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A B S T R A C T   

Pregnancy-related acute respiratory distress syndrome (ARDS) is fast becoming a growing and clinically relevant 
subgroup of ARDS amidst global outbreaks of various viral respiratory pathogens that include H1N1-influenza, 
severe acute respiratory syndrome (SARS), middle east respiratory syndrome (MERS), and the most recent 
COVID-19 pandemic. Pregnancy is a risk factor for severe viral-induced ARDS and commonly associated with 
poor maternal and fetal outcomes including fetal growth-restriction, preterm birth, and spontaneous abortion. 
Physiologic changes of pregnancy further compounded by mechanical and immunologic alterations are theorized 
to impact the development of ARDS from viral pneumonia. The COVID-19 sub-phenotype of ARDS share over
lapping molecular features of maternal pathogenicity of pregnancy with respect to immune-dysregulation and 
endothelial/microvascular injury (i.e., preeclampsia) that may in part explain a trend toward poor maternal and 
fetal outcomes seen with severe COVID-19 maternal infections. To date, current ARDS diagnostic criteria and 
treatment management fail to include and consider physiologic adaptations that are unique to maternal physi
ology of pregnancy and consideration of maternal-fetal interactions. Treatment focused on lung-protective 
ventilation strategies have been shown to improve clinical outcomes in adults with ARDS but may have 
adverse maternal-fetal interactions when applied in pregnancy-related ARDS. No specific pharmacotherapy has 
been identified to improve outcomes in pregnancy with ARDS. Adjunctive therapies aimed at immune- 
modulation and anti-viral treatment with COVID-19 infection during pregnancy have been reported but data 
in regard to its efficacy and safety is currently lacking.   

1. Introduction 

The acute respiratory distress syndrome (ARDS) is a heterogenous 
disorder characterized by alveolar epithelial barrier disruption and 
dysregulated inflammation and remains a disease associated with high 
morbidity and mortality [1]. The recent COVID-19 pandemic has led to a 
worldwide increase in ARDS [2]. Once regarded as a relatively rare 
occurrence, pregnancy-related ARDS has now become a more common 
clinical dilemma that results in poor maternal and fetal outcomes [3–6]. 
This recent epidemiological trend is likely secondary to recent outbreaks 
of highly virulent respiratory pathogens (COVID-19, severe acute res
piratory syndrome (SARS), middle easy respiratory syndrome (MERS), 
H1N1 influenza) and the physiologic maternal adaptations of pregnancy 
that include changes to the respiratory, cardiovascular, immune, and 
coagulation system that can predispose pregnant women to severe 

respiratory disease and sepsis [6–8]. This review discusses the historical 
definitions and epidemiology of pregnancy-related ARDS, pathogenesis 
of ARDS disease, and a brief discussion of ARDS management with 
clinical application in pregnancy. Key differences between classical 
ARDS and the sub-phenotype of COVID-19 ARDS (CARDS) will also be 
reviewed. 

2. Epidemiology 

2.1. Pregnancy and ARDS 

A large population-based cohort study from 1999 to 2000 reported a 
historical incidence rate of acute lung injury to be 78.9 cases per 
100,000 person-years with an in-hospital mortality rate of 38.5% [9]. In 
this modern era of Berlin Criteria for ARDS definition and lung 
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protective ventilation, the prevalence of ARDS was more recently found 
to be 10%, with ARDS accounting for 23% of all ventilated patients [10]. 
It remains a very deadly disease with mortality as high as 34.9% for 
patients with mild ARDS and 46.1% in those with severe ARDS [10]. 
There have been at least 8 million cases of COVID-19 in the United States 
and over 1 million deaths reported by the CDC to date, with initial es
timates on the annual incidence of CARDS probably exceeding that of 
classical ARDS by at least two-fold [11]. 

The incidence of ARDS during pregnancy is estimated to be similar to 
the historical incidence of ARDS in the general population. The litera
ture on ARDS in the obstetric population is limited to case reports and 
series with a wide reported incidence from 17 to 130 cases per 100,000 
deliveries [12–14]. These estimates show discrepant regional variation, 
and significant differences in ARDS definitions and study design that 
limit the precision of these studies. Maternal deaths related to ARDS 
have been historically high, ranging from 24 to 39% in older studies [12, 
13,15]. A recent large epidemiologic review through the US Agency for 
Health Quality and Research national database reported an annual 
maternal death rate associated with ARDS ranging from 9 to 14% [16]. 
Perinatal mortality attributed to maternal ARDS is between 20 and 30% 
[12,14]. 

The wide range of maternal mortality rates in ARDS may in part be 
attributed to variable susceptibility of pregnant women to viral respi
ratory pathogens and the recent epidemics and pandemics of deadly 
influenza and novel coronavirus variants. For example, during the H1N1 
pandemic in 2009, pregnant women with severe H1N1 infections 
accounted for 12% of all pregnancy-related deaths [4]. Further, 5% of 
overall deaths that year were of pregnant women, despite pregnant 
women comprising only 1% of the total population [5], and pregnant 
women accounted for 6.3% of influenza-related hospitalizations and 
5.9% of ICU admissions [17]. Similarly, high case fatalities for pregnant 
women were found during the SARS-CoV and MERS-CoV epidemic at 
19% and 27% respectively [18]. 

2.2. Pregnancy and COVID-19 

2.2.1. Maternal outcomes 
Initial studies reported most pregnant women infected with COVID- 

19 remained asymptomatic or with self-limited disease without 
increased susceptibility [19,20]. The reassurance of these initial small 
regional findings was confounded by retrospective data without 
appropriate control groups that account for age and comorbidities. 
Consistent among larger systematic reviews and case control cohort 
studies accounting for these confounders, pregnancy is a risk factor for 
the development of severe COVID-19-related illness [21–23], with 
symptomatic pregnant women having higher rates of ICU admission 
(10.5 vs 3.9 per 1000 cases), mechanical ventilation support (2.9 vs 1.1 
per 1000 cases), need for ECMO (0.7 vs 0.3 per 1000 cases), and 
maternal death (1.5 vs 1.2 per 1000 cases), compared with symptomatic 
non-pregnant women of reproductive age [24]. 

Additionally, COVID-19 is a significant risk factor for both poor 
maternal and perinatal outcomes. The multi-institutional, multinational 
INTERCOVID cohort study demonstrated that the diagnosis of COVID-19 
alone among consecutively enrolled hospitalized pregnant women was 
associated with a higher risk of pregnancy complications. The study 
reported increased preeclampsia/eclampsia (RR 1.76 95% CI 
1.27–2.43), severe co-bacterial infections (RR 3.38 95% CI 1.64–7.01), 
ICU admissions (RR 5.04 95% CI 3.13–8.10), and maternal mortality 
(RR 22.3 95% CI 2.88–172), in addition to poor neonatal outcomes [25]. 
Additionally, among hospitalized pregnant women for COVID-19, the 
majority (50–80%) will deliver during the same hospitalization with a 
c-section rate of 50% or above, and over 25% of these cases being pre
term births [26,27]. 

There may be a subset of pregnant women at risk of severe respira
tory illness with COVID-19 [28,29]. In a large review of over 192 studies 
that totaled 64,000 pregnant women with suspected or confirmed 

COVID-19, 17.4% had developed pneumonia and 13.4% had developed 
ARDS [21,30]. Known risk factors for severe COVID-19 and maternal 
death include advanced maternal age, overweight/obesity, smoking, 
Black and Hispanic ethnic minority, pre-existing medical conditions 
such as hypertension, asthma, and diabetes, and the presence of more 
than one comorbidity (Fig. 1) [20,28–31]. Preeclampsia is both a risk 
factor for severe-COVID-19 among pregnant women [30,32], and an 
adverse obstetric-event outcome related to acute COVID-19 infection 
[3]. Among hospitalized pregnant women with COVID-19, 69% of 
women have severe disease, based on pre-specified criteria that includes 
an arterial partial pressure of oxygen divided by the fraction (percent) of 
inspired oxygen (P/F) ratio of <300, and 31% had critical disease, 
marked with respiratory failure needing mechanical ventilation support 
or the presence of shock with multiple organ dysfunction [33]. All 
women in this study with critical disease were in advanced gestation of 
pregnancy (>24 weeks gestation) and the mean body mass index of the 
overall cohort was 34kg/m2. These findings are consistent with the 
COVIDPREG study that found the risk factors for maternal intubation 
include obesity (cause-specific hazard ratio (CSH) 2.0, 95% CI 1.05–3.8, 
p = 0.03) and term of pregnancy (CSH 1.07, 95%CI (1.02–1.1), per + 1 
week gestation, p = 0.01) in their multivariate analysis [34]. Among 
these women admitted to the ICU, 39% were intubated, 8% required 
V–V ECMO support, and 37% went on to require urgent facilitated 
maternal delivery in the ICU with maternal respiratory worsening as the 
main indication for majority of these cases. The CANCOVID-Pres 
observational study also confirmed an increased risk of adverse 
maternal outcomes [35]. Further, with the onset of the Delta variant (B 
1.6.17.2), regional US data found an increase in vaccine-breakthrough 
infections and pregnant women admitted with severe disease, with 
more than 25% of these women requiring hospital admission for severe 
or critical illness with the Delta Variant [36]. 

Fig. 1. Physiological changes during pregnancy that contribute to respiratory 
compromise and susceptibility to COVID-19 induced lung disease. The yellow 
inset box shows risk factors and associations for severe COVID-19 disease 
among pregnant women. ACE2 – angiotensin converting enzyme 2, TMPRSS2 – 
transmembrane serine protease receptor, GE – gastroesophageal, FRC – func
tional residual capacity, Hgb – hemoglobin, Hct – hematocrit. Copyright Satyan 
Lakshminrusimha. 
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2.2.2. Fetal outcomes 
With the initial onset of the COVID-19 pandemic, the primary con

cerns regarding fetal outcomes were with respect to COVID-19 and 
vertical transmission. The placenta usually acts as an effective barrier 
preventing maternal transmission to the fetus. However, known viral 
pathogens (i.e., CMV, HSV, VZV, and Zika) have demonstrated vertical 
transmission and the consequence of devastating congenital infections 
and intrauterine death [37]. COVID-19 has shown minimal risk of ver
tical transmission in pregnancy [33,38,39]. 

Animal models of maternal hypoxia demonstrate an upregulation of 
the angiotensin converting enzyme 2 (ACE2) receptor, the SARS CoV2 
receptor for viral entry, in placental tissue [40] but with low 
co-expression of the serine protease receptor (TMPRSS2), a receptor that 

is critical for S protein priming needed with COVID-19 viral entry [41, 
42]. Placental pathology of severe CARDS mothers has shown no sig
nificant morphologic changes related to in-utero infection, but instead 
has signs of hypoxic changes and placental insufficiency, marked with 
decidual arteriopathy and features of maternal vascular mal-perfusion 
[3,43,44]. Although there have been some case reports of placental 
swabs positive for COVID-19 in both asymptomatic and symptomatic 
COVID-19 mothers at delivery, neonates born to COVID-19 mothers at 
delivery have largely been negative for COVID-19 [3,26,39,45]. Further, 
significant neonatal respiratory distress appears rare in COVID-19 pos
itive neonates [46]. 

Neonatal morbidity has been related to higher rates of low birth 
weight (16%), preterm birth (15–23%), and neonatal intensive care 
admissions (24%) [3,25–27,32,33,38]. Two recent studies have 
confirmed small but statistically significant adverse neonatal outcomes 
with maternal COVID-19 infections [35,47]. Although rates of overall 
still-births and perinatal mortality remain relatively low [26,27], there 
is an increased risk of still-births and neonatal death in COVID-19 pos
itive mothers compared to COVID-19 negative mothers [32]. 

3. Diagnostic criteria 

3.1. Adaptation of adult ARDS criteria to ARDS in pregnancy 

ARDS is characterized clinically by acute hypoxemia, non- 
cardiogenic pulmonary edema, and reduced pulmonary compliance. It 
was first described in an initial case series by Ashbaugh et al. in 1967 
[48], but without a unifying diagnosis until the American-European 
Consensus Criteria (AECC) in 1994 [49]. However, several issues arose 
from the AECC criteria, and in 2012, members of the ARDS definition 
task force had revised and introduced the Berlin definition in response 
(Table 1) [50]. Since its application, the Berlin criteria provides better 
predictive enrichment, but the diagnosis remains clinically challenging 
and underrecognized. 

Thus far, there is no clear consensus on pregnancy-specific ARDS 
criteria [51–53]. It has been proposed that “obstetric-related ARDS” be 
limited to the onset within the duration of pregnancy and 1-week 
post-partum, while others have included ante-partum and post-partum 
patients of up to 1-month [12,51,54]. To date, the PALICC (Pediatric 
Acute Lung Injury Consensus Criteria) developed in 2015, is the only 
widely accepted specific ARDS criteria developed following the Berlin 
modification, to address key differences in a specific sub-population 
(pediatric ARDS (PARDS)) [55]. As in PARDS, there are physiologic 
differences that need to be considered with ARDS in pregnancy. The 
primary etiologies of obstetric ARDS are often distinct from nonpregnant 
ARDS with specific obstetric causes: tocolytic-induced pulmonary 
edema, amniotic fluid embolism, preeclampsia, acute fatty liver of 
pregnancy, gastric aspiration, placental abruption, obstetric hemor
rhage, chorioamnionitis, endometritis, septic abortion and retained 
products of conception [12,14,56,57]. The potential etiologies of 
obstetric-related ARDS can impact the primary pathophysiology of dis
ease, in addition to the progression and outcome of disease. Second, 
application of adult stratifications of hypoxemia severity (mild, mod
erate, severe) do not take in account the higher physiologic PaO2 levels 
seen in pregnancy and other important maternal-fetal interactions at 
varying PaO2 thresholds. 

In pregnancy, mean PaO2 levels are greater than 100 mmHg and 
significantly higher at all phases of pregnancy compared to non- 
pregnant women due to increase in minute ventilation, with tidal vol
ume increasing by 30–35% and alveolar ventilation by 50–70% [58,59]. 
Maternal oxygen consumption increases incrementally throughout 
pregnancy, by 20–33% per term gestation, due to increased fetal de
mands and maternal metabolic processes [59,60]. Mild respiratory 
alkalosis shifts the oxygen dissociation curve to the left and slightly 
higher PaO2 levels optimize oxygen delivery to maternal tissues and 
fetus. The maternal thresholds of acute hypoxia that result in fetal 

Table 1 
AECC and Berlin definition of acute respiratory distress syndrome.  

Characteristics 1994 AECC Definition 2012 Berlin Definition 

Onset Acute Onset Within 1 week of a known clinical 
insult or new or worsening 
respiratory symptoms 

Chest Imaging Bilateral infiltrates Bilateral opacities on Xray or CT 
scan-not fully explained by 
effusions, lobar/lung collapse, or 
nodules 

Origin of 
Edema 

Exclusion of left atrial 
hypertension or pulmonary 
wedge pressure ≤18 mmHg 

Respiratory failure not fully 
explained by cardiac function or 
volume overload. Need objective 
assessment (i.e‥ 
echocardiography) to exclude 
hydrostatic edema if no risk factor 
is present 

Oxygenation - PaO2/FiO2 ≤ 300 mmHg 
is ALI  
- PaO2/FiO2 ≤ 200 is ARDS 

Acute onset of hypoxemia defined 
as PaO2/FiO2 < 300 mmHg on at 
least PEEP 5cmH2Oa  

- PaO2/FiO2 of 201–300 mmHg is 
mild ARDS  
- PaO2/FiO2of 101–200 mmHg is 

moderate ARDS  
- PaO2/FiO2 ≤ 100 mmHg is 

severe ARDS  

a PEEP may be delivered non-invasively if the criteria are in the mild category. 
ARDS, acute respiratory distress syndrome; FiO2, fraction of inspired oxygen; 
PaO2, partial pressure of arterial oxygen; PEEP, positive end-expiratory pres
sure; SpO2, peripheral capillary oxygen saturation. 

Fig. 2. Pathophysiology of COVID-19 associated ARDS in pregnancy. Physio
logical changes in a normal lung during pregnancy are shown on the left side. 
The alveolar-capillary barrier is conducive for gas exchange in a normal lung. 
Pathological changes with severe ARDS include epithelial injury, leakage of 
proteinaceous fluid into the alveoli, oxidative injury, inflammation, micro
thrombi and endothelial damage in the pulmonary vessels. FRC – functional 
residual capacity, IL – interleukin, TNF-α (tumor necrosis factor – alpha), O2

.- - 
superoxide anions, PA – pulmonary artery, Qp – pulmonary blood flow. 
Copyright Satyan Lakshminrusimha. 
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hypoxia and shock are unknown. Acute compromise in maternal oxygen 
delivery shifts uteroplacental blood flow to maternal vital organs, with 
precipitous declines in fetal oxygen delivery [61]. Animal models 
showing even mild to moderate reductions in maternal arterial satura
tions (to levels of 85%) can have a significant impact of fetal venous 
oxygenation content, nearing thresholds that result in fetal anaerobic 
metabolism increasing the risk of central nervous system damage [62, 
63]. The diagnostic precision of adult ARDS criteria in pregnancy and its 
validity at predicting adverse maternal and fetal outcomes needs to be 
further studied. 

4. ARDS pathophysiology 

ARDS can be caused by a variety of insults to the alveolar capillary 
barrier that include both direct pulmonary (bacterial and viral pneu
monia, inhalational injury, aspiration) and indirect non-pulmonary 
sources (non-pulmonary sepsis, trauma, transfusion-related injury) 
[64]. The normal alveolar-capillary unit consists of a single layer of 
endothelial cells and an alveolar epithelial layer lined mainly with type I 
and type II alveolar cells (Fig. 2), that restrict the passage of small sol
utes and allow for mainly the diffusion of carbon dioxide and oxygen [1, 
65]. Further, type I and type II alveolar cells have additional capacity to 
absorb excess alveolar fluid via ion transport channels, with further fluid 
resorption into the lung interstitium. 

The pathophysiology of ARDS is complex but can be primarily 
characterized by injury to the alveolar capillary barrier leading to 
alveolar edema with high protein fluid, decreased alveolar fluid clear
ance via direct alveolar cellular injury, and subsequent surfactant loss 
[66–68]. Injury to the capillary endothelium increases endothelial 
permeability and further activates and propagates a systemic inflam
matory response and coagulation cascade [1,67]. Intra-alveolar mac
rophages release chemotactic factors and chemokines that enhance 
neutrophil and circulating macrophage recruitment from the impaired 
lung microvasculature into the interstitium and alveolar space. It is 
these key pathogenic features of ARDS: alveolar epithelial injury, 
capillary endothelial injury, hyperinflammation, and coagulation and 
fibrinolysis dysfunction, that characterize the acute exudative phase of 
ARDS marked with hallmark features of hypoxemia from 
intra-pulmonary shunt and dead space, impaired ventilation, and poor 
respiratory compliance [69]. The use of positive pressure ventilation 
especially with high tidal volume and its increased shearing effects and 
high airway pressure, further disrupts the integrity of the lung epithe
lium and endothelium and exacerbates a cascade of biomechanical in
flammatory injury and alveolar edema [70,71]. The key pathogenic 
features of ARDS have led to primary research in selected plasma bio
markers of ARDS, to aid in classifying patients by predominant molec
ular pathogenesis (i.e., hyperinflammation, pro-coagulation) and 
sub-phenotypes, for risk prediction and targeted therapy development 
[64,72,73]. 

4.1. Clinical manifestations and pathologic features of COVID-19 ARDS 
sub-phenotype 

Viral-induced ARDS are typically characterized by direct alveolar 
epithelial injury, disrupted intercellular junctions, and resultant cellular 
death [74]. Epithelial cell death via apoptotic or necrotic mechanisms 
are caused from direct lytic viral infections, neutrophil-derived media
tors, and inflammatory macrophages, with loss of the alveolar epithelial 
barrier integrity. In contrast, with respect to CARDS, there is increasing 
evidence to suggest CARDS is primarily characterized by endothelial 
disruption from impaired microvascular permeability, significant 
thrombotic burden, and microcirculatory dysfunction with systemic 
inflammation. Autopsy studies of patients who have died from 
COVID-19 reveal findings of both classic ARDS marked with diffuse 
alveolar damage, hyaline membrane formation, and alveolar cell wall 
injury, but also significant pulmonary intracapillary thrombotic burden 

and of small pulmonary arteries [75,76]. 
The L-type CARDS phenotype has been described as a unique sub- 

type of CARDS with normal respiratory system compliance but with 
severe hypoxemia attributed to ventilation perfusion mismatch from 
pulmonary vasoconstriction [77,78]. Some clinicians argue that the 
L-type CARDS is the earlier stage of CARDS and may further progress to 
an H-type (classical features of ARDS), characterized by poor respiratory 
system compliance, increased lung weight, and non-aerated grav
ity-dependent regions [79]. Among these sub-groups of patients with 
CARDS, those with both poor respiratory compliance and high throm
botic burden with elevated d-dimers, have the highest risk of death 
demonstrating mortality rates of 56% [80]. Most deaths related to 
CARDS have evidence of thrombotic disseminated intravascular coag
ulation and multi-organ failure usually in patients with known comorbid 
risk factors that include hypertension, cardiovascular disease, diabetes 
mellitus, lymphopenia, and kidney disease [81]. Radiographic features 
unique to CARDS include peripheral distribution of opacified disease, 
frost-glass opacities, bilateral and multifocal lung disease, vascular 
thickening, with a lower lung disease predominance [82,83]. 

5. Physiologic considerations in pregnancy and development of 
ARDS 

There are interacting multi-system physiologic changes during 
pregnancy that increase the risk of severe lower respiratory tract in
fections and the manifestation of ARDS (Table 2 and Fig. 1). These 
physiologic adaptive changes seen with maternal immunity, respiratory 
and cardiovascular physiology will be discussed in detail within the 
context of severe COVID-19 infection. 

The molecular mechanisms of maternal immunopathology of preg
nancy that increase susceptibility to severe viral disease and adverse 
fetal outcomes especially with certain RNA viruses that include influ
enza (H1N1) and novel coronaviruses (SARS, MERS, and COVID-19) are 
complex and needs further investigation. In COVID-19, severe lympho
penia and an imbalance between T regulatory to TH17 cells are seen in 

Table 2 
Maternal physiologic considerations in pregnancy with manifestation of ARDS.  

System Physiologic Changes 

Respiratory  • Upward displacement of diaphragm decreasing expiratory 
reserve volume and functional residual capacity  

• Chest wall expansion  
• Hyperemia, mucosal hypersecretion, and edema of the upper 

respiratory tract secondary to hormonal changes  
• Increased respiratory drive secondary to sensitivity of central 

chemoreceptors of the hypothalamus from hormonal changes 
mimic respiratory illness and delay early diagnosis of 
respiratory disease 

Cardiovascular  • Increase in maternal plasma volume and cardiac output  
• Decrease in systemic vascular resistance 

Renal  • Increase in ACE2 activity and hormonal components of the 
renin-angiotensin aldosterone system (RAAS) 

Hematological  • Increase in pro-coagulant clotting factors  
• Decrease in fibrinolytic activity 

Immunity  • Immune chronology with advancing gestation that may 
increase risk of immune dysregulation: 1) first trimester and 
third characterized by pro-inflammatory state to promote im
plantation and labor 2) Second trimester characterized by anti- 
inflammatory stage to promote fetal growth  

• Shift in T cell population towards T-helper 2 polarization 
promoting humoral response over cellular response  

• Impaired adaptive immune response and impaired viral 
clearance  

• Susceptibility to cytokine storm from innate immune system 
overactivation  

• Further immunomodulatory roles of pregnancy hormones and 
increase susceptibility of viral pathogens of the respiratory 
mucosa 

Gastrointestinal  • Lower esophageal tone increasing risk of aspiration and 
gastrointestinal reflux  

M.J. Lim et al.                                                                                                                                                                                                                                   



Seminars in Fetal and Neonatal Medicine xxx (xxxx) xxx

5

those with severe COVID-19 and multi-organ failure [84]. An increase in 
TH17 cells relative to T regulatory cells can incite an uncontrolled 
cytokine storm and tissue pathology [85,86]. In pregnancy, CD4 T cell 
subset imbalance is a known molecular mechanism of immunopathology 
in fetal loss and severe pregnancy complications such as preeclampsia 
[87–89]. In physiologic pregnancy, the tight regulation of Treg/TH17 
and increase in Treg cells allows for implantation and growth of the 
semi-allogenic fetus [90]. The deregulation of Treg/Th17 cells has been 
proposed as an important mechanism in the pathogenesis of adverse 
pregnancy outcomes observed with severely infected COVID-19 preg
nant women [84]. 

Hemodynamic adaptations in pregnancy ensure adequate uterine 
blood and fetal-maternal exchange are primarily regulated by the renin- 
angiotensin aldosterone system (RAAS). All hormonal components of 
the RAAS system are upregulated leading to an increase in maternal 
plasma volume and cardiac output and decrease in systemic vascular 
resistance via upregulation in some Ang-(1–7) levels via ACE2 enzy
matic activity [91–93]. Viral entry into the host cell in COVID-19 
infection is via the ACE2 receptor [94]. The competitive inhibition 
and suppression of ACE2 activity with an acute COVID infection is 
thought to molecularly explain, in part, the significant endothelial 
dysfunction and disordered coagulation seen with severe infection [95]. 
Severe COVID-19 infection and pathologic hypertensive disorders of 
pregnancy (i.e., preeclampsia) share similar pathophysiologic features 
of microvascular thrombosis and multi-organ dysfunction via a dysre
gulated RAAS system and ACE2 suppression [96–99]. In both states, 
additional complement activation is seen that may further exacerbate a 
pro-coagulopathic condition and generate thrombotic endovascular 
injury [100,101]. These similar overlapping cellular mechanisms of 
injury raise the possibility that pregnant women, especially in those at 
high risk, are at significant risk for both severe COVID-19 infection with 
multi-system organ involvement and precipitating severe preeclampsia. 

6. Treatment/management 

The mainstay of ARDS management remains limited to supportive 
care [69,102]. The landmark ARMA trial supported by the US National 
and Heart Lung and Blood Institute ARDS Network published in 2000 
[103], compared the effects of high tidal volume (TV) ventilation (12 
ml/kg of predicted body weight {PBW}) to lower tidal volume ventila
tion (6 ml/kg of PBW), and found a lower TV approach improved 

survival, shortened duration of mechanical ventilation, and attenuated 
the systemic inflammatory response with recovery of extra-pulmonary 
organ failure. Since this historic clinical study, the central focus of 
ARDS management has been to minimize the disruptive mechanical 
forces of invasive ventilation as well as minimize excessive oxygen 
therapy that have been known to further propagate lung inflammation 
and impair lung healing. Despite a vast number of clinical treatment 
trials published to date, there have been only a handful of studies 
showing a positive outcome [102,104,105]. The standard supportive 
strategy to current adult ARDS management includes mechanical 
ventilation, neuromuscular blockade, prone positioning, fluid manage
ment and rescue therapies (i.e., inhaled nitric oxide). Important clinical 
considerations in pregnancy and the COVID ARDS sub-phenotype, with 
each respective strategy will be discussed (Fig. 3). 

6.1. Mechanical ventilation 

6.1.1. Low tidal volume 
Since the ARMA trial and further support from many clinical and pre- 

clinical studies [106–108], the focus of mechanical ventilatory support 
is to minimize the role of mechanical shearing forces on generating 
secondary lung injury. In the ARDS lung, there is non-uniformly aerated 
lung, with consolidated areas of diseased inflamed lung and non-aerated 
gravity dependent regions [109,110]. Low tidal volume (TV) ventilation 
prevents regional overdistention with positive pressure ventilation and 
avoid the stress and strain of mechanical ventilatory forces on the 
diseased lung. The current standard of approach is to scale TV to PBW 
and to minimize driving pressure with target plateau pressures to <30 
cmH20 [103]. 

It is important to note that there are no formal studies evaluating the 
efficacy of low TV ventilation in pregnant and postpartum women 
[111]. For now, both American College of Obstetricians and Gynecolo
gists (ACOG) and Society of Maternal Fetal Medicine (SMFM) recom
mends a “lung protective strategy approach” but with saturation goals of 
>95% for all critically ill pregnant women, inclusive of CARDS 
[112–114]. A ventilator strategy that provides optimal lung protection 
during pregnancy needs further area of study. Compared to 
non-pregnant women with ARDS, there are potentially significant dif
ferences in the distribution of aerated lung and gravity dependent areas 
of atelectasis and diseased lung, due to the upward displacement of the 
diaphragm, compensatory rib expansion with a subcostal angle 

Fig. 3. General principles of management of COVID-19 associated ARDS in pregnancy. Benefits and potential concerns of some of the therapeutic strategies are 
shown. NO – nitric oxide, NIV – non-invasive ventilation, PBW – predicted body weight, NMB – neuromuscular blockade, PEEP – positive end-expiratory pressure. 
See Table 3 for additional information. Copyright Satyan Lakshminrusimha. 
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widening (from 68 to 103◦), and a baseline decrease in functional re
sidual capacity (FRC) [111,115–117]. Radiographic phenotypic assess
ment of ARDS have not been assessed in the pregnancy population, and 
thus responsiveness to ventilator manipulations is further limited. 
Application of target TV ventilation to PBW calculation also needs 
further study in pregnancy. The use of PBW in the calculations of TV in 
the ARDSnet protocol are fixed and are also based on nonpregnant data 
for ideal body weight for height [111]. 

In addition, the clinical application of a low TV ventilation approach 
is facilitated by the allowances of permissive hypoxia and hypercapnia 
(ARDSnet goals: PaO2 of 55–80 mmHg, SpO2 88–95% and pH of 
7.3–7.45). The goals of a safe permissible threshold of lower PaO2 and 
PCO2 goals in pregnancy is unknown but limited when considering the 
risk of adverse maternal-fetal interactions and fetal hypoxia. As stated 
earlier, the normative PaO2 and SPo2 ranges are even higher among 
healthy pregnant [118–120] with expert opinion suggesting the PaO2 
goals in pregnancy should be at least >70 mmHg and SpO2 > 95% [121, 
122]. 

Permissive hypercapnia and pCO2 thresholds are also important 
considerations of an applied ventilation strategy in ARDS within preg
nancy. Pregnant women have a known higher minute ventilation, when 
compared to non-pregnant women, and chronic respiratory alkalosis 
(with pH of 7.4–7.45, pCO2 27–32 mmHg) with renal compensation 
(HCO3 18–21 mEq/L) [123]. The upper maternal thresholds of pCO2 
goals to allow for low TV ventilation approach is unknown, with con
cerns that maternal and fetal hypercapnia are known to be tightly 
associated with each other. The allowance of fetal hypercapnia and 
acidosis results in a rightward shift in the oxyhemoglobin curve, limiting 
binding of oxygen molecules to fetal hemoglobin, and impairing fetal 
oxygenation [111,124]. 

6.1.2. PEEP 
Positive-end expiratory pressure (PEEP) is an important lung pro

tective strategy in ARDS to not only help maintain adequate oxygena
tion, but for maintenance of alveolar recruitment and prevent cyclic 
collapse of distal airspaces with a low tidal volume. There have been 
several clinical trials to assess a given PEEP strategy, and to date, no 
single clinical trial has shown clinical superiority with a PEEP strategy 
[125–127]. However, a meta-analysis has shown higher PEEP improves 
survival among a sub-group of patients with moderate to severe ARDS 
[128]. Compared to classical ARDS, it has been proposed that the 
CARDS is a disease of severe hypoxemia but of largely compliant lungs, 
with severe hypoxemia related more to dead-space and V/Q mismatch 
from microvascular thrombi than of non-aerated lung regions. Thus, 
some have argued that of limited benefit with a high PEEP strategy in 
CARDS [77], with small studies showing no additional clinical benefit of 
high PEEP support [129,130]. 

In pregnancy, a high PEEP strategy for ventilatory support is 
generally considered controversial. With a high PEEP strategy, there 
may be some benefit with alveolar recruitment, especially considering a 
low baseline FRC. However, pregnant patients are at risk of significant 
hemodynamic changes, especially in late gestation with positive pres
sure support [131–133]. Hypotension with resultant maternal and fetal 
shock can result from impaired venous return from high intrathoracic 
pressure paired with a compressed inferior vena cava (IVC) from an 
expanding uterus. Thus, the risks and benefits of the upper thresholds of 
PEEP support applied in pregnancy must be thoroughly considered and 
close maternal and fetal monitoring is needed for any manipulation of 
end-expiratory pressure. 

6.1.3. Non-invasive positive pressure ventilation 
The advent of non-invasive ventilation (NIV) has been shown to 

reduce the need for endotracheal intubations and mortality among adult 
patients with varied etiologies of acute respiratory failure. However, 
whether NIV is beneficial in ARDS is unclear [1,134]. There have been 
some studies that have shown it may be beneficial in mild ARDS and 

may avoid secondary iatrogenic complications (i.e., delirium, neuro
muscular weakness, and nosocomial infections) [135–137]. Conversely, 
there are clinical concerns that the use of prolonged NIV without sig
nificant improvement may delay intubation and invasive mechanical 
ventilation support. Additionally, with the inability to control for min
ute ventilation with NIV, patients with evolving and worsening ARDS 
may experience further deleterious effects from high TV ventilation. A 
recent sub-study of the LUNG SAFE trial showed the use of NIV was 
associated with higher ICU mortality than in those who were 
matched-controlled with invasive ventilation [10]. Further the use of 
NIV was independently associated with under-recognition of ARDS by 
clinicians at study entry and throughout the clinical trial. In contrast, the 
FLORALI study showed in patients with acute hypoxemic failure 
(marked with P/F < 300), the use of high flow improved 90-day survival 
compared to those with standard oxygen support or non-invasive 
ventilation, and reduced rates of intubation in those with moderate to 
severe hypoxemia (P/F < 200 mm Hg) [138]. The use of NIV in 
COVID-19 patients outside the ICU was associated with success rates 
between 60 and 75% [139]. 

There is limited data regarding clinical use of NIV and its effective
ness in pregnancy. Routine use as an oxygen modality is not recom
mended given concerns for higher risk of aspiration secondary to 
physiological changes of decreased lower esophageal tone, delayed 
gastric emptying, risk of aspiration, and increased intrabdominal pres
sure [51,131]. However, the routine use of NIV/HFNC support has been 
more widely reported in the literature for management of respiratory 
failure in COVID-19 and pregnancy. In a large systematic review of 
pregnant women with COVID-19, ICU admission rate was 7.2% and 
15.1% required the use of NIV [27]. The COVIDPREG study reported 
high flow nasal cannula and non-invasive ventilation successfully 
managed as its sole oxygenation technique in 51% of critically ill 
pregnant women with severe COVID-19, with 29% of women requiring 
several different oxygenation modalities and 39% of the overall cohort 
needing intubation and invasive ventilation support [34]. Endotracheal 
intubation in pregnancy is difficult. The incidence of failed intubations is 
eight times greater than that of the non-pregnant population [56,140]. 
Increased mucosal edema of the upper airway, the anatomic changes 
related to pregnancy, and poor FRC make pregnancies high risk for a 
difficult airway and intolerant of withstanding prolonged periods of 
apnea [56]. Further, supine positioning late in gestation and the 
increased intrathoracic pressure with positive pressure ventilation may 
result in significant hypotension during the peri-intubation period and 
high risk for adverse maternal-fetal interactions [111]. 

6.1.4. Timing of delivery 
These concerns related to mechanical ventilation (MV) support in 

pregnancy also highlight the important question of when mechanical 
relief with a facilitated delivery is warranted. Thus far, it is unclear 
whether delivery results in significant maternal clinical improvement 
and increased survival [14,141]. The COVIDPREG reports a facilitated 
delivery at a rate of 37% among critically ill mothers with severe COVID 
pneumonia, with mainly maternal indications to improve oxygenation 
and ventilation in 80% of these patients [34]. Delivery resulted in an 
increase in P/F ratio by 9% (p = 0.02) and a decrease in driving pressure 
by 27% (p = 0.02), and plateau pressure by 8% (p = 0.05). Obese 
mothers experienced the greatest improvement in driving pressure 
following delivery (80 vs 56%, p = 0.19). 

The SMFM at this time recommends the timing of delivery in criti
cally ill pregnant patients be individualized and based on a shared 
decision-making model discussed with the family, maternal-fetal medi
cine and critical care teams [113]. If delivery is considered based on the 
severity of hypoxemia alone, it is recommended that other rescue op
tions be considered such as alternative ventilatory methods, prone 
positioning and ECLS support, especially with a gestational age of less 
than 32 weeks. 
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6.1.5. Neuromuscular blockade (NMB) 
In ARDS, spontaneously breathing patients even with high level of 

sedation may experience ventilator dyssynchrony and resultant elevated 
transpulmonary pressures, further exacerbating ventilator induced lung 
injury [142,143]. The use of early NMB improves 90-day survival and 
ventilator-free days with early use of cisatracurium in those with mod
erate to severe ARDS (P/F < 150) [104], in an initial randomized 
controlled trial, but these results could not be replicated in a more recent 
clinical trial [144]. The use of NMB is not recommended for early 
routine use in severe ARDS with MV but may be considered an option for 
those requiring deep sedation to facilitate a lung protective strategy, 
minimize ventilator dyssynchrony, and/or for prone positioning. 

The long term maternal-fetal effects from continuous sedation/ 
analgesic and NMB medications are unknown. With MV in a critically ill 
peripartum patient being a historically rare clinical conundrum, many 
maternal-fetal medicine specialists are unfamiliar with sedation man
agement, and there are no formal guidelines with a personalized 
approach to pregnancy [133]. Non-depolarizing NMB cross the placenta 
in variable amounts with little known about the fetal effects of neuro
muscular infusion [145]. There have been reports of short term partial 
neuromuscular weakness of neonates with most clinical studies limited 
to its use in short-term peri-partum use during C-section [145–148]. 
Older case reports of fetal paralysis and development of neonatal 
arthrogryposis with prolonged maternal administration of NMB have 
been reported, but there are no cases of this effect with modern day use 
of non-depolarizing agents [149]. Currently, there is no major contra
indication for paralysis to facilitate maternal ventilation and oxygena
tion in ARDS and pregnancy [112,150,151], with major obstetric 
societies recommending minimized duration as clinically tolerated 
[122,151,152]. 

6.1.6. Proning 
The use of prone positioning in ARDS has been proposed to improve 

oxygenation and reduce secondary ventilator-induced lung injury by 
homogenizing areas of regional overdistention and atelectasis. The 
PROSEVA trial showed its early application improved 28-day and 90- 
day survival with an extended 16-h per day proning protocol, among 
those with moderate to severe ARDS [105]. Since publication, prone 
positioning has been incorporated by many critical care physicians as 
part of standard therapy in patients with severe refractory hypoxemia. 
Proning awake patients with COVID-19 resulted in reduced need for 
intubation and invasive mechanical ventilation [153]. Further, a recent 
systematic review and meta-analysis of published studies have shown 
improvement in oxygenation parameters in intubated patients with se
vere COVID pneumonia [154]. 

Clinical experience and expertise surrounding application of prone 
positioning in late gestation is limited and institutionally specific. 
Although with the recent COVID-pandemic, clinical algorithms and 
educational videos have been increasingly published in the medical 
literature [155], with special attention made to offload the gravid uterus 
and avoid aortocaval compression [155,156]. In addition, prone posi
tioning has been shown in clinical studies to be technically feasible and 
well-tolerated among a study of healthy pregnant volunteers in the third 
trimester, without any significant hemodynamic effect or signs of fetal 
distress [157]. A study of 100 pregnant patients with COVID-19 found 8 
needed mechanical ventilation and 4 underwent proning with 
improvement in P/F ratios [158], A larger retrospective study had 
demonstrated both safety and maternal and fetal tolerability of pro
longed serial proning sessions (median duration 16 h) in 17 consecutive 
pregnant patients (mean gestation of 32 weeks) with severe-COVID 
pneumonia needing mechanical ventilation [159]. Larger studies are 
needed to evaluate the clinical efficacy of prolonged daily proning on 
maternal and neonatal outcomes in pregnant patients with severe ARDS. 

6.1.7. Fluid management 
The optimal strategy for fluid management in ARDS is clinically 

challenging, balancing the risk of increased pulmonary edema with the 
risk of decreased perfusion pressure to vital organs with restrictive fluid 
management approach. In animal models of acute lung injury, increases 
in vascular hydrostatic pressure has been shown to worsen pulmonary 
edema and by decreasing pulmonary vascular pressure, alveolar edema 
is improved. In 2008, the NHLBI ARDSnet published the Fluid and 
Catheter Treatment trial (FACTT) evaluating the effectiveness of a 
conversative vs liberal fluid strategy, utilizing data from serial mea
surements of either a central venous pressure or a pulmonary arterial 
wedge pressure, to guide a strict fluid management protocol [160]. 
Irrespective of mode of vascular filling pressure measurement, a con
servative fluid management arm showed a significant increase in 
ventilator free days, improved oxygenation, and decreased ICU days. 
However, there was no significant reduction in mortality. Following the 
FACCT trial, a simplified approach conservative fluid management 
approach (FACCT LITE) utilizing CVP and urine output to guide fluid 
management was published and has further shown similar outcomes as 
the original conservative fluid strategy protocol with respect to 
ventilator-free days and survival. Conservative fluid implementation 
strategies such as routine use of diuretics and a net negative fluid bal
ance of 500–1000 ml/day in patients with hemodynamic stability, have 
been recommended in the management of ARDS [1]. 

There are many physiologic considerations to consider with con
servative fluid directed goals in pregnancy, which include maternal-fetal 
interactions and maintaining adequate uteroplacental blood flow in the 
setting of maternal hypoxia. The physiologic changes that occur in late 
pregnancy and labor include dynamic changes related to cardiac output, 
systemic vascular resistance, and pulmonary capillary wedge pressure 
[111]. Many of these physiologic changes increase risk of pulmonary 
edema particularly in late gestation, a phenomenon thought primarily 
driven by hydrostatic capillary forces [111,161]. Thus, there is a degree 
of clinical uncertainty when deciding optimal fluid management. 

6.2. Rescue therapies 

6.2.1. Nitric oxide 
Inhaled nitric oxide (iNO) can achieve selective vasodilation of the 

pulmonary circulation in areas of ventilation, improving ventilation 
perfusion matching and oxygenation in ARDS [162]. However, no 
clinical studies have demonstrated improvement in clinical outcomes in 
ARDS patients, even in those with severe ARDS [163]. The CARDS 
sub-phenotype, marked with pulmonary micro-thrombosis endothelial 
injury and microvascular vasoconstriction, has been proposed as a 
sub-phenotype that may benefit from iNO. In addition, in-vitro studies 
have shown that iNO may have antiviral activity against certain strains 
of coronavirus. A large multi-center randomized control trial is currently 
investigating the treatment effect of iNO on oxygenation and overall 
survival in those with severe ARDS secondary to COVID-19 pneumonia 
[164]. So far, small prospective cohort studies investigating the use of 
iNO as a rescue therapy following proning in severe-COVID pneumonia 
have not shown significant immediate improvements in oxygenation 
[165–167]. The use of iNO should be considered as a short-term rescue 
therapy and as a therapeutic bridge to ECLS or other adjunct therapies, 
especially in consideration of potential theoretical benefits with the 
COVID ARDS sub-phenotype. 

The therapeutic use and safety profile of iNO in pregnancy is very 
limited in study. Case reports have reported improvement in oxygena
tion and no neonatal complications at delivery, in the treatment of 
maternal pulmonary hypertension [168,169]. A case series of six preg
nant women treated with high dose iNO for the treatment of severe 
COVID, showed maternal tolerance, with no reports of maternal 
methemoglobinemia, and further no fetal or neonatal complications 
attributed to iNO use [164]. The use of ECLS for CARDS is reviewed in 
this issue. 
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6.2.2. Adjunctive therapies in COVID-19 
Table 3 provides a list of the most common drugs used as adjunct 

therapy among those hospitalized with COVID-19 infection. Data on the 
safety and efficacy of these drugs are lacking, specifically in pregnant 
CARDS patients. Therapeutic management of pregnant patients with 
severe COVID-19 are recommended as the same as any other adult with 
severe infection with the following exceptions: 1) the panel recommends 
against the use of molnupiravir (anti-viral) due to concern of fetal 
teratogenicity in animal studies and 2) no formal recommendation for 
the use of therapeutic anticoagulation in those without evidence of 
venous thromboembolism [170]. Anti-SARS-CoV-2 monoclonal anti
body products (mAB) are not currently authorized for use in the US due 
to concern for lack of susceptibility with current circulant subvariants of 
COVID-19. A recent large propensity-matched cohort study of pregnant 
women, with moderate-to-severe COVID-19 infection, reported a reas
suring safety profile without increase in obstetric-related complications 
among those treated with mAB products, although there was no differ
ence in clinical outcomes with mAB use compared to those without 
treatment[171]. 

7. Conclusion 

ARDS remains a significant underrecognized and deadly illness, with 
the COVID-19 pandemic leading to a worldwide increase in the inci
dence of ARDS. Pregnancy is now a widely recognized risk factor for 
severe viral-induced ARDS due to impart the interacting physiologic 
adaptations of pregnancy. Like prior epidemics with H1N1, SARS, and 
MERS, COVID-19 is associated with poor maternal and fetal outcomes. 
Severe COVID-19 infection shares similar overlapping cellular mecha
nisms of microvascular injury and immunopathogenesis related to 
pathogenic disorders of pregnancy and spontaneous intrauterine fetal 
loss, that may explain this epidemiologic trend. Supportive care related 
to lung-protective strategy, neuromuscular blockade and conservative 
fluid approach are not studied within the pregnancy ARDS sub- 
population and pose potential limitations in application due to 
concern for adverse maternal-fetal interactions. Application of current 
adjunctive pharmacologic therapies in COVID-19 share similar limita
tions in use. 
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[105] Guérin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, Mercier E, 
Badet M, Mercat A, Baudin O, et al. Prone positioning in severe acute respiratory 
distress syndrome. N Engl J Med 2013;368(23):2159–68. 

[106] Eisner MD, Parsons P, Matthay MA, Ware L, Greene K, Network ARDS. Plasma 
surfactant protein levels and clinical outcomes in patients with acute lung injury. 
Thorax 2003;58(11):983–8. 

[107] Parsons PE, Eisner MD, Thompson BT, Matthay MA, Ancukiewicz M, Bernard GR, 
Wheeler AP. Network NARDSCT: lower tidal volume ventilation and plasma 
cytokine markers of inflammation in patients with acute lung injury. Crit Care 
Med 2005;33(1):1–6. discussion 230-232. 

[108] Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer JM, Brienza A, Bruno F, 
Slutsky AS. Effect of mechanical ventilation on inflammatory mediators in 
patients with acute respiratory distress syndrome: a randomized controlled trial. 
JAMA 1999;282(1):54–61. 

[109] Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM, Quintel M, Russo S, 
Patroniti N, Cornejo R, Bugedo G. Lung recruitment in patients with the acute 
respiratory distress syndrome. N Engl J Med 2006;354(17):1775–86. 

[110] Gattinoni L, Pesenti A. The concept of "baby lung". Intensive Care Med 2005;31 
(6):776–84. 

[111] Campbell LA, Klocke RA. Implications for the pregnant patient. Am J Respir Crit 
Care Med 2001;163(5):1051–4. 

M.J. Lim et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1744-165X(23)00002-1/sref53
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref53
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref53
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref54
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref54
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref54
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref55
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref55
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref55
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref56
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref56
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref56
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref57
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref57
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref57
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref58
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref58
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref59
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref59
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref60
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref60
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref61
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref61
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref62
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref62
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref63
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref63
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref63
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref64
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref64
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref64
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref65
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref65
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref66
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref66
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref67
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref67
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref68
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref68
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref68
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref69
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref69
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref70
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref70
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref70
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref71
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref71
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref71
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref72
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref72
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref72
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref72
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref73
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref73
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref73
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref73
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref74
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref74
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref74
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref75
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref75
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref75
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref76
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref76
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref77
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref77
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref78
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref78
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref78
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref79
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref79
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref79
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref80
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref80
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref80
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref80
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref81
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref81
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref82
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref82
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref82
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref83
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref83
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref83
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref84
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref84
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref84
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref85
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref85
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref85
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref86
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref86
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref86
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref87
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref87
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref87
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref88
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref88
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref88
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref88
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref89
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref89
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref90
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref90
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref90
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref91
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref91
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref91
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref92
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref92
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref92
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref93
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref93
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref94
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref94
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref94
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref95
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref95
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref95
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref95
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref96
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref96
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref96
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref97
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref97
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref97
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref97
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref98
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref98
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref98
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref99
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref99
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref99
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref100
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref100
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref101
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref101
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref101
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref102
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref102
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref102
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref103
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref103
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref103
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref103
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref104
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref104
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref104
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref105
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref105
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref105
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref106
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref106
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref106
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref107
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref107
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref107
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref107
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref108
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref108
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref108
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref108
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref109
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref109
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref109
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref110
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref110
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref111
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref111


Seminars in Fetal and Neonatal Medicine xxx (xxxx) xxx

11

[112] Oxford-Horrey C, Savage M, Prabhu M, Abramovitz S, Griffin K, LaFond E, 
Riley L, Easter SR. Putting it all together: clinical considerations in the care of 
critically ill obstetric patients with COVID-19. Am J Perinatol 2020;37(10): 
1044–51. 

[113] Halscott Tm MS, Vaught JM. Force SC-T: society for maternal-fetal medicine 
management considerations for pregnant patients with COVID-19. In: SMFM 
COVID Management of COVID pos preg patients 2-2-21 (final). PDF; 2021. 

[114] NIH COVID-19 treatment guidelines: special considerations in pregnancy. 2022. 
[115] LoMauro A, Aliverti A. Respiratory physiology of pregnancy: physiology 

masterclass. Breathe 2015;11(4):297–301. 
[116] Tenholder MF, South-Paul JE. Dyspnea in pregnancy. Chest 1989;96(2):381–8. 
[117] Fishburne JI. Physiology and disease of the respiratory system in pregnancy. A 

review. J Reprod Med 1979;22(4):177–89. 
[118] Templeton A, Kelman GR. Maternal blood-gases, PAo2–Pao2), hysiological shunt 

and VD/VT in normal pregnancy. Br J Anaesth 1976;48(10):1001–4. 
[119] Sunyal DK, Amin MR, Ahmed A, Begum M, Rahman N, Begum S. Partial pressure 

of oxygen in arterial blood in normal pregnant women in Dhaka city. 
Mymensingh Med J 2008;17(2 Suppl):S43–5. 

[120] Richlin S, Cusick W, Sullivan C, Dildy G, Belfort M. Normative oxygen saturation 
values for pregnant women at sea level. Prim Care Update OB/GYNS 1998;5(4): 
154–5. 

[121] Benski C, Di Filippo D, Taraschi G, Reich MR. Guidelines for pregnancy 
management during the COVID-19 pandemic: a public health conundrum. Int J 
Environ Res Publ Health 2020;17(21). 

[122] Boelig RC, Saccone G, Bellussi F, Berghella V. MFM guidance for COVID-19. Am J 
Obstet Gynecol MFM 2020;2(2):100106. 

[123] Jensen D, Duffin J, Lam YM, Webb KA, Simpson JA, Davies GA, Wolfe LA, 
O’Donnell DE. Physiological mechanisms of hyperventilation during human 
pregnancy. Respir Physiol Neurobiol 2008;161(1):76–86. 

[124] Wise RA, Polito AJ, Krishnan V. Respiratory physiologic changes in pregnancy. 
Immunol Allergy Clin 2006;26(1):1–12. 

[125] Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A, Ancukiewicz M, 
Schoenfeld D, Thompson BT. National Heart Ln, and Blood Institute ARDS 
Clinical Trials Network: higher versus lower positive end-expiratory 
pressures in patients with the acute respiratory distress syndrome. N Engl J 
Med 2004;351(4):327–36. 

[126] Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper DJ, Davies AR, 
Hand LE, Zhou Q, Thabane L, et al. Ventilation strategy using low tidal volumes, 
recruitment maneuvers, and high positive end-expiratory pressure for acute lung 
injury and acute respiratory distress syndrome: a randomized controlled trial. 
JAMA 2008;299(6):637–45. 

[127] Mercat A, Richard JC, Vielle B, Jaber S, Osman D, Diehl JL, Lefrant JY, Prat G, 
Richecoeur J, Nieszkowska A, et al. Positive end-expiratory pressure setting in 
adults with acute lung injury and acute respiratory distress syndrome: a 
randomized controlled trial. JAMA 2008;299(6):646–55. 

[128] Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS, 
Pullenayegum E, Zhou Q, Cook D, et al. Higher vs lower positive end-expiratory 
pressure in patients with acute lung injury and acute respiratory distress 
syndrome: systematic review and meta-analysis. JAMA 2010;303(9):865–73. 

[129] Ball L, Robba C, Maiello L, Herrmann J, Gerard SE, Xin Y, Battaglini D, Brunetti I, 
Minetti G, Seitun S, et al. Computed tomography assessment of PEEP-induced 
alveolar recruitment in patients with severe COVID-19 pneumonia. Crit Care 
2021;25(1):81. 

[130] Chiumello D, Bonifazi M, Pozzi T, Formenti P, Papa GFS, Zuanetti G, Coppola S. 
Positive end-expiratory pressure in COVID-19 acute respiratory distress 
syndrome: the heterogeneous effects. Crit Care 2021;25(1):431. 

[131] Troiano NH, Richter A, King C. Acute respiratory failure and mechanical 
ventilation in women with COVID-19 during pregnancy: best clinical practices. 
J Perinat Neonatal Nurs 2022;36(1):27–36. 

[132] Troiano NH, Dorman K. Mechanical ventilation during pregnancy. NAACOGS Clin 
Issues Perinat Womens Health Nurs 1992;3(3):399–407. 

[133] Aoyama K, Seaward PG, Lapinsky SE. Fetal outcome in the critically ill pregnant 
woman. Crit Care 2014;18(3):307. 

[134] Menk M, Estenssoro E, Sahetya SK, Neto AS, Sinha P, Slutsky AS, Summers C, 
Yoshida T, Bein T, Ferguson ND. Current and evolving standards of care for 
patients with ARDS. Intensive Care Med 2020;46(12):2157–67. 

[135] Schweickert WD, Pohlman MC, Pohlman AS, Nigos C, Pawlik AJ, Esbrook CL, 
Spears L, Miller M, Franczyk M, Deprizio D, et al. Early physical and occupational 
therapy in mechanically ventilated, critically ill patients: a randomised controlled 
trial. Lancet 2009;373(9678):1874–82. 

[136] Ely EW, Shintani A, Truman B, Speroff T, Gordon SM, Harrell FE, Inouye SK, 
Bernard GR, Dittus RS. Delirium as a predictor of mortality in mechanically 
ventilated patients in the intensive care unit. JAMA 2004;291(14):1753–62. 

[137] Bellani G, Laffey JG, Pham T, Madotto F, Fan E, Brochard L, Esteban A, 
Gattinoni L, Bumbasirevic V, Piquilloud L, et al. Noninvasive ventilation of 
patients with acute respiratory distress syndrome. Insights from the LUNG SAFE 
study. Am J Respir Crit Care Med 2017;195(1):67–77. 

[138] Frat JP, Thille AW, Mercat A, Girault C, Ragot S, Perbet S, Prat G, Boulain T, 
Morawiec E, Cottereau A, et al. High-flow oxygen through nasal cannula in acute 
hypoxemic respiratory failure. N Engl J Med 2015;372(23):2185–96. 

[139] Bellani G, Grasselli G, Cecconi M, Antolini L, Borelli M, De Giacomi F, Bosio G, 
Latronico N, Filippini M, Gemma M, et al. Noninvasive ventilatory support of 
patients with COVID-19 outside the intensive care units (WARd-COVID). Ann Am 
Thorac Soc 2021;18(6):1020–6. 

[140] Munnur U, de Boisblanc B, Suresh MS. Airway problems in pregnancy. Crit Care 
Med 2005;33(10 Suppl):S259–68. 

[141] Tomlinson MW, Caruthers TJ, Whitty JE, Gonik B. Does delivery improve 
maternal condition in the respiratory-compromised gravida? Obstet Gynecol 
1998;91(1):108–11. 

[142] Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize progression 
of lung injury in acute respiratory failure. Am J Respir Crit Care Med 2017;195 
(4):438–42. 

[143] Beitler JR, Sands SA, Loring SH, Owens RL, Malhotra A, Spragg RG, Matthay MA, 
Thompson BT, Talmor D. Quantifying unintended exposure to high tidal volumes 
from breath stacking dyssynchrony in ARDS: the BREATHE criteria. Intensive 
Care Med 2016;42(9):1427–36. 

[144] Moss M, Huang DT, Brower RG, Ferguson ND, Ginde AA, Gong MN, Grissom CK, 
Gundel S, Hayden D, Hite RD, et al. Early neuromuscular blockade in the acute 
respiratory distress syndrome. N Engl J Med 2019;380(21):1997–2008. 

[145] Guay J, Grenier Y, Varin F. Clinical pharmacokinetics of neuromuscular relaxants 
in pregnancy. Clin Pharmacokinet 1998;34(6):483. 

[146] Abouleish E, Wingard LB, de la Vega S, Uy N. Pancuronium in caesarean section 
and its placental transfer. Br J Anaesth 1980;52(5):531–6. 

[147] Duvaldestin P, Demetriou M, Henzel D, Desmonts JM. The placental transfer of 
pancuronium and its pharmacokinetics during caesarian section. Acta 
Anaesthesiol Scand 1978;22(3):327–33. 

[148] Dailey PA, Fisher DM, Shnider SM, Baysinger CL, Shinohara Y, Miller RD, 
Abboud TK, Kim KC. Pharmacokinetics, placental transfer, and neonatal effects of 
vecuronium and pancuronium administered during cesarean section. 
Anesthesiology 1984;60(6):569–74. 

[149] Jago RH. Arthrogryposis following treatment of maternal tetanus with muscle 
relaxants. Arch Dis Child 1970;45(240):277–9. 

[150] Pacheco LD, Saade GR, Hankins GD. Mechanical ventilation during pregnancy: 
sedation, analgesia, and paralysis. Clin Obstet Gynecol 2014;57(4):844–50. 

[151] ACOG practice bulletin No. 211: critical care in pregnancy. Obstet Gynecol 2019; 
133(5):e303–19. 

[152] D’Souza R, Ashraf R, Rowe H, Zipursky J, Clarfield L, Maxwell C, Arzola C, 
Lapinsky S, Paquette K, Murthy S, et al. Pregnancy and COVID-19: pharmacologic 
considerations. Ultrasound Obstet Gynecol 2021;57(2):195–203. 

[153] Alhazzani W, Parhar KKS, Weatherald J, Al Duhailib Z, Alshahrani M, Al-Fares A, 
Buabbas S, Cherian SV, Munshi L, Fan E, et al. Effect of awake prone positioning 
on endotracheal intubation in patients with COVID-19 and acute respiratory 
failure: a randomized clinical trial. JAMA 2022;327(21):2104–13. 

[154] Chua EX, Wong ZZ, Hasan MS, Atan R, Yunos NM, Yip HW, et al. Prone 
ventilation in intubated COVID-19 patients: a systematic review and meta- 
analysis. Braz J Anesthesiol 2022;72(6):780–9. 

[155] Tolcher MC, McKinney JR, Eppes CS, Muigai D, Shamshirsaz A, Guntupalli KK, 
Nates JL. Prone positioning for pregnant women with hypoxemia due to 
coronavirus disease 2019 (COVID-19). Obstet Gynecol 2020;136(2):259–61. 

[156] Cavalcante FML, Fernandes CDS, Rocha LDS, Galindo-Neto NM, Caetano J, 
Barros LM. Use of the prone position in pregnant women with COVID-19 or other 
health conditions. Rev Lat Am Enfermagem 2021;29:e3494. 

[157] Dennis AT, Hardy L, Leeton L. The prone position in healthy pregnant women and 
in women with preeclampsia - a pilot study. BMC Pregnancy Childbirth 2018;18 
(1):445. 

[158] Cojocaru L, Turan OM, Levine A, Sollecito L, Williams S, Elsamadicy E, 
Crimmins S, Turan S. Proning modus operandi in pregnancies complicated by 
acute respiratory distress syndrome secondary to COVID-19. J Matern Fetal 
Neonatal Med 2022;35(25):9043–52. 

[159] Wong MJ, Bharadwaj S, Lankford AS, Galey JL, Kodali BS. Mechanical ventilation 
and prone positioning in pregnant patients with severe COVID-19 pneumonia: 
experience at a quaternary referral center. Int J Obstet Anesth 2022;49:103236. 

[160] Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT, Hayden D, 
deBoisblanc B, Connors AF, Hite RD, Harabin AL. National Heart ln, and blood 
Institute acute respiratory distress syndrome (ARDS) clinical trials Network: 
comparison of two fluid-management strategies in acute lung injury. N Engl 
J Med 2006;354(24):2564–75. 

[161] Mehta N, Chen K, Hardy E, Powrie R. Respiratory disease in pregnancy. Best Pract 
Res Clin Obstet Gynaecol 2015;29(5):598–611. 

[162] Griffiths MJ, Evans TW. Inhaled nitric oxide therapy in adults. N Engl J Med 
2005;353(25):2683–95. 

[163] Taylor RW, Zimmerman JL, Dellinger RP, Straube RC, Criner GJ, Davis K, 
Kelly KM, Smith TC, Small RJ. Group INOiAS: low-dose inhaled nitric oxide in 
patients with acute lung injury: a randomized controlled trial. JAMA 2004;291 
(13):1603–9. 

[164] Safaee Fakhr B, Wiegand SB, Pinciroli R, Gianni S, Morais CCA, Ikeda T, 
Miyazaki Y, Marutani E, Di Fenza R, Larson GM, et al. High concentrations of 
nitric oxide inhalation therapy in pregnant patients with severe coronavirus 
disease 2019 (COVID-19). Obstet Gynecol 2020;136(6):1109–13. 

[165] Ferrari M, Santini A, Protti A, Andreis DT, Iapichino G, Castellani G, 
Rendiniello V, Costantini E, Cecconi M. Inhaled nitric oxide in mechanically 
ventilated patients with COVID-19. J Crit Care 2020;60:159–60. 

[166] Tavazzi G, Pozzi M, Mongodi S, Dammassa V, Romito G, Mojoli F. Inhaled nitric 
oxide in patients admitted to intensive care unit with COVID-19 pneumonia. Crit 
Care 2020;24(1):508. 

[167] Abou-Arab O, Huette P, Debouvries F, Dupont H, Jounieaux V, Mahjoub Y. 
Inhaled nitric oxide for critically ill Covid-19 patients: a prospective study. Crit 
Care 2020;24(1):645. 

[168] Lam GK, Stafford RE, Thorp J, Moise KJ, Cairns BA. Inhaled nitric oxide for 
primary pulmonary hypertension in pregnancy. Obstet Gynecol 2001;98(5 Pt 2): 
895–8. 

M.J. Lim et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1744-165X(23)00002-1/sref112
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref112
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref112
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref112
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref113
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref113
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref113
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref114
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref115
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref115
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref116
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref117
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref117
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref118
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref118
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref119
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref119
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref119
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref120
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref120
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref120
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref121
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref121
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref121
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref122
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref122
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref123
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref123
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref123
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref124
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref124
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref125
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref125
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref125
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref125
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref125
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref126
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref126
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref126
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref126
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref126
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref127
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref127
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref127
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref127
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref128
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref128
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref128
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref128
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref129
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref129
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref129
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref129
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref130
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref130
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref130
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref131
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref131
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref131
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref132
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref132
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref133
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref133
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref134
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref134
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref134
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref135
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref135
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref135
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref135
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref136
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref136
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref136
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref137
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref137
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref137
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref137
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref138
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref138
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref138
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref139
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref139
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref139
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref139
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref140
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref140
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref141
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref141
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref141
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref142
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref142
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref142
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref143
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref143
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref143
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref143
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref144
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref144
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref144
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref145
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref145
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref146
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref146
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref147
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref147
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref147
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref148
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref148
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref148
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref148
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref149
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref149
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref150
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref150
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref151
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref151
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref152
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref152
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref152
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref153
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref153
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref153
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref153
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref154
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref154
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref154
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref155
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref155
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref155
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref156
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref156
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref156
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref157
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref157
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref157
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref158
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref158
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref158
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref158
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref159
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref159
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref159
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref160
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref160
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref160
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref160
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref160
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref161
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref161
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref162
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref162
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref163
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref163
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref163
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref163
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref164
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref164
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref164
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref164
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref165
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref165
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref165
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref166
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref166
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref166
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref167
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref167
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref167
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref168
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref168
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref168


Seminars in Fetal and Neonatal Medicine xxx (xxxx) xxx

12

[169] Goodwin TM, Gherman RB, Hameed A, Elkayam U. Favorable response of 
Eisenmenger syndrome to inhaled nitric oxide during pregnancy. Am J Obstet 
Gynecol 1999;180(1 Pt 1):64–7. 

[170] COVID-19 Treatment Guidelines Panel. Coronavirus disease 2019 (COVID-19) 
treatment guidelines. National institutes of health. Available at: https://www. 
covid19treatmentguidelines.nih.gov.In. [Accessed 30 January 2023]. Accessed. 

[171] McCreary EK, Lemon L, Megli C, Oakes A, Seymour CW, Group UMMAT. 
Monoclonal antibodies for treatment of SARS-CoV-2 infection during pregnancy : 
a cohort study. Ann Intern Med 2022;175(12):1707–15. 

M.J. Lim et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1744-165X(23)00002-1/sref169
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref169
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref169
https://www.covid19treatmentguidelines.nih.gov.In
https://www.covid19treatmentguidelines.nih.gov.In
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref171
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref171
http://refhub.elsevier.com/S1744-165X(23)00002-1/sref171

	Pregnancy and Severe ARDS with COVID-19: Epidemiology, Diagnosis, Outcomes and Treatment
	1 Introduction
	2 Epidemiology
	2.1 Pregnancy and ARDS
	2.2 Pregnancy and COVID-19
	2.2.1 Maternal outcomes
	2.2.2 Fetal outcomes


	3 Diagnostic criteria
	3.1 Adaptation of adult ARDS criteria to ARDS in pregnancy

	4 ARDS pathophysiology
	4.1 Clinical manifestations and pathologic features of COVID-19 ARDS sub-phenotype

	5 Physiologic considerations in pregnancy and development of ARDS
	6 Treatment/management
	6.1 Mechanical ventilation
	6.1.1 Low tidal volume
	6.1.2 PEEP
	6.1.3 Non-invasive positive pressure ventilation
	6.1.4 Timing of delivery
	6.1.5 Neuromuscular blockade (NMB)
	6.1.6 Proning
	6.1.7 Fluid management

	6.2 Rescue therapies
	6.2.1 Nitric oxide
	6.2.2 Adjunctive therapies in COVID-19


	7 Conclusion
	References




