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ARTICLE INFO ABSTRACT
Keywords: Purpose: To investigate whether minimum intensity projection (MinIP) reconstructions enable more accurate
COVID-19

depiction of pulmonary ground-glass opacity (GGO) compared to standard transverse sections and multiplanar
reformat (MPR) series in patients with suspected coronavirus disease 2019 (COVID-19).

. Method: In this multinational study, chest CT scans of 185 patients were retrospectively analyzed. Diagnostic
Multidetector computed tomography . . X . . . - .
Tomography accuracy, diagnostic confidence, image quality regarding the assessment of GGO, as well as subjective time-
Spiral computed efficiency of MinIP and standard MPR series were analyzed based on the assessment of six radiologists. In
addition, the suitability for COVID-19 evaluation, image quality regarding GGO and subjective time-efficiency in
clinical routine was assessed by five clinicians.

Results: The reference standard revealed a total of 149 CT scans with pulmonary GGO. MinIP reconstructions
yielded significantly higher sensitivity (99.9 % vs 95.6 %), specificity (95.8 % vs 86.1 %) and accuracy (99.1 % vs
93.8 %) for assessing of GGO compared with standard MPR series. MinIP reconstructions achieved significantly
higher ratings by radiologists concerning diagnostic confidence (medians, 5.00 vs 4.00), image quality (medians,
4.00 vs 4.00), contrast between GGO and unaffected lung parenchyma (medians, 5.00 vs 4.00) as well as sub-
jective time-efficiency (medians, 5.00 vs 4.00) compared with MPR-series (all P < .001). Clinicians preferred
MinlP reconstructions for COVID-19 assessment (medians, 5.00 vs 3.00), image quality regarding GGO (medians,
5.00 vs 3.00) and subjective time-efficiency in clinical routine (medians, 5.00 vs 3.00).

Conclusions: MinIP reconstructions improve the assessment of COVID-19 in chest CT compared to standard im-
ages and may be suitable for routine application.

Pneumonia
Viral infection

Abbreviations: BMI, body mass index; COVID-19, coronavirus disease 2019; GGO, ground-glass opacity; IQR, interquartile range; MinIP, minimum intensity
projection; MPR, multiplanar reformat; RT-PCR, real-time reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coro-
navirus 2.
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1. Introduction

Since the pandemic of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) and associated coronavirus disease 2019 (COVID-
19) has expanded dramatically, causing 24.7 million cases with real-
time reverse transcription polymerase chain reaction (RT-PCR)
confirmed infection and 830,000 deaths worldwide until August 2020
[1], rapid improvements in diagnostics and therapy are necessary [2-5].
Accurate and efficient chest imaging by means of chest radiographs and
computed tomography (CT) plays a key role, since pulmonary mani-
festation of COVID-19 in terms of viral pneumonia indicates a severe
course of infection and is associated with increased morbidity and
mortality [2,6,7]. Presence or absence of chest imaging findings signif-
icantly influence clinical patient management with regards to the deci-
sion to hospitalize versus home-isolate [2,6,8]. CT represents the current
imaging standard for the assessment of pulmonary manifestation of
COVID-19 [9-15]. Notably, several studies indicated that chest CT offers
greater sensitivity for COVID-19 compared to RT-PCR [12,16,17]. This
high sensitivity is mainly based on the ability to detect early infiltration
of lung parenchyma as indicated by ground-glass opacity (GGO) [8,18,
19]. GGO, however, can be missed on standard transverse CT re-
constructions and multiplanar reformats (MPRs) in certain cases due to
overlying bronchovascular structures [20-22], which may be critical
because even subtle GGO commonly tend to worsen rapidly in
COVID-19 patients causing the need for prompt hospitalization and
oxygen therapy [18,23]. Therefore, it is crucial to detect GGO in the
earliest stages in order to enable highly accurate severity assessment
thereby improving clinical patient management and outcome. A few
studies suggested a higher accuracy of dedicated minimum intensity
projection (MinIP) reconstructions regarding CT-based assessment of
GGO in comparison with standard MPRs in interstitial lung disease [21,
22,24,25]. MinIP reconstructions represent a volumetric rendering
technique allowing for improved visualization of low-density structures
such as lung parenchyma while suppressing hyper-attenuating struc-
tures such as lung vessels. However, MinIP series are not regularly
reconstructed in chest CT scans of COVID-19 patients.

Therefore, we compared MinIP reconstructions with standard MPR
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in chest CT scans of patients with suspected COVID-19 assessing the
diagnostic accuracy, diagnostic confidence, image quality, subjective
time-efficiency and general suitability in clinical routine of detecting
pulmonary manifestations.

2. Material and methods
2.1. Study population

This HIPAA compliant study was approved by the institutional re-
view boards of all participating institutions with a waiver for informed
consent. Patients were enrolled at three sites in *BLINDED* (*BLINDED*
[n =77]; *BLINDED* [n = 28]) and *BLINDED* (*BLINDED* [n = 126])
for this retrospective study. Consecutive patients of 18 years of age or
older, who had undergone non-contrast chest CT scans due to suspected
COVID-19 within clinical routine between March and April 2020 were
initially considered for inclusion (n = 231). CT scans with insufficient
image quality were excluded (n = 8). All of the potentially includable CT
scans were assessed by the reference standard in this study for the
presence of COVID-19. CT scans with ambiguous findings were excluded
(n = 16). The reference standard revealed a total of 162 CT scans pos-
itive for COVID-19 and 45 scans negative for COVID-19. From the 162
positive CT scans, 13 were tested negative by RT-PCR and were
excluded. From the 45 negative CT scans, 9 were tested positive by RT-
PCR and were also excluded. Finally, a total of 149 CT scans positive for
COVID-19 with RT-PCR confirmed SARS-CoV-2 infection and 36 CT
scans negative for COVID-19 with confirmed negative RT-PCR testing
for SARS-CoV-2 were included (Fig. 1).

2.2. CT scan protcols and image reconstruction

CT scans were non-contrast single-energy CT examinations regularly
performed within daily routine and with application of the departments’
standard scan protocols using 120 kV tube voltage. Mean volume CT
dose index was 5.3 mGy + 1.4 (range, 2.5-7.9 mGy) and mean dose-
length product was 182.4 mGy - cm =+ 34.2 (range, 76.6-286.1 mGy -
cm).

All patients who had undergone

Insufficientimage quality

non-contrast chest CT
from March to April 2020

due to suspected COVID-19

n =231 patients

n = 8 patients

A

Nl

Ambiguous CT findings

n =16 patients
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Fig. 1. Flow chart of patient inclusion. COVID-19: coronavirus disease 2019; RT-PCR: real-time reverse transcription polymerase chain reaction; SARS-CoV-2:severe

acute respiratory syndrome coronavirus 2.
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For image evaluation, axial and coronal MinIP series (section
thickness, 3 mm; increment, 3 mm) were additionally generated besides
axial and coronal MPR series for clinical routine interpretation (section
thickness, 1 mm; increment, 1 mm). Both reconstruction approaches
were based on dedicated lung reconstruction kernels. Section thickness
and increment were determined according to the recommendations of
the European Society of Thoracic Imaging [26].

2.3. Multireader analysis of GGO

All images were evaluated on a conventional PACS workstation
(Centricity 4.2; GE Healthcare, Little Chalfont, UK). For definition of the
reference standard, two experienced board-certified chest radiologists
(*BLINDED¥, and *BLINDED* with 33 and 9 years of experience in chest
imaging) assessed all available CT series in consensus — reading sessions
for the presence of GGO. The radiologists were instructed to not only
assess CT scans for GGO presence on a per-patient level, but also on a
per-lobe level. Despite GGO, other findings in COVID-19 such as
consolidation, septal thickening, bronchiectasis and pleural effusion
were noted. Readers were blinded to any clinical information and were
permitted to adjust window settings. In addition, the amount and per-
centage of pulmonary opacity were quantified using semi-automatic
research prototype software and standard MPR images (Frontier CT
Pneumonia Analysis, Siemens Healthineers, Forchheim, Germany) by a
radiologist with 5 years of experience.

Subsequently, six radiologists (*BLINDED*, board-certified radiolo-
gist with 10 years of chest imaging experience; *BLINDED*, board-
certified radiologist with 9 of years of chest imaging experience;
*BLINDED*, radiology resident with 6 years of chest imaging experi-
ence; *BLINDED*, radiology resident with 6 years of chest imaging
experience; *BLINDED*, radiology resident with 5 years of chest imag-
ing experience; *BLINDED*, radiology resident with 5 years of chest
imaging experience), independently analyzed standard MPR series. All
radiologists were blinded to clinical data and able to adjust window
settings freely and to scroll through the entire stack of MPR CT series.
Additionally, cases were displayed randomly. Radiologists were asked to
note the presence of GGO on a per-patient and per-lobe analysis. After an
interval of two weeks to avoid recall bias, the radiologists assessed
randomly ordered MinIP reconstructions with the same criteria. All
analyses were performed without access to clinical data. Diagnostic
confidence for the detection of GGO, general image quality, contrast
between GGO and unaffected lung parenchyma, and subjective time-
efficiency were assessed wusing five-point Likert scales
(1=unacceptable, 2=acceptable, 3=moderate, 4=good, and
S5=excellent).

In addition, MinIP and MPR series of a randomized sample of pa-
tients with RT-PCR confirmed COVID-19 (n = 50) were shown sepa-
rately in randomized order on dedicated radiological monitors for
diagnosis (Eizo, Hakusan, Japan) to five clinicians (*BLINDED*, board-
certified pneumologist; *BLINDED*, board-certified pneumologist;
*BLINDED*, board-certified cardiologist; *BLINDED*, board-certified
general surgeon; *BLINDED*, board-certified internist). The clinicians
independently assessed each series for the suitability for COVID-19
assessment in general, for the image quality regarding GGO, and for
subjective time-efficiency in clinical routine by application of the same
five-point Likert scale.

2.4. Statistical analysis

Statistical analysis was performed using dedicated software (SPSS
Statistics for Windows, version 23.0, IBM, Armonk, NY; MedCalc for
Windows, Version 13, MedCalc, Mariakerke, Belgium). Mean ages were
expressed as patient-level means. Normality of data patient age, image
ratings) was assessed by using the Shapiro-Wilk test. Normally distrib-
uted data (patient age, body mass index [BMI]) were further analyzed
with the Student t-test. Non-normally distributed data (image ratings by
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radiologists and clinicians) were compared using the Mann-Whitney-U
test. A P value threshold less than 0.05 indicated a statistically signifi-
cant difference.

Sensitivity, specificity, positive predictive and negative predictive
values (PPV and NPV) and accuracy values were computed on a per-
patient and per-lobe basis. Per-patient values were defined as a binary
classification determined from the scores of all 6 readers for the detec-
tion of GGO. If a reader noted at least one GGO in a patient, that patient
would have been labeled positive. Conversely, without detecting GGO,
the patient would be negative. Clustering of lobes per patient for each
reader and for consensus on the basis of a contingency table was
accounted for according to the method implemented by Genders et al.
[27]. Generalized estimating equations (GEE) on the basis of logistic
regression analyses were applied to calculate the sensitivity and speci-
ficity of MinIP and MPR series on a lobar level within patients in order to
allow for statistical comparison. In this context, radiologists were
considered as independent, whereas lung lobes were interpreted as
dependent within the 185 independent clusters (patients). Both radiol-
ogists and lung lobes were considered as a level of hierarchy. GEE was
applied with a working correlation matrix according to Genders et al.
[27]. Diagnostic accuracy parameters were compared between MinIP
and MPR series by application of the McNemar test for binary
matched-pairs data. Inter-reader agreement was analyzed by calculation
of weighted Fleiss’ k according to Landis and Koch [28].

3. Results
3.1. Patient characteristics

A total of 185 patients (mean age, 67 + 12; range, 19—94 years) were
finally analyzed in this study. Detailed patient characteristics and known
comorbidities are listed in Table 1. GGO were present in 149 patients
(149/185, 80.5 %). Furthermore, the reference standard revealed con-
solidations in 91 patients (49.2 %), bronchiectases in 50 patients (27.0
%), septal thickening in 138 patients (74.6 %), crazy paving in 36 pa-
tients (19.5 %) and pleural effusions in 37 patients (20.0 %). Semi-
automatic lung analysis using prototype software revealed a mean pul-
monary volume opacity of 720.65 mL (19.4 %) in the patients positive
for COVID-19 (Table 2).

3.2. Diagnostic accuracy

Regarding the assessment of GGO per patient, MinIP reconstructions
showed significantly higher overall sensitivity (893/894 [99.9 %; 95 %
CI, 98.5-99.9 %] vs 855/894 [95.6 %; 95 % CI, 94.2—97.0%]), speci-
ficity (207/216 [95.8 %; 95 % CI, 94.1—97.5%] vs 186,/216 [86.1 %; 95

Table 1
Patient characteristics.

Characteristics Value

185 (78; 107)
67 +12,19-94

Number of overall patients (women; men)
Overall mean age + SD, range

Overall mean BMI + SD, range 27 +3,18-37

Mean age of women =+ SD, range (Mean BMI of women 66 + 13, 25-94 (26 + 4,
+ SD, range) 18-35)

Mean age of men =+ SD, range (Mean BMI of men =+ SD, 68 + 14,19-89 (28 + 5,
range) 19-37)

Number of patients with diabetes mellitus

Number of patients with arterial hypertension
Number of patients with coronary artery disease
Number of patients with chronic kidney disease
Number of patients with immunosuppressive therapy
Number of patients with cancer

Number of patients with asthma bronchiale

Number of patients with COPD

43/185 (23.2%)
77/185 (41.6%)
38/185 (20.5%)
30/185 (16.2%)
42/185 (22.7%)
59/185 (31.8%)
13/185 (7.0%)

32/185 (17.3%)

BMI: body mass index; COPD: chronic obstructive pulmonary disease; SD:
standard deviation.
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Table 2

CT findings.
Finding Number of patients
GGO 149/185 (80.5%)
Consolidation 91/185 (49.2%)
Bronchiectasis 50/185 (27.0%)

Septal thickening
Crazy paving
Pleural effusion

Mediastinal lymphadenopathy

138/185 (27.0%)
56/185 (30.3%)
37/185 (20.0%)
53/185 (28.6%)

Software-based analysis: Value

Mean lung volume of opacity overall 720.7 mL (19.4%)
Mean right lung volume of opacity 483.8 mL (20.4%)
Mean left lung volume of opacity 312.0 mL (18.7%)

GGO: ground-glass opacity.

% CI, 84.1-88.2%]), PPV (893/902 [99.0 %; 95 % CI, 98.1—-99.8%] vs
855/885 [96.6 %; 95 % CI, 95.298.0 %]), NPV (207/208 [99.5 %; 95 %
CI, 99.2—99.9%] vs 186,225 [82.7 %; 95 % CI, 81.1-84.1%]) and ac-
curacy (1100/1110 [99.1 %; 95 % CI, 98.3—99.8%] vs 1041,/1110 [93.8
%; 95 % CI, 92.4-95.1%] compared with standard MPR series (all
comparisons, P<.001). Results of each reader are shown in Table 3.
Inter-reader agreement was excellent for MinIP reconstructions and for
standard MPR series (k = 0.97 vs x = 0.81, P < .001). In four patients
with early stage COVID-19, GGO was completely missed using MPR
series, but detected by analyzing MinIP reconstructions in each patient
by every reader in this study. In all of these patients, GGO was the only
imaging finding indicative of early stage COVID-19 (RT-PCR confirmed
SARS-CoV-2 infection in each case). Fig. 2 shows one of those four pa-
tients with missed GGO on a per-patient level.

The analysis per lung lobe demonstrated higher overall sensitivity
(3791/3840 [98.7 %; 95 % CI, 97.5—99.7%] vs 3530/3840 [91.9 %; 95
% CI, 91.2—92.8%]), specificity (1691/1710 [98.9 %; 95 % CI,
97.9-99.9%] vs 1623/1710 [94.9 %; 95 % CI, 93.8—95.9%]), PPV
(3791/3810 [99.5 %; 95 % CI, 99.2—100.0%] vs 2530/3617 [97.6 %; 95
% CI, 96.4—98.8 %]), NPV (1691/1740 [97.2 %; 95 % CI, 96.3—98.3%]
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vs 1623/1933 [84.0 %; 95 % CI, 82.5—85.5%]) and accuracy (5482/
5550 [98.8 %; 95 % CI, 97.8—99.8%] vs 5153/5550 [92.8 %; 95 % CI,
91.5-94.3 %]) of MinIP reconstructions for assessing GGO compared
with standard MPR images taking clustering into account (all compari-
sons, P < .001). Inter-reader agreement was excellent for MinIP re-
constructions (k=0.97) and for standard MPRs (x=0.84) (P < .001).
Table 4 shows the results of each reader. The visualization of GGO by
means of MPR vs MinIP reconstructions is illustrated in Fig. 3.

3.3. Radiologists’ image ratings

Subjective image rating by radiologists revealed high diagnostic
confidence for the assessment of GGO by using MinIP reconstructions
with a mean score of 4.59 + 0.58 (95 % CI, 4.56-4.63) and a median of
5.00 (95 % CI, 5.00—5.00; interquartile range [IQR], 5.00—5.00; range,
2.00-5.00) compared to standard MPR series with a mean score of 4.26
+0.73 (95 % CI, 5.00—5.00) and a median of 4.00 (95 % CI, 4.00—4.00;
IQR, 4.00—4.00; range, 2.00-5.00) (P < .001) (Fig. 4). Inter-reader
agreement was excellent for MinIP reconstructions (x = 0.89) and
good for standard MPR images (x = 0.75).

The image quality in MinIP reconstructions was assessed with a mean
score of 4.27 + 0.78 (95 % CI, 4.23-4.32) and a median of 4.00 (95 % ClI,
4.00—4.00; IQR, 4.00—4.00; range, 2.00-5.00), whereas MPR series
were rated with a mean score of 4.13 + 0.81 (95 % CI, 4.08-4.17) and a
median of 4.00 (95 % CI, 4.00—4.00; IQR, 4.00—4.00; range,
2.00-5.00), indicating a significant difference between both recon-
struction algorithms (P < .001). Inter-reader agreement was excellent
for MinIP (x = 0.89) and standard MPR series (x = 0.88).

Readers rated the contrast between GGO and unaffected normal lung
parenchyma in MinIP reconstructions with a mean score of 4.53 + 0.72
(95 % CI, 4.49-4.58) and a median of 5.00 (95 % CI, 5.00—5.00; IQR,
5.00—5.00; range, 2.00-5.00). MPR series were rated with a mean score
of 3.86 + 0.80 (95 % CI, 3.81-3.91) and a median of 4.00 (95 % CI,
4.00—4.00; IQR, 4.00—4.00; range, 1.00-5.00). The difference between
both reconstruction types was significant (P < .001) (Fig. 5). Inter-

NPV Accuracy

96.6 % (855/885)
[95.2—-98.0%]
99.0 % (893/902)
[98.1-99.8%]
98.6 % (142/144)
[97.7-99.7%]
99.3 % (149/150)
[98.4—-99.9%]
97.3 % (142/146)
[95.3—-99.8%]
99.3 % (149/150)
[98.4-99.9%]
94.7 % (142/150)
[92.1-96.6%]
99.3 % (149/150)
[98.4-99.9%]
95.3 % (143/150)
[93.1-97.6%]
99.3 % (149/150)
[98.4—-99.9%]
94.7 % (142/150)
[92.1-96.6%]
99.3 % (149/150)
[98.4—-99.9%]
96.6 % (144/149)
[94.3-98.9%]

Table 3
Diagnostic accuracy for the assessment of GGO per patient.
Sensitivity Specificity PPV
Overall MPR 95.6 % (855/894)  86.1 % (186/216)
[94.2—-97.0%)] [84.1-88.2%]
MinIP 99.9 % (893/894) 95.8 % (207/216)
[98.5—-100.0%] [94.1-97.5%]
Reader 1 MPR 95.3% (142/149)  94.4 % (34/36)[92.3—96.6%]
[93.1-97.4%]
MinIP 100 % (149/149) 97.2 % (35/36)[95.2—99.3%]
[100.0 %]
Reader2  MPR 95.3% (142/149)  88.9 % (32/36)[86.5—91.2%)]
[93.1-97.4%]
MinIPx 100 % (149/149) 97.2 % (35/36)[95.2—99.3%]
[100.0 %]
Reader3  MPR 95.3% (142/149)  77.8 % (28/36)[75.2—81.2%]
[93.2-98.4%]
MinIP 100 % (149/149) 97.2 % (35/36)[95.2—99.3%]
[100.0 %]
Reader4  MPR 96.0% (143/149)  80.6 % (29/36)[77.2—83.7%]
[93.5-98.6%]
MinIP 100 % (149/149) 97.2 % (35/36)[95.2—99.3%]
[100.0 %]
Reader5 MPR 95.3% (142/149)  77.8 % (28/36)[73.1-81.1%]
[93.1-97.4%]
MinIP 100 % (149/149) 97.2 % (35/36)[95.2—99.3%]
[100.0 %]
Reader6  MPR 96.6 % (144/149)  86.1 % (31/36)[84.2—88.3%]
[94.3—-98.7%]
MinIP 99.3% (148/149)  88.9 % (32/36)[86.3—91.2%]

[98.8—99.8%]

97.4 % (148/152)
[95.1-99.5%]

82.7 % (186/225)
[81.1-84.1%]

99.5 % (207/208)
[99.2—-99.9%]

82.9 % (34/41)[80.2—84.9%]
100 % (35/35)[100.0 %]
82.1 % (32/39)[80.1-84.3%)]
100 % (35/35)[100.0 %]
80.0 % (28/35)[77.3—-83.1%)]
100 % (35/35)[100.0 %]
82.9 % (29/35)[79.3—86.1%]
100 % (35/35)[100.0 %]
80.0 % (28/39)[77.1-83.3%]
100 % (35/35)[100.0 %]

86.1 % (31/36)[84.2—-88.3%)]

97.0 % (32/33)[95.3—98.8%]

93.8 % (1041/1110)

[92.4-95.1%]

99.1 % (1100/1110)

[98.3-99.8%]
95.1 % (176/185)
[93.2—-97.4%]
99.4 % (184/185)
[98.9-99.9%]
94.0 % (174/185)
[91.2-97.0%]
99.4 % (184/185)
[98.9-99.9%]
91.9 % (170/185)
[89.8—94.2%]
99.4 % (184/185)
[98.9-99.9%]
92.9 % (172/185)
[90.2-95.2%]
99.4 % (184/185)
[98.9-99.9%]
91.9 % (170/185)
[89.2—-94.1%]
99.4 % (184/185)
[98.9-99.9%]
94.6 % (175/185)
[91.7-97.5%]
97.2 % (180/185)
[95.1-99.2%]

Data in brackets are numerators and values in square brackets are 95 % confidence intervals. Reader 1 had 10 year of experience in chest imaging; reader 2, 9 years;

reader 3, 6 years; reader 4, 6 years; reader 5, 5 years; and reader 6, 5 years.

GGO: ground-glass opacity; MinIP: minimum intensity projection; MPR: multiplanar reformat; PPV: positive predictive value; NPV: negative predictive value.
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Table 4
Diagnostic accuracy for the assessment of GGO per lung lobe.
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Fig. 2. A 37-years-old man, who presented to
the emergency department with cough and
fever. An immediate CT scan was performed
due to suspected pulmonary coronavirus dis-
ease 2019 (COVID-19) manifestation. The axial
minimum intensity projection (MinIP) recon-
struction (left side) shows focal subtle ground-
glass opacity (GGO) in the left lower lung lobe
(arrowhead) suspicious for early stage pulmo-
nary COVID-19, which was missed on axial
multiplanar reformat (MPR) series (right side)
by 6/6 readers in this study. Real-time reverse
transcription polymerase chain reaction (RT-
PCR) confirmed severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection.

Sensitivity Specificity PPV

NPV Accuracy

Overall MPR 91.9 % (3530/ 94.9 % (1623/1710)
3840) [93.8—95.9%]
[91.2—-92.8%]

MinlP  98.7 % (3791/ 98.9 % (1691/1710)

97.6 % (2530/3617)
[96.4—98.8%]

99.5 % (3791/3810)

84.0 % (1623/1933)
[82.5—85.5%]

92.8 % (5153/5550)
[91.5—-94.3%]

97.2 % (1691/1740) 98.8 % (5482/5550)

3840)
[97.5—-99.7%]

[97.9—-99.9%]

Reader MPR 91.9 % (588/640) 98.6 % (281/285)
1 [90.2-93.3%] [97.5-99.8%]

MinIP  99.1 % (634/640) 99.3 % (283/285)
[0.98.4-99.8%] [98.9-99.9%]

Reader MPR 91.4 % (585/640) 97.9 % (279/285)
2 [89.3—93.5%] [95.6—99.3%]

MinIP  98.7 % (632/640) 99.3 % (283/285)
[97.7-99.6%] [98.9-99.9%]

Reader MPR 91.9 % (588/640) 93.7 % (267/285)
3 [90.0—-93.7%]] [92.4—-95.1%]

MinIP  98.6 % (631/640) 98.9 % (282/285)
[97.3-99.8%] [97.9-99.9%]

Reader MPR 92.0 % (589/640) 94.0 % (268/285)

4 [90.1-93.9%] 92.2-95.8%]

MinIP  98.7 % (632/640) 99.3 % (283/285)
[97.7—-99.6%] [98.9-99.9%]

Reader MPR 91.4 % (585/640) 97.9 % (279/285)
5 [89.5-93.3%] [96.8—-98.9%]

MinIP  98.6 % (631/640) 98.9 % (282/285)
[97.3—-99.8%] [97.9-99.9%]

Reader MPR 93.0 % (595/640) 87.4 % (249/285)
6 [92.0—-94.2%)] [85.3—89.5%]

MinIP  98.6 % (631/640) 97.5 % (278/285)

[97.76—99.5%]

[95.4-99.1%]

[99.2-100.0%]

99.3 % (588/592)
[98.8—99.9%]
99.7 % (634/636)
[99.2.—-100.0%]
99.0 % (585/591)
[98.1-99.9%]
99.7 % (632/634)
[99.4-100.0%]
97.0 % (588/606)
[95.9-98.1%]
99.5 % (631/634)
[99.2—-100.0%%]
97.2 % (589/606)
[96.1-98.1%]
99.7 % (632/634)
[99.4-100.0%]
99.0 % (585/591)
[98.0—-99.9%]
99.5 % (631/634)
[99.2-100.0%%]
94.3 % (595/631)
[93.1-95.5%]
98.9 % (631/638)
[98.0—-99.8%)

[96.3—-98.3%]

84.4 % (281/333)
[82.2—-86.4%]
97.9 % (283/289)
[96.2—-99.4%]
83.5 % (279/334)
[81.4—85.5%]
97.3 % (283/291)
[95.3-99.3%]
83.7 % (267/319)
[81.7-85.6%]
96.9 % (282/291)
[95.4—-98.2%]
84.0 % (268/285)
[81.8-86.4%]
97.3 % (283/291)
[95.3—-99.3%]
83.5 % (279/334)
81.5-85.4%]
96.9 % (282/291)
[95.4-98.2%]
84.7 % (249/294)
[82.6—86.7%]
96.9 % (278/287)
[95.0—-99.0%]

[97.8—-99.8%]

93.9 % (869/925)
[92.5-95.2%]
99.1 % (917/925)
[98.4—-99.9%]
93.4 % (864/925)
[91.5-95.3%]
98.9 % (915/925)
[98.2-99.6%]
92.4 % (855/925)
[91.2—-94.1%]
99.0 % (916/925)
[98.0—99.8%]
92.6 % (857/925)
[91.3—-94.3%]
98.9 % (915/925)
[98.2—-99.6%]
93.4 % (864/925)
[92.3-94.5%]
99.0 % (916/925)
[98.0—-99.8%]
91.2 % (844/925)
[90.2—-92.1%]
98.2 % (909/925)
[97.3-99.2%]

Data in brackets are numerators and values in square brackets are 95 % confidence intervals. Reader 1 had 10 year of experience in chest imaging; reader 2, 9 years;

reader 3, 6 years; reader 4, 6 years; reader 5, 5 years; and reader 6, 5 years.

GGO: ground-glass opacity; MinIP: minimum intensity projection; MPR: multiplanar reformat; PPV: positive predictive value; NPV: negative predictive value.

reader agreement was excellent for MinIP (x = 0.85) and standard MPR
series (k = 0.86).

Subjective time-efficiency was assessed with a mean score of 4.63 +
0.58 (95 % CI, 4.60-4.67) and a median of 5.00 (95 % CI, 5.00—5.00;
IQR, 5.00—5.00; range, 2.00-5.00) in MinIP reconstructions, while MPR
series were rated with a mean score of 3.86 4 0.94 (95 % CI, 3.81-3.92)
and a median of 4.00 (95 % CI, 4.00—4.00; IQR, 4.00—4.00; range,
2.00-5.00), indicating a significant difference between both recon-
struction algorithms (P < .001). Inter-reader agreement was excellent
for MinIP (x = 0.84) and standard MPR series (x = 0.82).

3.4. Clinicians’ image ratings

Regarding general suitability for routine COVID-19 assessment, cli-
nicians rated MinIP reconstructions with a mean score of 4.51 + 0.55
(95 % CI, 4.44-4.58) and a median of 5.00 (95 % CI, 5.00—5.00; IQR,
5.00-5.00; range, 3.00-5.00). MPR series were assessed with a mean

score of 2.90 + 0.62 (95 % CI, 2.82-2.98) and a median of 3.00 (95 % CI,
3.00-3.00; IQR, 3.00—3.00; range, 2.00-4.00), showing a significant
difference between both CT reconstruction algorithms (P < .001)
(Fig. 6). Inter-reader agreement was excellent for MinIP (x = 0.82) and
standard MPR series (x = 0.83).

The image quality in MinIP reconstructions was rated with a mean
score of 4.52 £ 0.56 (95 % CI, 4.45-4.59) and a median of 5.00 (95 % CI,
4.00-5.00; IQR, 4.00-5.00; range, 3.00-5.00), while MPR series were
assessed with a mean score of 3.02 + 0.69 (95 % CI, 2.93-3.10) and a
median of 3.00 (95 % CI, 3.00-3.00; IQR, 3.00—3.00; range,
2.00-4.00). There was a significant difference between both recon-
struction algorithms (P < .001). Inter-reader agreement was excellent
for MinIP (x = 0.84) and standard MPR series (x = 0.85).

Clinicians considered MinIP reconstructions to be highly time-
efficient as indicated by a mean score of 4.50 + 0.58 (95 % CI,
4.42-4.57) and a median of 5.00 (95 % CI, 4.00-5.00; IQR, 4.00-5.00;
range, 3.00-5.00). In contrast, the subjective time-efficiency of MPR
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Fig. 3. A 46-years-old woman presenting to the
emergency department with fever and cough.
The CT scan reveals subtle ground-glass opacity
(GGO) (arrows) in the right paramediastinal
upper lung lobe suspicious for early stage
coronavirus disease 2019 (COVID-19) exclu-
sively on axial minimum intensity projection
(MinIP) reconstruction (left side). On axial
standard multiplanar reformat (MPR) series
(right side), the GGO was missed by 3/6 readers
in this study due to a masking vessel
(arrowhead).

Diagnostic Confidence Image Quality Fig. 4. Box and Whisker plots show the results
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series was rated significantly lower with a mean score of 3.00 + 0.67 (95
% CI, 2.92-3.08) and a median of 3.00 (95 % CI, 3.00—3.00; IQR,
3.00—3.00; range, 2.00-4.00) (P < .001). Inter-reader agreement was
excellent for MinIP reconstructions (x = 0.86) and good for standard
MPR images (x = 0.76).

4. Discussion

We demonstrated that MinIP reconstructions significantly improve
the diagnostic accuracy for assessing GGO in patients with suspected
COVID-19 compared to standard MPR CT series (sensitivity, 99.9 % vs
95.6 %; specificity, 95.8 % vs 86.1 %; accuracy, 99.1 % vs 93.8 %).
Diagnostic confidence, image quality, the contrast between GGO and
unaffected lung parenchyma, and subjective time-efficiency were rated
better for MinIP reconstructions by six radiologists (all P < .001).
Furthermore, five clinicians preferred using MinIP reconstructions for

COVID-19 assessment with regards to general suitability for clinical
routine, image quality and subjective time-efficiency.

As long as control of the COVID-19 pandemic by efficient therapies
and vaccination remains elusive, improvement of existing diagnostic
and therapeutic means is crucial. Several studies have highlighted the
substantial value of chest CT for diagnosis of GGO and subsequent tri-
aging of COVID-19 patients — pointing out the improved diagnostic ac-
curacy over alternative diagnostic tests such as RT-PCR [12,16,17]. The
prognostic value of chest CT and its correlation with clinical parameters
to monitor longitudinal course of patients with COVID-19 have also been
comprehensively demonstrated [6,8,9,18]. However, the need for
further refinement of chest CT in terms of COVID-19 diagnostics has
been widely not met to date.

MinlIP reconstructions highlight areas of low intensity such as GGO,
while suppressing overlying higher attenuating structures such as
bronchi or pulmonary vasculature. This fact has been also reported years
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Fig. 5. CT scan of a 72-years-old man with
fever, cough, shortness of breath and real-time
reverse transcription polymerase chain reac-
tion (RT-PCR) confirmed severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)
infection. The axial minimum intensity projec-
tion (MinIP) reconstruction (left side) enables
improved contrast between diffuse ground-glass
opacity (GGO) and unaffected normal lung pa-
renchyma in the right lower lung lobe
compared to standard multiplanar reformat
(MPR) series (right side).

General Suitability Image Quality Time-efficiency
Score Score Score
50} 5.0} 50}
45 451 a5
40 —_— 4.0 —_— 40l
35 35 351
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Fig. 6. Box and Whisker plots show the results of subjective image ratings by clinicians regarding the general suitability for ground-glass opacity (GGO) assessment,
image quality, and subjective time-efficiency for clinical routine of minimum intensity projection (MinIP) reconstructions and multiplanar reformat (MPR) series.
Medians are displayed as horizontal bold black lines. MinIP reconstructions were rated as distinctly better than standard MPR images for all categories (average

difference in scores, 1.61, 1.50 and 1.50, respectively, all comparisons P < .001).

ago in studies on visualization of GGO due to causes other than COVID-
19 [21,22,24,25]. Therefore, our results are in accordance with and
effectively expand this previous evidence of facilitated detection of GGO
using MinlIP reconstructions. This technique appears to be suitable as an
initial CT screening reconstruction algorithm in patients with suspected
COVID-19 - allowing for more accurate and confident detection of GGO.
In order to accomplish acceptable generalizability, our results are based
on the ratings of six radiologists and five clinicians from three academic
sites. The increased diagnostic accuracy and, in particular, higher
sensitivity and NPV of MinIP reconstructions compared to standard MPR
images in patients with suspected pulmonary COVID-19 can be consid-
ered the key result of our study. It has to be taken into account that only
minor incremental diagnostic accuracy of pulmonary COVID-19 may
lead to significant improvements in individual patient outcomes and
facilitated hygienic workflows in busy emergency departments and
hospitals in order to adhere to strict isolation guidelines. In four patients
with early stage pulmonary COVID-19 manifestation and RT-PCR
confirmed SARS-CoV-2 infection, GGO as the exclusive finding of pul-
monary COVID-19 was completely missed by application of MPR series,
but MinIP reconstructions allowed for detection of GGO in each patient
by every reader in this study. In this context, there are studies demon-
strating that even exclusive, subtle GGO indicating early stage
COVID-19 can worsen rapidly causing the need for prompt hospitali-
zation and oxygen therapy [18,23]. Therefore, MinIP reconstructions
may substantially improve patient outcomes and facilitate triage by
enabling earlier detection of pulmonary COVID-19 manifestation
compared to standard CT. Furthermore, improvements in diagnostic
confidence and time-efficiency may be essential in the scenario where
COVID-19 admission rates rapidly soar.

Our data are supportive of a feasible and widely reproducible
approach to optimize chest CT imaging of COVID-19 patients. MinIP
reconstructions are usually rarely performed in clinical routine and
predominantly reserved for the visualization of low-attenuation struc-
tures such as intravascular emboli, vegetations of cardiac valves, lung
cysts and the assessment of the bile tree [24,29-33]. However, the
approach of image reconstruction itself is simple, ubiquitously available
and reproducible world-wide - independent of CT scanner technology
and manufacturer. The MinIP reconstruction can be rapidly performed
manually within minutes and even completed automatically. In partic-
ular, because of the increased sensitivity for pulmonary COVID-19, we
propose using MinIP as a screening series when initiating chest CT
analysis.

Our study has limitations beyond the retrospective study design.
First, it is inherently impossible to investigate the impact of MinIP on
GGO diagnostics with a dedicated reference standard in isolation, since
multiple findings are found in the lung parenchyma simultaneously in
the majority of COVID-19 patients. Several CT findings in COVID-19
patients have been described in the literature in addition to GGO, such
as septal and bronchovascular thickening, traction bronchiectasis,
consolidation and pleural effusion [10,18,19,34,35]. However, GGO is
considered to represent the main finding in early pulmonary COVID-19,
while most of the other criteria commonly appear in more advanced
stages [8,18,19]. Therefore, the drawn conclusions may be particularly
valid for patients with initial stage pulmonary COVID-19 manifestation.
Second, the fact that only 19.5 % of the included patients were
COVID-19 negative may limit generalizability. Third, MPR series were
evaluated initially followed by image analysis of MinIP reconstructions
after two weeks in all cases instead of randomizing this sequence —
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possibly leading to recall bias and statistical distortion. Last, we
compared different section thicknesses of MPRs and MinIPs. However,
this decision was based on recommendations of the European Society of
Thoracic Imaging [26].

In conclusion, we demonstrate that MinIP reconstructions can
feasibly increase diagnostic accuracy for pulmonary GGO in COVID-19
while providing greater diagnostic confidence for the reader and
higher subjective time-efficiency. In particular, MinIP reconstructions
may facilitate early visualization and detection of initial stage pulmo-
nary COVID-19 manifestation compared to standard CT reconstructions.
Therefore, we recommend routine reconstruction of MinIP in addition to
the standard workflow in CT reconstruction and analysis in patients with
suspected COVID-19.
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