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Abstract 

Background: Closed-loop ventilators (CLVs): CLVs also known as automated ventilators, are advanced systems that 

automatically adjust ventilator settings based on the patient’s respiratory mechanics. Unlike open-loop ventilators (OLVs), which 

require manual parameter adjustments, CLVs use real-time feedback to maintain target oxygen saturation (SpO2) and end-tidal 

carbon dioxide (EtCO2) levels, enhancing patient comfort and reducing complications. Cerebral Protection in Traumatic Brain 

Injury (TBI): Maintaining normoxia, and normocapnia is crucial for cerebral protection in TBI. High carbon dioxide (CO2) levels 

cause vasodilation, increasing intracranial pressure, while low levels cause vasoconstriction, reducing cerebral perfusion. CLVs 

automatically adjust ventilator settings based on continuous patient feedback, optimizing CO2 levels and cerebral blood flow 

(CBF). Case Presentation: A 19-year-old male with severe TBI was intubated and connected to a fully automated CLV and set to 

"Brain Injury" mode. The ventilator automatically adjusted parameters to achieve target end-tidal carbon dioxide (EtCO2) levels, 

evidenced by subsequent arterial blood gas (ABG) results showing desired partial pressure of carbon dioxide (pCO2) and partial 

pressure of oxygen (pO2) levels. Conclusion: CLVs in TBI patients automatically manage CO2 elimination and oxygen delivery 

using simplified settings, adjusting based on real-time oxygen saturation (SpO2) and EtCO2 levels. This approach maintains 

normocapnia and normoxia, meeting cerebral protection criteria with fewer manual adjustments, advantageous in the emergency 

department (ED). CLVs offer a practical solution in the ED, automating ventilator adjustments to maintain desired CO2 levels, 

thus shifting the clinician's role from manual “presetting” to “deciding” target CO2 levels. This automation improves efficiency 

and patient outcomes in a hectic clinical environment. 
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1. Introduction 

Mechanical ventilation is required as critical life-saving 

intervention for respiratory support in patients developing 

failure of oxygenation, ventilation as well as for airway and 

cerebral protection. Conventional or OLVs primarily provide 

simple goals by serving adequate oxygen (O2) delivery and 

eliminating carbon dioxide (CO2). As technology evolves, 
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there is a growing interest in more sophisticated mechanical 

ventilation strategies, the automated or CLVs. This fully au-

tomated closed-loop ventilation mode represents a newer 

technology designed to achieve more complex purposes in-

cluding prevention of ventilator-induced lung injury (VILI) 

and continuously adapt to the dynamic condition of patient’s 

lungs [3]. 

CLVs are advanced modes that automatically adapt and 

adjust ventilator settings using the artificial intelligence (AI) 

algorithm based on the patient’s respiratory mechanics once 

connected to an endotracheal tube [3]. Unlike OLVs, which 

require clinicians to preset parameters (such as tidal volume, 

respiratory rate, inspiratory/expiratory ratio, fraction of in-

spired oxygen, positive end-expiratory pressure, and pressure 

support), CLVs continuously adjust these settings in real time 

to match the patient's needs [3]. In the case of OLVs, once 

intubated and connected, the ventilator delivers the preset 

settings throughout the whole respiratory cycle continuously 

until the clinician makes subsequent adjustments usually 

based on the patient’s ABG parameters or clinical condition. 

This typically involves periodic assessments and manual 

changes to the ventilator settings.  

With CLVs, the clinician only needs to set target values for 

SpO2 and EtCO2, and let the ventilator handles the rest. [5]. 

Once connected, the ventilator analyzes the patient's indi-

vidual respiratory mechanics and automatically adjusts the 

input parameters for each subsequent breath. As a result, the 

ventilator settings vary with each breath. This 

breath-by-breath analysis is not only tailored to the patient’s 

specific needs but is also highly efficient in adapting to the 

current diseased state. By continuously responding to the 

patient’s feedback, the ventilator is able to achieve and 

maintain the target levels of ventilation [3]. This automation 

improves patient comfort, optimizes ventilation, and reduces 

the risk of complications associated with mechanical ventila-

tion. A fully automated CLVs is known as Adaptive Support 

Ventilation (ASV) mode with various nomenclature from 

different manufacturers. 

Cerebral protection in TBI aims to prevent secondary brain 

injury or insult by maintaining normoxia, normocapnia, 

normothermia, normoglycemia, and preventing hypotension 

[1]. CO2 levels significantly influence CBF: high CO2 levels 

cause vasodilation, increasing blood volume and intracranial 

pressure, while low CO2 levels cause vasoconstriction, re-

ducing cerebral perfusion [1, 2]. Both extreme levels are 

dangerous and result in poor neurological outcomes, making 

it essential to maintain normal CO2 levels. Hence, mechanical 

ventilation plays a crucial role by indirectly altering and ad-

justing respiratory cycles to either eliminate or retain CO2 

levels, which directly influence CBF [6]. Although there are 

multiple schools of thought in managing CO2 levels in TBI 

patients, including temporary ventilation-induced hypocapnia 

to rapidly decrease intracranial pressure in the acute phase and 

permissive hypercapnia to prevent alveolar over-distension in 

the later stages, maintaining a specific CO2 level remains a 

significant challenge. 

Managing a trauma case in the emergency department, 

particularly one that involves mechanical ventilation and TBI, 

presents significant challenges. Once a TBI patient is intu-

bated, ED clinicians must maintain a multi-faceted focus: 

managing the trauma sequelae as well as ventilation strategies. 

It is crucial for ED clinicians to closely monitor ventilator 

settings to maintain normal CO2 levels. Although traditional 

OLVs can effectively control CO2 levels, they require frequent 

periodic assessments for manual adjustments and often do not 

fully address the personalized needs of the patient. 

The purpose of this case report is to answer the research 

problem or question: how to effectively and safely maintain 

normocapnia in a mechanically ventilated patient with TBI in 

a hectic ED environment. This case report highlights the use 

of CLVs as a practical solution, automatically adjusting ven-

tilator parameters based on continuous feedback from the 

patient. By utilizing real-time CO2 levels, CLVs make precise 

ventilation adjustments through their AI algorithms to main-

tain optimal CO2 levels and, consequently, regulate CBF. Here, 

we present a case report utilizing CLV to effectively control 

CO2 levels and manage CBF. 

2. Case Presentation 

A 19-year-old male presented with motor-vehicle-accident, 

sustaining severe TBI, dentoalveolar fracture and bilateral 

lung contusion. Computerized Topography (CT) Brain re-

vealed interhemispheric bleeding, subarachnoid haemorrhage, 

and maxilla fracture (Figure 1). His initial Glasgow Coma 

Scale was Eye 1, Verbal 1, and Motor 3 with signs of airway 

obstruction. He was intubated for airway and cerebral pro-

tection and connected to ASV mode, a fully automated CLV 

(Figure 2). 

Once connected, there are three options available: “Acute 

Respiratory Distress Syndrome (ARDS)”, “Chronic Hyper-

capnia” and “Brain Injury” mode each utilizing specific AI 

algorithm for automation. “Brain Injury” mode was selected 

(Figure 3). 

The next step is to choose between the "Automated" or 

"Manual" options for percentage minute volume (%MinVol), 

positive end-expiratory pressure (PEEP), and fraction of in-

spired oxygen (FiO2). This choice is crucial as it directly 

influences the AI algorithm's functionality. Selecting "Auto-

mated" allows the ventilator to operate on autopilot, where it 

continuously receives feedback from the patient's lung me-

chanics, analyzes it, and makes subsequent adjustments au-

tomatically (Figure 4). 

Finally, the clinician only needs to enter the target ranges 

for EtCO2 and SpO2. The available values and range options 

are displayed on the screen for easy selection (Figure 5). 

Generated parameters such as expired tidal volume, expired 

minute volume, peak pressure and plateau pressure were 

monitored. Real-time EtCO2 and SpO2 with capnography and 

pulse oximetry were displayed showing current reading 
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within target (Figure 6). 

For this patient, the "Brain Injury" mode was selected on 

the ventilator. The "%MinVol" and "FiO2" settings were set to 

"Automated," while the "PEEP" was set to "Manual." The 

EtCO2 range was set to 35-40 mmHg and the SpO2 range to 

96-99%. The ventilator was then left to operate automatically 

until the targeted EtCO2 and SpO2 levels were reached (Figure 

6). Subsequent ABG analysis showed that the pCO2 and pO2 

were within the desired ranges. 

2.1. Figures 

Following are the figures representing the case presentation. 

The CT Brain image shows interhemispheric bleeding and 

subarachnoid haemorrhage with signs of cerebral edema 

(Figure 1). The following figures display the visual ventilator 

interface, showing the necessary settings and parameters 

required to initiate the ASV mode (Figures 2-6). 

 
Figure 1. CT Brain showing intracranial haemorrhage. 

 
Figure 2. Option for ASV mode. 

 
Figure 3. Options available for ARDS, Chronic Hypercapnia and 

Brain Injury. 

 
Figure 4. Options for automatic adjustments. 

 
Figure 5. Options for target SpO2 and EtCO2 ranges. 
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Figure 6. Visual interface of ventilator using ASV mode displaying 

CO2 elimination and Oxygenation with real-time EtCO2 and SpO2 

within target range. 

2.2. Tables 

This table presents a series of Arterial Blood Gas (ABG) 

measurements taken hourly over a 4-hour period, showing 

the end-tidal carbon dioxide (EtCO2) and partial pressure of 

carbon dioxide (pCO2) levels throughout the duration of ven-

tilation and the patient's stay in the emergency department 

(ED). Both EtCO2 and pCO2 levels remained within the tar-

geted range for cerebral protection, which is 35-40 mmHg. 

Table 1. EtCO2 and pCO2 levels hourly for 4 hours. 

Time EtCO2 Level (mmHg) pCO2 Level (mmHg) 

1st Hour 35 38.4 

2nd Hour 35 36.2 

3rd Hour 38 37.7 

4th Hour 36 40.3 

3. Discussion 

Ventilation strategy is crucial for controlling CO2 levels in 

patients with TBI. Maintaining normocapnia is essential be-

cause CO2 levels significantly influence CBF [2]. Both hy-

percapnia and hypocapnia are dangerous; hypercapnia can 

cause vasodilation, increasing intracranial pressure, while 

hypocapnia can lead to vasoconstriction, reducing CBF. 

Therefore, strict control of CO2 levels, without allowing 

permissive hypercapnia, is the main strategy in ventilating 

TBI patients to ensure optimal outcomes. 

CLVs offers a practical solution by adapting and automating 

ventilator settings in TBI patients based on continuous feedback, 

adjusting parameters for CO2 elimination and oxygen (O2) de-

livery [3, 4]. Indirect manipulation of the respiratory cycle can 

influence CO2 levels, which in turn directly affects CBF. CO2 

elimination is managed through a simplified setting known 

as %MinVol, which controls tidal volume (Vt), respiratory rate 

(f), pressure support (Psupp) and the inspiratory/expiratory ratio 

(I: E ratio) [3]. O2 delivery is regulated by FiO2 and PEEP [3]. 

Except for PEEP, %MinVol and FiO2 are automatically adjusted 

for CO2 elimination and O2 delivery using the patient’s real-time 

SpO2 (via pulse oximetry) and EtCO2 (via capnography) levels to 

achieve the desired targets [11]. The PEEP is intentionally set to 

"Manual" adjustment at a default value of 5 cmH2O. High PEEP 

levels can increase intrathoracic pressure and, subsequently, ICP. 

Since this patient does not have any lung injury, the default 

PEEP value is sufficient to maintain alveolar stability and pre-

vent collapse [8, 9]. 

This mode utilizes three different sensors to provide 

closed-loop feedback: the EtCO2 sensor (capnography), the 

SpO2 sensor (pulse oximetry), and the flow sensor. For CO2 

elimination, the EtCO2 sensor via capnography provides 

continuous, real-time feedback to automate adjustments to 

the %MinVol [14]. For oxygen delivery, the SpO2 sensor via 

pulse oximetry provides similar feedback for FiO2 and PEEP 

automation [15]. The flow sensor, attached at the endotracheal 

tube, detects the patient’s inspiratory and expiratory flow 

rates in real-time, allowing the CLV to automatically adjust 

the flow to match the patient’s current demand. The flow 

sensor is crucial in the automation process, as it monitors the 

patient’s respiratory effort, calculates tidal volume, and de-

tects airway resistance and compliance [10]. 

The key component of artificial intelligence in CLV relies on 

its set of algorithms and formulas. One of the formulas used for 

this purpose is the Otis Formula, which optimizes ventilation by 

calculating the optimal ventilatory pattern. The Otis Formula 

balances the need for adequate alveolar ventilation against the 

work of breathing, helping to determine the ideal respiratory rate 

and tidal volume for a given patient [7]. The Otis equation can 

be expressed as: 

VT = VD + [ VE × (1 –
 𝑓𝑅 

 (𝑓𝑅 + 𝑘)
)] 

Where: 

1. VT is the tidal volume, 

2. VD is the dead space volume, 

3. VE is the minute ventilation, 

4. fR is the respiratory rate, 

5. k is a constant based on patient-specific factors. 

Another formula used to maintain adequate gas exchange 

by ensuring the appropriate amount of air is moved in and out 

of the lungs per minute is the minute volume calculation. The 

ventilator adjusts the minute ventilation to maintain 

normocapnia and meets the patient’s metabolic demand. The 

minute ventilation calculation can be expressed as: 

Minute Ventilation (VE) = fR × VT 

Where: 
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1. VE is the minute ventilation, 

2. fR is the respiratory rate, 

3. VT is the tidal volume, 

Unlike OLVs, clinicians must manually adjust ventilator 

parameters such as Vt, f, I: E ratio, FiO2, PEEP, and Psupp to 

achieve the desired CO2 and SpO2 levels. This can be chal-

lenging, especially in a hectic ED environment where clini-

cians need to focus on other aspects of patient treatment and 

care. Typically, patients receive “preset” settings throughout 

ventilation until clinicians make subsequent adjustments. This 

method does not include an analysis of the patient's respira-

tory mechanics and does not consider their individualized 

demands [12]. 

CLVs, however, utilize real-time EtCO2 and SpO2 levels to 

continuously adjust ventilator parameters from breath to 

breath, providing different settings for each respiration cycle. 

This closed-loop feedback is a key feature that enables the 

integration of artificial intelligence, allowing the ventilator to 

operate in an automated, "auto-pilot" mode. 

This approach efficiently maintains normocapnia and 

normoxia, meeting cerebral protection criteria as evidenced 

by subsequent ABG results (serial pCO2 levels) and EtCO2 

monitoring. Additionally, this mode is user-friendly, requiring 

fewer manual adjustments, which is particularly advantageous 

in the fast-paced ED environment [5, 13]. 

4. Conclusions 

In the chaotic ED environment, frequently adjusting ven-

tilator settings to maintain strict CO2 control in TBI patients 

is particularly challenging. CLVs offer a robust solution by 

leveraging breath-to-breath analysis through advanced AI 

algorithms. These modes adapt to the patient's real-time CO2 

levels and automatically adjust ventilator parameters, ensur-

ing precise CO2 regulation. The clinician’s role now shifts 

from “presetting” parameters to “deciding” the target CO2 

level, permitting CLVs handle the adjustments. 
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