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Abstract: Background: One of the main challenges in the management of COVID-19 patients is to
early assess and stratify them according to their risk of developing severe pneumonia. The alveolar–
arterial oxygen gradient (D(A-a)O2) is defined as the difference between the alveolar and arteriolar
concentration of oxygen, an accurate index of the ventilatory function. The aim of this study is to
evaluate D(A-a)O2 as a marker for predicting severe pneumonia in COVID-19 patients, in comparison
to the PaO2/FiO2. Methods: This retrospective, multicentric cohort study included COVID-19
patients admitted to two Italian hospitals between April and July 2020. Clinical and laboratory data
were retrospectively collected at the time of hospital admission and during hospitalization. The
presence of severe COVID-19 pneumonia was evaluated, as defined by the Infectious Diseases Society
of America (IDSA) criteria for community-acquired pneumonia (CAP). Patients were divided in
severe and non-severe groups. Results: Overall, 53 COVID-19 patients were included in the study:
male were 30/53 (57%), and 10/53 (19%) had severe pneumonia. Patients with severe pneumonia
reported dyspnea more often than non-severe patients (90% vs. 39.5%; p = 0.031). A history of chronic
obstructive pulmonary disease (COPD) was recalled by 5/10 (50%) patients with severe pneumonia,
and only in 6/43 (1.4%) of non-severe cases (p = 0.023). A ROC curve, for D(A-a)O2 >60 mmHg in
detecting severe pneumonia, showed an area under the curve (AUC) of 0.877 (95% CI: 0.675–1), while
the AUC of PaO2/FiO2 < 263 mmHg resulted 0.802 (95% CI: 0.544–1). D(A-a)O2 in comparison to
PaO2/FiO2 had a higher sensibility (77.8% vs. 66.7%), positive predictive value (75% vs. 71.4%),
negative predictive value (94% vs. 91%), and similar specificity (94.4% vs. 95.5%). Conclusions: Our
study suggests that the D(A-a)O2 is more appropriate than PaO2/FiO2 to identify COVID-19 patients
at risk of developing severe pneumonia early.
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1. Introduction

Since 31 December 2019, when the World Health Organization (WHO) was informed
of an outbreak of respiratory disease affecting the city of Wuhan, the world has been
shaken by the most profound health crisis in several decades [1]. Coronavirus Disease
2019 (COVID-19), caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), has spread rapidly worldwide. COVID-19 patients often present a mild illness, but
approximately 14% develop a severe disease which requires hospitalization and oxygen
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support. Moreover, 5% require admission to an intensive care unit [2]. The proper stratifi-
cation of patients at hospital admission, according to their severity, is crucial for providing
an early treatment, as well as for improving their management [3].

Therefore, one of the main challenges in the management of COVID-19 is to stratify
patients early according to their risk of clinical deterioration. The alveolar–arteriolar
oxygen gradient (D(A-a)O2) is defined as the difference between the alveolar and arteriolar
concentration of oxygen, and it is a high accurate index of pulmonary function. Indeed,
D(A-a)O2 describes all parameters involved in the phenomenon: (i) the amount of oxygen
administered to the patient (FiO2), (ii) the atmospheric pressure (Patm), (iii) the partial
oxygen pressure in arterial blood and the airway’s pressure of gaseous H2O (PH2O), (iv) the
alveolar pressure of CO2 (PACO2), and (v) the respiratory quotient (R).

It is described by the equation: D(A-a)O2 = [FiO2 × (Patm − PH2O) − PACO2/R] − PaO2.
D(A-a)O2 is automatically calculated by a blood gas analyzer, and normally its value

is between 5–10 mmHg.
It increases in the case of an alveolar–capillary membrane alteration (e.g., interstitial

pneumonia) or ventilation/perfusion (V/Q) ratio impairment (e.g., pulmonary embolism,
severe pneumonia etc.). As noted, all of the above are aspects of COVID-19 pneumonia [4].

D(A-a)O2 is automatically calculated in blood gas analysis (BGA), and has been
proposed as an early marker of respiratory insufficiency.

The arterial oxygen partial pressure (PaO2) to fractional inspired oxygen (FiO2) ratio
(PaO2/FiO2) is currently used to evaluate the severity of hypoxia in patients who require
oxygen supplementation. A PaO2/FiO2 > 300 mmHg identifies a normal lung function [5].
The PaO2/FiO2 ratio was included in the definition of acute respiratory distress syndrome
(ARDS) according to the Berlin criteria, and is globally used to stratify the severity of
respiratory insufficiency [6].

However, PaO2/FiO2 ratio has some limitations. Firstly, PaO2/FiO2 depends on
the clinicians FiO2 setting, so, when the oxygen flow is increased without a clear clinical
need, the PaO2/FiO2 ratio can dramatically decrease, even if the pulmonary ventilation
is little impaired. Secondly, PaO2/FiO2 does not consider the alveolar pCO2 value, that
is, an indirect measure of the patient’s respiratory effort (e.g., tachypnea that can cause
hypocapnia), reflecting the subjective severity of the respiratory insufficiency.

Finally, PaO2/FiO2 cannot provide information on pulmonary V/Q. Therefore, PaO2/FiO2
are less performant than D(A-a)O2 in discriminating between types of respiratory insuffi-
ciency (e.g., pump vs. pulmonary insufficiency). Moreover, COVID-19 patients who are not
responding to a gradual incrementation of the oxygen flow can benefit from the early use
of continuous positive airway pressure (CPAP) or non-invasive ventilation (NIV) [7–11].

As noted, COVID-19 pneumonia is characterized by both an alveolar and vascular
damage [3]. Even though, few studies have been performed to assess the accuracy of
D(A-a)O2 in early identifying severe COVID-19 pneumonia, and, as far as we know, no
previous studies have compared the performance of D(A-a)O2 and PaO2/FiO2 in this
context [12–17].

The aim of our study is to evaluate the diagnostic appropriateness of D(A-a)O2 to early
predict respiratory deterioration in COVID-19. In addition, we compared the performance
of D(A-a)O2 and PaO2/FiO2 in predicting pneumonia severity.

2. Materials and Methods

A retrospective, multicentric, case-control study was performed in two acute-care
Italian hospitals: Infectious Disease Unit, ARNAS Civico Hospital in Palermo, and Infec-
tious Disease Unit, Vanvitelli Hospital in Naples. All COVID-19 patients (≥18 years old)
admitted to hospital between April and July 2020 were enrolled in the study. Patients
affected by SARS-CoV-2 pneumonia, described as the presence of infiltrates on a computer
tomography (CT) scan plus the positivity of the nasopharyngeal swab for the virus, were
enrolled. Demographical, epidemiological, clinical, and laboratory data were retrospec-
tively collected from the clinical records of each patient. Risk factors for severe COVID-19,



Infect. Dis. Rep. 2022, 14 472

as well as signs and symptoms at onset, were also collected. D(A-a)O2 and PaO2/FiO2 were
calculated on the first blood gas analysis (BGA) performed in the emergency department.
Patients were divided in two groups, considering the development of (1) severe pneumonia
or (2) non-severe pneumonia, according the 2019 Infectious Diseases Society of America
(IDSA) criteria for community-acquired pneumonia [18] (Table 1). Quantitative variables
are shown as median and interquartile ranges (IQR) 25–75%. Qualitative variables are
shown as number and percentage. Quantitative variables were tested for normal distri-
bution with a Shapiro–Wilk test, and a U Mann–Whitney test was used for non-normally
distributed variables (α = 0.05) to compare severe and non-severe patients.

Table 1. IDSA criteria for severity in community-acquired pneumonia (CAP), based on 2019 guidelines.

IDSA Criteria for Severe CAP. One Major Criteria or Three or More Minor Criteria.

Minor criteria
Respiratory rate > 30 breaths/min PaO2/FIO2 ratio < 250
Multilobar infiltrates
Confusion or disorientation
Uremia (blood urea nitrogen level >20 mg/dL)
Leukopenia (white blood cell count, 4.000 cells/µL due to infection alone
Thrombocytopenia (platelet count, 100.000/µL)
Hypothermia (core temperature, <36 ◦C)
Hypotension requiring aggressive fluid resuscitation

Major criteria
Septic shock with need for vasopressors
Respiratory failure requiring mechanical ventilation

For categorical variables, a two-sided Fisher exact test (α = 0.05) was performed to
compare the two groups. Odds ratio (OR) were calculated with Spearman’s rank correlation
coefficient. receiver operating characteristic (ROC) curves with a 95% confidence interval
(CI) were created, and an area under the curve (AUC) was calculated in order to evaluate
the optimal cut-off of D(A-a)O2 and PaO2/FiO2 at admission to predict the development
of severe pneumonia during hospitalization, as well as to confront the accuracy of the two
tests. Post-hoc analyses were conducted to evaluate the statistical power of the difference
between both D(A-a)O2 and PaO2/FiO2 values of the two groups (severe and non-severe),
by using mean and standard deviation of continuous variables for two independent sample,
α = 0.05 (Rosner B. Fundamentals of Biostatistics. 7th ed. Boston, MA: Brooks/Cole; 2011).

3. Results

Overall, the study included 53 COVID-19 patients, whose demographic and clinical
characteristics are shown in Table 2; laboratory data are showed in Table 3.

Among the patients, 10/53 (19%) developed severe pneumonia, and 43/53 (81%)
non-severe pneumonia. One patient from each group had one episode of pulmonary
thrombo-embolism during hospitalization.

Males were statistically prevalent among severe COVID-19 patients, compared to
non-severe patients (90% vs. 49%, p = 0.031).

Comorbidities did not differ between the two study groups, with the exception of
COPD, which was more prevalent in severe pneumonia patients than in non-severe patients
(50% vs. 14%; p = 0.023), as well as malignancy (20% vs. 2.3%; p = 0.088). Table 2. The OR
for severe pneumonia were calculated: for COPD, the OR was 6.167 (95% CI: 1.36–27.92,
p = 0.011), and for male sex, the OR was 9.426 (95% CI: 0.940–50.644, p = 0.018).



Infect. Dis. Rep. 2022, 14 473

Table 2. Patients’ comorbidity, signs, and symptoms at presentation. Data are shown as median
(interquartile range 25–75%), or number (percentage). Fisher exact tests were used (α < 0.05). COPD:
chronic obstructive pulmonary disease; CKD: chronic kidney disease; Data are shown as a num-
ber (percentage), or median and interquartile range (IQR) 25–75%. PaO2/FiO2: arterial oxygen
partial pressure (PaO2) to fractional inspired oxygen (FiO2) ratio. D(A-a)O2: alveolar–arteriolar
oxygen gradient.

Overall (n = 53) Severe (n = 10) Non Severe (n = 43) p-Value

Age in years (IQR 25–75) 63 (49–75) 66.5 (62.8–73.8) 60 (47.5–74) 0.294
Male Sex 30 (56.6%) 9 (90%) 21 (49%) 0.031
Caucasian 51 (96.2%) 9 (90%) 42 (97.7%) 0.254
Comorbidity

Hypertension 35 (66%) 7 (70%) 28 (65.1%) 0.719
Cardiovascular Disease 12 (22.6%) 4 (40%) 8 (18.6%) 0.677
COPD 11 (20.8%) 5 (50%) 6 (14%) 0.023
CKD 8 (15.1%) 3 (20%) 5 (14%) 0.163
Malignancy 3 (5.7%) 2 (20%) 1 (2.3%) 0.088
Diabetes Mellitus (type II) 6 (11.3%) 1 (10%) 5 (11.6%) 1

Signs and Symptom
Fever 43 (82.1%) 8 (80%) 35 (81.4%) 1
Dyspnea 26 (49.1%) 9 (90%) 17 (39.5%) 0.005
Anosmia 7 (13.2%) 2 (20%) 5 (11.6%) 0.604
Dysgeusia 6 (11.3%) 2 (20%) 4 (9.3%) 0.315
Cough 26 (49.1%) 6 (60%) 20 (46.5%) 0.501
Diarrhea 4 (7.5%) 0 (0%) 4 (9.3%) 1

Arterial Blood Gas analysis,
median (IQR)

PaO2/FiO2 (mmHg) 379.5 (303.1–426.8) 246 (104.7–376.7) 390.5 (321.6–432.1) 0.157
D(A-a)O2 (mmHg) 33.6 (15.5–54.1) 97.9 (49.9–241.7) 28.6 (12.3–40.2) <0.001

Outcome
Death n (%) 3 (5.7%) 3 (30%) 0 (0%) 0.0051

Table 3. Laboratory data are showed as median (IQR 25–75), a Mann–Witney test was used (α < 0.05).
WBC: white blood cells. CPR: C-reactive protein; AST: aspartate transaminases; ALT: alanine transam-
inases; LDH: lactate dehydrogenase; D(A-a)O2: alveolar–arteriolar gradient.

Overall (n = 53) Severe (n = 10) Non-Severe (n = 43) p-Value

WBC (cell/µL) 6.7 (5.27–9.02) 6.9 (4.97–10.14) 6.5 (5.43–7.75) 0.869
Neutrophils 4.2 (3.09–6.06) 5.5 (2.48–9.26) 4.02 (3.3–5.12) 0.592
Lymphocites 1.25 (0.91–1.93) 0.76 (0.25–1.68) 1.27 (0.99–2.09) 0.432
Platelets (cell/µL) 209 (165–251) 171 (109–250) 210 (184–251) 1
D-Dimer (ng/mL) 748.5 (402.2–1266) 499 (328–1200) 779 (442.5–1188) 0.689
Creatinine (mg/dL) 0.82 (0.74–0.95) 0.88 (0.75–1.46) 0.81 (0.68–0.9) 0.213
CPR (mg/L) 2.78 (0.95–8.12) 8.48 (0.9–12.8) 2.39 (0.59–5.43) 0.056
LDH (UI/L) 229 (183–325) 261 (235–527) 205 (167–321) 0.112
AST (UI/L) 29 (16–48) 42 (29–52) 28 (16–37) 0.071
ALT (UI/L) 28 (17–44) 40 (19–79) 25 (16–39) 0.334
pO2 80 (69.6–95.4) 69 (54.5–87) 82 (71–98.2) 0.204
pCO2 33 (31–35.65) 32.1 (31–43) 33 (30.85–35.23) 0.625

At hospital admission in the emergency department, 42/53 (80%) patients presented
fever, and 26/53 (50%) reported dyspnea. Dyspnea was diagnosed at admission in 9/10
(90%) severe and 17/43 (39.5%) non-severe patients (p = 0.005) Table 2.

A total of three patients died during the hospital stay (3/53, 5.6%), and all of deceased
had severe COVID-19 pneumonia.

Median PaO2/FiO2 values at first BGA was lower in severe COVID-19 patients, as
compared to non-severe patients, without reaching a statistical significance. For severe
patients, the results were PaO2/FiO2 246 mmHg (IQR 104.7–376.7), and for non-severe
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patients, the results were 390 mmHg (IQR 321.6–432.1), p = 0.157. Median values of
D(A-a)O2 at first BGA were significantly higher for severe patients compared to non-
severe patients: 97.9 mmHg (IQR 49.9–241.7) and 28.6 mmHg (IQR 12.3–40.2), respectively,
p < 0.001.

D(A-a)O2 and PaO2/FiO2 have been compared through the ROC curve analysis for
the prediction of severe pneumonia development.

For PaO2/FiO2, the more performant cut-off value for determining the occurrence of
severe pneumoniae was <263 mmHg. Accordingly, the area under curve (AUC) resulted
in a value 0.802, with a sensibility of 66.7% and a specificity of 94.5% (p = 0.001); positive
predictive value (PPV) 71.4% and a negative predictive value (NPV) 91% (Figure 1).
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Figure 1. Receiver operating characteristic (ROC) curve comparing accuracy of PaO2/FiO2 at
first BGA in relation to the prediction of severe pneumonia. Area under the curve (AUC): 0.802
(95% CI: 0.544–1).

For D(A-a)O2, considering the cut-off value >60 mmHg for severe pneumonia, the
AUC was 0.877, resulting in a sensibility of 77.8% and a specificity of 94.4%; PPV 75% and
NPV 94% (Figure 2). Through a post-hoc analysis, the statistical power was calculated
87.7% for D(A-a)O2, and 88.2% for PaO2/FiO2.
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Figure 2. Receiver operating characteristic (ROC) curve comparing accuracy of D(A-a)O2 at first
BGA in relation to the prediction of severe pneumonia. Area under the curve (AUC): 0.877 (95% CI:
0.675–1).

4. Discussion

During the COVID-19 pandemic, hospitals worldwide experienced overcrowding,
leading to emergency and stressful situations [19]. A proportion of patients developed
severe pneumonia, and one of the main challenges in their management was the early
recognition of severe pneumonia itself, as well as the management of respiratory failure.

A large cohort study which enrolled 10,131 elderly patients with COVID-19 showed
that dyspnea was associated with a higher risk of hospitalization (aHR: 2.18; 95% CI:
2.02–2.36), mechanical ventilation (aHR: 2.95; 95% CI: 2.49–3.49), and mortality (aHR: 1.78;
95% CI: 1.53–2.07) [20]. The data confirm that dyspnea is associated with severe COVID-
19 [20–25], as well as the association between COPD [6,26–30] and male sex [28,31] with
severe SARS-CoV-2 infection.

Recently, a study by de Roos et al. supported the use of D(A-a)O2 in association with
chest computed tomography scanning to identify patients in need of hospitalization at
an early stage [4]. Moreover, D(A-a)O2 at first blood gas analyses at arrival in hospital
was identified as a predictive marker of intensive care unit (ICU) admission [12,14], and
of mortality in COVID-19 patients [19]. In a retrospective cross-sectional study among
213 patients admitted to ICU, D(A-a)O2 values were not sensitive or specific in predicting
mortality [32].

Thus, as documented in the literature, in a non-ICU setting, D(A-a)O2 values could
be used to identify patients in need of hospitalization [14], to identify patients at risk for
ICU admission [12,14], and to predict mortality as part of a score [13]. However, if patients
are already admitted to the ICU, perhaps D(A-a)O2 loses its predictive value [32], and this
could be explained with the alteration of blood gases values among these patients.

The results of the present study align with the data of the consulted literature, and
suggests that a low PaO2/FiO2 is a severity marker of SARS-CoV-2 infection [12,28], as
well as D(A-a)O2.

As far as is known, this study is the first that directly compared the performance of
the PaO2/FiO2 ratio and D(A-a)O2 in predicting severe pneumoniae (defined as IDSA
guidelines on CAP) in non-ICU COVID-19 patients. The results indicate that D(A-a)O2 is
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more effective than the commonly used PaO2/FiO2 method to identify COVID-19 patients
with a high risk of developing severe pneumonia.

According to the data, D(A-a)O2 is a better predictor for severe COVID-19 pneumonia
than the PaO2/FiO2 at admission to hospital. Interestingly, we identify the best cut-off
value for D(A-a)O2 as >60 mmHg for predicting severe pneumonia, with a sensibility
of 77.8%.

The study has several limitations. Firstly, it is a retrospective study involving only
two national hospitals, and it may not identify the complex heterogeneity of SARS-CoV-2
patients. Secondly, the sample size is relatively small, even if it has a good statistical power.
Finally, we did not stratify for a variant of concern that presents a different pneumonia
picture, virulence, or mortality.

5. Conclusions

D(A-a)O2 is an appropriate and useful marker to identify the risk of developing severe
pneumonia in COVID-19 patients at an early stage. D(A-a)O2 had a higher predictive
value in diagnosing severe COVID-19 compared to PaO2/FiO2, with a higher sensibility
and a similar specificity. As a consequence, we support the routine use of D(A-a)O2 in
COVID-19 emergency departments, considering patients with D(A-a)O2 >60 mmHg at
admission as having a high risk of developing severe COVID-19 pneumonia. Furthermore,
we support the use of D(A-a)O2 as a severity marker of pulmonary disease in non-ICU
daily ward routines, as well as its application in clinical studies. Further research is needed,
particularly in the setting of new SARS-CoV-2 variants of concern with different virulence
and mortality rates.
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