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A B S T R A C T

Noninvasive ventilation (NIV) is a well-established technique for managing acute respiratory 
failure in various clinical settings. However, safety concerns in clinical NIV applications emerge 
due to the absence of robust monitoring and alarm systems, potentially leading to issues such as 
CO2 rebreathing during flow-block events. This work aims to enhance the safety and monitoring 
of NIV systems by studying the integration of two types of carbon dioxide (CO2) sensors within 
NIV helmets. The investigation encompasses two main analyses. The first analysis explores the 
impact of varying the fresh inlet gas flow rate on local CO2 concentrations within the helmet. The 
second analysis investigates the response of CO2 sensors during simulated flow-block events, a 
critical safety concern in NIV therapy. In both analyses the effect of the sensor positioning is also 
investigated. Results demonstrate that higher fresh gas flow rates enhance CO2 washout within 
the helmet, highlighting the importance of optimizing gas flow rates to mitigate CO2 rebreathing. 
The positioning of CO2 sensors within the helmet was also found to significantly influence 
measurements by affecting signal stability and response to flow-block events. Overall, this study 
demonstrated the potential of integrating CO2 sensors within NIV helmets to enhance patient 
safety and treatment effectiveness. The knowledge gained from this study can be used to guide the 
design and optimization of NIV systems.

1. Introduction

Noninvasive ventilation (NIV) is widely used to support ventilation and oxygenation in patients with respiratory failure. This 
technique delivers positive pressure to the patient through interfaces like facemasks or helmets, without the need for invasive 
endotracheal intubation. In recent years, NIV has become a common approach for efficiently and non-invasively treating patients with 
hypercapnic and hypoxemic acute respiratory failure (ARF) [1]. In addition, NIV is also used to prevent complications like 
ventilator-associated pneumonia from invasive ventilation and is beneficial in the perioperative setting [2,3]. Moreover, NIV is rec
ommended for patients with weakened immunity as a preventive measure post-extubation and has become essential for managing 
COVID-19 patients needing respiratory support without intubation [4–8].
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Available NIV modes include continuous positive airway pressure (CPAP) and pressure support ventilation (PSV) [9,10]. The 
former uses continuous positive end-expiratory pressure (PEEP) to increase functional residual capacity and open flooded alveoli, but 
does not alleviate inspiratory muscle work, leaving tidal ventilation dependent on respiratory muscles [11–13]. In contrast, PSV mode 
assists spontaneous breathing by delivering a set inspiratory pressure when triggered, cycling to expiration as inspiratory flow de
creases, allowing patients to control their breathing rate and duration [14].

Commercially available interfaces can be classified based on their design and the anatomical structures to which they relate. 
Among these, facemasks are frequently preferred, however, they may be responsible for CO2 rebreathing, air leaks, and discomfort at 
higher pressures, and may be intolerable due to issues like facial ulcers or claustrophobia [15,16]. These challenges contribute to NIV 
failure, which occurs in 8 % of hypercapnic and 50 % of hypoxemic patients [17,18]. Given that patient comfort is the primary 
determinant of success in NIV treatment [19], it is crucial to select an appropriate interface type tailored to the individual patient’s 
needs to ensure effective treatment outcomes. An alternative is the helmet interface, which features a transparent hood with a soft neck 
seal, reducing air leaks and improving tolerability by avoiding direct facial contact [5,20]. However, the helmet interface has a larger 
internal volume than facemasks and creates a semi-enclosed environment, mixing exhaled gas with fresh gas from the inspiratory limb 
of the circuit [15,21]. This may lead to CO2 rebreathing, when the patient’s exhaled CO2 does not completely leave the NIV system with 
each breath. Instead, it mixes with the internal volume of the helmet and is re-inhaled [22]. Therefore, it is essential to ensure proper 
CO2 washout when using the helmet. In such an environment, assuming a homogeneous distribution of CO2, it has been demonstrated 
that reducing the size of the helmet does not prevent CO2 rebreathing, suggesting that the amount of CO2 produced by the patient and 
the fresh gas flowing through the helmet are the primary factors determining CO2 rebreathing [23].

The production of CO2 is crucial for assessing NIV safety and effectiveness, as exhaled CO2 indicates ventilation and perfusion 
efficiency [24]. Persistent respiratory issues can raise blood CO2 and lower exhaled CO2. Early studies using helmets for respiratory 
treatment showed that the arterial partial pressure of carbon dioxide (PaCO2) decreased to normal levels within 24 h of CPAP therapy, 
suggesting improved clinical outcomes due to respiratory muscle unloading and reduced PaCO2 [4,21,25].

Safety concerns arise with NIV helmet systems due to the lack of reliable monitoring and alarms. Disruptions in gas supply or circuit 
blockages can cause reduced airflow, increased CO2 rebreathing, and potential asphyxiation [6]. Discontinuing flow in ARF patients 
can be fatal, so NIV helmets should be used with proper monitoring and supervision. Helmets include features like a large volume, low 
resistance inlet, and an "anti-suffocation valve" that opens during flow-block events to mitigate risks. However, this valve may not 
sufficiently limit CO2 rebreathing in hypercapnic patients, potentially leading to hypercapnic coma [26]. Recent studies estimate tidal 
volume during CPAP underscoring the importance of monitoring respiratory parameters [27,28]. The integration of different moni
toring tools during NIV treatment could significantly enhance patient care. This is particularly relevant for NIV helmets, where 
monitoring respiratory variables can be challenging and combining multiple monitoring approaches could yield more reliable and 
comprehensive results.

In this work, we propose embedding small CO2 sensors inside a commercial NIV helmet for monitoring its functioning. Our first aim 
is to determine the CO2 concentration measured at specific locations inside the helmet under different fresh gas flow rate conditions. 
This analysis is intended to identify the optimal location of the CO2 sensor for monitoring the helmet functionality at different fresh gas 
flow rates. Our second aim is to evaluate the local CO2 concentration increase inside the helmet during a flow-block event occurring 
when the fresh inlet gas flow rate stops entering the helmet. This analysis aims to determine the capability of each CO2 sensor to detect 
an increase in the local CO2 concentration inside the helmet following the flow-block. This sensorization, coupled with an alarm 
system, aims to improve early detection of helmet malfunctions and reduce CO2 rebreathing risks during NIV treatment.

2. Materials and methods

A commercial NIV helmet was considered for bench testing. The chosen system was a StarMed CaStar Up (Intersurgical, Mirandola, 
Modena, Italy) characterized by an internal volume equal to 16 L and equipped with an anti-suffocation valve and two auxiliary ports 
positioned on the anterior side of the helmet front wall. For the tests, the inlet port of the helmet was connected to a blower (VT900A 
Gas Flow Analyzer Tester, Fluke Biomedical, Fluke Corporation, Everett, Washington, United States) enabling a continuous supply of 
fresh gas to enter the helmet, while an anti-bacterial filter and a PEEP valve were connected to the outlet port of the helmet. A 

Fig. 1. Experimental setup employed for the bench testing. Red arrows indicate the air flow.
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mannequin head was placed inside the helmet to mimic the normal working conditions. The mannequin’s mouth was connected to an 
external breathing simulator (ID AT261, NS Sistemi Integrati, Modena, Italy). The breathing simulator was composed of a closed 
chamber containing the respiration gas and a piston connected to an external CO2 gas source. During inspiration the piston moves back 
thus drawing gas from inside the helmet, while during the exhalation the piston moves forward delivering the gas harvested inside the 
closed chamber of the breathing simulator to the helmet. The CO2 source connected to the lung simulator allows the addition of a 
desired constant amount of CO2 to the exhaled gas volume entering the helmet during exhalation, according to pre-set derived from the 
flowmeter within the breathing simulator. A schematic representation of the experimental setup is reported in Fig. 1.

Two distinct Non-Dispersive Infra-Red (NDIR) CO2 sensors were employed within the study [29]. The first sensor was the SCD30 
(Sensirion AG, Switzerland) that is characterized by a cost-effective design and operates at a sampling frequency of one sample every 2 
s, with a response time of less than 20 s. Besides, the SprintIR-6s (Gas Sensing Solutions, Cumbernauld, Glasgow, United Kingdom) 
comes at a comparatively higher cost but offers a significantly higher sampling frequency of 20 samples per second, accompanied by a 
rapid response time, typically ranging from 3 to 4 s. In view of the varying attributes of these sensors, we chose to employ the SCD30 
sensor for monitoring local CO2 concentrations within the helmet by positioning it on the side wall of the helmet close to the outlet port 
to intercept the CO2 emitted by the mannequin’s mouth. On the other hand, we dedicated the SprintIR-6s sensor to measure CO2 
concentrations in the region of the helmet closest to the mannequin’s mouth, with the aim of evaluating rapid fluctuations in CO2 levels 
within the exhaled volume, which are impossible to capture with the SCD30 sensor.

Fig. 2 provides an illustration of the different locations considered for the placement of the CO2 sensors within the helmet.
Four SCD30 sensors (designated as A, B, C, and D) were positioned on the wall of the helmet near the outlet port as indicated in 

Fig. 2. The selected areas for positioning of the CO2 sensors ensure that the sensors do not interfere with the two auxiliary access ports 
and allow the patient to rest his head on the pillow. An additional SCD30 sensor (labeled as E) was connected to the outlet tube for 
monitoring the CO2 concentration in the gas leaving the helmet. According to the manufacturer’s guidelines, each SCD30 sensor was 
lodged inside a customized 3D-printed housing, manufactured using Form 2 printer (Formlabs, Somerville, MA, United States), which 
was connected to the helmet. The housings were securely connected to the helmet by creating dedicated openings at specific locations 
facilitating gas exchange between the interior of the housing and the inner space of the helmet. Indeed, this design guaranteed that the 
gas to be analyzed could pass through the housing containing the CO2 sensor without the sensor directly interacting with the gas flow 
inside the helmet. To integrate the SprintIR-6s sensor (designated as F), the left auxiliary port of the helmet was utilized. One of the two 
connectors of the sensor was linked to the auxiliary port using a small plastic tube, while the other remained open to the external 
environment. This setup was designed to ensure a unidirectional flow through the sensor, meaning that air would pass from inside the 
helmet through the sensor and then exit into the external environment. It should be noted that for both sensors an anti-bacterial filter 
was inserted between the sensor and the internal space of the helmet to mitigate the potential risk of sensor contamination, especially 
crucial when treating patients with contagious disease. Fig. 3a and Fig. 3b provide visual representations of how SCD30 and SprintIR- 
6s sensors were connected to the helmet.

Each CO2 sensor was connected to a PC via Arduino – UNO R3 boards (https://www.arduino.cc) for data acquisition and 
communication. Moreover, each sensor was properly calibrated before the experimental campaign.

The sensors were employed to monitor the CO2 concentration inside the helmet under different NIV working conditions. Two 
investigations were conducted to accomplish this goal. The first analysis (Analysis 1) focused on the effect of varying fresh inlet gas 
flow rates on the local CO2 concentration within the helmet. The second analysis (Analysis 2) was designed to examine the response of 
the CO2 sensors during a simulated flow-block event, which is a critical safety concern in NIV therapy.

2.1. Analysis 1

The effect of different fresh gas flow rates on the local CO2 concentration was tested. We increased the fresh inlet gas flow rate of the 
blower from 50 L/min to 90 L/min in 10 L/min steps. The respiration parameters were maintained constant as follows: respiration rate 
(RR) of 28 breaths per minute (bpm), inspiratory to expiratory (I:E) ratio of 1:1, and tidal volume of 500 mL. The CO2 flow rate 
introduced into the respiration volume was maintained constant at 0.31 L/min. The PEEP valve was manually regulated to ensure an 

Fig. 2. Frontal view (left) and lateral view (right) depict the positions chosen for CO2 sensors within the helmet. Red circles (A, B, C, D, E) denote 
the placement of SCD30 sensors, while blue circles (F) indicate the location of the SprintIR-6s sensor. Red arrows indicate the air flow.
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end-expiration pressure of 7.5 cmH2O.

Fig. 3. CO2 sensors’ connections to the helmet for real-time CO2 monitoring: (a) SCD30 sensor and (b) SprintIR-6s sensor. Red arrows indicate the 
air flow.

Fig. 4. CO2 concentration signals acquired with the SCD30 sensors placed in different positions inside the helmet: A (green), B (blue), C (purple), D 
(orange), and E (red) in response to increasing fresh inlet gas flow rates.
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2.2. Analysis 2

The impact of a flow-block event, which occurs when the blower ceases operation while the inlet tube remains connected to the 
helmet, was assessed. We started with an inlet flow rate of fresh gas equal to 90 L/min and then, once the sensor signal was stable, we 
dropped it to 0 L/min. The respiration parameters were maintained equal to the ones used in Analysis 1. The local CO2 concentration 
inside the helmet was recorded for 5 min after starting the flow-block.

2.3. Statistical analysis

We conducted a statistical analysis using STATA/SE version 18.0 (StataCorp LLC, Texas, United States) to thoroughly examine and 
evaluate the research findings. The Student’s t-test was used for pairwise comparisons between two groups, which provides a robust 
method for assessing the statistical significance of differences in means between the groups [30]. A p-value of <0.05 was considered 
statistically significant.

Furthermore, in the context of Analysis 1 data, linear regression analysis was employed to examine the CO2 concentration mean 
values across various fresh gas flow rates, and the coefficient of determination (R2) was subsequently determined to quantify the 
goodness of fit of the regression model.

3. Results

3.1. Analysis 1

The CO2 measurements obtained with the SCD30 sensors for different fresh inlet gas flow rates are shown in Fig. 4. Five-minute- 
long acquisitions are reported for each flow rate value.

Fig. 5 shows, for each SCD30 sensor, the dependency of the mean value and standard deviation of CO2 concentration on the applied 
fresh inlet gas flow rate.

The Student’s t-test was employed to assess statistical differences in CO2 concentration measurements obtained at consecutive fresh 
gas flow rates values. The resulting p-values from this analysis are detailed in Table 1.

The results of the linear regression analysis indicated varying goodness-of-fit, as reflected by the R2 values: 0.92 for sensors A and B, 
0.86 for sensor C, 0.87 for sensor D, and 0.96 for sensor E.

The CO2 concentration measurements obtained with the SprintIR-6s sensor for different fresh inlet gas flow rates are shown in 
Fig. 6. Ten-second-long acquisitions are reported for each flow rate value.

The acquired CO2 concentration signals exhibit distinct oscillations, with peak values observed at the end-exhalation phase and 
minimum values occurring at the end-inspiration phase.

Fig. 7 reports, for the SprintIR-6s sensor, the dependency of the CO2 concentration mean values and standard deviations, calculated 
at both the end-exhalation and end-inspiration phases, on the applied fresh inlet gas flow rate.

The Student’s t-test was employed to assess statistical differences in CO2 concentration measurements obtained at consecutive fresh 
gas flow rates values. The resulting p-values from this analysis are detailed in Table 2. The results of the linear regression analysis 
indicated R2 values of 0.97 for the end-exhalation data and 0.88 for the end-inhalation data.

3.2. Analysis 2

Fig. 8 depicts the local CO2 concentration acquired with SCD30 sensors A, B, C, D, and E before and after flow-block onset. Five- 
minute-long acquisitions are reported after the fresh inlet gas flow rate drops to 0 L/min.

For each SCD30 sensor, we assessed the percentage variation of CO2 concentration (ΔCO2%) as the relative difference between the 

Fig. 5. Effect of increasing fresh inlet gas flow rate on CO2 concentration measured with SCD30 sensors A (green), B (blue), C (purple), D (orange), 
and E (red).
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CO2 concentration measured at selected minutes following the initiation of the flow-block (denoted as MX) and the last CO2 mea
surement obtained just before the flow-block onset (referred as M0). To enhance robustness, we calculated the mean value of CO2(M0) 
based on five samples taken immediately before the onset of the flow block, while for the CO2(MX) values, we determined the mean 
value from five samples centered around the selected time. The ΔCO2% is calculated following Equation (1). 

Table 1 
P-values resulting from Student’s t-test analysis for CO2 concentration measurements acquired with SCD30 sensors A, B, C, D, E.

Fresh inlet gas flow rate (L/min) A B C D E

50–60 0.97 0.00 0.00 0.00 0.00
60–70 0.00 0.00 0.00 0.00 0.00
70–80 0.00 0.00 0.00 0.00 0.00
80–90 0.00 0.00 0.00 0.00 0.00

Fig. 6. CO2 concentration signals measured with the SprintIR-6s sensor for increasing fresh inlet gas flow rates.

Fig. 7. CO2 concentration mean values and standard deviations acquired with the SprintIR-6s for increasing fresh inlet gas flow rates. The solid line 
illustrates the end-exhalation values, while the dotted line represents the end-inspiration ones.

Table 2 
P-values resulting from Student’s t-test analysis for CO2 concentration measurements acquired 
with SprintIR-6s sensor at the end-exhalation (FeE) and end-inspiration (FeI) phases.

Fresh inlet gas flow rate (L/min) FeE FeI

50–60 0.00 0.00
60–70 0.03 0.01
70–80 0.00 0.00
80–90 0.27 0.63

Fresh inlet gas flow rate (L/min) FeE FeI

50–60 0.00 0.00
60–70 0.03 0.01
70–80 0.00 0.00
80–90 0.27 0.63
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ΔCO2%=
CO2(MX) − CO2(M0)

CO2(M0)
*100 (1) 

Fig. 9 shows, for each SCD30 sensor, the ΔCO2% values calculated at 30-s intervals following the initiation of the flow-block event.
The assessment of statistical differences in CO2 concentration measurements collected over time was conducted using the Student’s 

t-test, employing a time step of 0.5 min. The resulting p-values are detailed in Fig. 10 represents the CO2 measurements obtained with 
the SprintIR-6s sensor immediately before and 5 min after flow-block starts. Ten-second-long acquisitions are reported for each 
condition.

We adapted the previously established definition of ΔCO2% to accommodate the SprintIR-6s sensor’s data. In detail, we defined the 
average percentage variation of CO2 concentration (ΔCO2%) as the percentage variation of the relative difference between the mean 
CO2 concentration at 5 min after flow-block onset (M5) and the mean CO2 concentration before the flow-block starts (M0). Mean CO2 

concentration values are calculated over 12 respiratory cycles at both end-exhalation (ΔCO2eE %) and end-inspiration (ΔCO2eI %) 
following Equations (2) and (3) respectively. 

ΔCO2eE %=
CO2eE (M5) − CO2eE (M0)

CO2eE (M0)
*100 (2) 

ΔCO2eI %=
CO2eI (M5) − CO2eI (M0)

CO2eI (M0)
*100 (3) 

The calculated ΔCO2eE % and ΔCO2eI % values are 39 % and 70 % respectively.
P-values obtained from the Student’s t-test analysis, comparing CO2 concentration variations between M0 and M5, indicate 

Fig. 8. CO2 concentration during a flow-block event (black line: flow-block starts) acquired with SCD30 sensors A (green), B (blue), C (purple), D 
(orange), and E (red).

Fig. 9. Percentage variation of CO2 concentration (ΔCO2%) after flow-block measured with SCD30 sensors. The ΔCO2% values are calculated at 30- 
s intervals following the onset of the flow-block event.
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statistical significance with a p-value of 0.00 for both end-exhalation and end-inspiration values.

4. Discussion

4.1. Analysis 1

Almost all SCD30 sensors exhibited a statistically significant reduction in local CO2 concentration with respect to the increasing 
fresh inlet gas flow rate entering the helmet (Fig. 4), as demonstrated by the Student’s t-test analysis results shown in Table 1. The only 
exception was observed for sensor A when passing from 50 L/min to 60 L/min (p = 0.97). This finding aligns with prior research, 
supporting the notion that higher flow rates passing through the helmet result in more effective washout behavior [4,15,21,22,31]. 
Furthermore, the acquired CO2 concentration signals exhibit periodic oscillations, as evidenced in Fig. 4. We hypothesize that these 
oscillations may arise from several factors: the mismatch between the SCD30 sensor’s sampling frequency and respiratory frequency, 
noise from the breathing simulator’s pump system, and fluctuations in local CO2 concentrations due to turbulent flow inside the 
helmet. These factors affect both the recorded CO2 levels and their temporal variations, though a complete understanding of the 
phenomenon is still lacking.

Fig. 5 reports the relationship between the mean local CO2 concentration acquired with the SCD30 sensors with respect to their 
positioning inside the helmet. The results suggest a strong dependence of the measured CO2 concentration on the position of the 
sensors. Sensor A shows a non-monotonic decreasing trend since it is characterized by an initial increment in its output response as the 
flow rate increases from 50 L/min to 60 L/min, succeeded by a subsequent decline as the flow rate further rises to 70 L/min. In 
contrast, all the other sensors (i.e., sensor B, C, D and E) show a monotonic decreasing trend. The linear regression has revealed, 
especially for sensor E, an almost linear behavior, given the high values of the coefficient of determination R2. This suggests the 
possibility of correlating the CO2 concentration with the fresh inlet gas flow rate values. Fig. 5 shows that sensors A, B, and E have 
lower stability, with standard deviations under 200 ppm, while sensors C and D have higher standard deviations, below 400 ppm. This 
suggests that the upper section of the helmet experiences slower CO2 concentration variations due to less turbulence, whereas sensor E, 
located on the outlet tube, faces more turbulent flow, causing abrupt CO2 concentration fluctuations.

As depicted in Fig. 6, the high sampling rate of the SprintIR-6s sensor allows the real-time monitoring of rapid fluctuations in local 
CO2 concentration near the mannequin’s mouth during the breathing cycle. The acquired signal reaches its maximum values at the 
end-exhalation phase since the exhaled gas volume that contains a high CO2 concentration enters the sensor inlet located near the 
mannequin’s mouth. Conversely, during inspiration, the gas volume passing through the sensor contains a low CO2 concentration, 
resulting in a decrease of the acquired signal reaching the minimum values. As the fresh inlet gas flow rate increases, both the 
maximum and minimum values of the CO2 concentration signal decrease, as a consequence of the helmet’s improved washout 
capability which efficiently eliminates the accumulated CO2 within the helmet. The observed trend achieved statistical significance (p 
< 0.05), as determined by the Student’s t-test, for fresh inlet gas flow rate transitions from 50 L/min to 60 L/min, from 60 L/min to 70 
L/min and from 70 L/min to 80 L/min. However, it was observed a non-significant decrease when passing from 80 L/min to 90 L/min 
(p-values equal to 0.27 for end-exhalation and 0.63 for end-inspiration values). This implies that, due to the SprintIR-6s sensor 
proximity to the mannequin’s mouth, the washing effects from the incoming flow into the helmet are less pronounced compared to 
those observed with the SCD30 sensors.

4.2. Analysis 2

The response of the SCD30 sensor to a flow-block event, as illustrated in Fig. 8, is strictly related to the positioning of the sensors 
inside the helmet. In particular, the sensors placed on the wall of the helmet (i.e., sensors A, B, C, D) exhibit an increase in the CO2 
concentration measurement when the flow-block occurs, indicating CO2 accumulation inside the helmet. In contrast, the sensor 
positioned on the outlet tube of the helmet (i.e., sensor E) registers a decrease in the CO2 concentration measurement after the flow- 
block initiates. In this scenario, the driving force at the outlet port of the helmet, which is typically represented by the PEEP value 
maintained during the proper functioning of the NIV system, is lost due to the opening of the anti-suffocation valve, causing a reduction 
in the internal pressure within the helmet. Consequently, the PEEP valve closes, disrupting the airflow coming from inside the helmet 
through the outlet tube.

Fig. 10. CO2 concentration before (left) and after (right) flow-block event acquired with SprintIR-6s sensor (black line: flow-block starts).
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The Student’s t-test results, reported in Table 3, revealed a statistically significant increase in local CO2 concentration within the 
initial 30 s after a flow block for sensor A and D, while after 1 min this significance is extended also to sensor B and C. This observed 
trend is then maintained for the rest of the acquisition. Conversely, sensor E exhibits a statistically significant decrease in local CO2 
concentration within 30 s after the initiation of the inlet flow interruption. These findings suggest that all sensors positioned on the 
helmet front wall (i.e., sensors A, B, C and D) consistently demonstrate a good capability to detect reliable CO2 variations following a 
flow-block, with timing suitable for integration into an alarm system.

Considering the percentage variations in CO2 concentration measurements depicted in Fig. 9, sensor B exhibits the highest 
sensitivity to the blockage of incoming fresh gas flow rate. Indeed, after 1 min since the flow-block starts, sensor B records an increase 
in the local CO2 concentration of 121%, which becomes higher than 300% from the second minute onwards. Sensor A also shows a high 
percentage variation in CO2 concentration after the flow-block, reaching 284% in the first 3 min. Instead, sensors C and D detect a more 
gradual rise in CO2 concentration. Sensor C registers a peak percentage variation of 152% between the third and the fourth minute, 
while sensor D records an even higher 232% after 4 min. The results suggest that CO2 accumulates more quickly in the top section of 
the helmet (sensors A and B) than in the bottom (sensors C and D) during a flow-block. This may be due to sensors A and B being farther 
from the anti-suffocation valve, which reduces their exposure to the helmet’s residual washout mechanism, leading to faster CO2 
buildup.

The SprintIR-6s sensor showed a significant increase in CO2 concentration 5 min after a flow-block, as seen in Fig. 10. While this 
increase was less pronounced than with the SCD30 sensors, the SprintIR-6s, being close to the mannequin’s mouth, is less affected by 
dilution, offering a more accurate measure of CO2 levels in the localized area during the flow-block.

4.3. Limitations of the study and future directions

Despite the interesting and meaningful results, it must be recalled that the present study is far from being exhaustive and present 
several limitations. Firstly, it examined only a subset of potential CO2 sensor positions within the NIV helmet. Exploring additional 
locations could provide a more comprehensive understanding of airflow dynamics inside the helmet, thus offering a better insight into 
the helmet behavior and providing guidelines for an optimal positioning of the sensor and for the improvement of the helmet ge
ometry. In this concern, also the use of Computational Fluid Dynamics (CFD) simulations represents a promising path for enhancing 
our comprehension of airflow dynamics within the NIV helmet, contributing to the optimization of ventilation strategies.

Secondly, the study focused only on inlet tube blockage. Future research should explore additional scenarios, such as tube 
detachment or obstruction, to assess helmet performance under diverse conditions.

Thirdly, constant respiratory parameters were maintained during the evaluations. Exploring varying respiratory parameters and 
head movement effects in future analyses could provide a more detailed understanding of helmet performance across different clinical 
conditions. Incorporating these factors would lead to a more comprehensive assessment.

As we look to the future, there are several directions for further exploration and development in this field. Integrating CO2 sensors 
can pave the way for the development of adaptive ventilation algorithms. These algorithms could automatically adjust ventilation 
settings in real-time based on detected CO2 levels and patient needs, potentially optimizing treatment outcomes and patient comfort. 
Additionally, with the growing importance of telemedicine, incorporating CO2 sensors into NIV helmets can be useful for remote 
patient monitoring. This application can extend the reach of critical care and improve access to respiratory treatment for patients in 
diverse settings. Finally, another potential future research direction is to leverage CFD simulations to improve our understanding of gas 
displacement within NIV helmets, with a particular focus on CO2 distribution. This approach can help optimize ventilation strategies 
and inspire innovative designs for more effective and patient-centered solutions.

5. Conclusions

The study highlights the potential of integrating CO2 sensors into NIV helmets to improve monitoring and enhance patient safety. 
The research provides valuable insights into the influence of fresh inlet gas flow rates and location of the sensor within the helmet, 
which can guide the design and optimization of NIV systems for better outcomes. Moreover, early detection of malfunctionings, such as 
flow blockages, by these sensors reduces the risk of CO2 rebreathing and enhances patient safety.

This study revealed several key findings. Firstly, higher fresh inlet gas flow rates enhance CO2 washout within the helmet, con
firming prior research [4,15,21,22,31]. This emphasizes the importance of optimizing gas flow rates to minimize CO2 rebreathing in 
NIV helmets. Secondly, the positioning of CO2 sensors within the helmet significantly influences the measurement of local CO2 
concentration. The careful selection of an appropriate sensor location is pivotal in achieving a balance between signal stability and 
rapid response to flow-block events. Finally, the integration of a CO2 sensor within the helmet holds significant potential as an alarm 
system designed to enhance patient safety and treatment effectiveness, capable of promptly alerting a flow-block event.
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Table 3 
P-values resulting from Student’s t-test analysis for CO2 concentration measurements acquired with SCD30 sensors A, B, C, D, E.

Time after flow block onset (min) A B C D E

0.5 0.01 0.25 1.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00
1.5 0.00 0.00 0.00 0.00 0.01
2 0.00 0.00 0.00 0.00 0.00
2.5 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00
3.5 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00
4.5 0.00 0.00 0.00 0.00 0.00

Time after flow block onset (min) A B C D E

0.5 0.01 0.25 1.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00
1.5 0.00 0.00 0.00 0.00 0.01
2 0.00 0.00 0.00 0.00 0.00
2.5 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00
3.5 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00
4.5 0.00 0.00 0.00 0.00 0.00
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