Decoupling Humidity
in Invasive Mechanical
Ventilation

Resolving the paradox of aerosol drug
delivery through independent absolute
humidification.

An Executive Summary of in vitro and in silico findings (Zhang et al., 2026)
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The Clinical Paradox of Aerosol Delivery
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The Baseline Reality The Flawed Workaround

The Hack:

Clinicians frequently turn off pass-over
humidifiers during nebulization, attempting
to reduce moisture and improve drug transit.

The Reality:

The breathing circuit retains high relative
humidity even when turned off. The delivered
dose does not improve, and delivering
unhumidified gas risks severe airway damage.

During adult invasive mechanical ventilation,
aerosol therapy is highly inefficient. On average,
<25% of a nebulized drug successfully reaches

the patient's lower respiratory tract.




The Physics of Failure: The Droplet Journey

Pass-over humidifiers heat a water bath to maintain 100% Relative Humidity (RH). In this fully saturated
environment, nebulized drug droplets cannot evaporate. They remain large, heavy, and highly susceptible
to crashing into the circuit walls via gravitational settling and inertial impaction before ever reaching the

endotracheal tube.
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Two Paradigms of Circuit Humidification

Coupled

(Pass-over Humidifier)

Humidity Generation

Heated water bath evaporation

Decoupled
(Absolute Humidifier)

Sprayed monodisperse water
droplets via Rayleigh nozzle

Real-Time Control

Coupled to temperature;
slow to adjust

Decoupled from heating;
instantaneous adjustment

Effect on Drug Aerosol

Prevents evaporation;
droplets stay large

Allows partial evaporation;
droplets shrink safely

Circuit Deposition Risk

High (Impaction & Settling)

Low (Aerodynamic transit)

Safety if adjusted
during Nebulization

High Risk
(Fails ISO 33mg/L standard)

Safe
(Maintains >33mg/L standard)




In Vitro Bench Setup:
Tracking the Aerosol

37°C Climate Chamber

Aerogen Solo : ...................... i
Setup Parameters g i
L = :
Ventilation: Volume control, Inspiratory ! Endotracheal
‘ Tube Test Lung

500mL tidal volume, PEEP Tube (
5 cm H,0, 12 breaths/min. Dr : | | 8.5mm)
ger Evita R TR
XL Ventilator Humidifier [ @ ]]

- . Collection
v filter
The Drug: 2.5mg Albuterol Collection filter i (delivered dose)
sulfate in 3ml saline solution. (bypass dose) =4 E
The Test: Absolute Humidifier Protection
(0 & 25mg/L added humidity) filter

vs. Two standard Pass-over
models.




The Evaporation Engine: Shrinking to Survive

The absolute humidifier's decoupled design allows active humidification to be dropped instantly

to 0 mg/L during nebulization. This creates a dry runway. The drug aerosol droplets rapidly evaporate,
transferring their moisture to humidify the circuit gas. By shrinking rapidly, the drug particles become
aerodynamically stable and bypass the hazards of the inspiratory tube.

Drug Aerosol
Humidifies the Air

Active Humidity
Decoupled



Maintaining Clinical Safety Thresholds

Dropping the Absolute Humidifier's added humidity to 0 mg/L does not compromise patient safety.
The rapid evaporation of the continuous stream of drug aerosol provides 38.8 mg H,O/L of absolute
humidity, safely exceeding the ISO 80601-2-74 requirement of >33 mg H,0/L. Turning off a pass-
over humidifier fails this safety standard.

A ISO Standard: 33 mg H,0O/L
;

22.7 - 29.3 mg/L (Hazardous)

38.8 mg/L (Safe)

t
/\\ 1S0 Standard: 33 mg H,0/L



In Vitro Delivered Dose Efficiency

Pass-over H1

Absolute (25 mg/L)

Absolute (0 mg/L)

0 20% 40% 60% 80% 100%

M Deliveredto ETT M Expiratory Bypass* [l Lost in Circuit
(Impaction/Settling)

*Bypass dose was <10% across all scenarios.

By enabling the evaporation
engine at 0 mg/L added
humidity, the Absolute
Humidifier achieved a
37.2% delivered dose—an
absolute increase of

16% over conventional
pass-over humidifiers,
effectively rescuing drug
that would otherwise be

lost in the tubing.




The Particle Size Paradox

Pass-over Circuit Water Chamber / Tubing Filter

Bench data revealed that Pass-over humidifiers deliver a
slightly smaller particle size (MMAD ~1.7 pm) than the
Absolute Humidifier (~2.06 ym). The pass-over MMAD is
only smaller because the circuit acted as a physical filter—all
larger droplets crashed and were lost in the tubing. The
Absolute Humidifier's slightly larger MMAD represents a
fully preserved, successfully delivered aerosol profile.
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Translating Delivery to Simulated Lung Deposition

Delivered dose to the ETT does not guarantee lung deposition, as many particles are exhaled. Using
Mimetikos Preludium software, simulations of healthy adult lungs reveal that the absolute humidifier
nearly doubles the final deposited dose of the nebulized drug compared to pass-over conventions.

Pass-over H1 & H2 Absolute Humidifier (0 mg/L)

8.0% -9.1% 15.5%
total deposited dose total deposited dose




The Breath-Hold Multiplier

Ventilator settings can further
optimize decoupled humidification.

Increasing the breath-hold time
from 0.5 seconds to 1.0
seconds allows the preserved
drug particles more time to settle
via gravity within the lower
respiratory tract, increasing the
simulated deposited dose from
41.8% 10 46.8%.

46.8%

Total Thoracic Lung Deposition
(% of delivered dose)

Simulated for MMAD 2.0 pm

0.0s 0.5s 1.0s
Breath-hold time



Disease State Deposition Modeling

Lung pathology mechanically alters aerosol transit. Airway obstruction(Asthma/COPD) increases
deposition via enhanced impaction in bifurcations and shorter settling distances. Conversely, alveolar
alveolar damage (Emphysema) reduces deposition due to increased settling distances before exhalation.

Disease State Structural Change Total Deposition % Heatmap
Healthy Baseline dimensions 41.8%
Enlarged alveolar diameter 36.8%
Emphysema (longer settling distance) Lowest
COPD 50% decreased bronchiolar 56.3%
(Chronic Obstruction) | diameter i
50% decreased 68.3%
Asthma tracheobronchial diameter Highest _

*Simulated at 0.5s breath-hold, MMAD 2.0 pm



The Precision Airway Blueprint: Conclusion
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Physics

Coupled heating and
humidification inherently
ruins aerosol delivery by

preventing droplet
evaporation and causing
circuit impaction.
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Efficacy

Decoupled absolute
humidifiers allow real-time
active humidity reduction,

shrinking drug particles and
nearly doubling the in silico
lung deposition.

Safety

By utilizing the evaporation
of the drug aerosol itself,
absolute humidifiers

maintain strict ISO hydration

requirements (>33 mg/L)
without compromising the
airway.



