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Abstract—Accurate respiratory tracking is essential for tar-
geting dynamic organs during oncology procedures, yet current
solutions struggle in constrictive clinical environments like MRI
and radiotherapy suites. We propose a novel, low-profile respira-
tory tracking device using only a nasal cannula and remote flow
sensing to overcome these limitations. The system was evaluated
in two experiments: a flow distance study confirming signal
fidelity across 20 meters of tubing (Pearson correlation = 0.9938
+ 0.0021), and a flow mapping study showing that the cannula
captured 1% of total respiratory flow and, when scaled, could
show the full respiratory cycle. The device was also tested in
the MRI suite. These results demonstrate the feasibility of a
simple, non-invasive solution for accurate respiratory monitoring
in constrained clinical settings.

Index Terms—Sensing, Gas sensing, flow sensing, organ track-
ing, respiration gated imaging, MRI, radiotherapy, tidal volume

I. INTRODUCTION

Across any medical intervention, accuracy is paramount
to treatment success. This objective is straightforward in
static target locations, but in dynamic organs, various natural
motions, mainly respiratory motion, complicate procedural
delivery [1]. Targeting these dynamic organs is especially
important in oncology. Cancers of abdominal organs and the
lungs are highly dynamic and account for 23.5% of the US
cancer burden and 38.3% of cancer mortality [2].

Given that many cancer treatments like radiotherapy and
ablations are highly destructive, accurate targeting of the
tumor location is important [3], [4]. This is why radiotherapy
commercially pioneered respiratory tracking in systems like
the CyberKnife and Radixact in order to predict tumor location
[5]. These original methods of tracking were highly invasive,
utilizing the implantation of fiducials and tracking via 4DCT
scanning [6]. However, this additional risk and procedure time
led to the development of less invasive approaches including
body-mounted sensors and camera-based systems.

Camera-based approaches typically use fiducials mounted
to the abdomen and track their displacement to estimate the
respiratory cycle [7], [8]. Body-mounting sensors are more
diverse in application and include an inertial measurement unit
(IMU) [9], pneumatic padding [10], and strain sensing [11].
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While these systems have their merits, they are not suited for
constrictive environments that are becoming more prevalent
in cancer treatments. The magnetic resonance imaging (MRI)
suite [12] and proton and photon therapy centers [13] specif-
ically have achieved significant growth and saturation.

Body-mounted solutions have two major issues in these
environments. First, traditional electronic components are
heavily damaged either through the magnetism of the MRI
[14] or the bombardment from radiation [15]. Second, they
often need to work in conjunction with other devices that
obscure the body. In MRI-guided interventions, unobstructed
access to the abdomen is required either by the clinician or a
robotic system delivering a needle in order to maintain simple
surgical workflows [16]. In proton and photon therapy, patients
are in a body-fitting brace across the entire torso to control
their position, not allowing for body-mounted devices [17].
Camera-based approaches have similar limitations. In both
application areas it is complicated to get a clear view of the
abdomen, either due to the ergonomics of the closed-bore of
the MRI scanner or due to the aforementioned brace over the
torso. Additionally, these systems are subject to interference
from other motions not directly related to respiration and
can be inaccurate. This can be solved by directly measuring
respiration using tools like nasal cannulas as has been explored
in sleep tracking [18], [19], though these applications remain
untested in constrained clinical environments.

Given the limitations of these existing techniques, there is
a need for a low-profile and accurate method of respiratory
tracking that is compatible with the constrictive environments
pervasive in oncology. In this paper, we propose a novel
respiratory tracking system based only through a nasal cannula
that provides direct respiratory tracking for all patients. This
solution removes electronics from the harmful environments
without body-mounted hardware or the need for line-of-sight,
making it a viable solution for oncology workflows.

II. METHODS AND MATERIALS
A. Device Design

The goal of the device was to develop a straightforward
sensing package that integrates seamlessly with any imaging
suite and allows for reliable and accessible troubleshooting
(Fig. 1A). To capture respiratory signals, we selected a stan-
dard nasal cannula (HCS4514, Medline, USA) for its comfort,



compatibility, and abundance in most clinical settings. In the
interest of simplicity and minimal hardware, we opted to use a
single flow sensor (SFM3400-33-AW, Sensirion, Switzerland),
functionally similar to those used in traditional spirometry. The
nasal cannula connects to the flow sensor via pneumatic tubing
of customizable length to accommodate various setups. All
components are disposable, supporting low-cost and sanitary
use across multiple patients. The flow sensor outputs are
read by a microcontroller. For experimental validation, we
used the Arduino Due (Arduino, Italy) due to its ability
to support multiple flow sensor inputs simultaneously. For
clinical deployment, we also tested the Arduino Nano 33 IoT
(Arduino, Italy), which provides a smaller form factor and
wireless capability at lower cost.
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Fig. 1. (A) A systems level model of the proposed device showcasing the
simplicity and workflow. (B) Setup for the flow distance experiment showing
the positioning of each flow sensor used at each end of the tubing. (C) Setup
of the flow mapping experiment with snorkel and attached flow sensor shown.

B. Flow Distance Experimental Setup

To move the electronics away from the harmful environ-
ments in the chosen design, the respiration measured by the
flow sensor must travel through long pneumatic tubing. This
distance could degrade the quality of signal we are getting
due to pressure loss or turbulent flow in the tubing. An
experiment was designed to determine if the measured flow
was significantly impacted over a long distance. A second
flow sensor, identical to the one in the device was connected
to the Arduino. One flow sensor was positioned at the end of
the nasal cannula line and the other was connected after 20
meters of 0.275” inner-diameter pneumatic tubing (Fig. 1B).
Feedback from clinicians who work with MRI pointed to 10
meters being sufficient to pass from the patient through the
wave guide and to a sensing unit in the control room, so it was
doubled to definitively show the effect of pneumatic tubing.

C. Flow Mapping Experimental Design

The goal of this experiment was to evaluate the tidal volume
of a patient’s respiratory cycle. After validating that flow can

be accurately measured over long tubing distances, it became
necessary to assess how the cannula captures the inhaled and
exhaled air during respiration as a ratio of the entire cycle.
To accomplish this, a full-face snorkel mask was used to
enclose the participant’s nose and mouth, ensuring that all
inhaled and exhaled air could be captured and measured. The
mask was chosen due to its tight seal and single-channel
design for airflow, which minimizes leakage and simplifies
flow measurement. A flow sensor (SFM3300-AW, Sensirion,
Switzerland) with a larger internal diameter was affixed to the
outlet of the mask to reduce airflow resistance and allow un-
obstructed measurement of total respiratory volume (Fig. 1C).
Simultaneously, the designed device measured flow through
a nasal cannula, which was inserted into the mask. Care was
taken to route the nasal cannula tubing without crimps to allow
for unimpeded flow. This experiment was also conducted with
a commodity spirometer (Go Direct Spirometer, Vernier, USA)
on the masks output, replacing the flow sensor. Note the mask
was only used in this experiment to capture the full breathing
cycle and no changes to that cycle were observed.

III. RESULTS
A. Flow Distance Results

Utilizing the setup described in subsection II-B, 18 trials
were carried out, each measuring respiration for 30 seconds.
These trials included breathing from two different persons in
different positions commonly used in imaging: supine, prone,
and standing. For each person and position, 3 trials were
carried to make up a robust data set. To assess the relationship
between the two flow sensors, the data was mean centered. A
normalized cross-correlation was then computed to estimate
any temporal lag between the signals, and the maximum
correlation value identified the sample offset corresponding
to the best alignment. Following synchronization, the Pearson
correlation coefficient was calculated between the raw values
of both sensors to quantify their relationship (Fig. 2).

The measured Pearson coefficient across all 18 trials was an
average of 0.99384 +0.00214, demonstrating a consistent and
strong relationship between the two signals. This means that
there is not an observed change in flow across 20 meters of
tubing and any length up to that can be used reliably in clinical
settings. Additionally, the time-delay measured between the
two sensors was 0 seconds across all trials. Given our sampling
rate was 50 Hz, any potential delay is under our sampling
threshold and less than 20 ms.

B. Flow Mapping Results

Upon completion of the distance experimentation, the ap-
proach described in II-C was used across 10 trials. Two
different persons’ breathing patterns were recorded over 5 one
minute trials to produce the data which was used for analysis.
The breathing data from all individual trials was combined into
a single dataset. The first assessment was to determine the total
measure of air throughout the respiratory cycle and the ratio
captured by the cannula. Given the two sensors captured the
full respiratory cycle, the measured flow in liters per minute
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Fig. 2. Example data showing flow data from both sensors of one of the
supine breathing trials. The green represents signal from the sensor at the end
of the cannula line and the blue represents signal from the sensor at the end
of the 20 meters of tubing.

(SLM) of each was combined to get the total flow. The percent
contribution of the nasal cannula was then measured as a
percentage of the total flow at every data point. The measured
average percent contribution of the cannula to total flow was
1.0059%.

To assess whether this small portion of flow captured by the
nasal cannula could reliably represent the overall respiratory
signal, the cannula signal was scaled by a factor of 100
and compared to the full respiratory signal. This comparison
was performed using three regression models, linear, fine
tree, and rational quadratic gaussian process, to evaluate the
ability of the cannula-derived signal to reconstruct the full
breathing pattern across the respiratory cycle (Table I). The
best performance was observed with the quadratic regression
model, which was attempted after noticing the shape of the
prediction plot of the linear regression (Fig. 3).

TABLE I
MASK FLOW-CANNULA RESULTS PER MODEL
Model RMSE MSE R? MAE
Tree 0.030916 0.000956 0.99092  0.025098
Linear 0.055566 0.003087 0.97068  0.042731
Quadratic  0.030628  0.0009381  0.99109  0.025086

These results suggest that despite capturing only 1% of the
total flow, the nasal cannula signal contains sufficient temporal
and morphological information to accurately represent the
overall respiratory waveform across the breathing cycle.

Upon verification that the cannula can accurately capture
and model the total respiratory cycle, a spirometer, the gold
standard in respiratory volume measurement, was used to track
normal respiration and measured tidal volume of 0.31 L with
a respiration rate of 11.5 and minute volume 3.59 L/Min. This
is consistent with the same measures calculated from the flow
mapping experiment as displayed in Table III.

We then repeated the flow mapping experiment with the
spirometer replacing the masks flow sensor. The results, as
seen in Table II, were comparable to the flow sensor results
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Fig. 3. (A) Prediction plots from left to right for the tree, linear, and quadratic
models that were tested. (B) Predicted values versus true values over time for
the quadratic regression model.

TABLE 11
SPIROMETER MASK - CANNULA QUADRATIC REGRESSION RESULTS

MSE R?
0.0014  0.9958

RMSE
0.0376

MAE
0.0287

Peak-to-Peak
29785 L

Error
0.97%

in Table I. Given the performance of the cannula approach
and its similarity to the current gold standard of respiratory
tracking, there is significant promise for its implementation.

TABLE III
TIDAL VOLUME ANALYSIS PER TRIAL (CANNULA) (MASK) (TOTAL)

Trial Tidal Volume Respiration Rate Minute Volume
(mL) (L) (L) BPM mL/min L/min L/min
P1-1  (0.25) (0.22) (0.22) 14.5 (3.62) (3.21) (3.21)
P1-2  (0.26) (0.24) (0.24) 12.5 (3.27) (3.02) (3.02)
P1-3  (0.30) (0.28) (0.28) 14.5 (4.39) (4.00) (4.00)
P1-4  (0.38) (0.32) (0.32) 11.5 (4.41) (3.70) (3.70)
P1-5  (0.32) (0.29) (0.29) 11.5 (3.71) (3.33) (3.33)
P2-1  (0.42) (0.40) (0.40) 155 (6.48) (6.15) (6.16)
P2-2  (0.42) (0.38) (0.38) 16.5 (6.90) (6.33) (6.34)
P2-3  (0.34) (0.34) (0.34) 15.5 (5.20) (5.24) (5.25)
P2-4  (0.39) (0.38) (0.38) 15.5 (6.04) (5.84) (5.85)
P2-5  (0.38) (0.36) (0.36) 14.5 (5.51) (5.22) (5.22)

C. MRI Validation

Following benchtop validation of our device’s ability to
map nasal airflow to total tidal volume, it was essential to
evaluate its performance in the MRI environment for which it
was designed. The MRI suite was selected due to its more
complex workflow integration compared to typical therapy
centers. To assess real-world performance, the device was
tested on one subject in a Siemens 3.0 Tesla Prisma FIT MRI
scanner under Emory IRB 00019157. For comparison, two
additional respiration sensors commonly used in the clinical
setting were also deployed: a respiration transducer (TSD221-
MRI, BIOPAC Systems, Inc., USA) and an integrated scanner
sensor (Siemens Healthineers, Germany). Unlike our device,



the other sensors were body-mounted and exhibited a much
lower signal-to-noise ratio due to interference from non-
respiratory body motion. In contrast, our device maintained
the same performance as in the benchtop setting and required
less than five minutes to set up, demonstrating its suitability
for use in constrained clinical environments such as the MRI
suite. The signal-to-noise ratio for three separate recordings on
the MRI were 4.56, 9.85, and 12.1 compared to 4.9, 9.0, and
8.7 in the lab experiments, indicating that there was negligible
(if any) additional noise introduced from the MRI.
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Fig. 4. (A) An example of the setup in the MRI scanner, including the
three used respiration sensor. (B) Example of tracked respiration during a
160 second interval in the scanner (SNR = 5.76 dB).

IV. DISCUSSION

The goal of this device is to provide a low-profile, accessi-
ble, and accurate method for mapping respiration in clinically
constrictive environments. The system demonstrated effective
respiratory monitoring in both benchtop settings and more
complex environments, such as MRI scanners. Notably, despite
capturing only 1% of total airflow, the nasal cannula produced
results comparable to the gold standard of spirometry. More-
over, because the device captures respiration directly rather
than relying on body-mounted sensors, it is less susceptible to
motion artifacts from non-respiratory movement, which is an
advantage particularly relevant in the MRI suite.

While these findings are encouraging, several limitations
remain. First, the system depends on nasal breathing, which
may not be natural or feasible for all patients. This limitation
could be addressed by replacing the cannula with a respiratory
mask. Second, further investigation is needed to assess whether
synchronized respiratory data can predict tumor motion, which
could improve the precision of treatment delivery. These limi-
tations highlight important directions for future work, includ-
ing expanded testing and clinical validation. In conclusion, this
device presents a promising, low-profile solution for accurate
respiratory tracking across clinical settings.
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