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a b s t r a c t 

Background: Mechanical ventilation (MV) is a core intensive care unit (ICU) therapy. Significant inter- and 

intra- patient variability in lung mechanics and condition makes managing MV difficult. Accurate predic- 

tion of patient-specific response to changes in MV settings would enable optimised, personalised, and 

more productive care, improving outcomes and reducing cost. This study develops a generalised digital 

clone model, or in-silico virtual patient, to accurately predict lung mechanics in response to changes in 

MV. 

Methods: An identifiable, nonlinear hysteresis loop model (HLM) captures patient-specific lung dynamics 

identified from measured ventilator data. Identification and creation of the virtual patient model is fully 

automated using the hysteresis loop analysis (HLA) method to identify lung elastances from clinical data. 

Performance is evaluated using clinical data from 18 volume-control (VC) and 14 pressure-control (PC) 

ventilated patients who underwent step-wise recruitment maneuvers. 

Results: Patient-specific virtual patient models accurately predict lung response for changes in PEEP up to 

12 cmH 2 O for both volume and pressure control cohorts. R 2 values for predicting peak inspiration pres- 

sure (PIP) and additional retained lung volume, V frc in VC, are R 2 = 0.86 and R 2 = 0.90 for 106 predictions 

over 18 patients. For 14 PC patients and 84 predictions, predicting peak inspiratory volume (PIV) and V frc 

yield R 2 = 0.86 and R 2 = 0.83. Absolute PIP, PIV and V frc errors are relatively small. 

Conclusions: Overall results validate the accuracy and versatility of the virtual patient model for cap- 

turing and predicting nonlinear changes in patient-specific lung mechanics. Accurate response prediction 

enables mechanically and physiologically relevant virtual patients to guide personalised and optimised 

MV therapy. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Mechanical ventilation (MV) is a core therapy for respiratory 

ailure and acute respiratory distress syndrome (ARDS) patients in 

he intensive care unit (ICU). However, non-optimal MV settings 

an cause ventilator induced lung injury (VILI), increasing length 

f stay, mortality and cost [1–4] . 

Titration of positive end-expiratory pressure (PEEP) [5] is one 

referred way to keep alveoli open and improve oxygenation. How- 
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ver, determining the optimal PEEP for an individual patient is 

till unclear in clinical practice [6–9] . Lung protective strategies us- 

ng a tidal volume of 6-8mL/kg [ 10 , 11 ] and plateau pressures un-

er 30cmH 2 O are well-accepted [ 10 , 12 , 13 ], although recent stud-

es suggest the safe plateau pressure varies over time with patient 

ondition, and airway pressure should thus be minimised [ 6 , 14–

6 ]. However, sufficient PEEP is still needed to provide alveolar re- 

ruitment and adequate gas exchange. 

Clinical evidence has reported both lower and/or higher PEEP 

entilation reduces mortality in different subgroup analyses [16–

0] , confusing choices. It is clear optimal MV settings, particu- 

arly PEEP, have significant inter- and intra-individual variability. 

he ability to accurately monitor, capture, and predict the response 

https://doi.org/10.1016/j.cmpb.2020.105912
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cmpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2020.105912&domain=pdf
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Abbreviations 

HLA Hysteresis loop analysis 

HLM Hysteresis loop model 

MV Mechanical ventilation 

PC Pressure Control or Pressure Controlled mechanical 

ventilation 

PEEP Positive end-expiratory pressure 

PIP Peak inspiratory pressure 

RMs Recruitment manoeuvres 

RMS Root-mean-square 

V Volume 

VC Volume Control or Volume Controlled mechanical 

ventilation 

V frc Dynamic functional residual capacity volume gained 

or retained in the lung due to PEEP changes 

V tidal Tidal volume 

Variables 

V h 1 Volume associated with viscoelastic inspiratory hys- 

teresis response 

V h 2 Volume associated with viscoelastic expiratory hys- 

teresis response 

R Airway resistance 

K e Alveolar recruitment elastance 

K e1 Alveolar recruitment elastance at PEEP1 

K h1 Inspiratory nonlinear recruitment elastance 

K h2 Expiratory nonlinear recruitment elastance 

K Instantaneous elastance over time 

V m 1 Lower inflection point 

V m 2 Upper inflection point 

δ Controls the end-inspiratory stiffness 

q Controls the smoothness of end-inspiratory stiffness 

K c Controls stiffness changes from inspiration to expi- 

ration 

E m 1 Maximum inspiratory hysteresis energy 

E h 1 Calculated inspiratory hysteresis energy 

f V Input force 

b Coefficient for recruitment basis function 

E Coefficient for distention basis function 

V m 

Upper limit tidal volume 

α post-yielding ratio 

k 1 Identified HLA stiffness or elastance for the first in- 

spiration segment as airways fill 

k 2 Identified HLA stiffness or elastance for the second 

inspiration segment during recruitment 

k 3 Identified HLA stiffness or elastance for the first ex- 

piration segment as airways release air 

k 4 Identified HLA stiffness or elastance for the second 

expiration segment during derecruitment 

o changing MV settings would offer insight and capability current 

are and equipment cannot provide. 

An accurate, predictive virtual patient or digital clone based 

n a mechanical model of patient-specific lung mechanics would 

ugment clinical data, provide a more comprehensive picture of 

atient-specific state, and predict response to care [ 21 , 22 ]. Accu- 

ate prediction enables more personalised, confident, and efficient 

V delivery, minimising the risk of VILI, and could potentially re- 

uce the length of MV, which is clinically and economically impor- 

ant [23] . 

Statistical models efficiently provide best mathematical com- 

inations for predictive relationships, but offer little understand- 

ng of the underlying mechanics [24–27] , even if prediction accu- 

acy is acceptable [ 26 , 27 ]. A mechanical model offers more explicit
2 
eaning, physically and physiologically, and is thus more suitable 

or virtual patient models [25] . However, deterministic models can 

uffer from being too complex to identify or too simple for accu- 

acy [ 25 , 28 , 29 ]. 

Currently, deterministic basis-function based virtual patient 

ung mechanics models provide accurate modelling and prediction 

sing a linear single compartment lung model [30–32] . They as- 

ume the shape of lung elastance and resistance over pressure, vol- 

me and flow. This linear plus basis functions approach was taken 

ver using the same model structure with nonlinear elements 

33–38] for reasons of computational and identification simplicity. 

owever, while effective, this basis function model approach lacks 

recision in fully capturing nonlinear lung mechanics, such as the 

dded lung volume obtained when changing PEEP. Combining the 

ingle compartment lung model and the hysteresis loop analysis 

HLA) method predicted airway pressure, but required parameters 

dentified from multiple prior low PEEP steps [39] , which is not 

linically effective. 

Finally, while lung mechanics models are common, predictive 

ung models are very limited. Mathematical models at cellular, tis- 

ue and geometric scales have enabled better understanding of 

ung mechanics [ 12 , 22 , 25 , 40–47 ]. However, they are complex, have

any unknown parameters, and can suffer overfitting issues, ex- 

luding personalised model-based prediction. Hence, personalised 

odels are less common, and predictive personalised models are 

ery infrequent, as reviewed in [ 25 , 48 ]. 

This research presents a digital cloning method to create an 

ccurate, predictive and patient-specific virtual patient model en- 

bling personalised MV using a nonlinear, physiologically-relevant 

ysteresis loop model (HLM). It accurately captures lung mechan- 

cs, and predicts clinical important measured responses to changes 

n PEEP up to 12cmH 2 O from a single PEEP level for both volume- 

nd pressure-controlled (VC and PC) ventilation. 

. Methods 

.1. Hysteresis loop model (HLM) for lung respiratory mechanics 

The key features to represent lung respiratory dynamics include 

he recruitment of alveoli and alveolar distension in inspiration, 

s well as the recoil of lung elastance in expiration. An identifi- 

ble HLM [49] is proposed with a linear spring, K e , to represent 

he alveolar recruitment elastance, and two nonlinear hysteretic 

prings, K h1 and K h2 , for alveolar hysteresis elastance during inspi- 

ation and expiration, respectively. The proposed HLM is illustrated 

n Fig. 1 . 

The dynamic equation of motion for Fig. 1 is defined: 

¨
 + R ̇

 V + K e V + K h 1 V h 1 + K h 2 V h 2 = f V ( t ) + P E E P (1) 

here V is the volume of air delivered to the lungs, V h 1 and V h 2 

re hysteretic volume response during inspiration and expiration, 

espectively, R is the airway resistance, PEEP is the positive end- 

xpiratory pressure, and f V ( t ) is the steady-state input force. 

The nonlinear stiffness, K ( t ), for a breath can thus be defined in

 differential form [49] : 

 ( t ) = 

d f r 

dV 

= K e + K h 1 

˙ V h 1 

˙ V 

+ K h 2 

˙ V h 2 

˙ V 

(2) 

here f r is the total restoring force calculated from Eq. (1) : 

f r ( t ) = f V ( t ) − V̈ − R ̇

 V + P E E P (3) 

Thus, the change of nonlinear stiffness is determined by the 

wo hysteretic springs K h 1 

˙ V h 1 
˙ V 

and K h 2 

˙ V h 2 
˙ V 

, giving the PV loop its 

haracteristic shape in Fig. 1 . 
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Fig. 1. Schematic diagram of the proposed HLM for lung mechanics. 
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Fig. 2. Definition of HLM parameters in a schematic PV loop. 
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In particular, the inspiratory hysteretic spring is defined: 

˙ V h 1 

˙ V 

= f sign 
+ 
(

1 −
(

V h 1 

V m 1 

)2 

− δ
(

E h 1 
E m 1 

)q 
)

+ K c f sign 
−

(4) 

here V m 1 is the lower inflection point, δ controls the end- 

nspiratory stiffness due to distention or a pause, E h 1 is the dissi- 

ated energy due to inspiratory hysteresis, q controls the smooth- 

ess of plateau stiffness, and E m 1 is the maximum energy with- 

ut inspiratory pause at peak alveolar pressure. K c controls stiff- 

ess changes from inspiration to expiration via signum functions 

 sign 
+ and f sign 

−: 

f sign 
+ = 0 . 5 ∗

(
1 + sign 

(
V h 1 ̇

 V 

))
(5) 

f sign 
− = 0 . 5 ∗

(
1 − sign 

(
V h 1 ̇

 V 

))
(6) 

here f sign 
+ = 1 in inspiration and f sign 

+ = 0 in expiration, with 

 sign 
− = 0 and 1, respectively, thus asserting which term is active 

n Eq. (4) . 

The expiratory hysteretic spring is defined similarly to inspira- 

ion for alveolar derecruitment: 

˙ V h 2 

˙ V 

= f sign 
−
(

1 −
(

V h 2 

V m 2 

)2 
)

(7) 

here V m 2 is the upper inflection point. 

Therefore, ten (10) parameters, comprising: K e , K h1 , K h2 , R, V m 1 ,

 m 2 , E m 1 , K c , q and δ, are defined to model the lung hysteresis me-

hanics using the proposed HLM. The input force, f V ( t ), also needs

o be identified for model forward simulation. Fig. 2 shows the 

efinition of HLM model parameters controlling the shape of a 

chematic PV loop. 

.2. Automated creation of a lung-mechanics virtual patient model 

This section creates a virtual patient by identifying the pro- 

osed HLM parameters at a given PEEP to enable prediction of 

atient-specific lung dynamic response at higher or different PEEP 

evels. The identification process presented can be automated, re- 

uiring no human input, and includes: 

• Step1 : HLA identification of K e , K h1 , K h2 , V m 1 , V m 2 and K c ; 
• Step2 : Calculation of R and f ; 
V 

3 
• Step3 : Forward simulation of patient-specific response using 

the mechanics model identified from measured PV data at the 

given PEEP, to, in turn, use it to identify E m1 and q . 

It is important to note that this proposed model is more di- 

ectly identifiable [ 50 , 51 ] than more complex existing lung me- 

hanics models [51–54] . 

.2.1. Step1: HLA identification 

HLA is an automated, well-proven algorithm for identifying the 

hange of slopes and breakpoints for any general hysteresis loop 

 49 , 55–58 ]. The measured PV loop is divided into inspiratory and

xpiratory half cycles using the turning point T max at maximum 

olume point ( Fig. 3 ). The inspiration half cycle is approximated as 

wo segments with HLA identified stiffness k 1 , k 2 and the break- 

oint V m 1 for inspiration. HLA for the expiration half cycle yields 

 3 , k 4 and breakpoint V m 2 . 

The HLA identified stiffness values can be used to calculate 

odel parameters K e , K h1 , K h2 and K c ,: 

 e = k 2 = αk 1 (8) 

 h 1 = k 1 − k 2 (9) 

 h 2 = k 3 − k 4 (10) 

 c = 

k 4 − k 2 
k 1 − k 2 

(11) 

The end-inspiratory parameter δ can then be calculated: 

= 

k 2 − k 2 end 

k 1 − k 2 
(12) 

here k 2 end is the end-inspiratory stiffness identified in HLA 

hown in Fig. 3 . Note, if δ< 0 distention exists, and δ> 0 captures

n end-inspiratory pause. 

.2.2. Step2: Input force (f V ) and resistance (R) 

The chest-lung system is assumed to be highly overdamped 

ith relatively negligible higher frequency oscillation during 

reathing [59] , as observed in clinical data. The volume changes for 

ne breath cycle can be modelled using a steady-state harmonic 

nput force: 

f V ( t ) = P amp sin ( w ∗ t + ϕ ) (13) 
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Fig. 3. HLA identification of a measured PV loop. 
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here the amplitude P amp and phase ϕ can be calculated [60] : 

 amp = V tidal ∗ k 

√ (
1 − w 

2 

w 

2 
n 

)2 

+ 

(
2 ξ

w 

w n 

)2 

(14) 

 = ta n 

−1 2 ξ ( w/ w n ) 

1 − ( w/ w n ) 
2 

(15) 

here V tidal is the breathing tidal volume, and k is the equivalent 

nitial inspiratory and expiratory filling (emptying) elastances esti- 

ated from: 

 = 

1 

2 

( k 1 + k 3 ) (16) 

A highly overdamped system is assumed with a large damping 

atio ( ξ> 10 ) eliminating the effect of free vibration or oscillation, 

hich is not clinically observed in respiratory data. Thus, the vol- 

me attains its peak when the input force returns to zero, as seen 

t end inspiration, with the condition w = w n , which gives ϕ= π /2.

q. (14) can then be simplified and rewritten: 

 amp = 2 ξV tidal k (17) 

The resistance parameter, R , in Eq. (1) can then be calculated: 

 = 2 ξw = 2 ξ
√ 

k (18) 

.2.3. Step3: Forward simulation to find E m1 and q in Eq. (4) 

The dissipated energy E h 1 due to the nonlinear hysteresis force 

 h 1 can be calculated [49] : 

 E h 1 = f h 1 d V = K h 1 V h 1 d V (19) 

hich yields: 

 h 1 = K h 1 ∫ V h 1 ̇
 V dt (20) 

Thus, the maximum energy parameter, E m 1 , without consider- 

ng distention, is obtained using forward simulation with the iden- 

ified V m 1 , K e , K h1 and K h2 values found for the inspiratory half cy-

le in Step1. 

The smoothness parameter, q , is found by minimizing normal- 

zed residual errors between the forward simulation and measure- 

ents during inspiration, using: 

 = ar g min 

n ∑ 

i =1 

√ (
P i − ˆ P i 

P̄ 

)2 

+ 

(
V i − ˆ V i 

V̄ 

)2 

(21) 

here P and V are the measured pressure and volume, ˆ P and 

ˆ V 

re the modeled pressure and volume based on forward simulation 

f the identified model, and P̄ and V̄ are the mean values of the 

easured pressure and volume ( P and V ), respectively. 
4 
.3. Prediction using an identified virtual patient model 

.3.1. Prediction of K e ( = k 2 ) 

In the identified HLM, the alveolar recruitment elastance, K e 

 Fig. 2 ), is a key physiological feature whose changes capture the 

hange of recruitment lung dynamics during a change of PEEP. 

rior basis functions [ 30 , 31 ] have proven a good representation of 

bserved mechanical lung behaviour during inspiration, consider- 

ng the trade-off between alveolar recruitment and distention. In 

articular, linear and exponential shaped basis functions defined 

31] : 

 = E 1 ∗ e bV + E 2 ∗ P 

60 

(22) 

here E 1 is the coefficient for recruitment basis function and E 2 is 

he coefficient for distention basis function. V m 

is the upper limit 

idal volume and is set to 1L, while E 1 is equal to zero for V > V m 

30,31] . 

Similarly, the same shape basis functions are employed to pre- 

ict changes in the ‘post-yielding’ ratio, α, representing the change 

f stiffness from alveolar recruitment to distention in the HLM, as 

een in Fig. 3 , and defined: 

= 

K e 

k 1 
= 

k 2 
k 1 

= α1 ∗ e 
b PE E P 

k 1 + E ∗ P E E P (23) 

here α1 is the post-yielding ratio at the first low PEEP level, 

EEP1, calculated: 

1 = 

K e 1 

k 1 
(24) 

here K e1 is the identified value of K e at PEEP1. In addition, the 

dentified α1 at the first low PEEP level, PEEP1, can provide: 

1 = α1 ∗ e 
b PE E P1 

k 1 + E ∗ P E E P 1 (25) 

For hysteresis behavior, the maximum possible value for the 

ost-yielding ratio is α = 1 [58] at the upper limit volume V m 

, 

ielding: 

 = 

1 

k 1 V m 

(26) 

Combining Eqs. (25) and (26) to solve b , yields: 

 = 

k 1 
P E E P 1 

log 
( α1 − E P E E P 1 ) 

α1 

(27) 

.3.2. V frc prediction 

The predictive virtual patient model based on an identified, 

hysiologically relevant HLM can simulate future changes of resid- 

al volume or functional residual capacity ( V frc ) at the end of expi- 

ation when a change of PEEP level occurs. In particular, increasing 
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Fig. 4. Change of V frc due to change of PEEP levels. 
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Table 1 

Patient demographics for both cohorts. Each cohort has 6 x �PEEP = 2 cmH2O RM 

increments from a base PEEP1 level (to PEEP2-7), except Patient 18 in the McREM 

cohort, which has 4 steps. There is thus a total of 190 predictions from PEEP1 to 

PEEP2-7 (106 for McREM and 84 for Maastricht). 

McREM VC MV patient demographics (N = 18) 

Patient Sex Age Clinical Diagnostic 

1 Male 74 Subarachnoid and subdural hemorrhage 

2 Female 50 Pancreatitis, pneumonia 

3 Female 30 Peritonitis, sepsis 

4 Female 49 Pneumonia 

5 Male 34 Traumatic open brain injury 

6 Male 67 Post resuscitation 

7 Male 39 Perf. sigma, peritonitis 

8 Male 42 Pneumonia, pancreatitis 

9 Male 51 Traumatic brain injury, pneumonia 

10 Male 77 Pneumonia 

11 Male 37 Pneumonia 

12 Male 41 Peritonitis 

13 Male 62 Subarachnoid hemorrhage 

14 Male 39 Traumatic brain injury, pneumonia 

15 Male 74 S/P coronary artery bypass grafting, 

pneumonia 

16 Male 59 ARDS 

17 Male 45 Blunt abdominal trauma, pneumonia 

18 Male 42 Acute GI bleeding, sepsis 

Maastricht PC MV patient demographics (N = 14) 

Patient Sex Age Clinical Diagnostic 

1 Male 77 Coronary Artery Bypass Grafting 

2 Female 85 Coronary Artery Bypass Grafting 

3 Male 57 Coronary Artery Bypass Grafting 

4 Male 47 Coronary Artery Bypass Grafting 

5 Male 73 Aortic Valve Replacement 

6 Male 75 Coronary Artery Bypass Grafting 

7 Female 71 Aortic Valve Replacement 

8 Male 76 Coronary Artery Bypass Grafting 

9 Female 64 Subarachnoid Hemorrhage 

10 Female 68 Pneumonia 

11 Female 78 Pneumonia 

12 Female 18 Mitral and Tricuspid Valve Replacement 

13 Female 71 Pneumonia 

14 Male 36 Coronary Artery Bypass Grafting 
EEP leads to an earlier end of expiration at a higher PEEP, retain- 

ng an additional lung volume, V frc , as shown in Fig. 4 . The result-

ng change of volume V δ for �PEEP can be calculated: 

 δ = 

�P E E P 

k 3 
= 

P E E P ( n +1 ) − P E E P n 

k 3 
(28) 

here k 3 is the alveolar decruitment stiffness identified in HLA 

n Step1 at PEEP n and is also held constant over all PEEP val- 

es ( Fig. 3 ). Therefore, the breakpoint V m 2 also changes with the 

hange of volume drop V δ , which can be described: 

V m 2 ( P E E P n ) 

V D 

= 

V m 2 

(
P E E P ( n +1 ) 

)
V D − V δ

(29) 

Combining Eqs. (28) and (29) , the change of V m 2 can be up- 

ated: 

 m 2 

(
P E E P ( n +1 ) 

)
= V m 2 ( P E E P n ) − V m 2 ( P E E P n ) 

P E E P ( n +1 ) − P E E P n 

V D k 3 

(30) 

Hence, the change of V frc can be readily predicted by forward 

imulating the identified virtual patient model using the updated 

 m 2 over PEEP changes, as shown schematically in Fig. 4 . 

.4. Patient data 

Clinical data includes 18 VC ventilated patients from the 

cREM trial in Germany and 14 PC ventilated patients from the 

aastricht trial in Netherlands. Ethics approval for the McREM trial 

as granted by local ethics committee for each of the eight partic- 

pating German ICUs [61] . The 14 patients in the Maastricht trail 

METC17-4-053) [32] were treated using Bi-level Positive Airway 

ressure (BIPAP), a common PC mode. Each patient in both cohorts 

nderwent a 6-step staircase RM using �PEEP = 2cmH2O/step, ex- 

ept Patient 18 in the McREM cohort who had only 4 steps. Pres- 

ure and flow data were recorded from the ventilators. Patient de- 

ographics for both cohorts are in Table 1 . 
5 
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Fig. 5. McREM cohort prediction under VC MV for all patients and �PEEP prediction intervals (106 predictions). Left : Prediction of PIP with R 2 = 0.86, or R 2 = 0.91 for 104 

predictions when excluding two outliers (circled) from one patient. Right : Prediction of V frc with R 2 = 0.90. 
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.5. Validation analyses 

Validation uses the hysteresis PV loop at the starting PEEP 

evel (PEEP1) to identify model parameters for the HLM and cre- 

te the virtual patient model. Response is then predicted for all 

atients (N = 32) at all higher PEEP levels over �PEEP intervals up 

o 12cmH2O (PEEP2-7; 6xPEEP steps), comprising 106 predictions 

or McREM VC patients and 84 for Maastricht PC patients. 

Prediction results are compared using correlation plots with R 

2 

alues for the 1:1 equivalence line, and error comparing clinically 

elevant measured and model predicted responses: 

• Peak inspiratory pressure (PIP) absolute error (cmH2O) for 

volume-controlled McREM cohort; 
• Peak inspiratory volume (PIV) absolute error (L) for pressure- 

controlled Maastricht cohort; 
• V frc absolute error (L). 

Low prediction errors in these clinically relevant values would 

alidate the model’s ability to guide the design and delivery of 

afe, effective, patient-specific MV. 

. Results 

Fig. 5 summarizes PIP and V frc prediction results for the VC 

McREM) cohort, showing very good PIP prediction with R 

2 = 0.86 

o the 1:1 perfect match line, increasing to R 

2 = 0.91 with 2 outliers

~2%) from one patient excluded (circled). Predicted retained lung 

olume, V frc compared to clinically measured V frc , is very good with 

 

2 = 0.90. Overall, PIP prediction has median [IQR] error of 0.99 

0.55, 1.93]cmH2O and V frc errors are 0.014 [0.006, 0.021]L with 

maller errors at lower �PEEP intervals in Fig. 5 . Appendices A - B

ave per-patient results. 

Fig. 6 shows PIV and V frc prediction for the PC (Maastricht) co- 

ort, for 84 predicted cases over 14 patients. PIV prediction yields 

 

2 = 0.86. Cumulative V frc , prediction yields R 

2 = 0.83 for all patients

r R 

2 = 0.91 excluding 3 outliers from the highest prediction inter- 

als for 1 patient. Overall, PIV prediction has median [IQR] error of 

.030 [0.012, 0.049]L and V frc errors are 0.016 [0.009, 0.032]L with 

maller errors at lower �PEEP intervals in Fig. 6 . Appendices C - D

ave per-patient results. 

These results validate the ability of the virtual patient model 

o achieve good prediction for both VC and PC modes, and that it 

s robust across different patient conditions and both major ven- 
6 
ilation modes. Accurate prediction for clinically-relevant changes 

nd unrealistically high �PEEP is critical for clinical utility and 

ull model validation, respectively, and is increasingly relevant in 

ovid-19 [62] . The HLM model is identified from clinical data us- 

ng HLA combined with proven basis functions [30–32] for K e to 

redict elastance evolution. Accurate prediction using only mea- 

urements from the current PEEP is unique in requiring no changes 

o PEEP to identify the model or perform prediction, as in [ 63 , 64 ],

hich also increases clinical validity. 

Detailed individual per-patient prediction results are shown in 

ppendices A - D . 

. Discussion 

A virtual patient model is identified at the lowest PEEP level 

PEEP1) using the proposed HLM, and accurately predicts response 

t higher PEEP up to �PEEP = 12cmH 2 O for clinical validation. HLM 

odel parameters are identified using the proven HLA method. A 

rocess requiring no human intervention makes it clinically appli- 

able. It also avoids divergence and model mismatch issues found 

n nonlinear identification of similar hysteretic problems/models 

 50 , 65 ]. The overall results show very good accuracy in predicting

linically relevant peak values, V frc , and patient-specific PV loops. 

A more complex model with more nonlinear elements in the 

LM might improve accuracy. However, identifiability and ability 

o automate identification would be reduced [ 25 , 50 ]. Equally, rel- 

tively higher accuracy with a more complex model is not neces- 

arily more clinically useful. In particular, there are many models 

f lung mechanics, particularly at multiple scales, levels of linear- 

ty, and complexity [ 12 , 22 , 25 , 40–47 ], but while they match dynam-

cs well, only a very few are predictive of outcome PV loops and 

echanics, especially from a single breath, as reviewed in [ 25 , 48 ].

hus, the utility of adding further nonlinear HLM model elements 

ight add very little, considering the model presented already pro- 

ides very good accuracy using clinical data and is better than pre- 

ictive models to date [ 30 , 32 , 48 ]. 

While basis-function methods yield reasonably accurate V frc , PIP 

nd PIV estimates using the single compartment model [ 30–32 , 

8 , 66 ], the virtual patient model presented is significantly more 

ccurate in calculating these values using the more detailed me- 

hanics model presented. Predicted V frc errors average 0.018L com- 

ared to 0.093L using prior basis-function methods [66] , and are 
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Fig. 6. Maastricht cohort prediction under PC MV for all patients and �PEEP prediction intervals (84 predictions). Left : Prediction of PIV with R 2 = 0.86 Right : Prediction 

of V frc with R 2 = 0.83 or R 2 = 0.91 excluding 3 outliers (81 predictions) from the highest three prediction intervals for one patient. 

a

b

1

�

i

t

l

c

p

r

q

u

s

h

e

V

p

g

l

i

s

a

g

s

s

r

s

t

w

c

i

t

c

a  

l

u

p

P

u

d

H

e

a

m

u

a

e

i

t

c

M

5

c

p

i

c

o

a

d

t

m

g

i

l

D

A

m

#

T

k

R

lso measurably lower for PIP and PIV. Improved accuracy and ro- 

ustness increase potential clinical utility. 

Clinically, V frc has potential to guide care. Considering Patients 

2 and 13 in Appendix B (McREM cohort), the slopes of V frc over 

PEEP intervals are very different between these patients, reflect- 

ng typical significant inter-patient variability, as seen across all pa- 

ients. However, a large slope, as in Patient 13, indicates a high 

evel of recruitability. In contrast, the low slope of Patient 12 indi- 

ates a lack of recruitability. Clinical decisions on PEEP, given this 

reviously unavailable information, could be different because the 

ecruited lung volume obtained by changing PEEP would now be 

uantified. 

In particular, lung recruitability is currently broadly estimated 

sing PEEP tests with calculations and/or imaging [67–71] . The re- 

ults are neither patient-specific nor as accurate as V frc predictions 

ere. Recruitability is an open issue in Covid-19 care, as with the 

arlier H1N1 outbreak [ 69 , 70 ]. The slope of predicted model-based 

 frc over PEEP thus offers a new and potentially more accurate ap- 

roach to assess recruitability in MV patients. 

The chest-lung system is considered overdamped with negli- 

ible chest wall and lung accelerations in breathing [59] . Thus, a 

arge damping coefficient enables a steady-state simulation match- 

ng observed clinical data. While the choice of ξ is non-unique, a 

ensitivity analysis in Appendix E shows good prediction accuracy 

cross a range of ξ> 10. Therefore, a fixed value ( ξ = 20) should 

eneralise well. 

The proposed HLM has less nonlinearity for expiration than in- 

piration, producing relatively higher errors during expiration, as 

een in detailed results in Appendices A - D . More complex expi- 

ation mechanics might increase the prediction accuracy for V frc 

ince this residual volume is gained during expiration. However, 

he ability to automate the identification of a more complex model 

ith more parameter would be reduced. Equally, more complexity 

an provide greater physiological relevance, but does not guarantee 

mproved prediction accuracy. Promising results over 32 patients in 

wo independent trials using different MV modes indicates signifi- 

ant robustness, minimising this limitation. 

A second limitation could be higher errors for some patients 

nd predictions in Appendices A - D and Figs. 5 and 6 . However,

arger errors are not randomly distributed and occur at clinically 

nrealistic and large �PEEP intervals. They also cluster in specific 

atients. These errors could also be a function of the ventilator or 

EEP valve, rather than the model. Equally, they occur at clinically 

nrealistic �PEEP changes, and would have no clinical impact. 
7 
Inter-disciplinarity could be a limitation or strength. The HLM 

erives from similar civil engineering mechanics [72–74] , and the 

LA elastance identification method was developed for earthquake 

ngineering damage monitoring [ 49 , 55–58 , 75–77 ]. These models 

nd methods are unproven in biomedical engineering and clinical 

edicine applications. However, the accuracy of the results, partic- 

larly in prediction, indicates this limitation has minimal impact 

nd the fundamental mechanics generalise well. 

Finally, creating the virtual patient model requires no clinical or 

ngineering input. It could thus be automated for real-time mon- 

toring, decision support, and personalisation of care. Virtual pa- 

ient guided care has demonstrated clinical benefit in glycemic 

ontrol [78] , and this model enables extension of this approach to 

V. 

. Conclusions 

Patient-specific digital twins or virtual patients built on clini- 

al data and a proven nonlinear mechanics model offer accurate 

rediction of patient-specific lung mechanics response to changes 

n mechanical ventilation settings, enabling personalised, precision 

are to improve outcomes and cost. The model and method devel- 

ped provide very good prediction accuracy, as well as mechanical 

nd clinical insight not previously available and not provided by 

ata-driven methods or less complex models. There is also the po- 

ential to merge the developed underlying mechanical model and 

achine learning using patient-specific and breath-specific data 

enerated by the model. Overall, this work provides a very promis- 

ng proof-of-concept, validated across multiple patients and venti- 

ation modes. 
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