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The online data supplement for this paper contains additional material that could not be
included in the main text due to space limitations, and is divided into three files. The first file
(additional file 1) describes in detail the simulation model employed in the paper. Additional
file 2 presents the optimization strategy used in matching the model to the ARDS patient
data and the parameter values for the different models. Additional file 3 reports the effects on
Pa0O,/F,0; of changes in haemoglobin levels, cardiac output, and F,O, for the MRS-10 RM

applied to patient A and presents some further model validation results.

Additional File 2: Configuring the Simulator to Patient Data using Global

Optimization and the tabulated configuration results

The model was configured to fit data from individual ARDS patients in two stages. In the
first stage, the model was matched to data reported by Nirmalan and colleagues (1), which
listed measurements taken from 10 patients treated for ARDS. The data consisted of arterial
and mixed venous blood gas values and cardiac output estimations for each patient, listing
the following measurements: hemoglobin content in blood in g dl-1 (Hb), cardiac output in
ml min-1(CO), partial pressure of oxygen in arterial blood (Pa0O,), partial pressure of oxygen
in mixed venous blood (PvO,), partial pressure of carbon dioxide in mixed venous blood
(PvCO,), shunt fraction (QS/QT) and F;O,. To simulate an individual patient, one set of data
(a row from Table 1 of the supplementary material given with (1)) was selected and the
values of Hb, CO and F;0, were fixed as given. We then used an optimization-based

methodology (see below) to find the model configuration that would generate outputs that
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most closely matched the clinical data available. The model parameters to be optimized for
each of the 100 alveolar compartments were Pey, £ and "TOP”, representing the extrinsic
pressure acting on an alveolar compartment, the stiffness of the compartment and the
threshold opening pressure, respectively (see Table 1 below). As values for respiratory
quotient (RQ), rate of breathing (VR), total oxygen consumption (VO,), and IE ratio used
were not reported in the original study these settings were also simultaneously optimized to
provide the best possible fit to the data. The PEEP and peak inspiratory pressure (P,) were
set to 5 cm H,O and 15 cm H,O respectively, to prepare the “virtual patients” for the RM

trials to be performed later.

The data obtained from Nirmalan (1) contain only static measurements and thus do not
provide information concerning dynamic processes such as recruitment. Therefore, after a
lung configuration was determined using the methodology described above, a second round
of optimization was done to determine the value of 7, for each alveolar compartment so as
to best fit the dynamic recruitment data provided by Chiumello and colleagues (2). The
authors of this study report blood gas measurements in ARDS patients over a 60-minute
period as a result of step changes in PEEP. We replicated the above-mentioned trial in our
simulator through a simple PEEP maneuver consisting of two stages, an increase in PEEP
from 5 cm H,O to 15 cm H,O0 followed by a decrease in PEEP from 15 cm H20 to 5 cm
H,0. Each stage lasted for a period of 60 minutes. All relevant parameters concerning
ventilation and hemodynamics are determined as follows: the model lung parameters i.e. Peys,
k and "TOP", are configured as determined by the initial optimization procedure. The
ventilator parameters FiO,, RR, P, and IE are set to data reported in (2). The CO, VO, and
RQ are then adjusted to fit the initial value of PaO, (73 mmHg) given in the data obtained
from (2). Finally, an optimization-based search is conducted to find values of . for all the
100 compartments of the model, such that the least-squares difference between the PaO,

output of the model and the PaO, values reported in (2) is minimized.

Details of the optimization based methodology utilized to find an in silico lung configuration
that would find the best fit to patient measurements recorded in the data are as follows. In
stage 1, the optimization problem was formulated to find the minimum value of an objective

function J in the equation below:



min, J = |4, 12 wherer; = %yl [26]

'
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where y = [Pa0,, PvO,, PvCO,, Qs/Qr] are the model outputs and y'=[PaO,’, PvO,’,

PvCO;’, Qs/Q7’] are the measurements obtained from the data.

The optimization parameters (x) in stage 1, their sizes, ranges and units are summarized in
Table S1. The value of T, [21] is set randomly for each compartment between 0.001 and 10

minutes at stage 1.

Stage 2 of the matching process required a search for the optimal distribution of the
parameter 7, in Equation [21] that minimizes the difference between model output (PaO,)
and the observed change in O; in the dynamic data (PaO,”) given in Figures 1 and 2 (2). The
change in O, was observed in response to a stimulus provided by modifying the PEEP from
5 ecm H,O to 15 em H,0O and then back to 5 cm H,O. The total simulation period was 110
minutes, with PaO, recorded at specific intervals corresponding to the intervals recorded in
the data. Equation [26] is thus again utilized with y = [PaO,] and y'= [Pa0O,’] and the
optimization parameter (x) consisting solely of the vector 7, with an upper and lower bound

of 10 and 0.001mins, respectively.

A genetic algorithm (GA) was employed for both optimization procedures. GA’s are general
purpose stochastic search and optimization procedures based on evolutionary concepts (3)
such as selection, mutation, recombination etc. In GA’s, a randomly selected population of
candidates (1** generation) undergoes a repetitive process of reproduction, where selection is
based on the value of the objective function (also called the fitness). Every generation, the
best candidates from the previous generation (elitism) and candidates obtained through
mutation and crossover, recombine to form a new population. The average fitness of the
individuals in the population is expected to increase as strong individuals are protected and
combined with one other and weak individuals are discarded. Due to their ease of application
in problems with large and small parameter search spaces, GA’s are a popular search and
optimization technique. With their probabilistic and parallel nature, GA’s are generally
capable of converging to the global optimum even in highly non-convex parameter spaces —
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convergence can be slow, however, and global algorithms like GA’s typically require much
longer computation times than local gradient-based methods (4). To speed up the
optimization process, a parallelised computer code implementation of a genetic algorithm
was employed in this study. The cost function evaluation process associated with a
population can be accelerated hugely by distributing the tasks to multiprocessors (multiple
cores and/or multiple machines). High performance computing facilities available at the

University of Warwick were configured and implemented to run the parallel computing jobs.

The matching process was performed under Matlab 201 1a using the Global Optimization
Toolbox and Parallel Computing Toolbox. An adaptive termination strategy, which allows
the optimization algorithm to run as long as necessary, was applied for each case to ensure

the global optimal was reached.
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Configured values of parameters

Table Al: Optimization parameters and their ranges

Parameters Size Range Units
TOP, see [21] 100 5,40 cm H,O
k, see [18] 100 10, 10% -
Peyt, see [18] 100 -15, 28 cm H,0
VR 1 12, 30 breaths min™!
IE 1 0.25,0.50 -
RQ 1 0.6-0.9 -
VO, 1 200, 300 ml min”

Definition of Abbreviations: TOP = Threshold Opening
Pressure, P, = Extrinsic Pressure see [15], k£ = Stiffness
coefficient, see [16], VR = Ventilation Rate, IE: Inspiratory
to Expiratory Ratio, RQ = Respiratory Quotient, VO, =

Oxygen Consumption



Table A2: Results of data matching, static data, Patient A,

/= alveolar compartment number

i | TOP | k | Py i | TOP | k i | TOP| k | P
1 11.63 0.31 28.80 35 24.45 0.06 21.26 69 41.53 0.34 -0.06
2 33.35 0.19 -11.54 36 31.52 0.41 -13.42 70 35.44 0.02 2.71
3 28.32 0.09 -9.98 37 13.68 0.23 28.16 71 35.26 0.14 -9.29
4 10.83 0.35 24.50 38 38.34 0.23 -14.39 72 41.23 0.14 7.67
5 32.57 0.46 5.52 39 36.19 0.41 -11.69 73 29.99 0.05 -7.73
6 45.00 0.00 24.65 40 26.07 0.24 9.52 74 42.43 0.29 -5.44
7 36.03 0.18 15.73 41 38.22 0.16 -14.77 75 10.94 0.12 18.78
8 43.31 0.50 -11.33 42 31.57 0.27 -11.27 76 25.46 0.06 21.25
9 33.36 0.36 -2.76 43 20.66 0.29 0.97 77 42.84 0.01 8.43
10 38.71 0.33 22.18 44 12.01 0.26 17.63 78 29.85 0.00 16.77
11 19.52 0.24 7.81 45 35.81 0.10 5.69 79 13.97 0.12 11.57
12 40.28 0.23 -13.76 46 30.68 0.46 -0.11 80 29.53 0.02 6.13
13 26.45 0.49 -14.16 47 10.47 0.22 13.34 81 30.43 0.00 3.44
14 27.89 0.28 991 48 34,78 0.34 -9.53 82 16.99 0.34 0.14
15 3245 0.37 -13.79 49 32.66 0.49 -8.68 83 34.19 0.05 23.56
16 27.69 0.26 -13.15 50 4436 0.19 10.26 84 31.99 0.03 17.11
17 42.09 0.31 -13.35 51 36.71 0.32 16.82 85 32.03 0.23 12.88
18 28.20 0.30 4.79 52 36.40 0.07 8.03 86 14.07 0.01 11.98
19 24.88 0.37 -8.33 53 37.02 0.07 27.40 87 15.15 0.12 -6.79
20 23.34 0.13 -11.81 54 34.42 0.06 7.96 88 43.76 0.18 -0.02
21 37.65 0.25 -5.23 55 19.49 0.14 3.17 89 41.47 0.26 14.06
22 11.47 0.00 25.29 56 38.44 0.46 -7.55 90 27.37 0.13 16.60
23 26.74 0.38 6.10 57 42.92 0.34 -10.36 91 30.55 0.16 -5.98
24 45.00 0.17 -15.00 58 25.53 0.31 2.94 92 26.06 0.00 28.80
25 34.79 0.47 -7.71 59 14.92 0.14 14.85 93 30.77 0.31 -6.10
26 26.16 0.05 27.70 60 21.03 0.04 23.21 94 33.24 0.03 6.26
27 34.77 0.42 -11.28 61 43.46 0.28 15.41 95 36.52 0.45 -9.53
28 39.50 0.10 18.69 62 37.15 0.39 -3.04 96 24.15 0.26 12.65
29 16.16 0.21 -5.61 63 35.11 0.24 12.01 97 32.00 0.01 5.89
30 37.11 0.19 -11.51 64 13.60 0.03 28.48 98 23.00 0.26 -1.49
31 44.40 0.32 -6.30 65 31.59 0.05 16.05 99 13.25 0.02 -0.07
32 27.57 0.02 -13.33 66 17.39 0.09 15.85 100 28.78 0.04 15.71
33 40.07 0.05 13.32 67 45.00 0.34 -11.23
34 38.42 0.15 14.55 68 42.07 0.13 -10.20




Table A3: Results of data matching, static data, Patient B

i = alveolar compartment number

i | TOP | k | P i | ToP | k i | TOP | k | P

1 4500 028] -15.00 35 1660 026] -0.12 69 3295 0.12] 954
5 10.00] 028 27.69 36 3319 000 7.17 70 4436  0.00] 14.06
3 2190 025| -13.66 37 3187| 050] -15.00 7 4059 0.00]| 28.80
4 1624 012 -1037 38 4288 034 -3.11 7 2413 000 28380
5 10.00] 0.10] 18.18 39 2750 0.8 28.80 73 4305 029 -7.35
6 1991 024| 12.62 40 2571  026] -15.00 74 1412 025 937
7 3350 043 -13.72 4 3350| 0.04| 2735 75 10.00] 026 -13.78
8 4500 050 -7.93 0 1730 000| 2694 76 2750 022| 690
9 4500 020 -13.75 53 3298 0.18] 626 77 2620 0.08| 27.15
10 10.00] 000| 18.16 44 1236 0.04| 10.90 73 33.09] 0.13] 690
1 4500 004 -1327 45 2697 0.01]| -15.00 79 2407 047 948
B 1654 050] -12.28 46 2461 000 28.08 30 4500 0.00| 2685
13 2640 000 -3.70 47 3959  o0.12] 128 81 3766 0.10| 8.04
14 4001 049] -8.69 43 4500 0.00] 905 82 4302 004 1457
15 2391 028] -15.00 49 3201 003 78l 83 4430 007 1127
16 2533| 048] -8.26 50 38.15| 043] -9.18 34 1342 039 1524
17 4500 0.00] 090 51 2885 024 623 85 39.69| 038] 1342
18 4500 020 1645 5 2750 0.8 11.99 36 211 o011 =822
19 4500 0.00] 145 53 3501 005]| 2231 87 2323 0.2 -737
20 3925| 050| -14.46 54 2738 0.0 -1.26 88 3127| 042] -2.90
1 10.00] 046] 922 55 4500 0.05]| 2854 39 10.00] 023 220
2 4005 025 -8.09 56 3821 007 830 90 1000] 020 636
23 10.15] 000 187 57 3400  050] -15.00 91 2934 020] 690
24 36.06| 0.13]| -15.00 58 2355 0.9 -12.87 9 4014 0.17| 28.80
25 4500 006]| -2.84 59 1532 003] 1429 93 4500 0.7 1477
26 4022 029 -1329 60 2684 0.8 -8.85 04 1583 026] 693
27 3056| 0.18] 12.95 61 2807 0.04] -15.00 95 30.78|  027| -843
3 3264 043 118 62 37.07|  0.00] 9.59 % 2606 050] -15.00
29 1372] 000 1661 63 4500 031 08l 97 3184  037| 19.63
30 4305 0.6 1548 64 4500 0.16]| 1616 98 4018  020] 15.99
31 1000 0.04| -15.00 65 2900 033] -15.00 99 10.00] 041| -15.00
32 1054 000| -13.86 66 10.00] 000 17.23 100 4221 030] 865
33 1333 048] -9.33 67 37.74|  0.03] -15.00

34 10.00] 020 -0.10 68 2750 021 835




Table A4: Results of data matching, static data, Patient C

i = alveolar compartment number

i | TOP | k | P i | ToP | k i | TOP | k | P

1 2143 041 -5.66 35 23.07| 008 -1138 69 4500 009 1933
5 32.13| 048] 15.15 36 3657| 034] 11.00 70 4226 047 1236
3 1211 049 -12.81 37 4500| 002 2356 1 4246 0.12| 1285
4 3535 0.3] -15.00 38 4214 043] 17.60 7 2329 037| -245
5 3825 035| 9.89 39 31.70|  044| 21.04 73 30.03| 037| 19.44
6 4314  026] -1420 40 4276] 028 15.73 74 1261 044 -13.09
7 4250 049 198 4 3544 049| 14.03 75 3043| 0.13| 2435
8 2503 048] 5.68 0 32.13| 0.14]| 2782 76 4203 043 17.12
9 3459  030] 092 53 3426| 037] 19.28 77 3241 049] 27.26
10 3242 o042] 1815 44 3504  000] 24.66 73 1931 009] 1818
1 2238 033 -13.63 45 2808 041 2832 79 2638 012] 1732
B 2711 046 -10.29 46 3384 041]| 25.11 30 4463 0.00] 19.00
3 2549 047 13.11 47 4030 031 -13.12 81 3243  036] -15.00
14 37.02| 047 15.62 43 2010 044 21.82 82 3691 021] 22.89
15 3782 050] 5.10 49 4326 046| 26.04 83 3637| 002] 10.67
16 3344 0.0 13.63 50 3494  0.13] 23.86 34 1092] 0.09| 27.54
17 3002 043 1038 51 1790 001| 1471 85 1134  0.11| 2662
18 1789 020] -1432 5 3894 035 2586 86 1691 005| 25.67
19 3929  045| -13.01 53 1015 037 10.68 87 4193 027 23.84
20 1777]  026] -11.17 54 2053 0.00] 076 88 3342  0.10| 2462
1 2063 031 27.68 55 3435|  0.09] 25.14 39 2080 0.04| 2283
2 2232| 044| 13.99 56 3385| 045| 1755 90 2134 038 24.80
23 4340 009] 2234 57 3205| 008 15.09 91 4500 0.10] 19.61
24 3546| 044 15.78 58 4225 032 1992 9 4276  025| 14.02
25 4210 040 19.58 59 88| 002] 1481 93 3692 037| 19.94
26 3873 039] 1830 60 3356| 047| 17.64 04 4474 038 1143
27 37.65| 041 734 61 3901 018 9.14 95 1140 0.13| 1295
3 3450 039 2055 62 3491  0.09] 17.50 % 3272|  042] -13.82
29 4123 043] -15.00 63 16.14] 017] 1397 97 3837| 045 19.16
30 27.03| 005 2535 64 4250 0.16] 17.96 98 4032 050 1672
31 3047 036| 25.72 65 3562| 041] 19.92 99 2552 041 19.99
32 2936| 050| 12.06 66 4402 025] -15.00 100 2750 040 2727
33 11.64| 036] 1531 67 2895 034| 2134

34 3951  0.19] -15.00 68 3246] 045 11.24




Table AS: Results of data matching, static data, Patient D

i = alveolar compartment number

i | TOP | k | P i | ToP | k i | TOP | k | P

1 3886| 028 20.87 35 4500 030] 2850 69 500 015 148
5 10.66] 033 -4.93 36 10.00] 031 15.55 70 33.03| 001]| 23.60
3 2418 002 -1343 37 2740 008| 887 7 3931 0.11] 19.90
4 2119  0.10] -3.60 38 33.07| 031] -15.00 7 1433 036| 2054
5 500 036] -14.66 39 18.16] 0.12| -11.25 73 3431 035 938
6 2561 045| -1426 40 1968 044 2262 74 1445 036| 2053
7 4329 0.0 1597 4 2504  034| 1626 75 2537 038 4.79
8 2698 047 -12.88 0 4480 0.06] 21.90 76 2502 042 2323
9 3594 049 -12.08 53 3793 031]| -9.09 77 4098 020 1447
10 4500 049 -11.28 44 4500 0.03| 2528 73 3524  020] 126
1 37.73|  050| 18.78 45 2766 032 1927 79 36.77| 025| 1823
B 2950 0.16] -1.63 46 40.13| 027| -15.00 30 1805 033| 13.05
13 1798  050| -15.00 47 2207| 026 1533 81 2969 005 1024
14 4100 0.02] -15.00 43 1747 033| 603 82 2767 028 1532
15 4268 028 -1427 49 2630 006 27.24 83 2124 002 2283
16 5000 050] 730 50 3335| 029] 1587 34 1285 022| 21.16
17 2524  0.14| -15.00 51 4500 024 -1042 85 1679 035| 2123
18 2393 0.12| 19.74 5 3458| 031] -1098 86 2474 026] 10.89
19 2598 0.03| -12.18 53 2986 0.02] 22.86 87 2966 0.00] 19.79
20 4280 021| -15.00 54 2857 0.00] 28.80 88 3149 031 270
1 4500 030] 20.04 55 1067 0.10] 27.14 39 39.13|  0.00] 1532
2 31.18| 0.18] 11.75 56 4500 022 1279 90 30.69| 002] 1895
23 4122 048 -4.09 57 1253 o011 825 91 1674 004| 643
24 2061 009 -13.63 58 2181 0.7 22.19 9 2956 050 1849
25 2533 023 -10.82 59 4297  024| 14.04 93 2534 000 15.72
26 3780 0.18] -12.74 60 2822 027 28.07 04 2083 042 16.58
27 39.60| 042] 28.80 61 3569|  037] -15.00 95 4212 050 19.17
3 3930 0.17| -2.62 62 3835| 0.16] 28.80 % 30.00] 043] -9.53
29 2533| 042| -10.76 63 1031] 028] 2542 97 917| o012 1292
30 634 0.15| 1581 64 1518 045| 2342 98 3951 008 17.52
31 4340 043 -2.38 65 25.13| 0.00] -15.00 99 8.03| 026] -10.97
3 2019 022] 2079 66 2787 000 2240 100 2121 026] 28.80
33 2264 032 -0.16 67 947 023| -2.88
34 4239  043| 2236 68 4293 0.3 1622




Table A6: Results of data matching, static data, Patient E

i = alveolar compartment number

i | TOP | k | P i | ToP | k i | TOP | k | P

1 1434 014 1012 35 3505| 038 -8.15 69 1425 009 468
5 2595  0.01] -15.00 36 3657| 036] 687 70 2380 006 640
3 3844 050 -11.23 37 3999 003 920 7 3455 031 -6.52
4 3759 028] -15.00 38 2577 036]| -9.64 7 4141 036 -5.44
5 756 038 -8.64 39 3402 011 -0.84 73 2628 031 699
6 3977 021 -10.85 40 3112|  050] -9.53 74 4123 022 -1025
7 4443 035| 932 4 2777 0.02] 9.78 75 3533|  002] -628
8 2049 025| -15.00 0 4176  0.14| 407 76 3205 000] 690
9 3145 028 -13.48 53 3093| 043] 27.86 77 745 0.09] 050
10 30.76|  042] -13.16 44 3690| 0.14] -5.68 73 3211  006] 1584
1 4095 042| -11.56 45 4199 034] 690 79 36.08| 029] -10.63
B 3545 025] -15.00 46 4500 0.08] 2040 30 3412 027 -6.09
13 3284 031 -483 47 3752| 034 198 81 4482 022 -0.38
14 4026| 048] -14.16 43 36.14|  005] 0.12 82 519 008 -2.95
15 4268 0.16| 10.05 49 2718 030] -13.64 83 2650 035| -1.55
16 4019 o0.10] 632 50 2873 0.02] 636 34 3998  0.06] 046
17 3795 046| -6.87 51 3472 029] -10.79 85 4320 0.03| 387
18 3505| 028] -12.57 5 3406|  005] 1227 86 1936] 000 276
19 2527| 045 -12.05 53 2990 0.01]| 1049 87 858| 009 890
20 4460 030] -15.00 54 4366 000] 852 88 2296 025 -10.70
1 4332 045 -0.11 55 3622 0.12] 1627 39 2633 034| -6.95
2 3635| 040| -11.54 56 2500 042| 939 90 2891 000 13.82
23 3595| 027] -15.00 57 2842 000 -0.44 91 2617 030 -6.83
24 4041 034| -1491 58 4246 042 953 9 2608  0.09] -1.60
25 3293 042] -1322 59 36.72|  023] 10.46 93 617| 001| -5.02
26 2724 037 -12.62 60 2365 002 -2.71 04 2913 030 8.94
27 4500 034 -5.25 61 4248 030 032 95 3535 007 971
3 3334 008 -1247 62 242 000] 690 % 4199  0.00] 707
29 673| 030 922 63 2856 027 -1.57 97 3277 007 7.7
30 4019 049] -15.00 64 4335 000 -421 98 1639 005| 843
31 3938 0.00] -7.40 65 30.05| 0.18] -4.40 99 3740| 030] -9.00
32 4477 028[ -11.73 66 291 031 -429 100 2500 0.17| 822
33 1343 040 -6.92 67 33.06| 0.12] -4.93

34 9.09] 004] -530 68 4131 025 -10.38
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