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ARTICLE INFO ABSTRACT
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Purpose: To validate the role of Macklin effect on chest CT imaging in predicting subsequent occurrence of
pneumomediastinum/pneumothorax (PMD/PNX) in COVID-19 patients.

Materials and methods: This is an observational, case-control study. Consecutive COVID-19 patients who un-
derwent chest CT scan at hospital admission during the study time period (October 1st, 2020-April 31st, 2021)

Pneumothorax . o . L. .
Preumomediastinum were identified. Macklin effect accuracy for prediction of spontaneous barotrauma was measured in terms of
Barotrauma sensitivity, specificity, positive (PPV) and negative predictive values (NPV).

Results: Overall, 981 COVID-19 patients underwent chest CT scan at hospital arrival during the study time period;
698 patients had radiological signs of interstitial pneumonia and were considered for further evaluation. Among
these, Macklin effect was found in 33 (4.7%), including all 32 patients who suffered from barotrauma lately
during hospital stay (true positive rate: 96.9%); only 1/33 with Macklin effect did not develop barotrauma (false
positive rate: 3.1%). No barotrauma event was recorded in patients without Macklin effect on baseline chest CT
scan. Macklin effect yielded a sensitivity of 100% (95% CI: 89.1-100), a specificity of 99.85% (95% CI: 99.2-100),
a PPV of 96.7% (95% CI: 80.8-99.5), a NPV of 100% and an accuracy of 99.8% (95% CI: 99.2-100) in predicting
PMD/PNX, with a mean advance of 3.2 + 2.5 days. Moreover, all Macklin-positive patients developed ARDS
requiring ICU admission and, in 90.1% of cases, invasive mechanical ventilation.

Conclusions: Macklin effect has high accuracy in predicting PMD/PNX in COVID-19 patients; it is also an excellent
predictor of disease severity.

Intensive care

1. Introduction

Barotrauma, ranging from asymptomatic air leakage within lung
parenchyma to life-threatening conditions such as pneumomediastinum
(PMD) and/or tension pneumothorax (PNX) possibly tracking to cervical
soft tissue (subcutaneous emphysema) or into the abdomen, occurs
frequently in mechanically ventilated patients with coronavirus disease
2019 (COVID-19)-related acute respiratory distress syndrome (ARDS)

[1-6]. The reported incidence (on a recent pooled analysis, the rate of
barotrauma events was: 16.1% [2,3]), and the difficult,
non-standardized management despite employment of lung protective
strategies, justify the high mortality rate (higher than 60% [2,3]) asso-
ciated with this condition [7]. Furthermore, COVID-19 ARDS patients
are thought to be more vulnerable to barotrauma as compared with
patients with ARDS due to other than COVID-19 causes [1,2]; a higher
than expected incidence of barotrauma was also observed in COVID-19

Abbreviations: ARDS, acute respiratory distress syndrome; COVID-19, coronavirus disease 2019; NPV, negative predictive value; PMD, pneumomediastinum; PNX,

pneumothorax; PPV, positive predictive value.
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patients not requiring invasive mechanical ventilation [8]. These find-
ings support the existence of a virus-induced frailty of lung parenchyma,
possibly triggered by microvascular thrombosis [9], interstitial inflam-
mation, as well as endothelial barrier disruption [10,11], resulting in an
extensive, COVID-19-specific diffuse alveolar damage. Moreover, the
eventual contribution of any medical treatment is not clearly understood
[81.

Taken together, these assumptions provide a firm rationale for
searching a tool able to objectively, non-invasively assess this lung
frailty and therefore provide early risk stratification in terms of baro-
trauma susceptibility amongst mechanically ventilated COVID-19 ARDS
patients, thus providing an actual aid for their management. In this
setting, the so-called Macklin effect [12,13], firstly intended to allow
proper differentiation between respiratory and other causes of air
leakage in the mediastinum such as tracheobronchial/esophageal injury
[12,14,15], has been recently suggested to be a consistent, very accurate
radiological predictor of barotrauma development [16,17], in COVID-19
ARDS patients.

Accordingly, we decided to validate the role of Macklin effect in
predicting subsequent occurrence of overt PMD/PNX in COVID-19
patients.

2. Materials and Methods

Under Ethics Committee approval, we analyzed all consecutive adult
patients admitted for SARS-CoV-2 (Severe Acute Respiratory Syndrome
Coronavirus 2) infection and requiring hospitalization between October
1st, 2020 and April 30th, 2021 (corresponding to the period of the
second and third Italian pandemic waves). Confirmed infection was
defined as positive real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) from a nasal and/or throat swab.

We enrolled all patients that underwent at least one chest computed
tomography (CT) scan at hospital admission. CT scan, as well as contrast
medium administration, was performed at the discretion of the
attending physicians, according to clinical needs. We excluded patients
with no pneumonia at CT scan; those who already had PMD/PNX at the
time of the first available chest CT imaging were also excluded.

Four experienced radiologists, unaware of patients’ symptoms,
carefully reviewed all selected baseline CT images (i.e. the first in-
hospital CT scan demonstrating interstitial pneumonia), searching for
Macklin effect (Fig. 1), PMD and PNX (Fig. 2); in case of differences in
the evaluation, consensus was reached amongst them via discussion.

Macklin effect (also known as Macklin-like radiological sign or
interstitial emphysema) was defined, on lung parenchyma windowed CT
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images, as a linear collection of air contiguous to the bronchovascular
sheaths [12]. It was analyzed in terms of presence/absence and topo-
graphical distribution within the lungs (adjacent to peripheral [seg-
mental/subsegmental] vs. central [lobar] bronchial branches). All
contrast-enhanced CT images were reviewed also to detect the even-
tual occurrence of pulmonary vascular thrombosis, defined as filling
defects in the branches of the pulmonary arteries.

In all patients with Macklin effect on baseline CT scan, demographic
and anamnestic data, together with therapeutic treatment, were sys-
tematically collected. Time from symptoms onset to hospital admission
and eventual intubation, ICU (Intensive Care Unit) length of stay, and
overall hospital length of stay were also recorded. For patients admitted
in the ICU we also collected daily clinical respiratory parameters
throughout the first 7 days of mechanical ventilation.

2.1. Statistical analysis

A convenience sample was considered for this analysis, with
consecutive patients included until the latest follow-up. A formal sample
size calculation was, therefore, not performed; yet the study power
retrospectively calculated was 97%, considering a null hypothesis pro-
portion of barotrauma 0.02,[18-21] and an actual proportion of 0.046,
with an alpha of 0.05.

Continuous variables are presented as mean and standard deviation
in case of normal distribution or medians, and interquartile range in case
of non-normal distribution, and categorical variables as number and
percentages. Macklin effect accuracy in predicting spontaneous PMD/
PNX was measured in terms of sensitivity, specificity, positive and
negative predictive values (PPV and NPV, respectively).

3. Results

Overall, 981 COVID-19 patients underwent chest CT scan at hospital
arrival during the study time period; 698 patients had radiological signs
of interstitial pneumonia and were considered for further evaluation.
Among these, Macklin effect was found in 33 (4.7%) (10 female
[30.3%]; mean age: 65.8 years [+ 8.6] — patients’ characteristics are
summarized in Table 1) (Fig. 3), including all 32 patients (4.6%) who
suffered from barotrauma lately during their hospital stay. Specifically,
14 patients had PMD, 8 PNX, whereas 10 suffered from both; 11 patients
also had extensive chest wall soft tissues emphysema, and in one case the
air leakage extended into the abdomen. Of note, even if none of these 33
patients was receiving invasive mechanical ventilation at the time of
baseline CT scan, they all required subsequent ICU admission because of

Fig. 1. Macklin effect in a COVID-19 patient. Lung parenchyma windowed CT images demonstrate [a] a crescent collection of air contiguous to the middle lobar
bronchovascular sheath as well as interstitial emphysema in the left upper lobe, both representing Macklin effect (red arrows). Seven days later [b], pneumo-
mediastinum occurred. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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b)

Fig. 2. Lung parenchyma window axial (a) and coronal (b) CT scans of patient
suffering from SARS-CoV-2 infection, subjected to invasive mechanics ventila-
tion, show: central Macklin effect (black arrow) in association with pneumo-
mediastinum (white arrow), pneumothorax (white arrow heads), subcutaneous
emphysema (black star) and pneumoperitoneum (black arrow head).
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Table 1
Baseline characteristics and clinical course of the 33 patients with Macklin effect
on baseline chest CT scan.

Variable Value (N = 33)
Patients Characteristics

> Male sex, n (%) 23 (69.9)
> Age, years 65.8 + 8.6
> BMI, kg/m2 29.4 £5.3
Comorbidities

> Hypertension, n (%) 11 (39.3)
> Cardiovascular disease (excluding hypertension), n (%) 9(27.2)
> Diabetes, n (%) 10 (30.3)
> COPD, n (%) 10 (30.3)
> CKD, n (%) 2(6.1)

> Malignancy, n (%) 5(15.1)
02 supplementation at the time of the first CT scan

> No supplemental oxygen, n (%) 0(0)

> Supplemental oxygen (FiO2 0.50 to 0.80), n (%) 33 (100)
> Non-invasive ventilation/CPAP, n (%) 0 (0)

> Invasive ventilation 0 (0)
Barotrauma characteristics

> At least one barotrauma event, n (%) 32(96.9)
> Pneumomediastinum alone, n (%) 14 (42.4)
> Pneumothorax alone, n (%) 8 (24.2)

> Pneumomediastinum and pneumothorax, n (%) 10 (30.3)
> Subcutaneous emphysema, n (%) 11 (33.3)

BMI: body mass index; CKD: chronic kidney disease; COPD: chronic obstructive
pulmonary disease; CPAP: continuous positive airway pressure; ICU: intensive
care unit; SpO,: peripheral oxygen saturation; °C: Celsius degrees.

981 SARS CoV 2 + patients performed at least
one CT scan at hospital arrival

283 patients excluded because no
signs of interstitial pneumonia

|
|
|
i
|
i
v

698 patients with SARS CoV 2
related pneumonia

..

665 patients excluded because no
macklin effect at baseline CT imaging

33 patients WITH MACKLIN EFFECT at
baseline CT imaging

Fig. 3. Inclusion/exclusion flowchart.

ARDS development (respiratory parameters for the first 7 days after ICU
admission are reported in Table 2).

Only one patient with baseline CT signs of interstitial pneumonia and
Macklin effect did not develop barotrauma during the study period (false
positive rate: 3.1%). On the contrary, there is no patient with baro-
trauma without baseline Macklin effect (true positive rate: 96.9%);
mean time from Macklin effect detection on baseline chest CT scan and
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Table 2
Respiratory parameters for the first 7 days after Intensive Care Unit admission.
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Pa0,/FiO, ratio 89.8 £+ 38.5 85.3 £19.3 91.1 £19.7 91.2 +£21.9 90.3 £ 22.7 86.1 £ 16.4 82.2 £19.7
PaCO, (mmHg) 47.7 £ 8.9 47.5 £ 9.3 47.3 £9.7 46.8 +£ 9.2 45.3 £ 10.0 45.0 £ 11.4 46.9 £ 0.1
PEEP (cmH,0) 9.2+1.8 9.1 +23 9.5+ 23 10.2 £ 3.0 9.6 + 1.5 93+1.7 9.7 + 2.4

Continuous variables are presented as mean =+ standard deviation.

Pa02/FiO2 ratio: ratio between arterial partial oxygen pressure (PaO,) and oxygen inspired fraction (FiO,); PaCO,: Carbon dioxide partial arterial pressure; PEEP:

Positive End Expiratory Pressure.

development of clinically overt barotrauma was 3.2 days (+2.5).
Furthermore, no false negative result was recorded when considering
the whole population with radiological evidence of pneumonia (0/665,
true negative rate of 100%). As a consequence, in our population
Macklin effect yielded a sensitivity of 100% (95% CI: 89.1-100), a
specificity of 99.85% (95% CI: 99.2-100), a PPV of 96.7% (95% CI:
80.8-99.5), a NPV of 100% and an overall accuracy of 99.8% (95% CI:
99.2-100) in predicting subsequent development of barotrauma.

The exact topographical distribution within the lung of Macklin ef-
fect was found to be central (adjacent to lobar bronchial branches) in the
vast majority of patients (29/33 [87.8%]). All patients except one had
bilateral distribution of Macklin effect.

All Macklin-positive patients underwent at least one contrast
enhanced CT scan during ICU stay: of these, six (18.1%) had concurrent
pulmonary vascular thrombosis.

4. Discussion

In this observational study, we found that, among patients with
COVID-19 pneumonia, detection of Macklin effect on baseline chest CT
scan accurately predicts subsequent development of barotrauma. In this
respect, our findings confirmed the observation that COVID-19 patients
with Macklin effect on baseline CT imaging, are to be considered at very
high-risk for clinically overt PMD/PNX during hospital stay [2,16,17].
Macklin effect demonstrated indeed almost perfect accuracy in pre-
dicting barotrauma occurrence (sensitivity: 100% [95% CI: 89.1-1001];
specificity: 99.85% [95% CI: 99.2-100]). Moreover, to the best of our
knowledge, this is the first report of Macklin effect in non-intubated
COVID-19 patients, corroborating the existence of a virus-induced
frailty of lung parenchyma [1,10,16], regardless of the type of ventila-
tion. Finally, all patients with Macklin effect at the time of the first
in-hospital CT scan later developed ARDS requiring ICU admission and,
in 90.1% of cases, invasive mechanical ventilation. On that note,
Macklin effect can be considered a reliable marker of severity of disease.

Contrary to what other authors reported, we observed a significantly
shorter mean time interval (3.2 days) between Macklin effect on base-
line CT scan and the first radiological evidence of barotrauma. Specif-
ically, Belletti et al. [15] reported a median gap of about 12 days,
whereas Palumbo et al. [16] of 8.5 days. A possible explanation for this
discrepancy could lie in the different topographical distribution within
the lungs of Macklin effect, which was found to be, in our cohort, almost
always central, differently from the distribution reported by previous
authors (predominantly peripheral). In this regard, our results are
consistent with previous literature. According to Palumbo and col-
leagues [16], there is a relationship between topographical distribution
of Macklin effect and temporal advance before the first radiological
evidence of PMD/PNX, justifying the shorter delay observed in our
population; a central distribution of Macklin effect is indeed associated
with significantly shorter temporal delay before barotrauma occurrence
when compared with a peripheral distribution. Taken together, these
findings validate the hypothesis of Macklin effect as a sort of “radio-
logical countdown” for PMD/PNX development, capturing air leakage
centripetal movement along the pulmonary interstitium. Furthermore,
the central distribution of the Macklin effect could also justify the higher
sensitivity in predicting barotrauma in our cohort, when compared with

previous literature (100% vs. 89.2% in a previous report [17]): the
presence of air along pulmonary hila structures implies indeed the near
certainty of barotrauma development.

Of note, in our cohort we found that a significant proportion (18.1%)
of Macklin-positive patients had concurrent pulmonary vascular
thrombosis. Whether this finding could provide one of the earliest evi-
dence of the mechanism underlying COVID-19 specific lung frailty [10,
11], with microvascular diffuse thrombosis being a main contributor,
needs further confirmation.

Our study may have several clinical implications. First of all, iden-
tification of Macklin effect may help to stratify baseline risk of clinical
deterioration of COVID-19 pneumonia, and therefore allowing early
referral to intensive care unit. This might be particularly important in
the course of pandemic waves, in settings of limited resources. In
addition, our findings could also provide baseline data for the potential
development of a therapeutic algorithm for patients thought to be at
high-risk for barotrauma development and lung damage progression,
identifying those most likely to benefit from various strategies (early
application of ultraprotective mechanical ventilation or extracorporeal
support) [22-25]. However, future studies should investigate whether
different management strategies could actually prevent barotrauma
development, and whether these will translate in outcome improve-
ment. Finally, our findings might also apply to non-COVID-19 ARDS,
and future investigations also different (non-COVID-19) settings are
therefore warranted.

The present study has some limitations, the main ones being its
retrospective nature and its relative small sample size. However, it in-
cludes almost 700 patients, being the largest performed so far on this
topic. Moreover, the study lacks standardization both in terms of
radiological examinations timing and patients’ management.

5. Conclusions

Our observational study confirmed, in an independent population,
that identification of Macklin effect on baseline chest CT scan can
accurately predict development of clinically overt barotrauma in pa-
tients with COVID-19 pneumonia. Furthermore, this radiological sign
could be considered a reliable marker of disease severity, anticipating
the need for ICU admission and mechanical ventilation. Further studies
are needed to confirm these results in non-COVID-19 settings.
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