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ARTICLE INFO ABSTRACT

Purpose: To determine whether Macklin effect (a linear collection of air contiguous to the bronchovascular sheath)

Keywords: on baseline CT imaging is an accurate predictor for subsequent pneumomediastinum (PMD)/pneumothorax
Acute respiratory distress syndrome (PNX) development in invasively ventilated patients with COVID-19-related acute respiratory distress syndrome
Mechanical ventilation (ARDS).

Tomography, X-ray computed Materials and methods: This is an observational, case-control study. From a prospectively acquired database, all
ggzsﬁg:g:;?:s tinum consecutive invasively ventilated COVID-19 ARDS patients who underwent at least one baseline chest CT scan
COVID-19 during the study time period (February 25th, 2020-December 31st, 2020) were identified; those who had tra-

cheal lesion or already had PMD/PNX at the time of the first available chest imaging were excluded.

Results: 37/173 (21.4%) patients enrolled had PMD/PNX; specifically, 20 (11.5%) had PMD, 10 (5.8%) PNX, 7 (4%)
both. 33/37 patients with subsequent PMD/PNX had Macklin effect on baseline CT (89.2%, true positives) 8.5 days
[range, 1-18] before the first actual radiological evidence of PMD/PNX. Conversely, 6/136 patients without PMD/
PNX (4.4%, false positives) demonstrated Macklin effect (p < 0.001). Macklin effect yielded a sensitivity of 89.2%
(95% confidence interval [CI]: 74.6-96.9), a specificity of 95.6% (95% CI: 90.6-98.4), a positive predictive value
(PV) of 84.5% (95% CI: 71.3-92.3), a negative PV of 97.1% (95% CI: 74.6-96.9) and an accuracy of 94.2% (95% ClI:
89.6-97.2) in predicting PMD/PNX (AUC:0.924).

Abbreviations: ARDS, acute respiratory distress syndrome; COVID-19, coronavirus disease 2019; LR, likelihood ratio; NPV, negative predictive value; PMD, pneumomediastinum; PNX,
pneumothorax; PPV, positive predictive value.
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Conclusions: Macklin effect accurately predicts, 8.5 days in advance, PMD/PNX development in COVID-19 ARDS

patients.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Pneumomediastinum (PMD) and pneumothorax (PNX) occur fre-
quently in mechanically ventilated patients with coronavirus disease
2019 (COVID-19)-related acute respiratory distress syndrome (ARDS)
[1], with a reported incidence up to 24% in the first Italian pandemic
wave [2].

COVID-19 ARDS patients are thought to be indeed more vulnerable
to PMD/PNX occurrence as compared with patients with ARDS due to
other than COVID-19 causes [1,3]; a higher than expected incidence of
PMD/PNX was also observed in COVID-19 patients not requiring inva-
sive mechanical ventilation [3-6]. Furthermore, despite employment
of lung protective ventilation strategies, these complications have diffi-
cult, non-standardized management, and are associated with increased
risk of mortality [2,7,8]. Taken together, these findings corroborate the
existence of a virus-induced frailty of airways tissue, resulting in an ex-
tensive, COVID-19-specific diffuse alveolar damage; microvascular
thrombosis [9], interstitial inflammation, as well as endothelial barrier
disruption have been suggested as main contributors for such a
condition [10].

There is indeed an urgent need for a tool able to objectively assess
this lung frailty and therefore provide early risk stratification in terms
of barotrauma susceptibility amongst mechanically ventilated COVID-
19 ARDS patients. In this setting, we recently suggested a radiological
predictor of spontaneous PMD/PNX, the so-called Macklin effect [2],
which is defined, on lung parenchyma windowed CT images, as a linear
collection of air contiguous to the bronchovascular sheath [11]: 20 out

COVID-19 patients admitted to
ICU (n=250)

of 21 patients with subsequent occurrence of spontaneous PMD/PNX
were found to have Macklin effect on baseline computed tomography
(CT) imaging, about ten days in advance of symptoms onset.

Accordingly, we designed a larger study with the aim to define, on a
broader cohort of patients, the exact accuracy of Macklin effect in
predicting subsequent occurrence of overt PMD/PNX in mechanically
ventilated COVID-19 ARDS patients. Our secondary objective was to de-
scribe topographical distribution of the Macklin effect within the lungs
and to assess eventual associations with temporal interval before
PMD/PNX occurrence.

2. Materials and methods

Under our Institutional Review Board-approved protocol (protocol
number 34/int/2020; ClinicalTrials.gov number NCT04318366), we retro-
spectively identified all consecutive adult patients admitted to one of
several intensive care units (ICUs) of San Raffaele Scientific Institute
(Milan, Italy) for SARS-CoV-2 (Severe Acute Respiratory Syndrome Corona-
virus 2) infection and ARDS requiring invasive mechanical ventilation be-
tween February 25, 2020, and December 31, 2020 (n = 221). Patients
who underwent at least one chest CT scan during their ICU stay, irrespec-
tive of contrast medium administration, were finally enrolled; of note,
those who had documented tracheal lesion (n = 2) or already had
PMD/PNX at the time of the first available chest CT imaging (n = 12)
were excluded (Fig. 1). In this cohort, occurrence of radiologically proven
PMD/PNX was systematically recorded. Details on hospital organization
and clinical management have been previously published [12-14].

(n=20)

COVID-19 ARDS patients who

COVID-19 ARDS patients who
received IMV (n=221)

[ )

never received IMV (n=9)

patients with at least
one chest CT scan (n=185)

[ study population (n=173) ]

patients developing PNX/PMD
(n=37)

(n=12)

Fig. 1. Inclusion and exclusion criteria flowchart. COVID-19: coronavirus disease 2019; ARDS: Acute Respiratory Distress Syndrome; IMV: invasive mechanical ventilation; CT: Computed

Tomography; PMD: pneumomediastinum; PNX: pneumothorax.
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Chest imaging studies (x-ray, CT scan), as well as contrast medium ad-
ministration, were performed at the discretion of the attending physicians,
according to clinical needs. Two experienced radiologists (D.P., G.G.) inde-
pendently reviewed all selected baseline CT images searching for Macklin
effect (Fig. 2); they were blinded to patients' symptoms and eventual out-
come. Macklin effect was analysed in terms of presence/absence and topo-
graphical distribution within the lungs (adjacent to peripheral [segmental/
subsegmental] vs. central [lobar] bronchial branches).

The reliability of agreement between the two readers was assessed
using Fleiss' kappa (Fleiss' kappa values higher than 0.80 were deemed to
be almost perfect). Macklin effect accuracy in terms of prediction of sponta-
neous PMD/PNX was measured in terms of sensitivity, specificity, positive
and negative likelihood ratios (positive LR and negative LR, respectively),
positive and negative predictive values (PPV and NPV, respectively) (Sup-
plementary Appendix). Receiver operating characteristics (ROC) curve
analysis was also performed and the area under the curve (AUC) com-
puted. Dichotomous data were compared using x? test; comparison of
continuous variables between patients with peripheral and central distrib-
uted Macklin effect was evaluated using a Students' t-test. A p-value of less
than 0.05 was considered statistically significant. Statistical analyses were
performed with SPSS 25 (SPSS Inc./IBM, Armonk, NY).

3. Results
3.1. Patients' characteristics

250 ARDS COVID-19 patients required invasive mechanical ventila-
tion over the time period. After exclusions, 173 patients (31 female
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[17.9%], 142 male [82.1%]; median age: 64.8 years [range, 41-79])
were included in our study. Overall, 37 patients (21.3%) suffered from
spontaneous PMD/PNX during their ICU stay; specifically, 20 patients
(11.5%) had spontaneous PMD, 10 spontaneous PNX (5.8%), whereas 7
(4%) experienced both. Fourteen patients (37.8%) required drainage
tube placement, whereas the other 23 had conservative management.

3.2. Macklin effect - inter reader agreement

The inter reader agreement for Macklin effect detection was almost
perfect (k value: 0.82) between the two radiologists.

3.3. Macklin effect - diagnostic accuracy and predictive value

Thirty-three out of the 37 patients with subsequent occurrence of
spontaneous PMD/PNX were found to have Macklin effect on baseline
CT scan (89.2%, true positive patients), a median 8.5 days [range, 1-18]
before the first radiological evidence of PMD/PNX. Conversely, 6 pa-
tients out of the 136 without PMD/PNX (4.4%, false positive patients)
had the Macklin effect (p < 0.001). True and false negative rates were
95.6% (130/136) and 10.8% (4/37), respectively (Table 1). As a conse-
quence, Macklin effect yielded a sensitivity of 89.2% (95% Cl:
74.6-96.9), a specificity of 95.6% (95% CI: 90.6-98.4), a positive LR of
20.2 (95% CI: 9.2-44.5), a negative LR of 0.11 (95% CI: 0.04-0.29), a
PPV of 84.5% (95% CI: 71.3-92.3), a NPV of 97.1% (95% Cl: 74.6-96.9)
and an overall accuracy of 94.2% (95% CI: 89.6-97.2) in predicting spon-
taneous PMD/PNX (AUC: 0.924, Fig. 3a).

Fig. 2. Macklin effect in a mechanically ventilated COVID-19 patient. Lung parenchyma windowed CT images demonstrate [a] a crescent collection of air contiguous to the right upper lobar
bronchovascular sheath (that is, Macklin effect - white arrow). Two days later [b], pneumomediastinum occurred.
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Table 1

Cross tabulations of Macklin effect and pneumomediastinum and/or pneumothorax. Data
are number of patients.

Macklin effect Present Absent TOTAL
Pneumomediastinum and/or Pneumothorax

Present 33 (true positives) 6 (false positives) 39

Absent 4 (false negatives) 130 (true negatives) 134

TOTAL 37 136 173

Pneumothorax

Present 17 (true positives) 6 (false positives) 23

Absent 0 (false negatives) 130 (true negatives) 130

TOTAL 17 136 153
Pneumomediastinum

Present 23 (true positives) 6 (false positives) 29

Absent 4 (false negatives) 130 (true negatives) 134

TOTAL 27 136 163

Of note, the four false negative patients underwent baseline CT
imaging significantly earlier when compared to true positive ones
(23.2 + 2.1 days before PMD/PNX occurrence vs. 7.5 days +5.2, p <

0.001).

Sub cohort analysis considering separately PNX and PMD demon-
strated different performances of the Macklin effect in predicting these
events. Specifically, amongst the 17 patients with PNX (alone or in

PNX/PMD
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T T
o5 A
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T
6
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o

PNX
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association with PMD), no false negatives were detected (sensitivity:
100% [95% CI: 80.5-100], specificity: 95.6% [95% CI: 90.6-98.4], positive
LR: 22.7 [95%Cl: 10.4-49.6], negative LR: 0, PPV: 71.1% [95% CI:
52.9-84.3], NPV: 100%, overall accuracy: 96% [95% Cl: 91.6-98.5])
(AUC: 0.978, Fig. 3b) (Table 1). On the contrary, amongst the 27 patients
with PMD (alone or in association with PNX), four false negatives were
identified (sensitivity: 85.7 [95% CI: 67.3-95.9], specificity: 95.6% [95%
CI: 90.6-98.4], positive LR: 19.3 (95% CI: 8.7-42.3), negative LR: 0.15
(95% CI: 0.06-0.38), PPV: 77% [95% Cl: 60.1-88.1], NPV: 97.5 [95% ClI:
94-98.9], overall accuracy: 94.1% [95% Cl: 89.4-97.2]) (AUC: 0.904,
Fig. 3¢c) (Table 1).

Finally, each patient requiring drainage tube placement was found to
have Macklin effect on baseline CT imaging (14/14, 100%).

3.4. Macklin effect — topographical distribution

The exact topographical distribution within the lung of Macklin effect
was found to be peripheral in the majority of patients (25/33 [75.7%]).
Peripheral distribution of Macklin effect was moreover associated
with significantly higher temporal interval to the first radiological evi-
dence of PMD/PNX when compared to central distribution (9.6 days
+6.4 vs. 1.4 days +0.7, p < 0.001). Furthermore, the smaller the
bronchovascular sheath involved, the longer the temporal advance
(p <0.001, R = — 0.896) (Fig. 4).

PMD

sensitivity

T
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1 - specificity

T 1 00 T T T T 1
08 10 0.0 02 04 06 08 10

1 - specificity
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Fig. 3. Macklin effect accuracy. ROC curve analysis showing overall accuracy of the Macklin effect in predicting pneumothorax and/or pneumomediastinum [a] (AUC: 0.924), pneumothorax
alone [b] (AUC: 0.978) and pneumomediastinum alone [c] (AUC: 0.904).

Topographical distribution of Macklin effect
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Time (days) before PNX/PMD development
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Fig. 4. Topographical distribution of Macklin effect and temporal interval before pneumothorax/pneumomediastinum occurrence.

[a] According to the bronchial order (lobar [green dots, upper line], segmental [blue dots, mid line] or subsegmental [red dots, lower line]) most adjacent to the Macklin effect observed, the
smaller the bronchovascular sheath involved, the longer the temporal advance before pneumothorax/pneumomediastinum (p < 0.001, R = — 0.896). Each dot represents a patient with
Macklin effect on baseline CT scan; larger dots means that multiple patients with Macklin effect share the same temporal advance before pneumothorax/pneumomediastinum

development.

[b] Kaplan Meier curve demonstrating statistically significant difference between patients with “centrally-distributed” Macklin effect and those with “peripherally-distributed” Macklin
effect in terms of temporal interval before pneumothorax/pneumomediastinum occurrence.
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4. Discussion

We found that mechanically ventilated COVID-19 ARDS patients
with Macklin effect on baseline CT imaging are to be considered at
very high risk to develop clinically overt PMD/PNX (OR = 54.3).
We also provided precise assessment of the accuracy of the Macklin
effect in predicting subsequent PMD/PNX development, showing
very high sensitivity and almost perfect specificity. Furthermore,
Macklin effect demonstrated slightly different accuracy in predicting,
separately, PNX and PMD, with the former having greater sensitivity
values (no false negative results). Finally, we found a relationship be-
tween topographical distribution of Macklin effect on chest CT imag-
ing and temporal interval to the first radiological evidence of PMD/
PNX: the smaller the bronchovascular sheath involved, the longer
the temporal advance.

A possible explanation to these findings lies in the pathophysiology
of Macklin effect [15-17]. This is a three-step process: whenever a signif-
icant pressure gradient exists between air spaces and adjacent
bronchovascular sheath (both in terms of increased alveolar and/or de-
creased interstitial pressure), alveolar rupture may occur [first step],
resulting in air dissection along the pulmonary interstitium [second
step] and air spreading into the mediastinum [third step]. Once the gas
is in the mediastinum, it can then track to the cervical soft tissues (sub-
cutaneous emphysema) or into the abdomen (pneumoperitoneum). A
broad alveolar collapse might significantly reduce pulmonary compli-
ance, possibly resulting in lung parenchyma rupture (PNX), not neces-
sarily at the level of the alveoli primarily affected by the pressure
gradient issue [16]. It follows that PNX represents the macroscopic out-
come of a severe Macklin effect, and this is consistent with our data since
we have observed no false positive results in patients with later PNX de-
velopment (100% sensitivity, 100% NPV): a higher number of alveoli in-
volved causes a larger air leakage along the pulmonary interstitium,
resulting in a better recognizable Macklin effect on CT images. This ob-
servation also provides a compelling explanation for another finding:
when dealing with clinically significant (namely, requiring interven-
tion) PMD/PNX, Macklin effect was always detected on baseline CT scan.

The topographical distribution (mainly peripheral) of Macklin effect
observed in our population broadly differs from that previously re-
ported in the literature [11,18,19]. In a cohort of 20 symptomatic pa-
tients with spontaneous (non COVID-19 related) PMD, for example,
Okada and colleagues [19] pointed out a central distribution of Macklin
effect in all patients. A possible reason for such a substantial discrepancy
could lie in the different, quite novel design of the present study as com-
pared with previous works, rather than in the different etiologies con-
sidered (COVID-19 vs. non COVID-19). To the best of our knowledge,
this is indeed the first study to systematically explore a possible predic-
tion role for Macklin effect, looking for this sign before the actual occur-
rence of clinically overt PMD/PNX. Conversely, the existing, mainly
radiological literature [11,18-20] suggests Macklin effect as a diagnostic
tool only (when PMD/PNX already occurred, with symptoms develop-
ment), able to allow proper, non-invasive differentiation between respi-
ratory PMD and other causes such as tracheobronchial/oesophageal
injury. In this setting, pulmonary interstitial emphysema already dis-
sected towards pulmonary hila, justifying a predominantly central
Macklin effect. Timing of CT imaging was the main issue: the longer
the time after the onset of Macklin effect, the less frequently it was de-
tected peripherally; and this is consistent with our data, showing a rela-
tionship between topographical distribution of Macklin effect and
temporal advance before the first radiological evidence of PMD/PNX.
This assumption also provide a possible explanation for the four false
negative patients we observed, since they all had baseline CT imaging
three weeks before PMD/PNX occurrence, possibly before Macklin effect
development. Taken together, these findings corroborate our novel hy-
pothesis of Macklin effect as a sort of “radiological countdown” for PMD/
PNX development, capturing air leakage centripetal movement along
the pulmonary interstitium.
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We believe that our findings may have potentially relevant research
and clinical application. We recently completed a systematic literature
review that confirmed the high mortality (greater than 60%) associated
with development of barotrauma in COVID-19 ARDS patients [21]. In
this context, early detection of Macklin effect could help to identify pa-
tients at high risk for overt/clinically relevant barotrauma. It is possible
that this complication may be avoided by applying different ventilation
strategies as compared with standard practice, for example by further
reducing tidal volumes/airways pressures [22], and considering early
application of extracorporeal techniques if maintaining safer ventilatory
parameters does not allow adequate gas exchange [23]. Use of extracor-
poreal membrane oxygenation (ECMO) without intubation has already
been described in case reports, and may be a potentially interesting ap-
proach [23-25]. However, further studies are required to confirm the ef-
fectiveness of ultraprotective ventilation or ECMO in preventing overt
barotrauma development in Macklin-positive patients, and that preven-
tion of barotrauma actually translates in improved outcome.

Of note, our findings may also be applied in non-COVID-19 ARDS, al-
though this also requires further confirmation studies.

The present study has several limitations, the most important ones
being the relatively small sample size, and the lack of standardization
regarding the timing of radiological examinations; external validation
is also warranted. Moreover, one may argue that Macklin effect accounts
for local peribronchiolar air leakage itself and that, once it is detected,
subsequent development of clinically overt PMD/PNX is unavoidable.
On that note, it is worth emphasizing that Macklin effect cannot be
regarded as a full predictor of each pulmonary air leakage, but rather,
in strict sense, as an early detector of lung frailty (following for example
COVID-19 related diffuse alveolar damage). Accordingly, Macklin effect
can be instead regarded as a predictor of clinically threatening occur-
rences like PMD/PNX since it allows early risk stratification in terms of
barotrauma susceptibility amongst mechanically ventilated COVID-19
ARDS patients and, therefore, prompt deployment of ultraprotective
ventilation strategies and ECMO. In doing so, the centripetal movement
of any air leakage could be possibly “frozen” until full reabsorption, thus
avoiding the occurrence of extensive lung damage (clinically overt
PMD/PNX). In these terms, identification of Macklin effect may have a
substantial clinical significance.

5. Conclusions

In conclusion, Macklin effect is a reproducible, very accurate radio-
logical sign able to predict clinically overt PMD/PNX development in
mechanically ventilated COVID-19 ARDS patients with almost perfect
specificity and very good sensitivity: patients with Macklin effect on
baseline CT imaging are to be regarded extremely vulnerable to subse-
quent PMD/PNX occurrence. Further studies are needed to confirm
these results in other (non COVID-19) clinical settings.
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