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Recent advances in the ventilatory strategies for ARDS



媽媽們，母親節快樂 !
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課程Outline
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•ARDS ventilation 的核心問題
 
•ARDS 定義更新
 
•Lung-protective ventilation
 
•PEEP strategy
 
•Driving pressure and Optimal PEEP
 
•Recruitment maneuver and recruitability
 
•EIT-guided personalization
 
•APRV、HFOV、ECCO2-R

•Take-home message 



ARDS ventilation 的核心問題
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ARDS的三個病程階段 (微觀層面)

5Lancet 2016; 388: 2416–30



Exudative phase in ARDS

6
NEJM 2000 NEJM 2017



Proliferative and Fibrotic phase in ARDS

7NEJM 2000 NEJM 2017



肺部狀態 (宏觀層面)
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Hyperinflation

Normal ventilation

Cyclical opening and closing

Collapse

狀態 策略

Lung protection

Alveolar stabilization

Alveolar recruitment



“Open up the lung and keep the lung open” 

— Lachmann, Intensive Care Medicine, 1992
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“Open collapsed lung units and keep them opened” 

— ART trial, JAMA, 2017



呼吸器治療ARDS的本質
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• 不是設定一組漂亮參數

• 而是讓「輸入肺的機械能量」與「肺當下可承受的
生物力學容量」相匹配

• ARDS ventilation is an energy-matching problem in a 
heterogeneous lung.



Mechanical power 機械功率
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• Mechanical power : amount of energy per unit of time generated by the 
mechanical ventilation and released on the respiratory system, unifying 
the mechanical drivers of VILI, has been proposed as a determinant of 
the VILI pathogenesis.

Anesthesiology . 2016 May;124(5):1100-8. 

Intensive Care Med 2016;42:1567-75.

Crit Care. 2020 May 24;24(1):246.
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A. regional stress/strain distribution (病人
端)先判斷肺是什麼樣的肺

• 重點不是只有 ARDS 嚴重度的P/F ratio

• 而是: baby lung 還剩多少

• recruitable lung 有多少

• 哪些區域在 cyclic opening-closing

• 哪些區域已經接近 overdistension

• 有沒有高 effort / pendelluft / RV strain

B. total energy load unit time
（mechanical power）(治療端)再決定要
灌進多少機械能量

• 所以不是先問「PEEP 要不要高一點？」

• 而是先問: 這個肺現在最怕的是 

collapse，還是 overdistension？

• 現在最需要的是 recruitment，還是 

unloading？

• 現在增加的每一分能量，是在打開肺，

還是在傷害肺？

ARDS ventilation的終極理想目標



ARDS 定義更新
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2012 Berlin Definition-柏林定義
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Berlin Definition of ARDS : 嚴重度高 死亡率高
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ESICM vs. ATS guidelines in 2023



2024年新定義 - 情境更具體 
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Several developments after Berlin definition in 2012: 

Use of high-flow nasal oxygenation (HFNO)

Expansion use of pulse oximeter in place of ABG (S/F ratio) 

Use of ultrasound for chest image

Need for applicability in resources-limited settings

Am J Respir Crit Care Med Vol 209, Iss 1, pp 37–47, Jan 1, 2024





Criteria applicable to specific etiologies of ARDS
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Non-intubated

ARDS

Intubated ARDS Resource-limited

settings

Oxygen and 

respiratory support 

requirement

P/F  300 or 

S/F  315

Mild:

200 < P/F  300 or

235  S/F  315

S/F  315

HFNC  30L/min or Moderate:

100 < P/F  200 or

148 < S/F  235

Neither NIV nor a minimum 

oxygen flow rate are required 

for diagnosis

NIV (PEEP  5 cmH2O) Severe:

P/F  100 or

S/F  148

*apply S/F  97% in all non-intubated criteria

*estimated FiO2 = ambient FiO2 (e.g., 0.21) + 0.03 X O2 flow rate (L/min) for resource limited settings

*Rice linear equation to define cutoff values (Comparison of the SpO2/FIO2 ratio and the PaO2/FIO2 

ratio in patients with acute lung injury or ARDS. Chest 2007;132: 410 – 417.)

S/F = 64 + 0.84 x (P/F)



ARDS的2023年最新指引又有哪些重點? (ESICM) 

21



22

X



Phenotype, Sub-phenotype, and Endotype in ARDS (adapted from the ESICM 2023 
ARDS guideline definitions) 可當作personalized treatment的參考
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指引建議 ARDS treatment: 2012 vs. 2024

Intensive Care Med 2012; 38:1573-82 Am J Respir Crit Care Med Vol 209, Iss 1, pp 24–36, Jan 1, 2024
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• Oxygenation

✓FiO2

✓PEEP

• Ventilation

✓Tidal volume

✓Respiratory rate

✓Minute ventilation

• Monitoring and alarm system

今天單純討論ARDS呼吸器治療策略



Lung-protective ventilation
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ARDS ventilatory strategy: 一般性目標

• Keep pH > 7.3

– PaCO2 < 50 mmHg

– PaO2 > 55 mmHg, SpO2 > 88%

• To decrease work of breathing

• Lung protection

– Keep plateau pressure < 30 cmH2O

– Keep driving pressure ≤ 14 cmH2O
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Better Survival in Lower Tidal Volume ( 6 vs 12 ml/kg )

28
NEJM 2000; 342:1301-1308

6

12

6 12
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LTV Mortality Meta-analysis in 2017 and 2019

BMJ Open Resp Res 2019;6:e000420Ann Am ThoracSoc. 2017 Oct;14(Supplement_4):S271-S279.

Favors LTV Favors LTV



ESICM 2023指引: LTV 死亡率證據統計上不顯著，但仍是保護性通氣基石

30

ESICM ARDS guideline 2023
•Mortality:  RR 0.96 95% CI 0.72-1.28
•Barotrauma:  RR 0.8 95% CI 0.44-1.46
•Ventilator-free days:  2.25+ 95% CI -0.91-5.41

The primary analysis concerning mortality included three 
trials [95, 97, 99]

強建議使用LTV的理由不再是降低mortality，
而是基於生理學上的高保護性



Ultra-low tidal volume ventilation for COVID-19-related ARDS

31

6 ml/kg PBW, n=109

4 ml/kg PBW, n=106

Lancet Respir Med 2023;11: 991–1002

Not favor Ultra-LTV in COVID-19-related ARDS



PEEP strategy:

32

1.Higher PEEP vs Lower PEEP

2.High PEEP + RM

3.PEEP titrated to Pplt 28-30



PEEP remains one of the hardest ARDS decisions

• The effect of the same PEEP level depends on recruitability, chest wall 
mechanics, and hemodynamic reserve

• The modern PEEP question is not 'how much oxygenation gain?', but 'at 
what mechanical and circulatory cost?'

33



ALVEOLI trial, NEJM 2004 (1)

34

First 80 patients at higher PEEP 
group, during the first four days 
after randomization

Recruitment maneuver CPAP 35-
40 cmH2O x 30 secs

The subsequent mean increase in 
arterial oxygenation was small 
and transient. Then D/C RM

Higher PEEP vs. Lower PEEP
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ALVEOLI trial, NEJM 2004 (2): Higher PEEP vs. Lower PEEP 

N EnglJ Med. 2004 Jul 22;351(4):327-36.

clinical outcomes are similar whether lower or 
higher PEEP levels are used



LOVS trial, JAMA 2008 (1) : High PEEP + RM
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RM CPAP 40 cmH2O x 40 secs
QID until FiO2≤ 40%

把肺打開、再用高PEEP維持、
允許Pplt到40cmH2O



LOVS trial, JAMA 2008 (2)

no significant difference in all-cause 
hospital mortality or barotrauma compared with 

an established low-tidal-volume protocolized ventilation 
strategy.

JAMA. 2008 Feb 13;299(6):637-45.



EXPRESS trial, JAMA 2008: PEEP titrated to Pplt 28-30

38

PEEP as high as possible without 
increasing the maximum 
inspiratory plateau pressure > 28-
30 cm H2O

在限制Pplt下盡量提高 PEEP

JAMA. 2008 Feb 13;299(6):646-55.



EXPRESS trial, JAMA 2008
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JAMA. 2008 Feb 13;299(6):646-55.

A strategy for setting PEEP aimed at increasing alveolar 
recruitment while limiting hyperinflation did not 
significantly reduce mortality. 



LOVS vs. EXPRESS

面向 LOVS EXPRESS

RM intervention 的一部分 allowed but not recommended

PEEP 調整 PEEP/FiO2 table plateau pressure-guided

High PEEP 哲學 open lung + prevent collapse raise PEEP until Pplat 28–30

Plateau pressure 
上限

experimental arm 可到 40 目標 28–30，超過 32 要處理

Control group
ARDSNet-like low VT + conventional 
PEEP

minimal distension：total
PEEP 5–9

40

把肺打開、再用高PEEP維持、
允許Pplt到40cmH2O

在限制Pplt下盡量提高 PEEP



JAMA 2010: Systematic Review and Meta-analysis

41
JAMA. 2010 Mar 3;303(9):865-73.



AECC: ARDS P/F ≤ 200、ALI P/F ≤ 300
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Treatment with higher vs lower levels of PEEP was not associated with improved hospital survival. 
However, higher levels were associated with improved survival among the subgroup of patients with ARDS.

200 ≤ P/F ≤ 300P/F ≤ 200

JAMA. 2010 Mar 3;303(9):865-73.
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關於PEEP，兩份指引略有不同



Driving pressure and 
Optimal PEEP

44
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Driving Pressure and Survival, NEJM 2015

NEJM 2015;372:747-55.

3562 ARDS patients
In 9 RCTs

Driving pressure 應被視為「可操作的監測指標」
而不是單純治療目標
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Driving pressure ≤ 14cm H2O的由來

JAMA. 2016;315(8):788-800.

Patients with a driving pressure of greater 
than 14 cm H2O on day 1 of ARDS criteria 
had a higher mortality.
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Individualized PEEP Setting in ARDS, Pintado et al. in 2013

• 單中心
• 樣本數只有 70 人
• pilot study 性質
• 不足以證明 mortality benefit

• compliance 是全肺平均值，可
能掩蓋區域性 overdistension 
與 dependent lung recruitment 
的差異 Respir Care. 2013 Sep;58(9):1416-23.
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Transpulmonary pressure-guided PEEP

Among patients with moderate to severe 
ARDS,PES-guided PEEP, compared with 

empirical highPEEP-FIO2, resulted in no 
significant difference in death and 
days free from mechanical ventilation. 

JAMA. 2019;321(9):846-857.



Recruitment maneuver and 
recruitability
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ART trial, JAMA 2017
Multicenter, 120 ICUs,  9 countries, 1013 pts, P/F 117-119, 66% septic shock 

JAMA. 2017 Oct 10;318(14):1335-1345.

先用力打開肺 找出最大compliance



ART trial, JAMA 2017
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55.3

49.3

3 pts cardiac arrest during RM

• Not support routine use of lung 
recruitment maneuver and PEEP 
titration in moderate to severe ARDS.



52



對於ART trial的反思

• 1. PaO2:FiO2 ≤100：氧合很差，不等於一定 recruitable

– 低氧合可能來自不同機制：recruitable collapse、flooding / edema、
consolidation、shunt、vascular dysregulation、overdistension 造成 dead 
space

• 2. SAPS 3 ≥50：全身病情嚴重，對胸腔內高壓更脆弱

– 66%受試者有 septic shock，平均 nonpulmonary organ failure 超過 2 個

• 3. Pulmonary ARDS：不是所有肺都能被 recruit

– 若不可 recruit 的區域多，高壓 recruitment 與高 PEEP 反而造成baby 
lung overdistension，

53
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• 2024 ATS guideline 提到lung 
recruitability assessment，包括

✓ oxygenation response

✓ driving pressure change

✓ recruitment/inflation ratio

✓ stress index

✓ electrical impedance tomography, EIT

這些可能幫助 individualized PEEP 
titration。

如何判斷病人有recruitability呢?

A large multicenter trial evaluating setting PEEP
based on respiratory mechanics (recruitability
and effort) is ongoing.



EIT-guided personalization
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Electrical Impedance Tomography (EIT) 電阻抗斷層影像
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EIT-guided PEEP (1)
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EIT-guided PEEP (2)
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RM was done with max PEEP 26,
followed by 2 cmH2O stepwise decremental trail to 14

Optimal PEEP was 19, based on minimal collapse / 
over-distension theory proposed by Prof. Amato



EIT facilitates real-time, individualized PEEP adjustments, 
improving respiratory system mechanics.

60

Compliance ↑

Mechanical power ↓

Driving pressure ↓

Mortality RR 0.64
來自少數研究

Intensive Care Med (2024) 50:617–631



APRV、HFOV、ECCO2-R
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APRV: airway pressure release ventilation 

62

APRV generates a higher mean 
airway pressure (P̄aw) compared 
with conventional ventilation.

APRV can support for 
spontaneous breathing 
throughout the ventilation cycle

maintain diaphragm activity, 
improving patient comfort and 
synchrony (?)



Efficacy of airway pressure release ventilation for ARDS

63Ann Palliat Med. 2021 Oct;10(10):10349-10359.

-6 個 RCT、共 360 位 ARDS 病人

-所有研究都有unclear risk of bias

-APRV 的設定高度不一致

-對 PaO2/FiO2 的結果並沒有顯著
改善

28-day mortality



Chest 2025搭配EIT: APRV可改善生理數值
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High-Frequency Oscillation Ventilation 高頻震盪通氣
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MAP

MAP

MAP

Chan. Chest 2007

Paw: 25-35 cm H2O
Frequency: 3-6 Hz
ΔP: 60-90 cm H2O

Tidal volume: 1-3 mL/kg



HFOV高頻震盪通氣的理論基礎

• High mean Paw

• Very small tidal volume (1-3 mL/kg)

• Potential benefits

• ↑ Lung recruitment

• ↓ Stress/strain (VILI)

66



BMJ 2010;340:c2327



OSCILLATE Trial

OSCAR Trial

N Engl J Med 2013;368:806-813

N Engl J Med 2013;368:795-805



OSCILLATE OSCAR

PaO2:FiO2 117 mmHg 113 mmHg

Mean airway pressure (D1) 30 cm H2O 26.9 cm H2O

Frequency 5.5 7.8

Recruitment maneuvers Prior to HFOV Nil

-HFOV 雖降低 tidal 
stretch，但可能增加 
static stress

-HFOV較高的mean 
airway pressure可能影
響右心功能

-需要深度鎮靜與肌鬆



ECCO2 removal + low tidal volume, JAMA 2021

70

以目前證據，沒有證明EECO2-R能改善死亡率
且adverse event發生率較高

JAMA. 2021;326(11):1013-1023.



ARDS的2023年最新指引 (ATS)

71Am J Respir Crit Care Med Vol 209, Iss 1, pp 24–36, Jan 1, 2024



Take Home Messages

1. ARDS ventilation is not oxygenation chasing.

-Same P/F ratio ≠ same lung.

2. Lung protection remains the foundation.

-Low VT、Pplat limitation、lower driving pressure.

3. PEEP is a double-edged tool.

-High PEEP is not always better; individualized PEEP is the goal.

4. Recruitment requires proof, not belief.

-Severe hypoxemia does not necessarily mean recruitable lung.

5. The future is bedside personalization.

-EIT is promising for real-time regional assessment, but outcome 
evidence is still evolving.

72



Before every ventilator adjustment, ask:

“Am I opening the lung or injuring it?”

73
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