is likely that the change is caused by respiration activity.
Therefore, we define the respiration-region information function
with (4).

1, reWw

P(@) = {H(qﬁ(:ﬁ'))7 otherwise @

where W is the chest wall region that is the result of the shape
prior level-set method. When a depth change occurs outside
the chest wall region, p(Z) is decreased by the Heaviside func-
tion. This means that if depth change occurs far away from the
chest wall region, the probability that this change is caused by
respiratory activity gets low.

Using the level-set method with the region information was
proposed by Gang [15]. Like the shape prior level-set, this
method adds an energy term to the region information func-

tion, which is defined in (5).
Sl

rﬁgmn =

where I F' is the interior field of the curve. The integral in (5) is
used to find the boundary of the curve where F,.g;0, is mini-
mized. To obtain the evolution equations, we need to calculate
the derivative of (5). The derivation result is expressed in (6).

aEregion N N7 dy dx
Zregion N=(= -= 6
<ds7 ds) ©)

where N is the outer vector that represents the evolution direc-
tion of the curve, and s is the arc length parameter. This method
attempts to distinguish depth changes only in the respiration-
related region. Therefore, the region based level-set method is
performed on the difference depth image. This image can be
obtained by calculating the difference between the depth image
of the current frame and the previous frame.

3) Adaptive Function Modeling: The respiration-related re-
gion continuously grows larger and smaller in response to the
respiration. If camera noise or movement other than respiration
is present, there will be a change for a short period and this
change will appear in a discontinuous location in the depth dif-
ference image. Based on these characteristics, an adaptive region
information function is proposed to distinguish the respiration-
related region in the current frame by weighting the region that
was segmented as the respiration-related region in the previous
frame. This function is defined in (7).

() = 1+ f(Z), ZeW;
P H(¢(Z)), otherwise
T‘IT[7 re Rt71;¢t71 (f) >TH
f@) =4 1(@), TE€R_1,0<,1(X)<TH ()
0, G111 (7) <0

where R;_; is the segmented respiration-related region of the
previous frame and ¢, _; is the signed distance function of R;_;.
Here, f(&) is a function that transfers the weight of the result of
the previous frame. In f(Z), a threshold was applied to avoid re-
peatedly adding large weights to a specific region. In this paper,
the threshold was set to ‘1’ for all subjects. This adaptive region
information function was applied from the second iteration in
the region-based level-set method.

D. Respiratory Volume Estimation

After distinguishing the respiration-related region, the res-
piratory volume can be calculated based upon the respiration-
related region. In the sequence of depth images, the location of
the pixels, 7, within the respiration-related region is determined
in each depth image. The volume change can be obtained by
calculating the difference of the current depth image and the
previous depth image. The difference volume V at a specific
point in time can be obtained using (8).

V=> (U - L) x C(F’ ®)
deR

where U and L is the current and previous frame of the depth
image, respectively. C is the coefficient that translates the mea-
surement unit from pixel number to actual length (mm). This
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Fig. 2. Relationship between distance and actual pixel length.

coefficient is represented by the following linear function.
C () =0.0041 x d () +0.0046 ©)

where d is the depth value for the pixel location Z. As shown
in equation (9), the coefficient C is selected according to the
depth value for each pixel in the separated respiration-related
region. Equation (9) represents the relationship between the
sensing distance and the actual pixel length. The relationship
between these two variables can be obtained by dividing the
number of pixels corresponding to the region of the fixed size
object in the depth image while changing the sensing distance.
The experimental results for the relationship between these two
variables are shown in Fig. 2. In Fig. 2, it can be seen that the
actual pixel size increases with distance.

If the length of the depth frame acquired in the volume mea-
surement is k, the volume difference for each depth image forms
a separate time series {V(t)}¥_; of length k. In this paper, the
series of difference volumes {V(t)f:1 was defined as the respi-
ratory volume waveform. The respiratory volume in each breath
is estimated by detecting the peak and valley points of the res-
piratory volume waveform.

E. Evaluation Parameters

1) Tidal Volume Error: Tidal volume error can be calculated
using equation (10). In equation (10), V' D and VV are the res-
piratory volume of each breath corresponding to the respiratory
volume waveform calculated from the method presented in this
paper and the respiratory volume waveform obtained from a
ventilator. Index i represents the index corresponding to each
breath in the respiratory volume waveform. As shown in equa-
tion (10), the tidal volume error can be obtained by calculating
the difference in respiratory volume for each breath and then
calculating the average of the differences.

number of breaths |VD, -V V|

i

Tidal Volume Error=

number of breaths
(10

2) Volume Waveform Error: Volume waveform error can
be calculated using equation (11). In equation (11), WD and
WYV are the respiratory volume waveform calculated from the
method presented in this paper and that from the ventilator. T

and t denote the total time length of the respiratory volume
waveform and the index of the specific time point, respectively.
As shown in equation (11), the volume waveform error is ob-
tained by subtracting the difference in the waveform at each time
point and calculating their summation. In this paper, 2-minute
length respiratory volume waveforms obtained from the exper-
iment were used to calculate the respiratory volume waveform
error.

ZtT: 0 |WDt - WVt|
i WV

x 100
(1)

3) Intra-Class Correlation: The model used to calculate the
ICC was the 2-way fixed effects model (among the 10 ICC
models defined by McGraw and Wong [16]). This model was
chosen because all of the experimental data was acquired using
the same equipments and using specific equipment (the ven-
tilator and depth camera). Moreover, the ICC definition was
selected as absolute agreement because ICC is calculated to see
how closely the volume waveform acquired from a ventilator
matches the volume waveform of the method proposed in this
paper. The ICC can be calculated using equation (12). In equa-
tion (12), M Sy and M S, represent the mean square between
two volume waveforms to be compared for each time point and
mean square within each waveform. M Sy indicates the mean
square for the error between the two volume waveforms. In
this case, k and n represent the number of volume waveforms
to be compared and the number of samples of the waveform,
respectively.

Volume Waveform Error =

oo — MSg — MSg
© MSp+(k—1)x MSp + £ x (MSec — MSg)
(12)
lll. RESULTS

We measured the respiratory volumes of 10 subjects with a
ventilator and a depth camera. To evaluate the respiratory vol-
ume measurement system, the segmentation result using spatial
information and time information was compared with the tradi-
tional method in the spatial domain. In addition, the respiratory
volume waveforms obtained by the proposed method and by
the other methods presented in this paper were compared to the
waveform of the ventilator. A validation test was performed to
verify the accuracy of the respiratory volume.

A. Level-Set Method With Spatial Information

Fig. 3 shows the segmentation result of the chest wall region in
a depth image. On the upper body of a human, it can be seen that
the boundary between regions is ambiguous because the depth
values of the chest wall region and the arm region are similar, as
can be seen in Fig. 3(a). Due to the ambiguous boundaries, the
conventional Chan-Vese level-set method separates the entire
upper body including the region shown in Fig. 3(c). On the
other hand, the level-set method using shape information can
separate the chest wall region despite the ambiguous boundaries,
as shown in Fig. 3(d).
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Fig. 3. Segmentation result for the chest wall region in a depth image.
(a) Depth image of human body. (b) Shape prior. (c) Chan-Vese level-set
segmentation result. (d) Shape prior level-set segmentation result.

(a) (b)

Fig. 4. Visualization of the region information function. (a) Segmented
chest wall region. (b) Region information function p(Z).

B. Level-Set Method With Temporal Information

The level-set method with temporal information uses the re-
gion information function. This function uses the segmented
chest wall region shown in Fig. 4(a). In Fig. 4(b), this function
generates a force that causes the depth change to be regarded as
a respiration-related region if the changing point is within the
chest wall region. On the other hand, if the changing point is far
away from the boundary of the chest wall region, the opposing
force is strengthened.

To distinguish the respiration-related region where the depth
value actually changes, the respiration-related region was sep-
arated in the difference depth image. The difference depth im-
age is shown in Fig. 5(a). The brighter pixel intensity means
that there was strong motion in the difference depth image.
In Fig. 5(a), it can be seen that strong motion occurred in the
chest wall region, the arm boundary, and at the corners of the
difference depth image. The conventional Chan-Vese level-set
method separates all the depth changes in the difference image
as shown in Fig. 4(b). On the other hand, the region-based level-
set separates only the depth change in the chest wall region, as
shown in Fig 4(c).

(b)

Fig.5. Segmentation result of respiration related-region. (a) Difference
depth image. (b) Chan-Vese level-set segmentation result. (c) Region-
based level-set segmentation result.

Fig. 6. Segmentation result according to the use of the adaptive in-
formation function. (a) Segmentation result of the previous frame R;_; .
(b) Visualization of adaptive information function. (c) Segmentation re-
sult without using adaptive information function. (d) Segmentation result
using adaptive information function

C. Level-Set Method With Adaptive Function

An adaptive region information function was used to dis-
tinguish drastic changes in depth values due to noise or non-
respiratory movement from those in the respiration-related re-
gion. This function was also used to include small changes in
depth values due to respiration-related movement. This func-
tion takes the consecutive characteristics of the respiration into
account, weights the respiration-related region from the pre-
vious frame to exclude the region changed by non-respiratory
movement, and incorporates regions with little change into the
respiration-related region. Fig. 6(a) represents the respiration-
related region in the previous frame. The adaptive information
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Fig. 7. Respiratory volume waveform and waveform error obtained by
different level set methods.

function is affected by this region and it is similar to the
region information function. However, unlike the region in-
formation function, the result of the previous segmentation
is added as a weight to the chest wall region, as shown in
Fig. 6(b). These weights ultimately affect the segmentation
result. Fig. 6(c) and Fig. 6(d) show the segmentation result
without or with the use of the adaptive information function.
When not using this function, it can be seen that the small
depth value changes in the abdominal region are excluded in
the respiration-related region. However, when using the adap-
tive information function, it can be seen that the segmentation
result was affected by the previous segmentation result, and that
small depth value changes are included in the respiration-related
region.

D. Pulmonary Measurement Test

Methods presented in this paper were applied to measure the
pulmonary function of 10 subjects. Subjects were instructed to
exhale the air through a ventilator to perform actual breath-
ing. In this test, the proposed method (level-set method with
adaptive function) and other methods presented in this paper
(Ievel-set method with spatial information and level-set method
with temporal information) were compared with the respira-
tory waveform and tidal volume calculated by a ventilator.
The amount of respiratory input from the ventilator was set to
10 times, 15 times, and 20 times the predicted body weight
(PBW) of the subject. Fig. 7 shows the respiratory volume wave-
form and waveform error obtained using the different methods.
In the volume waveform, it can be seen that the volume wave-
form using level-set with the adaptive function method shows
good agreement with the ventilator waveform. In addition, the
volume waveform error is least at the peak and valley points,
which is important when calculating the tidal volume. Table II
shows the result of calculating the tidal volume error, volume
waveform error, and intra-class correlation. Three subjects were

excluded due to an abnormal ventilation leak and to body move-
ment that was synchronized with breathing. In Table II, the mean
tidal volume error was the smallest with the proposed method
(8.41%), which is the level-set method with adaptive function.
The mean respiratory volume waveform error was the small-
est with the proposed method (25.09%). Moreover, the mean
intra-class correlation showed the highest value with the level-
set method with adaptive function (ICC = 0.893). Mean values
of the evaluation factors for the level-set method with spatial
information were 14.34%, 35.92%, and 0.837, which include
the highest error and the lowest correlation. Likewise, the mean
values of the evaluation factors for the level-set method with
temporal information were 10.93%, 29.59%, and 0.879. For
most cases, the proposed method showed better performance
in terms of tidal volume error, respiratory volume waveform
error, and intra-class correlation than other methods did. As a
result, it was confirmed that the proposed method calculated the
tidal volume with smaller error, and that the intra-class corre-
lation was also higher. Also, all methods showed differences
in tidal volume error, respiratory volume waveform error, and
intra-class correlation. The Kruskal-Wallis test was used to see
if there was a statistically significant difference in the mean
tidal volume error between various methods. Each sample used
in the Kruskal-Wallis test consisted of the tidal volume error
calculated for each breath in the volume waveform. Table III
shows the result of the Kruskal-Wallis test. It was confirmed
that there was a statistically significant difference between the
methods for the mean tidal volume error (p < 0.0001). Dunn’s
multiple comparison test was used to examine whether differ-
ences between groups were statistically significant. As a result,
it was found that the differences between all the methods were
statistically significant.

E. Dynamic Respiration-Related Region

During respiration, the morphological changes of the chest
wall occur as the air moves into and out of the lungs, increasing
and decreasing the volume of the chest wall by the muscles
involved in respiration. Fig. 8 shows dynamic changes in the
respiration-related region and respiratory volume waveform
according to each method. Fig. 8(a) shows the laminated
respiration-related region and its cross section over time
using shape prior information. In Fig. 8(a), it is hard to
find a pattern that matches the cross section of the laminated
respiration-related region with the volume waveform in
Fig. 8(d). Fig. 8(b) shows the laminated respiration-related re-
gion and its cross section over time using region-based infor-
mation. In Fig. 8(b), the cross-sectional pattern of the laminated
respiration-related region shows a pattern different from the pat-
tern that appears in the cross section in Fig. 8(a). However, the
pattern of the cross section of the laminated respiration-related
region does not match the pattern of the respiratory volume
waveform. Fig. 8(c) shows the laminated respiration-related re-
gion and its cross section over time using adaptive function.
Unlike other methods, it can be seen that the respiratory volume
waveform shows same pattern that appears in the cross section
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TABLE Il
COMPARING EVALUATION FACTORS BETWEEN DIFFERENT METHODS
. . Level-set method with spatial Level-set method with temporal  [Level-set method with adaptive function
Subject Information . . . .
information information (proposed method)
. Respiratory . Respiratory . Respiratory
. Input Volume Tidal Volume | Intra-class Tidal Volume | Intra-class Tidal Volume | Intra-class
Subject No. Volume . Volume . Volume .
(mm) Error (%) Waveform | Correlation Error (%) Waveform | Correlation Error (%) Waveform | Correlation
Ort7) | Error (%) Ot )| Error (%) Ort7) | Error (%)
780 10.49 18.39 0.946 9.12 14.74 0.968 10.13 14.05 0.965
2 1200 15.57 2473 0.900 9.38 19.02 0.942 5.49 12.44 0.965
1500 17.31 25.45 0.888 14.03 21.86 0.916 8.9 14.88 0.958
730 16.38 38.19 0.808 7.36 22.40 0.925 6.68 26.51 0.881
3 1100 28.01 3591 0.768 15.93 22.94 0.900 6.49 17.51 0.938
1500 10.22 22.37 0.907 9.46 14.68 0.955 9.63 14.69 0.955
780 14.11 38.42 0.844 7.54 21.21 0.934 8.29 22.86 0.915
5 1200 18.11 39.03 0.817 13.77 25.72 0.909 11.51 18.67 0.948
1600 14.26 48.02 0.763 13.70 38.14 0.794 4.45 28.83 0.872
680 11.68 39.12 0.820 11.34 42.40 0.805 11.89 40.18 0.795
6 1000 15.43 38.42 0.839 13.83 36.35 0.853 11.56 35.05 0.863
1400 12.54 68.66 0.625 11.85 66.47 0.677 11.34 62.1 0.633
650 14.63 67.24 0.698 13.75 62.60 0.720 9.71 38.78 0.844
7 1000 15.85 43.93 0.829 11.37 36.86 0.859 9.91 34.94 0.868
1300 10.85 35.68 0.842 8.30 27.39 0.883 7.89 29.01 0.913
720 17.83 37.18 0.824 7.63 23.30 0.920 5.95 18.43 0.958
8 1100 10.07 30.50 0.880 8.64 22.27 0.924 6.73 16.12 0.951
1400 10.34 19.70 0.928 9.76 16.27 0.953 6.7 11.96 0.969
730 18.67 30.51 0.871 15.29 29.11 0.886 6.33 19.48 0.946
9 1100 9.98 19.54 0.934 8.79 22.43 0.922 8.57 20.59 0.91
1500 8.82 33.25 0.834 8.67 35.19 0.822 7.5 35.13 0.81
Without Mean 14.34 35.92 0.837 10.93 29.59 0.879 8.41 25.09 0.893
Outlier STD 4.29 13.14 0.076 2.70 13.69 0.076 2.16 12.12 0.081
*STD: Standard deviation
TABLE Il
COMPARISON OF MEAN DIFFERENCE BETWEEN GROUPS
USING KRUSKAL-WALLIS TEST 1
|
Kruskal-Walli s
Groups Mean rank df p-value ruskal-\aflis i
statistic ;
SP 1070.34 3 <0.0001 1554 !
e @ ®) ©
RB 856.15 e =
AR 703.01 g™
AR vs RB AR vs SP RB vs SP e
Yes Yes Yes .
o ; R o——— w ,s
*AR: Adaptive region method, RB: Region based method, SP: Shape prior method (d)
of the laminated respiration-related region. The variation of the ) o . . -
p g Fig. 8. Visualization of dynamic changes in the respiration-

respiration-related region according to the respiration pattern
demonstrates that the proposed method has well separated mor-
phological changes influenced by respiration. It can also be seen
that the respiratory volume waveform calculated by the proposed
method is closest to the respiratory volume waveforms of the
ventilator.

[V. DISCUSSION

During respiration, there are morphological changes in the
chest wall that include changes in the size of the chest wall

related region over time among different methods. (a) Laminated
respiration-related region using shape prior information. (b) Laminated
respiration-related  region using region based information.
(c) Laminated respiration-related region using adaptive function.
(d) Respiratory volume waveform based on the segmentation results of
each method.

region in the spatial domain and in the depth value in the time
domain. Given this situation, the level-set method, combined
with spatial and temporal information, was used to distinguish
the change in the spatio-temporal region affected by respiration
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activity. As a result, a dynamic change in the size of respiration-
related region was confirmed. Moreover, dynamic change in the
respiration-related region was synchronized with the respiratory
volume waveform pattern and demonstrated that the proposed
method well-separated morphological changes influenced by
respiration.

When modeling the adaptive function, a threshold of ‘1’ was
set for all subjects to prevent repetitive addition of large weights
to a specific region. This threshold was set empirically to a
value that best segmented the respiration-related region when
the level-set method was applied. The significant statistical dif-
ference between the two methods (adaptive region and region
based) is due to the adaptive function. The level-set method
with temporal information isolates the respiration-related re-
gion using the energy function which simply isolates the region
exhibiting a certain depth difference in the chest wall region.
However, the level-set method with adaptive function isolates
the respiration-related region using the adaptive region informa-
tion function. This function takes the consecutive effects from
respiration into account, weights the respiration-related region
from the previous frame to exclude regional changes caused
by non-respiratory movement, and incorporates the parts of the
region with little change into the respiration-related region. To
calculate accurate tidal volume, all regions influenced by breath-
ing should be included in the respiration-related region. Unlike
the level-set method with temporal information, the adaptive re-
gion information function distinguishes regions where changes
are caused by respiration, allowing calculation of tidal volume
to be more accurate.

In the pulmonary measurement test, the experimental outliers
were excluded and analyzed. Experimental outliers included
cases where the respiratory volume waveform of a ventilator was
not calculated accurately due to an abnormal ventilation leak,
and the movements of the body synchronized with breathing
were so severe that they interfered with the volume calculation.

Various ventilator input volumes were set in the pulmonary
measurement test. These changes were to see if the accuracy of
the measured tidal volume changed according to whether the
input value was low or high. It was confirmed that there were
significant linear relationships between BMI, vital capacity,
and total lung capacity [17]. Because the vital capacity and
total lung capacity varies from person to person, ventilator
inputs were set at 10 times, 15 times, and 20 times the PBW.
As a result, in Table II, there was no change in the accuracy of
the measured tidal volume according to the various input tidal
volumes. In addition, large input volume (20 times PBW) was
tested to see if this technique could be used in a deep breathing
trial. An incentive spirometer is used for deep breathing
trials, but devices with mouth-pieces are difficult to use
with tracheostomy patients. At the beginning of the design
process for this study, it was appreciated that this technique
might be used as an alternative to an incentive spirometer for
tracheostomy patients.

The chest circumference of the subjects was in the range 80
to 96 cm and abdominal circumference was in the range 68 to
86 cm. No influence of subject chest or abdominal circumfer-

ence on the tidal volume error could be found in the experimental
results (Table II). Excluding the failed cases, the subject with
the largest chest and abdominal circumference (Subject No. 8),
as well as the subject with the smallest (Subject No. 7) had no
particularly small or large tidal volume error compared to the
other subjects. This was also true of the subject with the smallest
abdominal circumference (Subject No. 3). Even if the chest and
abdomen circumference had influence on the measurements, the
affect would be so weak that it is unlikely to have a measurable
impact on the calculated result of the tidal volume or respiratory
volume waveform.

Depth images were recorded at 16 frames per second. In
our experiments, subjects breathed once every 3—4 seconds.
This is about 60 frames per respiration. Therefore, to process
the algorithm, 60 frames of depth image per respiration are
needed. The computational time required to produce the result
of one respiration cycle (about 60 depth images) was about
603 seconds using an Intel Core 17-4770 CPU (3.40 GHz).
This required computational time was mostly used to perform
the level set method. The level-set method was performed in
spatial domain and temporal domain. The level-set method us-
ing spatial information was performed in spatial domain (387
seconds) first. Using this result, the level-set method using adap-
tive information function was then performed in temporal do-
main (214 seconds). It took about 2 seconds to calculate the vol-
ume waveform. When using the conventional level-set method
(Chan-Vese method), it took about 198 seconds to produce the
result. Additional calculation time was required when perform-
ing the level-set method using spatial information because this
method needs to calculate an energy term for the shape-prior
knowledge.

V. CONCLUSION

In this paper, a level-set segmentation method combined with
spatial and temporal information was proposed to measure respi-
ratory volume using a depth camera. The proposed method was
evaluated by comparing tidal volume error, respiratory volume
waveform error, and intra-class correlation with ventilator data.
The proposed method was compared with two the other methods
and the proposed method achieved higher accuracy in calcula-
tion of the evaluation factors than the other level-set methods
did (proposed method: 8.41%, 25.09%, and 0.893; with spatial
information only: 14.34%, 35.92%, and 0.837; with temporal
information only: 10.93%, 29.59%, and 0.879). There was also
a statistically significant difference (p < 0.0001) between these
methods. Therefore, it is confirmed that the proposed method
calculates the respiratory volume more accurately than other
methods do.

REFERENCES

[1] U. Krause, K. Becker, G. Hahn, J. Dittmar, W. Ruschewski, and T. Paul,
“Monitoring of regional lung ventilation using electrical impedance to-
mography after cardiac surgery in infants and children,” Pediatric Cardiol.,
vol. 35, no. 6, pp. 990-997, Aug. 2014.

[2] B. M. Borg and B. R. Thompson, “The measurement of lung volumes us-
ing body plethysmography: a comparison of methodologies,” Respiratory
Care, vol. 57, no. 7, pp. 1076-1083, Jul. 2012.



1682 IEEE JOURNAL OF BIOMEDICAL AND HEALTH INFORMATICS, VOL. 23, NO. 4, JULY 2019
[3] E.J. Ciaccio, M. Hiatt, T. Hegyi, and G. M. Drzewiecki, “Measurement  [10] Hamilton Medical AG, Hamilton G5. [Online]. Available:
and monitoring of electrocardiogram belt tension in premature infants for https://www.hamilton-medical.com/Products/Mechanical-ventilators/

assessment of respiratory function,” Biomed. Eng. Online, vol. 6, no. 13, HAMILTON-GS5.html. Accessed on: 2018.
pp. 1-11, Apr. 2007. [11] “How the lungs work,” PubMed Health, June 11, 2014. [Online]. Avail-

[4] Y. S. Lee et al., “Non-contact measurement of respiratory function and able: https://www.ncbi.nlm.nih.gov/pubmedhealth/ PMHO0063039/
deduction of tidal volume,” in Proc. 36th Annu. Int. Conf. IEEE Eng. Med. [12] A. Ratnovsky, D. Elad, and P. Halpern, “Mechanics of respiratory mus-
Biol. Soc., 2014, pp. 594-597. cles,” Respiratory Physiol. Neurobiol., vol. 163, no. 3, pp. 82-89, Nov.

[5] Y. S. Lee, P. N. Pathirana, R. J. Evans, and C. L. Steinfort, “Noncontact 2008
detection and analysis of respiratory function using microwave Doppler  [13] T. F. Chan and L. A. Vese, “Active contours without edges,” IEEE Trans.
radar,” J. Sensors, vol. 2015, 2015, Art. no. 548136. Image Process., vol. 10, no. 2, pp. 266-277, Feb. 2001.

[6] P. Nguyen et al., “Continuous and fine-grained breathing volume moni-  [14] C. Arrieta, C. Sing-Long, S. Uribe, M. E. Andia, P. Irarrazaval, and C.
toring from afar using wireless signals,” in Proc. IEEE INFOCOM 35th Tejos, “Level set segmentation with shape prior knowledge using intrinsic
Annu. Int. Conf. Comput. Commun., 2016, pp. 1-9. rotation, translation and scaling alignment,” in Proc., IEEE 12th Int. Symp.

[71 M.-C. Yu et al., “Noncontact respiratory measurement of volume change Biomed. Imag., 2015, pp. 1568-1571.
using depth camera,” in Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., ~ [15] G. Yu, P. Lin, P. Li, and Z. Bian, “Region-based vessel segmentation
2012, pp. 2371-2374. using level set framework,” Int. J. Control. Automat. Syst., vol. 4, no. 5,

[8] S. Transue et al., “Real-time tidal volume estimation using iso-surface pp. 660-667, Oct. 2006.
reconstruction,” in Proc. IEEE st Int. Conf. Connected Health Appl. Syst. ~ [16] T. K. Koo and M. Y. Li, “A guideline of selecting and reporting in-
Eng. Technol., 2016, pp. 209-218. traclass correlation coefficients for reliability research,” J. Chiropractic

[9] Creative Technology Ltd. CREATIVE SENZ3D. [Online]. Avail- Med., vol. 15, no. 2, pp. 155-163, 2016.
able: http://asia.creative.com/p/web-cameras/creative-senz3d. Accessed [17] R. L. Jones, and M. M. U. Nzekwu, “The effects of body mass index on

on: 2018.

lung volumes,” Chest J., vol. 130, no. 3, pp. 827-833, Sep. 2006.


http://asia.creative.com/p/web-cameras/creative-senz3d
https://www.hamilton-medical.com/Products/Mechanical-ventilators/HAMILTON-G5.html
https://www.hamilton-medical.com/Products/Mechanical-ventilators/HAMILTON-G5.html
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0063039/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


